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ABSTRACT

Antibiotic resistance poses a serious threat to human health and novel antibacterial
strategies are urgently needed. The ClpXP protease is a global regulator of virulence in a
variety of microorganisms, including Staphylococcus anreus. Hence, ClpXP is a promis-
ing target for antivirulence approaches. The protease consists of a barrel-like core, that
is formed by 14 ClpP protomers. Hexameric ClpX chaperones stack on top of ClpP,
resulting in the proteolytically active complex. The molecular basis of the ClpP-ClpX
interaction, however, is only partially understood and efhicient inhibitors of ClpXP are
lacking.

This thesis provides novel chemical tools to manipulate the activity of S. aureus ClpXP
and to study its oligomeric assembly. Phenyl esters are novel CIpXP inhibitors that were
identified by a high-throughput screen of 137,000 compounds. Phenyl esters bind co-
valently to the active site of ClpP, and surpass previous 3-lactone inhibitors in potency
and selectivity. Extensive SAR studies led to compounds with improved stability, and
identified a critical methyl position in the inhibitor structure. Depending on its stere-
ochemistry, this “stereogenic switch” either retained the tetradecameric ClpP state or
induced de-oligomerization into heptameric species.

Oxazoles are the second class of ClpP inhibitors identified by the high-throughput
screen. A co-crystal structure of one oxazole compound and ClpP gave insights into
an unprecedented binding mode. While the initial hit was only moderately potent in
reducing the activity of ClpP, chemical synthesis led to improved inhibitors with low-
micromolar IC,-values. Additional studies revealed that ClpX excerts conformational
control over ClpP, which revoked inhibition of the ClpXP complex.

Lastly, second-generation, amino acid-based phenyl esters were developed. Systematic
screening of amino acids in P1 and P2 position of dipeptide phenyl esters revealed com-
pounds that surpassed the potency of previous ClpXP inhibitors. Additionally, some
derivatives stimulated, rather than inhibited ClpXP-mediated proteolysis. The com-
pounds and various techniques were applied to probe the oligomerization of ClpP and
ClpX as well as their affinity towards each other. In this regard, a novel ClpXP complex
with an unprecedented stoichiometry was found, and its potential biological function
was evaluated. Overall, the insights obtained set the foundation for future inhibitor de-

sign and will facilitate studies towards the celluar function of ClpXP.
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ZUSAMMENFASSUNG

Antibiotikaresistenzen sind eine wesentliche Gefahr fiir die humane Gesundheit und
neue antibakterielle Strategien werden dringend benétigt. Die ClpXP-Protease ist in
vielen Mikroorganismen, darunter Staphylococcus aurues, ein globaler Regulator der
Virulenz. Daher ist CIpXP ein vielversprechendes Angriffsziel fiir Antivirulenz-Ansitze.
Die Protease besitzt eine fassartige Struktur, die aus 14 ClpP-Protomeren aufgebaut ist.
Hexamere ClpX-Chaperone stapeln sich auf ClpP, wodurch der proteolytisch aktive
Komplex gebildet wird. Die molekularen Grundlagen der ClpP-ClpX-Interaktion sind

jedoch nur teilweise verstanden und efhziente Inhibitoren tiir ClpXP fehlen.

In dieser Dissertation werden neue chemische Schliisselverbindungen vorgestellt, mit
denen die Aktivitit und die Oligomerisierung von Staphylococcus anrues ClpXP un-
tersucht wurden. Phenylester sind neuartige ClpXP-Inhibitoren, die mithilfe eines
High-Throughput Screens (HTS) aus 137.000 Verbindungen identifiziert wurden.
Phenylester binden kovalent an das aktive Zentrum von ClpP und tbertreffen
p-Lacton-Inhibitoren beztiglich Potenz und Selektivitit. Ausgiebige Studien zur
Struktur-Aktivitits-Beziehung fithrten zu neuen Verbindungen mit verbesserter Sta-
bilitit. Auflerdem wurde eine entscheidende Methylgruppe in der Inhibitor-Struktur
identifiziert. Abhingig von der Stereochemie dieses “stereogenen Schalters” wurde der
tetradekamere Zustand von ClpP beibehalten oder die De-Oligomerisierung in hep-

tamere Spezies induziert.

Oxazole sind die zweite Klasse von ClpP-Inhibitoren, die mittels des HTS gefunden
wurden. Die Co-Kristallstruktur eines Oxazols mit ClpP erméglichte einen direkten
Einblick in einen neuartigen Bindungsmodus. Wihrend die initiale Hit-Verbindung
nur moderat aktiv war, konnten durch chemische Synthese verbesserte Inhibitoren mit
IC,,-Werten im mikromolaren Bereich erhalten werden. Weiterfithrende Studien
zeigten, dass ClpX konformationelle Kontrolle auf ClpP ausiibt, weshalb der gesamte

ClpXP-Komplex nicht inhibiert werden konnte.

Zuletzt wurde eine zweite Generation von Aminosiure-basierten Phenylestern ent-
wickelt. Die systematische Untersuchung von Aminosiuren in Pr und P2-Position
von Dipeptid-Phenylestern resultierte in Verbindungen, die die Potenz von fritheren

ClpXP-Inhibitoren tibertrafen. Zusitzlich wurden Derivate gefunden, die die ClpXP
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basierte Proteolyse aktivierten, statt zu inhibieren. Die Schliisselverbindungen und
zahlreiche Methoden wurden anschlieffend angewendet um die Oligomerisierung von
ClpP und ClpX zu untersuchen und um zudem ihre Affinitit zueinander zu bestim-
men. In diesem Zusammenhang wurde ein ClpXP-Komplex mit beispielloser St6-
chiometrie identifiziert und eine potentielle biologische Funktion des neuen Kom-

plexes evaluiert.

Die in dieser Arbeit gewonnenen Erkenntnisse legen den Grundstein fiir zukiinftige
Inhibitor-Entwicklungen und werden aulerdem Untersuchungen zur zelluliren Funk-

tionsweise von CleP unterstiitzen.
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Introduction



I THE ANTIBIOTIC CRISIS

In this introduction, the historical background of the current antibiotic crisis, its impli-
cations for today’s medicine and methods for overcoming antibiotic resistance are dis-
cussed. For a comprehensive overview, the interested reader is kindly referred to Chapter

6 which reviews interdisciplinary approaches to address the antibiotic crisis.

.11 HISTORY OF ANTIBIOTIC RESISTANCE

The spread of bacteria thatare resistant to antibiotics is a growing problem to humanity.
Apart from cancer, infection is the only disease that has been able to evolve resistance to
chemotherapy. Importantly, pathogens not only develop their own resistances, but also
borrow resistance genes from environmental organisms. Infections caused by resistant

bacteria therefore threaten not only individuals but societies.[!

For bacterial infections, the groundbreaking discovery of penicillin by Alexander Flem-
ing in 192812 ushered in a new era. Historically uncontrollable and deadly infections
were largely relegated to mild and conveniently treatable illnesses.3] In the following
golden age of antibiotics (1940-1960s), numerous potent drugs were discovered from
natural product screenings, and bacterial infections were easily contained with effective
and low-priced medicine.l#] Since then, antibiotic treatment has saved millions of lives
worldwide. Over the last few years, however, society’s most powerful weapons against
bacterial infections are steadily losing efficacy. It is estimated that annually two mil-
lion people in the United States suffer from largely untreatable infections caused by
antibiotic-resistant bacteria, resulting in 23,000 fatalities.[s] The world health organiza-
tion (WHO) has recently even issued a warning concerning the current trajectory to-

wards a post-antibiotic era.l6]

Microorganisms produce a variety of antibiotic compounds in order compete with their
environmental opponents. Bacterial resistance has always been an expedient to succeed
in this everlasting battle, and it far precedes the first therapeutic application of an antibi-
otic. Resistance is inherently connected to the antibiotic mode of action, e.g. the disrup-
tion of essential biological pathways that will eventually kill the pathogen. Therefore,

the survival of these organisms that have evolutionarily found a way to evade the selec-



tive pressure is promoted. The short generation time of bacteria, their large population
sizes, and their ability to horizontally interchange genes with environmental organisms
make antibiotic resistance that predominant. In addition, current antibiotics only ad-
dress a small selection of bacterial targets, namely the biosynthesis of (i) proteins, (ii)
DNA/RNA, (iii) the cell wall, and (iv) folate. Alternatively, antibiotics act by disrupt-
ing bacterial membranes. Once a resistance is acquired, similarly acting drugs therefore

often also lose their antibacterial effect.

