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Abstract

Drug induced degradation of a target protein is a novel concept in drug discovery. Traditionally
drugs modulate activity, as opposed to abundance, of their targets. Degradation inducing ligands
act catalytically. Thus, one advantage of target degradation over the classical on-target mechanism
is that lower drug concentration may be sufficient to cause the desired cellular effects. The first
promoters of target degradation were discovered unintentionally: it turned out that some drugs
‘accidentally’ promote degradation of their target by the cellular proteolytic machinery. Elegant
methods were developed to target specific proteins of interest for degradation, thus enabling the
rational discovery of degradation inducers. The application of targeted degradation has so far been
limited to human cells. Recently, we discovered that an antibacterial drug, the anti-tuberculosis
antibiotic pyrazinamide, functions as a promotor of degradation of its bacterial target. Increasing
antimicrobial resistance makes the discovery of novel antibiotics more urgent than ever. Can
rational target degradation be applied for the discovery of anti-bacterials? Here, we first discuss
briefly some historic examples and then recent approaches in rational target degradation for human
diseases. Then, we describe how the first anti-bacterial target degradation promoter pyrazinamide
triggers removal of its target. Efforts are under way to exploit this specific mechanistic knowledge
for the discovery of next generation pyrazinamide. We end with the big - and open - question
whether targeted protein degradation as an approach to anti-bacterial drug discovery can be
generalized, similar to what has been achieved in the area of drug discovery for human diseases.
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Introduction

Drug discovery efforts aim to identify novel chemical entities that modulate, i.e. up- or
downregulate, target protein activity (Fig. 1A). In order for drugs to exert their cellular
therapeutic effects, they need to be supplied at sufficiently high concentrations and for
sufficient time at the site of the disease to interfere effectively with the function of their
target proteins. Achieving drug exposure at the relevant disease sites in the body can be
challenging. For instance for an anti-tuberculosis (TB) drug to be efficacious, it has to be
transported to non-vascularized pulmonary lesions, diffuse into necrotic and caseous foci,
overcome the lipid-rich cell envelope of M. tuberculosis and finally hit its specific
intracellular target for the required duration (Dartois, 2014). Recent understanding of the
complexity in pharmacokinetic and on-target pharmacological requirements for a good anti-
TB drug have provided some explanations for the void in new drugs in the TB drug
discovery pipeline.

A novel drug discovery paradigm which has gained momentum in recent years is targeted
protein degradation, whereby specific drivers of human disease are selectively targeted for
degradation by the cell’s own proteolytic machinery (Cromm and Crews, 2017), rather than
(just) inhibiting or modulating their cellular function. This approach provides the advantage
of an ‘event-driven’ pharmacology, where the molecules that facilitate target degradation can
bind and induce degradation through multiple rounds, resulting in removal of greater than
stoichiometric quantities of protein, as opposed to the classical ‘occupancy-driven’
pharmacology where a molecule needs to be stoichiometrically bound to the protein in order
to inhibit its function (Lai and Crews, 2016). From the discovery of the first small molecule
proteolysis-targeting chimaera (PROTAC) by the Crews Lab in 2008, which could bind and
induce degradation of the androgen receptor (AR) to the first PROTAC molecule (ARV-110)
to enter the clinic with a Phase I trial for prostate cancer earlier this year, this field has
rapidly grown and gained attention from the scientific community (Mullard, 2019). While
targeted protein degradation is being actively explored for different conditions ranging from
cancers to neurodegenerative diseases, this concept has not been tapped upon for
antibacterial discovery as yet. Our unpublished findings suggest a novel mechanism of
action of pyrazinamide (PZA), a first-line anti-TB drug which was discovered for its lesion
sterilizing activity in the 1950s and preliminary findings suggest that this antibiotic triggers
degradation of its target aspartate decarboxylase PanD upon binding. PanD catalyzes an
essential step in coenzyme A biosynthesis in M. tuberculosis (Gopal et al., 2017a; Gopal et
al., 2019). Thus, pyrazinamide inhibits the production of an essential co-factor. Based on
these findings and the tremendous advances made recently in the targeted degradation field
for human diseases, we ask here whether targeted protein degradation can be extended to the
field of anti-bacterial drug discovery. We first summarize briefly the key advances and
concepts in the field, our learnings on bacterial target degradation using the (so far only)
example of pyrazinamide and discuss some possibilities of capitalizing on the bacteria’s own
protein degradation machinery to eliminate proteins of interest in a rational way using
knowledge gained from other disease areas.
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1.1.1 Molecular glues/SERDs

There have been multiple examples of compounds that were developed to inhibit specific
cellular targets and were subsequently found to also induce degradation of their respective
targets. For instance, the selective Estrogen receptor degraders (SERDs) such as Fulvestrant,
which upon binding to their target Estrogen receptor ERa destabilize the protein by
increasing surface hydrophobicity and trigger its degradation (Wittmann et al., 2007; Wu et
al., 2005). This drug was found to be superior to Tamoxifen, which acts by only inhibiting
the ERa signaling in the treatment of breast cancers (Anthony, 2006). Another example is
Lenalidomide, used for treatment of Multiple myeloma, that acts as a ‘molecular glue’ by
binding to the E3 ligase Cereblon and causing selective ubiquitination and degradation of
substrates Casein kinase (CKa), Ikaros and Aiolos via the proteasome system (Kronke et al.,
2014; Lu et al., 2014; Petzold et al., 2016). As the mechanisms of these molecules were
found fortuitously, the challenge was to develop methods that would allow one to rationally
identify chemical entities that would both specifically bind and promote degradation of a
protein of interest.

