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Differentially Perturb Mycobacterium tuberculosis ClpXP1P2
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Abstract

Proteolytic complexes in Mycobacterium tuberculosis (Mtb), the deadliest bacterial pathogen, are
major foci in tuberculosis drug development programs. The Clp proteases, which are essential

for Mtb viability, are high priority targets. These proteases function through the collaboration

of CIpP1P2, a barrel-shaped heteromeric peptidase, with associated ATP-dependent chaperones
like ClpX and ClpC1 that recognize and unfold specific substrates in an ATP-dependent fashion.
The critical interaction of the peptidase and its unfoldase partners is blocked by the competitive
binding of acyldepsipeptide antibiotics (ADEPS) to the interfaces of the CIpP2 subunits. The
resulting inhibition of Clp protease activity is lethal to Mtb. Here, we report the surprising
discovery that a fragment of the ADEPs retains anti- Mib activity, yet stimulates rather than
inhibits the ClpXP1P2-catalyzed degradation of proteins. Our data further suggest that the
fragment stabilizes the CIpXP1P2 complex and binds CIpP1P2 in a fashion distinct from the
intact ADEPs. A structure-activity relationship study of the bioactive fragment defines the
pharmacophore and points the way towards the development of new drug leads for the treatment of
tuberculosis.
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INTRODUCTION

The proteolytic complexes formed by CIpP and its AAA+ (ATPases associated with

diverse cellular activities) partners are among the most captivating antibacterial drug

targets to emerge in the past decade.1=3 CIpP is a highly conserved self-compartmentalized
peptidase whose physiological function is contingent on physical association with partner
AAA+ unfoldases like ClpX, ClpA, or ClIpC. Clp proteases are involved in the turnover

of a variety of cellular proteins, including proteins arising from aberrant synthesis and
transcription factors that regulate virulence-factor production and stress responses.*=9 In its
catalytically active state, two heptameric CIpP rings stack “face-to-face” forming a barrel-
shaped tetradecamer with a solvent-filled proteolytic chamber large enough to accommodate
proteins consisting of several hundred amino acids. The interior surface of the barrel is
decorated with 14 serine peptidase active sites, each having a conventional Ser-His-Asp
catalytic triad. Because narrow axial pores at each end of the barrel prevent entry of natively
folded proteins®-12, degradation of folded proteins by the peptidase requires its association
with AAA+ partners that bind, unfold, and translocate substrates into the hydrolytic chamber
via conformational changes driven by ATP hydrolysis.’~9:13.14 Complexes of ClpP and its
AAA+ partners typically degrade proteins having targeting motifs known as “degrons.” For
example, ClpXP can degrade almost any protein bearing a C-terminal ssrA tag.”-2 Without
AAA+ partners, CIpP can only degrade small peptides that can diffuse through the pores
into the proteolytic chamber.

The genes encoding ClpP and its AAA+ partners are essential for virulence in some
pathogenic bacteria (e.g., Staphylococcus aureust>18, Streptococcus pneumoniat ™19,

and Listeria monocytogenes?®) and for viability in others (e.g., Mycobacterium
tuberculosis?1=23), making these enzymes compelling targets for drug development. In

M. tuberculosis (Mtb), a globally important human pathogen, ClpP and its AAA+

partners are attractive both as drug targets and as subjects for basic research. Mtb

is distinguished from many bacteria in that it has two co-transcribed genes called

clpPI and cpP2.24-28 The cognate gene products, Mtb ClpP1 and ClpP2, form discrete
heptameric rings that are individually inactive, but conditionally associate to form an active
heterotetradecamer.26:28.29 The CIpP1P2 assembly is stabilized by: interaction with ClpX or
ClpC1, active translocation of protein substrates into the degradation chamber, and binding
N-blocked peptide “agonists” that mimic substrate contacts within the active site (Fig.
1a).25-28 \We determined the crystal structure of Mtb ClpP1P2 stabilized by an ADEP and a
peptide agonist,28 and others have determined the structure stabilized by an agonist.3° The
ClpP1 and ClpP2 rings share an overall fold, yet have numerous structural differences;28:30
some of which explain the selective interaction of M6 ClpX and CIpC1 with the ClpP2 ring
of ClpP1p2.29

The catalytic activity of ClpP is known to be affected by several molecules that were
discovered in unbiased screens for antibacterial agents and in mechanistic investigations

of natural products with antibacterial activity.2-31-33 Some are covalent inhibitors, like the
B-lactones that form a covalent adduct with the active site serine of Mtb ClpP2.34 By
contrast, ADEPs alter ClpP activity by binding to the surface of the peptidase in the same
hydrophobic pockets that are involved in binding of AAA+ partners.23:35 This mode of ClpP
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binding is believed to be achieved via the ADEPs’ mimicry of the LGF loops of the AAA+
partners that participate in their binding to the peptidase.22:23.28 \When in complex with the
acyldepsipeptides (ADEPs), CIpP can degrade larger peptides and even some unstructured
proteins lacking degrons due to induced widening of its axial pores. The indiscriminate
degradation of small and unstructured cytoplasmic proteins by an activated ClpP has been
proposed as the mechanism by which the ADEPs kill most bacteria.?1-23:36-42 |ndeed, there
are multiple reports of activation of bacterial CIpP enzymes by the ADEPs. Intriguingly, we
found that the antibiotics inhibit proteolysis of a degron-tagged protein substrate by Mtb
ClpXP1P2 in vitro.28 Subsequent studies established that the lethality of ADEPSs in Mtbis
the result of inhibition of essential proteolytic activities.*3