Tragically, already from the beginning of antibiotic therapy, humanity largely promoted
the development of resistances. Antibiotics were prescribed for patients with symptoms
of an infection, regardless of whether it was bacterial or viral (for the latter antibiotics
are ineffective). Patients stopped taking the drug prior to finishing the whole regiment,
and hygiene in hospitals was at a lower standard. Very soon, antibiotics additionally be-
came attractive in livestock feed as an inexpensive means to accelerate animal growth. [7]
Presently, the consequences of these practices are being realized by a spread of resistant

bacteria not only in hospitals, but also in the community.

While there has been a rapid increase in multi-resistant bacterial strains, the number of
novel antibiotics for clinical applications is low with only two new classes introduced
in the past 20 years.[g] The reasons for this discrepancy are manifold and include reg-
ulatory and economic aspects. More importantly, the identification of new antibiotics
has become a substantial hurdle as natural product screenings, traditionally the richest
source for new antibiotics, most frequently fail to discover novel chemical entities.[4]
In this regard, anti-infective research needs to devise alternative measures to manipu-

late pathogens using unprecedented mechanisms.

1.2  ANTIVIRULENCE AS AN ALTERNATIVE ANTIBACTERIAL APPROACH

Humans live in strong symbiosis with trillions of commensal microorganisms, which
inhabit, for example, the skin and the digestive system, and are indispensable for our
well-being. [5] Unfortunately, not all microbes are this peaceful. To invade the host and
to circumvent or evade the host immune system, pathogenic bacteria use an arsenal of
virulence factors, which include toxins, adhesins or destructive enzymes. (1] Bacteria are

able to communicate with each other and determine their population density by using



small molecules in a process called quorum sensing. When in low numbers, pathogens
are nonvirulentand are thereby able to remain undetected by the immune system. Once
having reached a critical population, the pathogens use quorum sensing to coordinate
the gene expression of virulence factors, and subsequently change over to form a joint

attack. 2]

Antivirulence approaches focus on manipulating these elaborate mechanisms by
blocking bacterial communication and disposing of the harmful chemical weapons.
Pathogens are thus rendered harmless without being killed. Antivirulence is a rather
long-known concept. Already in the 1880s, von Behring and Shibasaburo developed
antiserum therapies to neutralize bacterial toxins for the treatment of diphtheria and
tetanus.[3-14] Considering the current lack of novel antibacterials, antivirulence ap-
proaches have experienced a resurgence over the last few years. As the pathogens are
not directly killed, it is at debate that antivirulence exerts a lower selective pressure over
the development of resistances. Therefore, potential antivirulence agents might have
an increased period of therapeutic efficacy, and could reduce the permanent need for
novel antibacterial drugs. Additionally, due to distinct virulence mechanisms within
different bacterial species, antivirulence strategies can be designed to specifically tar-
get pathogenic bacteria, while causing less collateral damage to the commensal micro-

biota.[1s]

12 TARGETINGCLPXP-REGULATED VIRULENCEOFSTAPHYLOCOCCUS

AUREUS

In view of the emerging threat of antibiotic resistance, the WHO released a top priority
list of 12 bacterial organisms, for which novel therapeutics are urgently needed. Among
those pathogens, resistant Staphylococcus aureus (S. aureus) strains were ranked with
“high priority.”["*] The methicillin-resistant S. aureus (MRSA) has recently gained no-

toriety, as it is responsible for recurrent infections that are very difficult to treat.



1.2.1 PATHOGENICITY OF STAPHYLOCOCCUS AUREUS (S. AUREUS)

S. aurens is a Gram-positive bacterium that appears as a grape-like cluster of sphere-
shaped cells in growing cultures. When incubated on agar plates, S. aureus produces
colonies that turn buft-golden over time (due to the production of the pigment staphy-
loxanthin), which gave the pathogen its binomial name (szaphyle = Greek for “grape-

cluster berry”, anreus = Latin for golden).['7]

S. aureus is an opportunistic pathogen that colonizes the skin and the mucosal micro-
biome in about 30% of the human population.['®19] The physical barrier of the skin
usually holds off the pathogen efficiently. Upon breach of the host’s defenses, however,
S. aureus can invade the body, dissimilate, and cause severe conditions, such as endo-
carditis, osteomyelitis, toxic shock syndrome or sepsis.[“’] In addition, the pathogen is
able to form biofilms, which are robust, surface-attached encasements of bacterial cells
in a biomolecular matrix. Biofilms are nearly inaccessible by the immune system and an-
tibiotics, thus rendering the pathogen persistent. Prosthetic devices and other synthetic
surfaces are especially prone to biofilm formation, which often results in difficult-to-

treat, recalcitrant infections. [20:21]
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Figure 1.1. Schematic overview of representative membrane-bound and secreted virulence fac-

tors of S. aureus.

An extensive arsenal of virulence factors allows S. aureus to survive extreme conditions

within the human host. Surface-associated proteins, like adhesins (e.g. fibrinogen-binding



proteins or clumping factors) bind to host extracellular matrix components (e.g. fib-
rinogen or collagen), and facilitate the internalization into host cells. Staphylococcal
protein A (SpA), binds to the Fc region of immunoglobulins and thereby impedes op-
sonophagocytosis by neutrophils.[“’23] Moreover, S. anreus secretes a variety of toxins,
such as o-, 8- and y-hemolysins, which form pores in the membrane of host cells and
trigger lysis.[“’zﬂ Further secreted virulence factors include, among others, additional
toxins (e.g. toxic shock syndrome toxin-1) and exoenzymes (e.g. V8 protease) which all

contribute to inflammation and cell death.[23:26-28]

To efficiently apply this armamentarium during invasion of host tissue in a spatiotem-
poral manner, the expression of virulence factors is tightly controlled by a complex net-
work of virulence regulators.["3’29‘31] The effective regulation and the plethora of vir-
ulence factors produced make S. aureus an emerging target for antivirulence therapies.
Chapter 6 provides an overview of contemporary efforts to target virulence, not only

in S. aureus, but for a variety of pathogens.

1.2.2 THE ROLE OF THE CLPXP PROTEASE IN THE REGULATION OF VIRULENCE

Proteolysis is a crucial element in eukaryotic and prokaryotic cells for various cellular
functions, including homeostasis, stress response and virulence regulation. This pro-
cess it is predominantly carried out by energy-dependent proteases. Targeting bacte-
rial proteolysis has evolved to an emerging field for antibiotic and antivirulence strate-
gies.Bz] In procaryotes, a variety of ATP-dependent proteases are responsible for reg-
ulated protein degradation, including Lon,3334] FesHBsI and HslUV.3637] An addi-
tional member of this class is the caseinolytic protease complex (ClpXP), a structure in-
volved in environmental adaptation and, more importantly, a key regulator of virulence
in several pathogenic strains, including S. aurens, 33421 [isteria monocytogenes, [43:44]

and Salmonella z‘)lpbimurium.[45]

While a full understanding of the biochemical pathways that connect ClpXP to viru-
lence is still lacking,[46] the first animal studies have shown that small molecules target-

ing ClpXP-mediated virulence are indeed therapeutically valuable.[47]