1.1.2 Hydrophobic tagging

Hydrophobic moieties are appended onto the surface of target proteins in order to mimic
partially unfolded proteins and invoke the cytosolic unfolded protein response to degrade the
target (Cromm and Crews, 2017). Bocs-Arg, as a hydrophobic tag for etacrynic acid, a
covalent inhibitor of Glutathione-S-transferase (GST-a.1), could induce degradation of GST-
al (Long etal., 2012). However, the utility of Bocs-Arg in therapeutics has been limited by
its off-target effect on the cellular translation machinery (Coffey et al., 2016). Another
strategy is to utilize bifunctional molecules with one end that binds the specific target and
the other end recruiting the degradation machinery via a hydrophobic adamantyl moiety.
This approach has been applied to a broader range of targets. Using this approach, it was
possible to target a previously considered ‘undruggable’ pseudokinase ErbB3 via a covalent
inhibitor with an adamantyl tag, resulting in ErbB3 degradation and signaling and anti-
proliferative effects on pathway-dependent cell lines (Lim et al., 2015). The mechanisms of
protein degradation induced by these different hydrophobic tags remains to be clearly
understood.

1.1.3 PROTACs

Proteolysis-targeting chimaeras (PROTACS) are bifunctional molecules comprising of a
warhead that binds to a target of interest and an E3 ligase recruiting ligand which are
connected by a chemical linker. Once the target protein and the recruited E3 ligase are
brought in close proximity, the target protein gets ubiquitinated and degraded by the
proteasome machinery (Schneekloth et al., 2004) (Fig. 1D). In 2001, Sakamoto et a/.
reported the first PROTAC which consisted of the angiogenesis inhibitor ovalicin (warhead)
that covalently binds to its target MetAP2, which was linked to a phosphopeptide that
recruited the E3 ligase p-TRCP and thus resulted in the proteasome-mediated degradation of
MetAP2 (Sakamoto et al., 2001). However, these peptide-based PROTACSs display poor
cellular activity due to permeability issues and immune recognition due to large molecular
size. This has led to the field concentrating large efforts on the development of small
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molecule PROTACS. Since the discovery of small molecule E3 ligase ligands such as
thalidomide and its analogs which bind Cereblon (Krénke et al., 2014), this PROTAC
approach has been successfully applied to target and facilitate degradation of several
different structural classes of proteins, ranging from receptor tyrosine kinases to hormone
receptors to bromodomains (Bondeson et al., 2018). These small molecule PROTACS have
been demonstrated to display nanomolar potencies in rapidly degrading target proteins,
robustly inhibiting downstream signaling, causing /n vivo tumor suppression and
overcoming issues related with drug resistance due to mutations (An and Fu, 2018). Despite
these convincing outcomes, these molecules are still relatively large as compared to
traditional small molecules and thus may not be orally bioavailable. Newer strategies to
shorten these molecules are becoming available such as Click-formed PROTACs
(CLIPTACS), which utilize “click chemistry’ to bring the warhead and the E3-recruiting
moieties together once inside the cell (Lebraud et al., 2016). With the first PROTAC
molecule recently entering the clinic, the field is eagerly anticipating to learn how this
approach fares in humans.

2.1 Pyrazinamide: discovery and mechanism of the first anti-bacterial

inducing target degradation

The introduction of pyrazinamide (PZA) in the tuberculosis drug regimen shortened
treatment from 9 to 6 months (BritishThoracicAssociation, 1982). PZA is a prodrug that is
activated by a M. tuberculosis amidase to release its bioactive component pyrazinoic acid
(POA) (Scorpio and Zhang, 1996). /n vitroand in vivo screening to isolate spontaneous
POA-resistant M. tuberculosis mutants identified missense mutations in either the aspartate
decarboxylase PanD required for Coenzyme A biosynthesis or the unfoldase ClpC1,
encoding a component of the caseinolytic protease ClpC1-ClpP (Gopal et al., 2017b; Gopal
et al., 2016; Shi et al., 2014). Although PanD was established to be a direct cellular target,
POA does not appear to directly inhibit PanD’s enzymatic activity (Gopal et al., 20173;
Gopal et al., 2019). Our ongoing studies with M. tuberculosis reporter strains suggest that
POA binding to PanD accelerates ClpC1-ClpP dependent degradation of PanD. Biophysical
studies indicate that POA treatment results in formation of higher order oligomers which
may render PanD more susceptible to recognition and degradation by the ClpC1-ClpP
complex. Thus, rather than inhibiting the biochemical activity of its target, POA appears to
trigger degradation of PanD (Gopal et al., 2019) (Fig. 1B). Although a novel mechanism for
an antibiotic, this is comparable to the mechanism of fortuitously discovered SERDs such as
Fulvestrant, which upon binding to its target ERa, results in a structural modification that
subsequently triggers target degradation via the proteasome (Wu et al., 2005) (Fig. 1B).