Here, we report that a fragment of the ADEPs exhibits potent anti-mycobacterial

activity against Mrb strain H37Rv, especially in the presence of efflux-pump inhibitors.
Unexpectedly, this fragment enhances the rate of the ATP-dependent degradation of
protein substrates by ClpXP1P2. Further experiments show that the fragment stabilizes the
active ClpXP1P2 complex, and does so by binding to a site on the ClpP1P2 peptidase

that is distinct from that to which the ADEP binds. The anti-bacterial activity of the
fragment motivated a limited structure-activity relationship study which defined a simple
pharmacophore that could be elaborated into drug leads for the treatment of tuberculosis.

RESULTS AND DISCUSSION

An ADEP fragment retains anti-Mtb activity.

We previously reported that ADEP fragments lacking a macrocycle retain the ability to
dysregulate ClpP and kill Bacillus subtilis, although the macrocycle contributed ~1000-fold
to ClpP binding affinity and antibacterial potency in this organism.4 As an extension of
that study, we evaluated the antibacterial activity of a conventional ADEP (1a; Fig. 1¢), an
ADEP with a structurally optimized macrocycle and side chain (1b),28 an ADEP fragment
having some constituents of the macrocycle (2a),** and a fragment lacking the macrocycle
entirely (3)* against Mtb strain H37Rv in culture (Table 1). ADEP 1a inhibited growth with
a MIC of 50 ug/mL (~66 pM). The optimized structure of 1b exhibited improved potency,
as expected,*® resulting in a four-fold lower MIC of 12.5 pg/mL (~16 uM). Surprisingly,
compound 2a exhibited ~70% the molar potency of 1b, with a MIC of 12.5 ug/mL (~23 uM)
against the same Mib strain (Table 1). Compound 3 did not have a measureable MIC below
200 pg/mL.46:47

Because the activities of ADEPs against Mtb H37Rv are potentiated by efflux-pump
inhibitors like verapamil,*647 we tested the effect of verapamil on the anti-Mtb activity

of 1b and 2a. At 50 ug/mL, verapamil potentiated the activities of 1b and 2a against Mtb
H37Rv by 4- and 16-fold, respectively (Table 1). Remarkably, fragment 2a had ~4-fold
greater molar potency than ADEP 1b under those conditions. There are a few credible
explanations for the differences in the degrees of potentiation by verapamil. For instance,
fragment 2a’s activity may be more strongly potentiated than that of the ADEP because
fragments are inherently better substrates for verapamil-sensitive pumps.#’ Conversely, there
may be verapamil-insensitive pumps that act preferentially on the ADEP. Alternatively,
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assuming that the fragment and ADEP are equally effluxed by verapamil-sensitive pumps,
the fragment could either more potently and/or critically perturb the essential activity of Mtb
ClpP1P2. We also cannot rule out a ClpP-independent mechanism by which the fragment
kills Mtb. In any case, the efflux and bioactivity of fragment 2a is especially interesting in
light of our report that a simpler fragment of the ADEP (3) is inactive, yet it potentiates the
anti-Mtb activity of the ADEPs via preferential efflux.46:47

The ADEP macrocycle is dispensable for peptidase activation of ClpP1P2.

Given the potent antibacterial activity of 2a and its structural similarity to the ADEP, we
next carried out experiments to determine if the ADEP fragment interacts with CIpP1P2.
Since ADEP binding is known to stimulate the assembly of ClpP1P2 and its peptidolytic
activity /n vitro,2843 we assayed these phenomena in experiments using the unoptimized
ADEP (1a) and two fragments lacking a full macrocycle: 2a and 3 (Fig. 1c). Interestingly,
compounds 1a and 2a each stimulated Mrb ClpP1P2 peptidase activity with a £Cspof ~40
UM, while the ECgpfor 3 was ~90 UM (Fig. 2a, Table 2). The comparable affinities of ADEP
la and fragment 2a results correlate well with observations in the ADEP<CIpP1P2 crystal
structure: moieties corresponding to the fragment could make extensive complimentary
contacts at the interfaces of ClpP2 subunits including those of the macrocycle engaged in
hydrogen bonds with Tyr75 and Tyr95 (Fig. 1b); moreover, components of the macrocycle
not included in the fragment are largely solvent exposed and do not bind ClpP1P2.28

Fragment 2a enhances canonical protein degradation by ClpXP1P2.

Although ADEPs kill many bacterial species by dysregulating the activity of ClpP such
that numerous proteins are indiscriminately degraded,?1-23:38 they kill Mtb by inhibiting
essential ClpP-catalyzed proteolysis.2843 We compared the effects of 1a, 2a, and 3 on the
ClpXP1P2-catalyzed proteolysis of a circularly permuted GFP variant ending in B-strand
7, and bearing a C-terminal ssrA degradation tag (°P’GFP-ssrA; Fig. 2b).48 The terminal
B-strand in this variant is more easily extracted from the GFP p-barrel than the native
terminal strand 11,48 making this an easier proteolysis substrate. Surprisingly, fragment
2a enhanced the rate of proteolysis by ~40% at saturation with an £Cspof 40 uM. In
control experiments, ADEP 1a inhibited “P’GFP-ssrA degradation with an /Cs)of 59
UM while the fragment having no antibacterial activity and low affinity for CIpP1P2 (3)
had relatively small effects on the rate of proteolysis. Intriguingly, the enhancement of
ClpXP1P2 proteolysis by fragment 2a suggested that it had a different mode of protease
binding than the ADEPs, which exclusively bind ClpP2 within the heterotetradecamer and
inhibit proteolysis by blocking the interaction of ClpP1P2 with the chaperone ClpX.