1.2.3 STRUCTURE AND FUNCTION OF S. 4UREUS CLPXDP

All Clp-containing degradation complexes share two functional elements: a barrel-like
proteolytic core and one or two chaperone-units that act as caps of the former. The
proteolytic core is formed by 14 ClpP protomers that are arranged into two heptameric
rings that are stacked on top of each other. The catalytic residues (Ser?8-His'23-Asp'72) of
each ClpP protomer are located within the sequestered space of the barrel. ClpP alone
only shows moderate peptidase activity, as access to the active sites is limited to short

peptides that are able to enter the barrel through axial pores with a diameter of 10 A [48]

In order to exert its full proteolytic potential, ClpP associates with hexameric chap-
erones of the AAA+ (ATPases associated with various cellular activities) family. The
chaperones recognize and unfold proteins marked for degradation and direct the pro-
teins into the proteolytic chamber for digestion. In S. aureus, the two chaperones ClpX
and ClpC are described to bind to one or both sides of the ClpP barrel, thereby form-
ing active proteolytic complexes (ClpXP and ClpCP, respectively). Depending on the
organisms, additional or different proteolytic ClpP complexes can be found (e.g. CIpAP
or CIpEP).[37:49]

Structural studies of S. aureus ClpP (SaClpP) have revealed several hotspots which are
cruical for the heptamer-heptamer and protease-chaperone interactions. Until today,
three distinct conformational states of wild-type S. aureus ClpP have been characterized,

namely extended, 48] compact,[So] and compressed.Bl]

The extended form resembles the active, tetradecameric state in which the catalytic
residues are assembled into a charge-relay system. Central a-helices in the handle re-
gion, called E-helices and antiparallel 3-sheets (strands 39) deviate from the head domain
and form hydrogen bonds across the heptamer interface. Additionally, the so-called
oligomerization sensor, located in the vicinity of the active site, interconnects the hep-
tamers by a salt-bridge between the Arg'7" of one ring and the Asp'7° of the adjacent

heptamer (Figure 1.2a-d).[4%]

The compressed state, however, is catalytically inactive. The central E-helix is kinked

and both the catalytic triad and the oligomerization sensor are misaligned (Figurer.2¢).[5']
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Figure 1.2. Insights into the structure of SaClpP in its catalytically active, extended state (a-d)
(PDB ID: 3VsE)## and (e) inactive, compressed form (PDB ID: 3QWD). a-c) Surface repre-
sentations of extended ClpP in a) side- b) top- and ¢) profile-view. d-e) Comparison of functional
hotspots: In the extended state, straight E-helices (colored in yellow) form well-defined interac-
tions between the hepatameric rings, but are kinked in the compressed state. Only the proper
alignment of the catalytic triad and the oligomerization sensor residues result in a catalytically
active complex.

A conserved hydrogen-bonding network links the geometry of ClpP’s catalytic triad to
the N-terminal loop segment in the apical area.[s552] Here, chaperones including ClpX
bind to the barrel, resulting in a proteolytically active complex. Because the ClpX chap-

erone from E. coli is the best-characterized orthologue, it will be described here in detail.
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Six protomers form an asymmetric ClpX ring with a diameter of 135 Als354] Each sub-
unit consists of an N-domain and an AAA+ module which is divided into alarge and a
small AAA+ domain (Figure 1.3a,b). The two AAA+ domains are connected by a short
hinge region and together form the hexameric ring. Depending on the structure of the
small domain, subunits can either adopt a loadable (L) or an unloadable (U) confor-
mation.5$5¢] Only in L-subunits will nucleotides bind in a cleft, which is formed in
the hinge region by conserved sequence motifs, including Walker A and Walker B. The
Walker motifs are the motor of ClpX’s hexameric conformational dynamics enabling
ATP binding and hydrolysis.[s7) Already a single glutamate-to-alanine mutation in the
Walker B motif (E185A) stalls ATP hydrolysis and leads to the formation of a static, ATP-

bound conformation.[s8]
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Figure 1.3. Structure of E. coli ClpX with a depleted N-domain (PBD ID: 3HWS).[% a) Top
and side view of the hexameric chaperone structure. One ClpX protomer is highlighted in
color. b) Structure of the ClpX monomer. The large and the small AAA+ domains are con-
nected by the hinge region, which in the loadable position facilitates nucleotide binding. c)
Schematic representation of the ClpP-ClpX interface with its characteristic hydrophobic inter-
actions. Adapted from Martin e al57)
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The assembly of the full proteolytic ClpXP complex must overcome a symmetry mis-
match between the heptameric ClpP rings and the hexameric ClpX chaperone. Because
high-resolution structures of ClpXP have notbeen solved, a comprehensive understand-
ing of this phenomenon does not exist. Nevertheless, crucial hydrophobic interaction
hotspots between the apical sites of ClpP and ClpX have been identified. Conserved
tripeptide IGF-loops of ClpX bind into clefts on the face of the ClpP barrel and are im-
portant for the ClpXP assembly.[59:¢°] A second set of interactions is located at the axial
pores of each ring: ClpP’ flexible N-terminal loops, which in the absence of a chaper-
one act as a plug of the barrel, move up when ClpX is present. The N-terminal loops

then bind to the pore-2 loops of ClpX, resulting in an axial channel (Figure 1.3¢).[57:¢1]

To avoid uncontrolled degradation, the proteolysis by ClpXP is highly regulated via
limited access to the sequestered chamber.[5s] The N-domains of ClpX, flexibly teth-
ered to the AAA+ ring, can bind adaptor proteins such as RssB and SspB which facil-
itate substrate recognition. Additionally, the N-domains can directly bind to selected
substrates without adaptors, such as FtsZ and MuA. [62-64] Importantly, ClpX alone,
or the ensemble of ClpX and SspB, recognize proteins that are marked for degradation
by a short SsrA-tag. This amino acid sequence is attached C-terminally to incomplete

nascent proteins in order to rescue ribosomes stalled during translation.[65-67]

Once recognized, conserved GYVG loops (pore-1-loops) in the axial channel unfold and

translocate substrate proteins into the proteolytic chamber for degradation.[és]

The catalytic activities of ClpP and ClpX are precisely coordinated. Binding of ClpP
affects the rates of substrate unfolding and ATP hydrolysis by ClpX.[57:59:¢9] The asso-
ciation of ClpX in turn boosts the peptidolytic activity of ClpP.[7°’7I] Interestingly, in
double-capped ClpX,-ClpP,,-ClpX, complexes, the translocation of substrates at any
given time appears to occur only from one of the two ClpX rings. This result indicates
that the crosstalk between the distant chaperones is effective even through the full ClpP

barrel.[72]
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1.2.4 CHEMICAL MODULATORS OF CLPXP’s ACTIVITY

Due to ClpXP’s essential role in virulence regulation, various efforts have been made to
manipulate its activity with the prospect of therapeutical application. These endeavors
have been directed to the ClpP peptidase compartment, the ClpX chaperone or the

interaction between the two.

In general, inhibition of ClpP has been focused on targeting the enzyme’s active site.
Peptide-based chloromethyl ketonel7374] and boronic acid!7s] inhibitors are able to bind
to the catalytic site and thereby inhibit ClpP; however, the compounds hold only mod-
erate selectivity. B-sultam compounds first covalently bind to the catalytic serine residue,

and subsequently lead to the formation of a dehydroalanine unit by elimination.[7¢]

The moststudied class of ClpP inhibitors are p-lactones with aromatic or aliphatic chains,
such as E2, D3 and U1 (Figure 1.4).17778] The compounds covalently acylate the active
site serine residues and form acyl-enzyme complexes of diverging durability. In S. ax-
reus, a large hydrophobic S1 pocket is well-suited to accommodate the aliphatic side
chains. Importantly, treatment of S. aureus with B-lactone compounds resulted in over-
all reduced virulence iz vitro and in vivo, which was comparable to the phenotype of

genetic ClpX and/or ClpP knockouts.[46:47,78-80]

On the molecular level, application of 8-lactones can either result in binding to all 14
active sites of ClpP while retaining the tetradecamer complex stoichiometry, or partial
modification and disruption into heptameric ClpP species. In both cases, ClpP is cat-
alytically inactive, and the proteolytic ClpXP complex can as well be inhibited at higher

compound concentrations. (48,70,76,81]

Due to the low stability of the lactone moiety to-
wards water and other biological nucleophiles, alternatives inhibitors of ClpP have been

urgently sought.