2.1.1 Next generation pyrazinamide: following the footsteps of Fulvestrant

Taking the SERD Fulvestrant as an example again, it has been possible to optimize this
molecule by maximizing its ability to cause degradation of ERa (Kahraman et al., 2019) and
improved outcomes were observed for breast cancer in preclinical and clinical studies by
improving the oral bioavailability of the molecule while maintaining its target-degrading
ability (Hamilton et al., 2018; Lai et al., 2015). Can we similarly increase the potency of
POA by optimizing its affinity for its target PanD or by appending modifications on the
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molecule so that it is able to more efficiently recruit the CIpC1-P1P2 degradation
machinery? Efforts are underway in the authors’ laboratory to increase the ‘degrader
activity’ of POA (‘Target based discovery of next generation pyrazinamide’ http://
grantome.com/grant/NIH/R01-Al1106398-05). In a chemistry driven program using PanD-
RFP reporter strains to detect enhanced degradation and POA resistant PanD mutant strains
to stay on target, we aim to identify analogs with increased PanD degradation activity.

2.1.2 Targeted degradation of proteins of interest as novel approach for anti-bacterials?

The approach employed to develop a next generation pyrazinamide is specific to the drug-
target pair pyrazinamide-PanD, and to mycobacteria. Can we find general methods to
discover small molecules that promote degradation of specific desired bacterial proteins? In
other words, can we apply a ‘PROTAC-like’ approach to anti-bacterial drug discovery? In an
anti-viral discovery effort, a recent study employed this approach to conjugate the reversible
inhibitor of the Hepatitis C virus (HCV) protease (Telaprevir) to an E3 ligase-recruiting
ligand, resulting in a molecule capable of both inhibiting and degrading the HCV protease.
Furthermore, this approach could overcome the issue of resistance to traditional enzyme
inhibitors like Telaprevir (de Wispelaere et al., 2019). In order to translate this approach for
an anti-bacterial, we would need well-validated recruiters of bacterial degradation
machineries. In the absence of these recruiters, one could consider alternate approaches such
as hydrophaobic tagging of target binders/inhibitors. As a ‘proof-of-concept study’,
Trimethoprim, a widely used antibiotic with specific inhibition of bacterial DHFR over
mammalian DHFR, was tagged to a hydrophobic Bocsz-Arg moiety. This resulted in
degradation of £. coli DHFR, when expressed in mammalian cells (Long et al., 2012) (Fig.
1C). Whether this approach would work to degrade bacterial targets inside the bacterial cell
using the bacterial protein degradation machinery is yet to be determined. Considering the
post-antibiotic era we are facing and the meager anti-bacterial pipelines, there is a need for
novel approaches in the field. The very impressive advances in the field of targeted protein
degradation in the area of human diseases, together with the renaissance in prokaryotic cell
biology give reasons to be optimistic. Development of rational and general approaches for
the discovery of antibiotics that induce degradation of bacterial targets may be a possibility.
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Examples of drugs either interfering with the activity of their target (A) or triggering
degradation of their respective targets by various mechanisms (B,C,D). (A) Drug binds its
specific target and alters target activity as a result of this interaction. Examples of such
antibiotics are Ciprofloxacin and Rifampicin, which bind and inhibit the bacterial DNA
gyrase and RNA polymerase respectively. (B) Drug binding to its target causes
conformational changes of target, that results in target degradation. Pyrazinoic acid (POA)
binds to its target Mycobacterium tuberculosis aspartate decarboxylase which changes its
conformation and undergoes degradation via the Mtb ClpC1-P1P2 machinery (Gopal et al.,
2019). Fulvestrant triggers degradation of its target Estrogen receptor ERa via the
mammalian proteasome by changing its surface hydrophobicity (Wu et al., 2005). (C) Drug
binds target, hydrophobic tag recruits chaperone protein which unfolds and transports the
target to the cell’s degradation machinery. Example is Trimethoprim-Bocs-Arg, where
Trimethoprim binds to £. co/i DHFR (when expressed in mammalian cells) and the
hydrophobic Bocs-Arg moiety tags it for degradation (Long et al., 2012). (D) PROTACS:
bifunctional molecules with one end of the drug binding the target and the other end binding
an E3 ligase which ubiquitinates target and recruits the proteasome to degrade the target.
Example is ARV-771 which binds to Bromodomain and extra-terminal (BET) protein via the
target-binding moiety and the E3 ligase Cereblon via the E3-binding moiety, thus resulting
in degradation of BET proteins (Raina et al., 2016). POI, protein of interest.
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