The enhancement of proteolysis by fragment 2a was reminiscent of the canonical ADEP
mode of action,21-23:36-42 wherein binding of the molecules to homotetradecameric ClpPs
enables the degradation of proteins lacking degrons without the intervention of ATP of

the AAA+ partners. Thus, we assessed whether or not the 2a-simulated degradation of
CPTGFP by CIpP1P2 required ClpX, ATP, and a ssrA tag. The enhanced rate of CP’GFP-ssrA
degradation by ClpP1P2 was only observed when ClpX, ATP, and fragment 2a were all
present (Fig. 3a), which stood in sharp contrast with the ATP and chaperone-independent
activation of ClpP effected by the ADEPs. Proteolysis was not observed in the absence
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of either CIpP1 or ClpP2 (Fig. 3b), indicating that stimulation requires the heteromeric
ClpP1P2 peptidase. Curiously, the stimulatory effects of 2a were not observed when
proteolysis by ClpP1P2 was directed by CIpCL1, the alternative AAA+ partner in Mtb. 2a
inhibited proteolysis of “P’GFP-ssrA by CIpC1P1P2 to about 20% the activity of a DMSO
control (Fig. 3c). The apparent ATP-dependence of the fragment-promoted stimulation of
ClpXP1P2 proteolysis was further supported by the observation of very low levels of
degradation in the presence of ATP+yS (Fig. 3a), which is more slowly hydrolyzed by
ClpX than ATP.4? The other departure from the canonical ADEP mechanism was that
fragment 2a did not stimulate degradation of a GFP substrate lacking the ssrA degron (Fig.
S1a). The fragment’s stimulatory effect was however not exclusive to ©P’GFP-ssrA. Indeed,
fragment 2a enhanced the capacity of ClpXP1P2 to degrade a non-permuted GFP-ssrA, an
unrelated folded protein substrate ("AMRAHalo-ssrA),%0 and an unfolded protein substrate
(f1-V15Ptitin-ssrA)°1 (Fig. S1a, S1b), which indicates that the chemo-activated protease can
act on proteins irrespective of their tertiary structure or stability.

Collectively, these results indicate that fragment 2a, unlike the ADEP, does not impart
any new functions to CIXP1P2; it simply enhances the native functions of the chaperone-
dependent protease.

Fragment 2a binds ClpP1P2 differently than ADEP 1la.

Because 2a stimulates ClpXP1P2’s proteolytic activity, we reasoned that it could not bind
competitively with ClpX at the ClpP2 interfaces. The observations could only be explained
by binding of the fragment to unique binding sites in the CIpXP1P2 complex. To clarify

the binding site and mechanism by which 2a stimulates proteolysis, we first examined

the effects of ADEP 1a and fragment 2a on ATP hydrolysis by ClpX because its rate

is strongly influenced by both the chaperone’s interaction with ClpP1P2 and by protein
substrate turnover by proteolytic complex. In agreement with prior studies,?” addition of
ClpP1P2 suppressed ClpX ATP hydrolysis by ~20% via native association of the chaperone
and peptidase. Additionally, the presence of a protein substrate enhanced CIpXP1P2 ATPase
activity by ~50% (Fig. 4a, middle and right triplets). Compared to a vehicle control,

neither 1a nor 2a altered the ATPase activity of ClpX alone (Fig. 4a, leftmost triplet),
making it unlikely that the effects of 2a arise through direct interactions with ClpX. In
concordance with reports that ADEPS prevent binding of ClpX to ClpP1P2,28 1a blocked
both the capacity of CIpP1P2 to suppress ATP hydrolysis by ClpX and the stimulation

of ClpX-catalyzed ATP hydrolysis in the presence of CIpP1P2 and a protein degradation
substrate (Fig. 4a; red bars, middle and right triplets). Surprisingly, in the presence of

2a, we observed greater suppression of the ATPase activity of ClpX upon the addition of
ClpP1P2 (~45%) and greater simulation of ATP hydrolysis by ClpXP1P2 in the presence of
a degradation substrate (~120%) (Fig. 4a, blue bars, middle and right triplets). As evidenced
by the disparate effects of the compounds on the rates of ATP hydrolysis by ClpX in the
presence of CIpP1P2 alone and with a protein substrate, we surmised that ADEP 1a blocks
the interaction of ClpX and CIpP1P2 while fragment 2a stabilizes the proteolytic complex.