The s-arylmethylidenerhodanine M21 (Figure 1.4) is a novel ClpP inhibitor that was
recently identified by a reporter-strain based phenotypic high-throughput screen for
compounds that reverse virulent S. znreus into its nonvirulent state.[$2] Treatment with
the non-antibiotic compound suppressed the expression of multiple virulence factors
in 8. anreus. Further experiments revealed that the compound binds ClpP in a reversible
manner with an IC,,, of about 40 uM, while the closely-related compound, lacking the

carboxylic acid moiety of M21, was inactive. Owing to several challenging properties,

13



including unspecific binding and photo-reactivity, rhodanine-based molecules, how-
ever, are generally considered to be pan assay interference compounds (PAINS). PAINS
are often false positives in high-throughput screenings and therefore necessitate careful
validation.[%3] Future studies are required to investigate the true therapeutic potential
of M21 as a selective ClpP inhibitor.

A very different approach to inhibit the ClpXP complex is undertaken by dihydro-
thiazepine compounds, such as 334, which bind non-covalently to the ClpX chaperone,
resulting in the disruption of the hexameric ring (Figure 1.4). In addition to its potent
inhibition of the full ClpXP complex in the low-uM range, treatment of S. aureus with

the compound revealed a global reduction of virulence.[84]
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Figure 1.4. Small molecule modulators of CIpXP.

Aside from its potential as an antivirulence target, ClpP can also be addressed in an
antibiotic fashion. Natural product acyldepsipeptides (ADEPs) act as activators, rather
than inhibitors, of ClpP.[85] ADEPs bind to the hydrophobic clefts in the apical face
of ClpP, which are normally occupied by the IGF loops of ClpX. Binding leads to an
opening of the axial pores by rearrangement of the N-terminal loops, allowing for the

entrance of unfolded proteins into the proteolytic chamber. Additionally, the catalytic

14



activity of ClpP is enhanced.[7°] Unregulated proteolysis results in inhibition of cell
division, and eventually cell death.[36-88] Structure-activity-relationship (SAR) studies
have revealed ADEPs with improved potency and stability, including ADEP4 (Figure
1.4).189-91] Interestingly, small ADEP fragments, such as fragment 5 (Figure 1.4), were

also sufficient for activating ClpP and showed antibacterial properties.bz]

In summary, the insights provided emphasize that the ClpXP complex is a promising
drug target for antibiotic and antivirulence therapy. However, additional research is
urgently required in order to understand the molecular details of its catalytic function,

which is a prerequisite for targeted inhibitor design.

This thesis provides novel chemical tools to manipulate the activity of ClpXP and to
study its oligomeric assembly. In Chapter 2, phenyl esters are introduced as novel in-
hibitors for ClpP that surpass previous -lactones in potency and selectivity. Chapter 3
describes the first noncovalent inhibitors of ClpP, the oxazoles. In Chapter 4, the ma-
nipulation of ClpXP by a second generation of amino acid-based phenyl esters is pre-
sented. Lastly, Chapter 6 gives a comprehensive overview of contemporary methods for
the identification of novel antibacterials, and additionally discusses the current clinical

pipeline.
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SYNOPSIS

The barrel-shaped ClpXP protease is a key regulator of virulence in S. aureus, which
renders it a promising target for antivirulence approaches. B-lactones are covalent in-
hibitors of ClpP and have been a valuable tool to chemical probe S. aureus’ virulence.

However, their limited stability and selectivity have hampered their application.

In this publication, we describe our endeavors to identify and characterize novel ClpP
inhibitors with improved properties. A high-throughput screen of more than 137,000
compounds revealed the phenyl ester group as a privileged motif for covalent modi-
fication of the active site serine of ClpP. The six hit compounds from the screen sur-
passed B-lactones in inhibiting ClpP’s peptidase and protease activity. We synthesized
an alkyne-tagged derivative of the most potent phenyl ester, AV170, and applied the
probe for activity-based protein profiling (ABPP) in live S. aureus cells. Gel-based and
gel-free analyses confirmed ClpP to be a highly selective binding partner of the probe
in these experiments. Next, we performed in-depth structure-activity-relationship stud-
ies, which led to derivatives with improved plasma stability and extended half-lives of
the covalent acyl-enzyme state. In this context, an enantiomeric pair of a-methyl deriva-
tives was identified which had - depending on the stereochemistry of the methyl group -
distinctly different modes of inhibition. The (R)-enantiomer ML89 led to partial mod-
ification of ClpP ’s 14 active sites and induced de-oligomerization of the tetradecameric
complex into two heptameric species. For (§)-enantiomer ML90, all active sites were
acylated, and the complex stoichiometry was retained. This was an important finding,
as for the first time a “stereogenic switch” was found in an inhibitor structure, which

could clearly influence the oligomerization state.

AUTHOR CONTRIBUTIONS

Markus Lakemeyer synthesized compounds, purified ClpP, tested the derivatives in
peptidase assays and performed gel-based activity-based protein profiling (ABPP) exper-
iments. Mathias W. Hackl tested the initial hit compounds in peptidase assays, purified
ClpP, performed analytical size-exclusion chromatography, acyl-enzyme stability exper-

iments and gel-free ABPP. Maria Dahmen tested the hit compounds for inhibition
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of proteolysis. Manuel Glaser and Iris Antes performed quantum mechanics/molec-
ular dynamics simulations. Axel Pahl, Thomas Menzel and Sonja Sievers conducted
the high-throughput screen. Katrin Lorenz-Baath tested plasma stability. Markus Lake-

meyer, Mathias W. Hackl and Stephan A. Sieber prepared the manuscript.
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ABSTRACT: Caseinolytic protease P (ClpP) represents a central 137.000 Q)L
bacterial degradation machinery that is involved in cell homeo- compounds

stasis and pathogenicity. The functional role of ClpP has been ‘
studied by genetic knockouts and through the use of beta-lactones, p1s W /

which remain the only specific inhibitors of ClpP discovered to . ClpP

date. Beta-lactones have served as chemical tools to manipulate R \ @
ClpP in several organisms; however, their potency, selectivity and Rj\()@/

stability is limited. Despite detailed structural insights into the 6 hits %
composition and conformational flexibility of the CIpP active site, D!

no rational efforts to design specific non-beta-lactone inhibitors

have been reported to date. In this work, an unbiased screen of more than 137 000 compounds was used to identify five phenyl
ester compounds as highly potent ClpP inhibitors that were selective for bacterial, but not human ClpP. The potency of phenyl
esters largely exceeded that of beta-lactones in ClpP peptidase and protease inhibition assays and displayed unique target
selectivity in living S. aureus cells. Analytical studies revealed that while phenyl esters are cleaved like native peptide substrates,
they remain covalently trapped as acyl-enzyme intermediates in the active site. The synthesis of 36 derivatives and subsequent
structure—activity relationship (SAR) studies provided insights into conserved structural elements that are important for
inhibition potency and acylation reactivity. Moreover, the stereochemistry of a methyl-substituent at the alpha position to the
ester, resembling amino acid side chains in peptide substrates, impacted ClpP complex stability, causing either dissociation into
heptamers or retention of the tetradecameric state. Mechanistic insights into this intriguing stereo switch and the phenyl ester
binding mode were obtained by molecular docking experiments.

B INTRODUCTION ClpP in an ATP-dependent manner.'* ClpP is essential for the
regulation of the cellular stress response, cell homeostasis and
bacterial virulence.'”'®'® Virulence, ie., the expression of
bacterial toxins such as alpha-hemolysin, is regulated by the Agr
signaling network wherein ClpP is believed to be involved in
the degradation of Rot, a repressor of bacterial toxins.'” Genetic
prokaryotic cells. In prokaryotes, a variety of ATP-dependent ClpP knockouts in Lis.teria‘ mqnocytogenes agd Staphylococcus
proteases are responsible for protein degradation, including aureus reve.aled a r'eductlon n v1rulenc$6 lrgsu'ltu'lg in attenuated
FtsH,> Lon* and HsIUV.>~” One additional member of this infections in murine abscess models.” """ Similarly, the same
group is the caseinolytic protease P (ClpP), a tetradecameric, p I.lenotype was ol?serv§d upon the chemical 1nh1b.1t10n of ClpP
barrel-shaped serine protease that associates with AAA+ with long-chain aliphatic beta-lactones (e.g.,, D3, Figure 1B), the

chaperones such as ClpA, ClpC and ClpX for protein

Proteolysis represents an essential physiological mechanism for
diverse cellular functions including post-translational process-
. L . CL2

ing, signaling and protein degradation.”” This important
process is catalyzed by a variety of proteases, which together
constitute one of the largest enzyme classes in eukaryotic and

degradation.*™"* The chaperones recognize, unfold and direct Received: March 24, 2015
SsrA-tagged protein substrates into the proteolytic chamber of Published: June 17, 2015
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Figure 1. Identification of HTS primary hits. (A) A screen of more
than 137000 compounds identified 161 primary hits which reduced
turnover of the fluorogenic substrate N-succinyl-Leu-Tyr-7-amido-4-
methylcoumarin (SLY-AMC) by 50% at 12.5 uM concentration. (B)
Structures of the six final hits that had suitable pharmacological
properties and showed an ICy, < 2 uM, and structures of beta-lactone
compounds D3 and E2.

only specific inhibitors reported for ClpP to date.'”~>" Crystal
structures of S. aureus ClpP revealed a deep hydrophobic
channel next to the active site Ser98, which accommodates
lactone side chains of maximum 8 atoms length.”>">* Ser98
nucleophilically attacks the 4-membered lactone ring resulting
in a covalent acyl-enzyme intermediate. Depending on the beta-
lactone C-4 substitution, the occupancy of ClpP varies from
stoichiometric for aliphatic D3 to 50% for aromatic E2.>° One
reason for these differing ratios is the transient stability of the
ClpP tetradecamer, which dissociates into heptamers via an
unknown mechanism upon E2 binding.

The interaction of subunits in the tetradecameric complex is
facilitated by a dynamic H-bond network of adjacent helices (E-
helix), beta-sheets (Gly-rich loop) and oligomerization sensors
(Asp170-Arg171).>* The E-helices exist in extended, compact
and compressed conformations. While an extended helix
supports an aligned and active catalytic triad (Ser98, His123
and Aspl172), the compressed helix induces a rotation of the
active site His123 and displaces the catalytic residues.”®
Moreover, in the compressed state all crucial interactions
between the rings are abrogated leading to the formation of
inactive heptamers. From a pharmacological perspective,
inhibitor-induced heptamerization is advantageous as the
corresponding enzyme, although not quantitatively acylated,
is misaligned and inactive in all catalytic centers, effectively
maximizing the sustainability of deactivation. Thus, drug
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discovery efforts for ClpP and other multimeric enzymes
need to consider deoligomerization as an attractive mode of
action.

As beta-lactones are labile electrophiles which quickly
hydrolyze in human plasma within minutes,'® previous rational
attempts focused on replacing this group with more stable
moieties. However, installation of lactam, carbamate, ester and
oxetane moieties failed to inhibit the enzyme suggesting a
restricted active site tolerance.”> In order to expand the
repertoire of ClpP inhibitors as chemical biology tools and to
identify novel pharmacological leads we performed an unbiased
high-throughput screen (HTS) of more than 137000
compounds and identified six compounds as potent hits,
which all contained activated ester or amide moieties. In-depth
biochemical characterization and structure—activity relationship
(SAR) studies revealed a new class of deoligomerizing ClpP
inhibitors with superior potency, inhibition kinetics, plasma
half-life, stability of the acyl-enzyme intermediate and
specificity. The (R)- or (S)-configuration of a methyl
substituent in the alpha position to the ester served as a
switch of the oligomeric state which was further supported by
molecular docking experiments.

B RESULTS
High Throughput Screen for ClpP Inhibitors. For the

discovery of novel, non-beta-lactone inhibitors of ClpP, we
performed a HTS with more than 137 000 compounds, which
were each tested for inhibition of S. aureus ClpP (SaClpP)
peptidase activity. Compounds that inhibited turnover of the
fluorogenic substrate N-succinyl-Leu-Tyr-7-amido-4-methyl-
coumarin (SLY-AMC) by 50% at 12.5 uM concentration
were regarded as a hit. Dose—response behavior of the assay
was validated using the ClpP inhibitor Palmostatin M, a beta-
lactone, as a positive control (Figure S1). The overall Z' factor
of the primary screen was calculated to be 0.69 + 0.14 and the
overall signal-to-background ratio was 25 + 9.

161 initial hits were identified (hit rate 0.017%) and their
individual ICg, values determined (Figure 1A, Table S2).
Compounds with an ICs; < 2 M and desirable pharmaco-
logical properties (see Supporting Information for details on
filtering criteria) were selected for further studies. Given the
large number of molecules screened, it is surprising that only six
hits met these criteria, demonstrating a restricted structural
access to the ClpP active site (Figure 1B, Table SI).
Interestingly, five molecules contained a central phenyl ester
(of respective aromatic acids: AV126, AV168 or aliphatic acids:
AV127, AV167, AV170) and one compound a triazole amide
motif (AV166). All compounds exhibited potent ICg, values
between 0.3 and 1.3 uM which are even at the lower limit of the
assay (requires 1 uM ClpP).

Although previous attempts to replace the lactone scaffold
with open-chain esters and carbamates failed,”® phenyl esters
and triazole amides exhibit a stabilized aromatic leaving group
that elevates electrophilicity, and thereby reactivity, toward
Ser98. Remarkably, of the 1780 phenyl esters present in the
library only five (0.3%) were identified as hits, emphasizing that
not only reactivity, but also structural prerequisites, are
important for binding and inhibition.

Customized Inhibitors of Bacterial and Human ClpP
Peptidase and Protease Activity. The panel of inhibitors
was tested for potency and selectivity against S. aureus,
Escherichia coli, L. monocytogenes and human ClpP. First,
inhibition of ClpP-catalyzed SLY-AMC peptide hydrolysis was

DOI: 10.1021/jacs.5b03084
J. Am. Chem. Soc. 2015, 137, 8475—8483
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Figure 2. Inhibition of ClpP peptidase and ClpXP protease activity. Hit compounds and two lactone inhibitors (E2 and D3) were tested at three
concentrations for their inhibition of peptidase and protease activity. Data are normalized with respect to DMSO as a negative control (100%
activity) (A) S. aureus ClpP peptidase assay (1 uM SaClpP in the presence of 200 uM SLY-AMC) (B) H. sapiens ClpP peptidase assay (1 uM
HsClpP in the presence of 200 uM SLY-AMC). (C) S. aureus ClpP protease assay (0.2 uM SaClpP in the presence of 0.4 uM SaClpX and 0.4 uM
GFP-SsrA) (D) H. sapiens ClpP protease assay (0.2 uM HsClpP in the presence of 0.4 uM EcClpX" and 0.4 4M GEP-SsrA). Each data set represents
six replicates obtained from two independent experiments (mean + standard deviation). **** represent p-value <0.0001 determined by Student’s ¢
test. "EcClpX was used in place of HsCIpX as the AAA+ Chaperone to recognize, unfold and translocate the substrate as described previously.”®
¥Internal fluorescence of compound AV166 precluded measurements at 100 yM.
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Figure 3. Phenyl esters covalently modify ClpP. (A) Intact protein mass spectrometry of SaClpP after compound treatment reveals incomplete
(AV170) and full (AV167) modification whereas the respective active site mutant SaClpP(S98A) lacks binding. (B) Suggested mode of action,
illustrated for AV170. (C) Size-exclusion chromatograms show SaClpP heptamer formation upon treatment with AV170. (D) SaClpP inactivation

rates (kyp/[1] values) for the six hit compounds.