The apparent stabilization of CIpXP1P2 by 2a suggested that the fragment did not bind at
the ClpP2 interfaces like the ADEPs and ClpX. One plausible location for the 2a binding
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site is the surface of ClpP1,28:30 which has hydrophobic pockets similar to those on ClpP2
where both the ADEPs and the LGF loops of the AAA+ partners bind exclusively.28:2% Our
analysis of the ADEP<CIpP1P2 crystal structures suggested that clashes with the macrocycle
prevent ADEP binding to the cognate sites on ClpP1.28 Thus, we anticipated that fragments
lacking the intact macrocycle might evade the steric constraints and bind the interfaces of
ClpP1 in a fashion analogous to ADEP binding those in ClpP2. To test this, we introduced
previously described substitutions near the LGF-pockets in CIpP1 (S61A, Y63V, L83A, and
Y91V; ClpP1MUt and ClpP2 (Y75V and Y95V; ClpP2™Mut) that are expected to weaken small
molecule and Clp unfoldase binding.2? Indeed, no proteolysis was observed in complexes
incorporating the ClpP2™M! variant that cannot bind ClpX. We tested the effects of 1a and 2a
on CIpXP1P2 protease activity in the context of ClpP1 and ClpP2 LGF-pocket substitutions
(Fig. 4b). Interestingly, the compounds had similar effects on both wild-type ClpXP1P2 and
on complexes incorporating ClpP1™Ut with 1a inhibiting and 2a stimulating proteolysis.
The limited impact of mutations at the ClpP1 interfaces on the perturbations of proteolytic
activity by compounds 1a and 2a was not consistent with binding of the fragment to ClpP1
in a manner reminiscent of ADEP binding to ClpP2.

In a separate set of experiments, we assessed how the aforementioned substitutions
influenced the peptidolytic activity of CIpP1P2 and its enhancement by compounds 1la

and 2a. We made intriguing observations concerning the degradation of a Z-Gly-Gly-Leu-
AMC model peptide, which is predominantly cleaved by ClpP1 in the heterotetradecamer.26
We found that wild-type CIpP1P2 and complexes incorporating ClpP1™Ut responded
equivalently to 1a and 2a (Fig. 4c, left and middle triplets, respectively). Complexes
incorporating ClpP2™MUt exhibited substantial peptidase activity even in the absence of
compound, suggesting that these substitutions have pleiotropic effects on ClpP1P2 stability
and activity. Nevertheless, the activity of ClpP1P2MUt was still modestly stimulated by
ADEP 1la. In contrast, fragment 2a unexpectedly inhibited baseline peptidase activity (Fig.
4c, right triplet). We were further surprised that 2a had little influence on the hydrolysis of a
different peptide (Z-Tyr-Val-Ala-Asp-AFC), which is preferentially cleaved by CIpP2 in the
heterotetradecamer (Fig S2). Further experiments revealed that 2a exhibits dose-dependent
inhibition of Z-GGL-AMC degradation by ClpP1P2MUt with a /Cspof 120 pM, while having
little effect on Z-YVAD-AFC cleavage (Fig. S3). Though we cannot rule out other binding
events that explain both the modest suppression of the ClpP1-specific peptide cleavage and
the stimulation of ClpXP1P2 proteolysis, our favored interpretation of the observations is
that compound 2a occupies the active site of the CIpP1 subunits. Support for the active

site occupancy model can be derived from the crystal structures of Mtb ClpP1P2 in which
the fourteen active sites are occupied by the N-blocked peptide agonists that are required
absolutely for reconstitution of a catalytically active peptidase /7 vitro.25-28:30 By extension,
we propose that the ADEP fragment selectively binds the CIpP1 active site, presumably with
greater affinity than the N-blocked peptide agonists that are obligate components in all of the
peptidolysis and proteolysis assays.

Fragment binding stabilizes ClpXP1P2.

The catalytically active CIpXP1P2 complex exists in equilibrium with inactive and/or
disassociated species.27:29:3046 \We sought to establish whether 2a induces formation of
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a novel hyperactive state of the protease, or drives equilibrium towards the known active
complex. To address this question, we monitored “P7GFP-ssrA proteolysis using four
concentrations of ClpXP1P2 and increasing concentrations of 2a (Fig. 5a). In the absence of
fragment, the lowest enzyme concentration exhibited negligible proteolytic activity, whereas
increasing enzyme concentration led to higher levels of proteolysis, likely by driving
equilibrium towards the active complex. Titration of ClpXP1P2 with 2a induced a large
stimulation of proteolysis at low enzyme concentrations (16-fold at 0.25 uM protease),

but progressively smaller stimulation as enzyme concentration increased (only 1.2-fold
stimulation at 2 UM protease). Notably, fragment 2a stimulated almost the same maximum
activity at 1 pM and 2 pM enzyme, illustrating that 2a binding shifts equilibrium towards
the normal active state of the protease rather than a hyperactive state. Consistent with the
thermodynamic linkage expected for this behavior, fragment 2a stimulated proteolysis with a
lower ECsgpat higher concentrations of enzyme (Fig. 5a).

Additionally, we tested the effects of 2a on ClpXP1P2 stability by measuring changes in
ClpX ATPase activity as a function of CIpP1P2 concentration. The inclusion of 50 uM 2a
lowered the Ky, for ClpX/ClpP1P2 binding from 0.57 uM to 0.31 uM; at 200 pM, 2a
further tightened Ky, to 0.24 UM (Fig. 5b). Together, these data suggest that fragment 2a
stimulates proteolysis by binding to and stabilizing ClpXP1P2, driving higher occupancy of
the active complex under the assay conditions.

Activities of other ADEP fragments.