determined by the percent residual activity at 100, 10, and 1
#M compound concentration across the panel of enzymes. In
prokaryotic ClpP, AV170 exhibited the most pronounced
reduction in peptide hydrolysis followed by AV166 and AV126
(Figure 2A and Figure S2). Importantly, at the lowest
concentration tested (1 uM), AV170 was four times more
effective (for SaClpP) compared to the previously reported
beta-lactone inhibitors D3 and E2, which have served as a gold
standard for ClpP inhibition so far.*' On the contrary, the best
inhibitors of bacterial ClpP did not significantly reduce human
ClpP (hClpP) peptidase activity even at low to moderate (1 to
10 uM) concentrations, pointing toward significant differences
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in the binding sites (Figure 2B). Human and S. aureus ClpP
share only a moderate sequence similarity of 37%. Since the
inactivation of human ClpP has been linked to cancer and the
Perrault syndrome”” the observed discrimination between
human and bacterial enzymes is beneficial for putative
medicinal applications. In turn, AV167, with a large naphtho-
furan moiety, was the only compound that significantly reduced
human ClpP peptidase activity even at low (1 uM)
concentrations (Figure 2B).

To examine if the identified peptidase inhibitors also impair
proteolysis, we monitored the digest of green fluorescent
protein (GFP) tagged with a SsrA peptide sequence. Bacterial

DOI: 10.1021/jacs.5b03084
J. Am. Chem. Soc. 2015, 137, 8475—8483
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ClpX recognizes SsrA as a degradation signal, unfolds, and
subsequently directs the protein into the ClpP proteolytic
chamber."**® Proteolytic activity of the SaClpXP complex was
effectively inhibited at 10 uM by phenyl esters AV126 and
AV170 which is nearly 11-fold more potent compared to the
lactones D3 and E2 (Figure 2C). In line with previous
reports,”® the proteolytically inactive ClpXP(S98A) complex
reduced GFP fluorescence solely by ClpX-mediated unfolding
(about 17%). However, no reduction of fluorescence was
observed in ClpXP samples treated with phenyl esters,
suggesting that compounds not only abolished GFP degrada-
tion but also impaired its unfolding. None of the phenyl ester
compounds inhibited human ClpXP proteolysis, demonstrating
the desired selectivity for bacterial ClpP species (Figure 2D).

Phenyl Esters Covalently Bind to the Active Site and
Induce ClpP Deoligomerization. Given the compelling
activity of phenyl esters in peptidase and protease assays, we
next focused on elucidating the mechanism of inhibition of
SaClpP as the biologically relevant target. Phenyl esters and
triazole amides represent electrophilic molecules that can
inhibit CIpP by either covalent or noncovalent binding. In
order to investigate the binding mode and the degree of
modification, we utilized intact protein mass spectrometry and
determined the exact mass of SaClpP treated with inhibitor. All
compounds active in S. aureus peptidase assays shifted the
protein mass to higher molecular weights, confirming a covalent
binding mechanism (Figure 3A, Figure S3). The extent of

modification ranged from 25% for AV168 to 50% for AV170.
Only the human ClpP inhibitor AV167 achieved binding
saturation (Figure 3A). None of the molecules were able to
bind the SaClpP(S98A) mutant, reaffirming the role of active
site Ser98 as the functional nucleophile (Figure 3A, Figure S3).

Moreover, the adduct mass corresponded to the attachment
of only the carboxy part of the esters. These findings elucidate a
mode of inhibition in which the inhibitor binds to the active
site, undergoes nucleophilic attack by Ser98 at the ester or
amide and releases the phenol or triazole as a stabilized leaving
group (Figure 3B). Activated ester inhibitors thus act as
substrate mimics which are cleaved like native peptides but
remain trapped in the acyl-enzyme intermediate state.

Previous studies with beta-lactones D3 and E2 showed that
binding to the active site of ClpP can either result in acylation
of all sites (D3) under retention of the oligomeric state, or in
partial modification and subsequent deoligomerization (E2).>®
Here, all phenyl esters and triazole amides followed the
deoligomerization route leading to inactive heptamers (Figure
3C, Figure S4). This conformational change disassembles the
ClpP barrel, stalls proteins at ClpX, and thus explains the
surprising dual inhibition of unfolding and degradation activity
with AV170 and AV126.

In order to determine the potency of the covalent phenyl
ester and triazole amide inhibitors, we measured the
inactivation rates via kg/[I] values. The highest k/[1]
values, ie., acylation velocities, were obtained with AV170

DOI: 10.1021/jacs.5b03084
J. Am. Chem. Soc. 2015, 137, 8475—8483
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(1200 + 105 M~' s7!) and AV126 (781 + 31 M™' s7'). This
accounts for approximately 20 times faster reaction kinetics in
the case of AV170, compared to the previous gold standard
inhibitors D3 (78 + 6 M~ s7!) and E2 (64 + 3 M~! s7})
(Figure 3D, Figure $5).>° On the basis of its superior activity,
AV170 was selected as the most promising candidate for in situ
target validation.

ClpP Is the Predominant Intracellular Target of
Phenyl Esters in S. aureus. Prior to compound optimization,
cell permeability and target selectivity of AV170 in living S.
aureus cells were analyzed. We utilized a chemical proteomic
strategy termed activity-based protein profiling (ABPP)***'
wherein we synthesized an alkyne-tagged AV170 derivative
which remains bound to the enzyme upon inhibition. The
alkyne serves as a benign tag for subsequent conjugation to a
functionalized azide via the Huisgen—Sharpless—Meldal cyclo-
addition (click chemistry).*>”>* In brief, the synthesis started
with 3-(3,4,5-trimethoxyphenyl)propanoic acid which was
selectively demethylated in the para position by means of
magnesium iodide (Figure 4A).>> Global propargylation and
ester hydrolysis, followed by esterification with methyl-4-
hydroxybenzoate yielded the final probe ML16. The compound
showed similar potency in SaClpP peptidase inhibition
compared to AV170 (Figure SB) and intact protein mass
spectrometry confirmed covalent modification of the enzyme
with about 22% (Figure S6). The probe was incubated with
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intact S. aureus cells for 1h, followed by cell lysis, proteome
separation into soluble and insoluble fractions, treatment with a
rhodamine azide dye, separation on SDS-PAGE and visual-
ization via fluorescent scanning. Importantly, only a single band
appeared on the fluorescent SDS gel, which could be identified
as ClpP by Western blotting, (Figure 4B, C, Figure S7 for entire
blot). The lack of any off-targets surpassed the selectivity of D3,
which weakly labeled additional bands, and thereby establishes
phenyl esters as selective ClpP inhibitors. Furthermore, the
ClpP band in D3 treated samples could selectively be
outcompeted by AV170 while all off-targets of D3 remained
unchanged (Figure S8). Quantitative MS-based proteomic
experiments further underlined the unprecedented selectivity of
ML16 for ClpP as the predominant target in living S. aureus
cells (Figure 4D). ClpP was the only identified target and was
enriched about 13-times over the DMSO control with a p-value
of 0.0015 (see Supporting Information for further experimental
details).

Structure—Activity Relationship Studies. To explore the
SAR of phenyl esters, we systematically varied the phenol
group, the carboxylic acid moiety and the ester bond of AV170
and AV127 (Figure SA, Scheme S1—S3). Substitution of the
ester bond by carbamates (ML20), amides (AV137) or
sulfonamides (AV134) led to inactive compounds (Figure
SB). Therefore, the ester was kept as an integral part of this
inhibitor class. The phenol of AV170 is substituted with an

DOI: 10.1021/jacs.5b03084
J. Am. Chem. Soc. 2015, 137, 8475—8483
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electron-withdrawing group in the para position, which
increases its lability. Interestingly, all HTS hits contained
electron-withdrawing phenol substituents such esters (AV126,
AV170), lactams (AV127) or oxadiazoles (AV167, AV168),
suggesting that this electronic fine-tuning is a substantial driving
force for reactivity and ClpP acylation. Accordingly, removal of
the electron-withdrawing group (MLO6) or exchange to
electron donating groups such as methoxy (MLOS) and
N',N’-dimethylamine (ML28) resulted in a significant drop in
potency (Figure SB). In addition, an ester derivative of
cyclohexanol (MLO09) exhibited no activity. We thus increased
the diversity of electron-withdrawing substituents and altered
their position on the phenol ring. Aldehydes (ML2S5), ketones
(ML27) and isopropylesters (MLO3) in the para position were
among the best inhibitors (Figure SB). While the ester group
was tolerated in the meta postion (ML23), a keto-group in the
ortho position (ML24) displayed almost no activity, suggesting
that electronic and steric restrictions in the active site alter
inhibitor potency. This is also supported by the observation
that electron-withdrawing p-nitro (ML12) and p-carboxy
(ML18) substituents were inactive, while the small, non-
activated aliphatic butanol ester (ML14) retained moderate
inhibitory activity.

Next, we explored the carboxylic acid moiety of AV170 and
determined a very limited structural flexibility in this part of the
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molecule. Variations of aromatic substituents (ML92, ML57)
and replacement of the benzene ring by aliphatic residues
(ML30 and ML31) were not tolerated for ClpP inhibition.
Interestingly, ML33, bearing an indole moiety, was among the
best inhibitors while ML68, with an aromatic thiophene,
displayed no potency (Figure SB).

In AV170, the trimethoxyphenyl moiety and the reactive
ester are separated by two methylene groups. We successively
removed both methylene groups to generate compounds ML21
and ML74. While ML21 was active, ML74 displayed only weak
activity compared to AV170, suggesting that chain length is a
crucial parameter for activity.

Chemical Modifications Increase Stability and Reveal
a ClpP Deoligomerization Switch. Beta-lactones exhibit
limited stability in acyl-enzyme complexes. Interestingly, the
half-life of the AV170 acyl-enzyme intermediate was higher
compared to the respective D3 acyl-enzyme complex (t,,, = 8.2
+ 0.8 h vs t,, = 5.0 + 04 h) (Figure 6C, Figure S9). To
improve compound stability, we rationalized that substituents
alpha to the carbonyl could sterically hinder hydrolysis. We
therefore synthesized derivatives of AV170 containing either
methyl (ML38, ML43, ML89, ML90), methylene (ML73) or
ethyl substituents (ML9S, ML96) at this position (Figure 6A).
Moreover, methyl groups were installed in the ortho position of
the phenol ring (ML1S, ML37) to protect the ester from the

DOI: 10.1021/jacs.5b03084
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opposite side (Figure 6A). While incorporation of methyl
groups in the phenyl ring abolished inhibitor activity,
methylation at the alpha position (ML43, ML89, ML90)
enhanced acyl-enzyme stability with a moderate reduction of
potency compared to AV170 (Figure 6B,C). ML73, containing
a methylene substituent, was the most potent compound in this
series and also showed an improved half-life. Extended
conjugated systems (ML38, ML91), leading to mesomeric
stabilization, exhibited the most prominent prolongation of
acyl-enzyme half lifes. Similar trends were observed for
compound stability in human blood plasma (Figure 6D, Figure
$10). Mesomeric stabilization by the extended conjugated
system exhibited the best stabilizing effects (ML38, ML91)
with half lifes of up to 65 = 18 h. This corresponds to a 20-fold
and 6-fold improvement compared to AV170 (3.7 + 0.1 h) and
beta lactone U1 (11 + 2 h)," respectively. Sterical shielding of
the carbonyl via introduction of a methyl (ML89, ML90) or
methylene group (ML73) had a less pronounced influence on
stabilization.

ML43 was initially tested as a racemic mixture. To
discriminate between the properties of each enantiomer, we
stereoselectively synthesized both (S)-ML90 and (R)-ML89
using a chiral auxiliary (Figure 6A, Scheme S4, SS). (R)-ML89
is moderately more potent than (S)-ML90 (Figure 6B) and
exhibited 3-fold enhanced acyl-enzyme stability (Figure 6C). In
agreement with the mode of action of other phenyl esters, (R)-
ML89 partially modified ClpP and induced dissociation into
heptamers (Figure 6E,F). Surprisingly, unlike all other phenyl
esters studied so far, the orientation of the methyl group in (S)-
ML90 resulted in acylation of all 14 ClpP active sites and
retention of the tetradecameric assembly (Figure 6E,F). It is an
intriguing feature of these inhibitors that the orientation of the
methyl substituent acts as a switch that either stabilizes or
destabilizes the transient ClpP complex. Contrastingly, an ethyl
group at this position ((R)-ML9S and (S)-ML96) abolished
activity, demonstrating that longer chains are not tolerated
(Figure 6B).

As ClpP activity is important for bacterial virulence the
inhibitors were tested in a hemolysis assay. A reduction in
hemolysis was observed with compounds AV170, ML21,
ML89 and ML90 through dose—response curves, with ECs
values ranging from 60—200 yM (Figure S11). However, upon
prolonged incubation of bacterial supernatants with red blood
cells, residual hemolytic activity could be detected, suggesting
that alpha-hemolysin production was not completely attenu-
ated. No cytotoxic effects were observed at a concentration of
100 uM for AV170, ML21, ML89 and ML90 (Figure S12)
against human epithelial lung cancer cells AS49. This is in line
with in situ labeling experiments which showed weak labeling of
only two distinct bands in the soluble protein fraction of A549
cells upon incubation with the phenyl ester probe ML16
(Figure S13).

Molecular Docking Reveals the Binding Mode of
Phenyl Esters. To elucidate the binding mode of phenyl esters
to ClpP in more detail and to investigate the underlying cause
of the (R),(S)-enantiomer switch, we completed molecular
docking studies with compounds AV170, ML21, ML89, ML90,
and nonbinding ML74. The docking solutions were filtered
using pharmacophoric constraints to ensure the correct
placement of the carbonyl oxygen in the oxyanion hole,
which is a prerequisite for the nucleophilic attack to occur.
Molecular dynamics (MD) simulations were subsequently
performed for the three best poses of each compound. Figure
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Figure 7. (A) Surface representation of the ClpP active site bound to
AV170. (B—F) Conformations of five selected compounds after MD
refinement. Important residues of the catalytic site and the oxyanion
hole (M99, $98, H123), as well as bound ligands are shown in stick
representation. (B) AV170. (C) ML21. (D) ML89. (E) ML90. (F)
ML74. Final conformations of ML74 are given in green.

7 illustrates the most energetically favored conformations upon
MD refinement. All inhibitors show the same general binding
mode, as exemplified by AV170 in Figure 7A. The
trimethoxyphenyl moiety of AV170 binds to a distinct
hydrophobic channel extending from the catalytic center,
while the reactive ester points toward the oxyanion hole (red
circle).

Previous mutation experiments have validated this pocket as
an integral part of the binding mode of beta-lactones.”® Here,
mutation of Leul54 to Tyr restricted the pocket size and
strongly reduced binding of AV170, while the shorter ML21
derivative was unaffected (Figure S14). We calculated the
equilibrated bound structures of AV170 as well as ML21 and
ML74 within this binding pocket. In order to fully
accommodate the trimethoxyphenyl moiety, a flexible linker
is needed to span the constricted area between the catalytic
center and the hydrophobic pocket. In the case of AV170, the
two-carbon linker appears to have an optimal length to
accommodate the trimethoxyphenyl ring. In ML21, the
methylene linker still allows the ring to enter the pocket but
its conformation is more constricted, whereas ML74, with its
shorter linker, places the bulky trimethoxyphenyl ring directly
at the pocket entrance and prohibits a stable conformation
where the reactive ester group is close enough to the oxyanion
hole for the reaction to occur (Figure 7F). Moreover, no
hydrogen bond between the backbone amino group of the
oxyanion hole and the ester groups of ML74 is formed. This
leads to the release of compound out of the pocket during MD
(final conformation given in green) for all three investigated
poses, whereas all three poses of AV170 and ML21 remained in
their bound conformation (Figure 7B—E).