We prepared a series of fragment 2a analogs having structural similarity to ADEPs 1a
and/or 1b (Fig. 1c), in order to define the structure-activity relationships. Fragments were
designed to incorporate additional moieties from the intact macrocycle on either the proline
or serine residues of fragment 2a or to be more rigid by replacing serine residue of 2a with
more conformationally restricted amino acids. All fragments stimulated ClpP1P2 peptidase
activity, albeit with £Cspvalues that varied over a 4-fold range (Table 2). Interestingly, the
apparent Hill coefficients of the fragments are greater than 3, which suggests cooperativity
in their binding (Table 2). We made notable observations for fragments 2b and 2c, which
have more constituents of the ADEP macrocycle than fragment 2a. Fragment 2b, in which
N-acetyl alanine is appended to the proline residue of 2a, exhibited a higher £Cgyfor
activation of CIpP1P2 peptidase activity (67 pM) and stimulated proteolysis similarly to
2a (Fig. 6a). In contrast, fragment 2c, with a proline methyl ester appended to the serine
residue of 2a, stimulated peptidase activity with a lower £C5pthan the parent fragment
(16 pM) and robustly inhibited P7GFP-ssrA degradation (Fig. 6a). The tighter apparent
affinity of 2c could result formation of a hydrogen bond between its additional proline and
Tyr95 in ClpP2 (Fig. 1b), although the capacity for 2b to make an additional hydrogen
bond to GIn101 evidently does not improve its binding. We examined the effects of 2c

on proteolysis over a range of concentrations and observed biphasic behavior (Fig. 6¢),
characterized by stimulation at low concentrations with a EC5pof 7.8 uM and inhibition
at higher concentrations with a £Cgp0of ~50 pM. These results suggest that 2c binds more
tightly than 2a to binding sites in ClpP2 and ClpP1, and that its competition with ClpX for
ClpP2 binding overrides the stimulatory effect at high concentrations.
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Based on our findings that replacement of serine residue of the ADEP natural products

with a more conformationally restricted a//o-threonine residue dramatically improved the
compounds’ affinity for ClpP and antibacterial activity, we prepared analogs of 2a that had
rigidifying elements (/.e., an ester of a secondary alcohol or a secondary amide). Compounds
2d and 2e had either a/lo-threonine or diaminopropionate, respectively, in place of the serine
residue in fragment 2a. Compound 2d was a weaker activator of CIpP1P2 than the parent in
peptidolysis assays (ECs5p= 58 uM), while 2e was slightly more potent in the same assay
(ECs5p= 35 uM) (Table 2). The lower affinity ligand 2d was also a weaker stimulator of
proteolysis by ClpXP1P2 (Fig. 6a, Table 2). The observations concerning 2d were surprising
given that ADEPs having a/lo-threonine are more rigid and bind ClpP with much higher
affinity than those with serine at the same position.#%:4% In contrast, compound 2e, which
exhibited slightly higher affinity than 2a, was an inhibitor of proteolysis — albeit a weak one
(Fig. 6a, Table 2). Arguably, replacement of the ester with an amide either imparts improved
binding at same sites on ClpP2 wherein the inhibitory ADEPs bind or enable binding in
another fashion that inhibits the proteolytic activity of CIpXP1P2 (e.g., the active sites of
both subunits).

Interestingly, all ADEP fragments inhibited proteolysis by the complex constituted by
ClpP1P2 and the other AAA+ partner CIpC1 (Fig. 6b). Fragment 2c, which strongly
inhibited ClpXP1P2 proteolysis, also strongly inhibited proteolysis directed by ClpC1.
Fragments that stimulated ClpXP1P2 proteolysis (2a, 2b, and 2d), actually decreased
proteolysis by CIpC1P1P2 to about ~40% the activity of a DMSO control. The inability of
fragments to stimulate CIpC1P1P2 may be a consequence of the lower affinity of ClpC1 for
ClpP1P2 (~4.5-fold weaker than that of ClpX),2” which is sufficiently low that the fragments
can compete with CIpC1 for binding at the ClpP2 interfaces. The observed inhibition of
ClpC1P1P2 suggests that even fragments that strongly stimulate ClpXP1P2 have some
significant binding affinity for CIpP2. These results, and the biphasic behavior of 2c, suggest
that the influence of compound on proteolysis depend on the specific conditions of the assay,
including compound and protease concentration.

Overall, we found that analogs of 2a with lower £Csginhibited protein degradation

by CIpXP1P2 (e.g., 2c and 2e), whereas analogs with higher £C5pstimulated protein
degradation (e.g., 2b and 2d). It is possible that the relatively high £C5pof 2¢ and 2e
specifically arise from tighter binding to the ClpP2 interfaces, thus enhancing inhibition via
competition with ClpX. By extension, we predict that a hypothetical compound that binds
secondary sites more tightly than 2a would be superior as a stimulator of protein degradation
by ClpXP1P2. Interestingly, the relationships between fragment structure, ClpP1P2 affinity,
and activity could not be clearly rationalized based on the ADEP binding mode to ClpP2
observed in the crystal structure.?8 This may be because macrocycle truncation reduces
pre-organization of the compound and increases the entropic cost of binding to ClpP2. It
may also reflect the constraints of binding to a second interaction site, that has not yet been
structurally defined.
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Model for stimulatory effects by fragment.

Our data support a model in which stimulatory ADEP fragments, like 2a,
thermodynamically stabilize ClpXP1P2 by binding to a second site on the active form of
the peptidase (Fig. 7). The active sites of ClpP1 are a plausible location for this secondary
interaction. There is precedent for thermodynamic stimulation via binding to the ClpP1P2
peptidase active sites, as a variety of N-terminally blocked peptide agonists (e.g., Z-Leu-
Leu) have been shown to stimulate assembly and catalytic activity via binding at some or
all of the fourteen active sites in the ClpP1P2 heterotetradecamer.26:27:30 Nevertheless, the
observed effects of ADEP fragments on Clp proteases occur in the context of a complex
interaction landscape, where N-terminally blocked peptide agonists and AAA+ partners
both influence complex stability. Although the ADEP fragments in this study presumably
retain the ability to bind the ClpP2 interfaces, their binding is too weak to effectively
compete with ClpX. We expect that any fragment capable of binding the ClpP2 docking-
pockets would inhibit AAA+ partner binding at a sufficiently high concentration and thus
inhibit proteolysis, as exemplified by the biphasic effects of 2¢. In our model (Figure

7), the net effect on proteolytic activity of a specific fragment is determined by i) the
fragment concentration, ii) its relative affinities for sites on CIpP1P2, and iii) the affinity of
the AAA+ unfoldase present. We cannot currently deconvolute the individual interactions
between fragment and ClpP1P2, and further structural information or biophysical data will
be required to unambiguously define the site(s) to which fragment 2a binds.

The work reported here was initially inspired by our findings that the N-heptenoyl-3,5-
difluorophenylalanine moiety appended to the ADEP macrocycle was necessary and
sufficient for ClpP binding and antibacterial activity in B. subtilis.** Based on the concept of
fragment-based ligand development,>2 we anticipated that the simple pharmacophore could
be elaborated into a novel, high affinity ClpP ligand having potent activity against Mtb. Our
efforts yielded a few surprises. For instance, we found that the ADEP fragment having the
most potent activity against B. subtilis, N-heptenoyl-3,5-difluorophenylalanine methyl ester
(3) (MIC= 8 ug/mL), was inactive against M. tuberculosis. Intriguingly, fragment 2a, having
the N-heptenoyl-3,5-difluorophenylalanine pharmacophore coupled to a partial mimic of the
ADEP macrocycle constituted by an ester linked N-acetyl proline and serine methyl ester,
was less potent than 3 against B. subtilis (MIC= 8 vs. 32 pg/mL);** yet, it was active

against Mtb (MIC= 12.5 ug/mL). Other curious observations about fragment 2a was that

its EC5pfor activation of peptidolysis by the B. subtilis CIpP was nearly equivalent to that
of 3 (~6 uM);** whereas, the £Cs,for activation of peptidolysis by Mtb ClpP1P2 by 2a

was significantly higher (~44 uM) yet less than half that calculated for 3 (~100 pM). Most
surprisingly, 2a enhanced the ATP-dependent degradation of degron-tagged proteins by
ClpXP1P2 and appeared to stabilize the interaction of the peptidase with the AAA+ partner.
These findings stand in sharp contrast to those concerning the ADEPs wherein they inhibit
Mitb ClpP1P2 via their occupancy of the sites on ClpP2 to which the AAA+ partners (i.e.,
ClpX and ClpC1) bind.28 Consistent with those differences, our experiments indicate that 2a
has a different binding site on ClpP1P2 than the ADEPs. In total, our observations suggest a
new mode of lethal perturbation of Mrb ClpP activity and may serve as useful starting points
for the development of compounds with improved potency and target selectivity. More
broadly speaking, our observations are serendipitously representative of a newly expanding
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strategy in drug discovery wherein the focus is not on inhibitors of target function but

on small molecules that alter the binding partners of their targets, influence the dynamic
properties of their targets, and/or effect gain-of-function of the targets in ways that critically
affect cellular physiology.53

The essentiality of CIpP activity in Mtb provides a simple explanation for the toxicity of

the inhibitory ADEPs.*3 It is possible that 2a kills Mt through an identical inhibitory
mechanism in the context of the mycobacterial cytosol, irrespective of the stimulation
observed /in vitro. Alternatively, the lethality of 2a may arise from its ability to stimulate

the proteolytic activity of CIpXP1P2, in which case more nuanced explanations are required.
We can envision three models where lethality arises through protease stabilization. In the
first model, chemo-activated ClpXP1P2 aberrantly degrades an essential protein whose copy
number is tightly controlled for viability — for example, a protein that must accumulate

at some point in the cell cycle. We previously speculated that the unusual assembly
characteristics of Mitb Clp proteases create an opportunity for mycobacteria to regulate
protease activity.2” Aberrant stabilization by fragment 2a could thus disrupt a dynamic
regulatory process. In a second model, the lethality of 2a arises entirely through disruption
of the CIpC1+ClIpP1P2 interaction, thus inhibiting essential proteolytic processes specifically
carried out by CIpC1P1P2. A third possible model posits that stabilization of ClpX binding
to CIpP1P2 by the ADEP fragment may effectively sequester the tetradecamer away from
ClpC1 with which it must interact for other essential proteolytic functions. This possibility
is relevant because CIpP1P2 is thought to dynamically and conditionally associate with
different accessory ATPases like CIpC1 to effect the degradation of distinct populations

of substrates.2”-2% The ClpP1P2 sequestration model is consistent with observations that
¢lpC1is essential and that c/p.X overexpression reduces Mtb viability.>* The anti-bacterial
activities of an ADEP fragment like 2c may be more complicated. Such ADEP fragments
may either stimulate or inhibit CIpP proteolysis within the cell, depending on parameters
such as binding affinities and the intracellular concentration of compound. Those key
parameters may be difficult to assess because the compounds appear to accumulate in Mtb
by passive partitioning or active transport, as we note that the MICs of the ADEPs and
ADEP fragments in the presence of verapamil are lower than the measured £C5pvalues
determined /n vitro (Tables 1 and 2). Efforts to optimize ADEP fragment binding further and
to define unambiguously the mechanism of killing are underway in our laboratories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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substrate

Figure 1.
ADEPs bind to the ClpP2 LGF-pockets. (a) Mtb Clp peptidases consist of heptameric rings

of CIpP1 and ClpP2 that interact to form a ClpP1P2 heteromer, together with a ring hexamer
of ClpX or ClpC1 (not shown) that binds to the surface of CIpP2 via flexible LGF-loops.
ADEPs bind to the LGF-pockets of ClpP2, compete with ClpX/CIpC1 binding, and stabilize
peptidolytically active ClpP1P2 in the absence of a partner ATPase. (b) ADEP-2B-5Me
(ball-and-sticks) is shown bound to a ClpP2 LGF-pocket (ClpP2 subunits shown as dark

red and orange cartoons; key residues shown as sticks) from crystal structure 4U0G. The
difluorophenylalanine side chain projects into the pocket and the N-acyl chain extends to the
right (gray carbons). The macrocycle rests on the surface of ClpP2, to the left. Macrocycle
residues shown with colored carbons are present on some of the ADEP fragments described
in this study. (c) Structures of ADEPs (1a & 1b), ADEP fragments bearing portions of

the macrocycle (2a — 2¢), and the N-heptenoyl-difluorophenylalanine methyl ester (3) are
colored as in b.
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Figure 2.
ADEP and fragments stimulate ClpP1P2 peptidase activity, but have different effects

on ClpXP1P2 proteolysis activity. (a) Hydrolysis of a fluorogenic decapeptide (Abz-
KASPVSLGYNO2ZD: 15 uM) by 0.5 pM ClpP1P2 was stimulated by ADEP 1a (red circles),
fragment 2a (blue circles), and fragment 3 (white circles). Data were fit to a Hill equation.
la stimulated peptidase activity with £C5p= 38 + 2 uM, Hill constant () = 1.9 + 0.07 (solid
red line); 2a with £C5p=46 = 0.4 pM, = 3.3 £ 0.2 (solid blue line); and 3 with EC5p= 94
+4 UM, n=2.7 + 0.1 (dashed gray line). (b) 1a inhibited proteolysis of 10 pM CP7’GFP-ssrA
by 1 uM CIpXP1P2 with /C5p=59 £ 9 pM, n=1.3 £ 0.2 UM. 2a stimulated with £C5p= 40
+5uM, n=2.1+ 0.4, to a maximum activity 1.4-fold above the basal proteolysis rate. As
fragment 3 had little effect on proteolysis over the tested concentration range, data were not
fit to a binding equation. Values in all panels are averages of three biological replicates (N =
3) + 1 standard deviation (SD).
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Fragment 2a stimulates canonical ATP-dependent proteolysis by ClpXP1P2. Proteolysis of
10 uM of the indicated substrate was assayed in the presence of DMSO vehicle, 200 uM 1a,
or 200 uM 2a. (a) Proteolysis and stimulation by 2a requires ClpX and ATP. Degradation of
CPTGFP-ssrA was observed in the presence of 2 uM ClpP1P2, 1 pM ClpX, and 2.5 mM ATP
together with an ATP regeneration system. Proteolysis was inhibited by 1a and stimulated
by 2a. Weak proteolysis occurred in the presence of 2.5 mM ATP+yS, and this activity was
stimulated by 2a. No activity was detected in the presence of CIpP1P2 alone. (b) Proteolytic
stimulation by 2a requires both ClpP1 and ClpP2. Degradation of P’GFP-ssrA was not
observed when 1 pM ClpX, 2.5 mM ATP and an ATP regeneration system were combined
with CIpP1 or ClpP2 individually. (c) Degradation of P’GFP-ssrA by 1 uM CIpC1, 2 pM
ClpP1P2, and an ATP regeneration system was partially inhibited by 2a. Values in all panels
are averages of three technical replicates (N = 3) + 1 SD. p-values were calculated by
unpaired two-tailed Student’s t-test. The p-values in panel b are compared to the leftmost

condition in panel a.
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Figure 4.
Fragment 2a binds to a second site on CIpP1P2. (a) The ATPase activity of 1 uM ClpX

(left group), 1 uM ClpX with 2 uM ClpP1P2 (center group), or 1 uM ClpX with both

2 UM ClpP1P2 and 10 pM CP7GFP-ssrA (right group) was measured in the presence of
DMSO vehicle, 200 uM 1a, or 200 uM 2a. Neither 1a nor 2a altered the basal ClpX ATPase
activity. 1a, but not 2a, blocked ATPase suppression by ClpP1P2 and ATPase stimulation by
substrate. (b) Proteolysis of CP’GFP-ssrA by 1 uM ClpX and 2 uM ClpP1P2 incorporating
LGF-pocket substitutions in the indicated subunits was measured in the presence of DMSO
control, 200 UM compound. 1a inhibited and 2a stimulated proteolysis by wild-type enzyme
and enzyme incorporating ClpP1™Ut, No proteolysis was observed by enzyme incorporated
ClpP2Mut which weakens ClpX binding. (c) Hydrolysis of a fluorogenic tripeptide (Z-Gly-
Gly-Leu-AMC; 50 uM) by 0.5 uM ClpP1P2 incorporating wild-type subunits or LGF-pocket
substitutions was assayed in the presence of 200 uM la or 2a. Peptidase incorporating
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ClpP2™MUt exhibited peptidase activity in the absence of compound, which was stimulated by
la and suppressed by 2a. p-values were calculated by unpaired two-tailed Student’s t-test;
n.s. = not significant. Values in all panels are averages of three technical replicates (N = 3)
1SD.
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Figure 5.

Fragment 2a stabilizes CIpXP1P2 assembly. (a) °P’GFP-ssrA proteolysis was measured as
a function of 2a concentration for four concentrations of ClpXP1P2. Data were fit to a Hill
equation. 0.25 uM ClpXP1P2 stimulated activity ~16-fold with EC5p=77 + 6 UM, n=3.7
+ 1; 0.5 uM enzyme stimulated ~4-fold with £C5p= 65+ 4 pM, n=4.7 £ 1; 1 yM enzyme
stimulated 2-fold with EC5p=42 =2 yM, n=4.4 £0.7; and 2 pM stimulated 1.2-fold with
ECsp=46 + 4 UM, n=5.5 % 3. (b) The ATPase activity of 0.25 uM ClpX was measured as
a function of CIpP1P2 concentration in the presence of DMSO mock (black circles), 50 uM
2a (dark gray circles), or 200 uM 2a (light gray circles). Data were fit to a non-cooperative
binding model. ClpP1P2 suppressed ClpX ATP hydrolysis to ~80% of basal activity in the
presence of DMSO with a K, 0f 0.57 £ 0.2 UM; to ~60% in the presence of 50 UM 2a
with Ky, 0.31 £ 0.04 UM; and to ~55% in the presence of 200 pM 2a with Ky, 0.24 +
0.03 puM. Fragments with Kp.cypp; << Kp.cjppz may stimulate proteolysis at concentrations
below Kp.cyppz p-values were calculated by unpaired two-tailed Student’s t-test; n.s. = not
significant. Values in all panels are averages of three technical replicates (N = 3) + 1 SD.
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Figure 6.
ADEP fragments may stimulate or inhibit proteolysis. (a) Distinct fragments have different

effects on proteolysis by CIpXP1P2. Proteolysis of 10 uM SP7GFP-ssrA by 0.75 uM ClpX,
2 UM CIpP1P2, and an ATP regeneration system was assayed in the presence of 200 pM
of the indicated compound (except for 1b, which was assayed at 50 pM). Activities were
normalized to that of a DMSO vehicle control (dashed horizontal line). (b) All fragments
inhibit proteolysis by CIpC1P1P2 to varying extents. Proteolysis of ©P’GFP-ssrA (10 pM)
by 0.75 uM ClIpC1, 2 uM CIpP1P2, and an ATP regeneration system was assayed as in
panel a. (c) Proteolysis of CP’"GFP-ssrA (10 pM) by 1 pM ClpX, 2 uM CIpP1P2, 2.5 mM
ATP and a regeneration system was measured as a function of 2¢ concentration. Data were
fit to a double Hill equation (see Supporting Information). 2c¢ stimulated proteolysis at low
concentrations with £Cs5p_;=7.8 £ 0.8 pM, n; = 3.8 = 1, and inhibited proteolysis at high
concentrations with £Csp_»=50 £ 10 pM, n,= 1.8 £ 0.6. Values in all panels are averages
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of three technical replicates (N = 3) £ 1 SD. p-values were calculated by unpaired two-tailed
Student’s t-test: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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Figure 7.
A simple model of the effects of ADEP fragments on CIpXP1P2 activity. Binding of

fragment to ClpP2 LGF-pockets leads to competition for ClpX binding and proteolysis
inhibition, while fragment binding to a second set of sites stabilizes the active protease. (The
second site is illustrated as the ClpP1 active site, but could be elsewhere on the complex.)
The net effect of ADEP fragment on proteolysis depends on the relative affinities for the two
classes of binding sites. Fragments with Kp._cypp2 << Kp.cjpp; are always inhibitory.
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Table 1.

Antibacterial activity of ADEPs and fragment

compound MIC vs M. tuberculosis H37Rv
pg mL™! (uM)
without verapamil | verapamil (50 pg/mL)
la 50 (66) 25 (33)
1b 12.5 (16) 31(3.9)
2a 12.5 (23) 0.78 (1.4)
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Table 2.

Fit parameters for peptidase activation of CIpP1P2 by ADEPs and fragments

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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compound Peptidase stimulation
ECs (uM)2 | Hill coefficient® | R
1a b 38+2 1.9+0.07 0.998
1b 6.7+0.2 21+01 0.997
2a b 46 +£0.4 33+0.2 0.999
2b 67+0.5 3.4+0.07 0.999
2c 16 +0.3 3.7+0.2 0.998
2d 58 2 35+03 0.998
2e 35+0.3 3.2+0.07 0.999
317 94+4 2701 0.998

a.
fit value + standard error

b . .
average of three biological replicates
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