Next, we looked into the strikingly different binding and
deoligomerization behaviors of compounds ML89 and ML90
(Figure 7D,E). A comparison of these compounds with AV170
(same linker length, but no methyl group) revealed two main
differences. First, the methyl group of ML89/ML90 strongly
restricts possible binding conformations as it is located directly
at the constricted area between the catalytic center and the
hydrophobic binding pocket. Second, the relative orientation of
the methyl group largely diverges in the two stereoisomers. In

DOI: 10.1021/jacs.5b03084
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ML90, the methyl group is located at the bottom of the
constricted area. In the case of the ML89 stereoisomer, the
methyl group points to the top of the binding site toward the
histidine of the catalytic triad. As there is more space in this
direction, there seem to be less conformational restrictions
compared to ML90. Importantly, this histidine has previously
been identified as part of a hydrogen bonding network which
plays a crucial role for the deoligomerization process.”® Thus,
the relative orientation of the inhibitor scaffold of ML89
compared to ML90 may trigger a steric rearrangement which
causes the observed deoligomerization.

B DISCUSSION

Functional and mechanistic analysis of the ClpXP proteolytic
system represents an area of intense research. Recent reports
have focused on mechanistic aspects of the whole ClpXP
unfolding machinery.**™® Beta-lactones, the only specific ClpP
inhibitors reported to date, have been applied as tools to probe
the binding pocket and mechanism of inhibition, as well as the
transient stability of the ClpP tetradecamer and its conforma-
tional switching”****® One additional consequence of beta-
lactone-based ClpP inhibition is the reduction of virulence in
pathogenic bacteria such as MRSA and the eradication of
Mycobacteria that express two essential ClpP isoforms.'¥**
Here, we expand the set of ClpP tools through a novel class of
phenyl esters that surpass beta-lactones in terms of potency in
peptidase and protease inhibition, reaction kinetics, target
selectivity in the soluble fraction of the proteome, plasma half-
life, acyl-enzyme stability and deoligomerization as the
preferred mechanism of inhibition. Contrary to beta-lactones,
phenyl esters closely mimic the natural peptide substrate in
which the acyl-enzyme intermediate is irreversibly trapped and
the phenol released. Our SAR studies showed that an electron-
deficient phenol moiety is important in maintaining a level of
reactivity that facilitates the attack of the active site serine. The
ester must be substituted with an aromatic system that is linked
via at least one methylene bridge in order to pass a constricted
area in the binding pocket.

Importantly, introduction of a methyl group in the alpha
position not only enhances the acyl-enzyme stability but also
yields a switch that, depending on the absolute configuration,
retains the oligomeric state or induces dissociation into
heptamers. Considering that the native peptide backbone
branches at the same position, it is intriguing to speculate that
this inhibitor-trapped intermediate may reflect a transition of
ClpP-mediated substrate turnover.

It is worth noting that the HTS only revealed a very limited
set of potent inhibitors and that all of these utilize a covalent
mode of action. These potent inhibitors help to elucidate and
dissect ClpP action; however, their translation into pharmaco-
logically suitable virulence blockers still represents a major
challenge. Inspired by the marketed phenyl ester protease
inhibitor sivelestat, protection of the ester group by adjacent
methyl substituents increased the ester stability, at the cost of
ClpP reactivity. Thus, future studies have to consider the two
opposing factors, stability and reactivity, in order to identify an
optimal pharmacological candidate.
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SYNOPSIS

Covalently acting drugs have experienced a resurgence in medicinal chemistry during
the last few years. In antibacterial therapy, p-lactams have been successfully applied
since the beginning of antibiotic development. However, covalent drugs often face the
hurdle of non-specific reactivity towards cellular nucleophiles, including water, or enzy-
matic degradation of the reactive moiety. For -lactams, the degradation by 8-lactamases
has been a reason for resistances. Structurally related $-lactones, and phenyl esters, two
potent classes of covalent ClpP inhibitors, are even more susceptible to (enzymatic) hy-

drolysis, which thwarts their 7 situ and in vivo application.

In this study we present the first noncovalent inhibitors of S. aureus ClpP. Oxazole com-
pounds stem from the same high-throughput screen which already yielded the phenyl
ester inhibitors. Co-crystallization of ClpP and the original hit compound AV145 pro-
vided insights into an unprecedented binding mode. The inhibitor arrests ClpP in a
non-productive conformational state. Here, the active site is distorted, which, among
others, is caused by a 180°-flip of a key proline residue. On the basis of the co-crystal
structure and molecular modelling, extensive structure-activity relationship studies were
performed. These efforts resulted in oxazole AV286, which inhibits ClpP’s peptidase

activity with an IC, in the sub-micromolar range.

All oxazoles, however, failed to efficiently inhibit the proteolytic degradation of GFP
by the full ClpXP complex. Additionally, the compounds did not affect virulence in
S. aureus. In-depth studies were performed to understand this behaviour and eventually
revealed that the compound-induced conformational arrest of ClpP was revoked upon

binding of its cognate chaperone ClpX.

These findings underline the conformational control of ClpX on the structure and cat-
alytic activity of ClpP. Although oxazoles therefore do not have a direct therapeutical
value, they unveiled that during inhibitor design it is important to focus on the full

ClpXP complex.

40



AUTHOR CONTRIBUTIONS

Axel Pahl and Vadim S. Korotkov synthesized the inhibitors. Marie-Theres Vielberg
and Martin L. Stein co-crystallized ClpP and AV145. Jan Vomacka performed activity-
based protein profiling experiments. Katrin Lorenz-Baath tested the plasma stability
and antivirulence properties of the compounds. Klaus Richter and Mathias Hackl per-
formed analytical ultracentrifugation. Axel Pahl conducted the virtual screening. Markus
Lakemeyer and Christian Fetzer performed biochemical assays. Markus Lakemeyer an-

alyzed the data. Markus Lakemeyer and Stephan Sieber prepared the manuscriptin col-
laboration with Axel Pahl, Marie-Theres Vielberg and Michael Groll.

41



15892  Wiley Online Library

Angewandte

Communications

Drug Development

International Edition: DOI: 10.1002/anie.201507266
German Edition: DOI: 10.1002/ange.201507266

Reversible Inhibitors Arrest ClpP in a Defined Conformational State
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Abstract: Caseinolytic protease P (ClpP) is an important
regulator of Staphylococcus aureus pathogenesis. A high-
throughput screening for inhibitors of ClpP peptidase activity
led to the identification of the first non-covalent binder for this
enzyme class. Co-crystallization of the small molecule with
S. aureus ClpP revealed a novel binding mode: Because of the
rotation of the conserved residue proline 125, ClpP is locked in
a defined conformational state, which results in distortion of
the catalytic triad and inhibition of the peptidase activity. Based
on these structural insights, the molecule was optimized by
rational design and virtual screening, resulting in derivatives
exceeding the potency of previous ClpP inhibitors. Strikingly,
the conformational lock is overturned by binding of ClpX, an
associated chaperone that enables proteolysis by substrate
unfolding in the ClpXP complex. Thus, regulation of inhibitor
binding by associated chaperones is an unexpected mechanism
important for ClpP drug development.

Caseinolytic protease P (ClpP), a member of the serine
hydrolase enzyme family, is a major regulator of bacterial cell
homeostasis.l!! The enzymatic complex consists of two adja-
cent heptameric rings that are connected by central o-
helices E, forming a tetradecameric barrel (Figure 1a-c).
The E helix is linked to strand (9, which forms crucial
hydrogen bonds across the heptamer interface. Different
conformations of ClpP have been observed. Whereas an
extended E helix (Figure 1a, PDB ID: 3V5E)? is important
for peptidolytic activity and tetradecamer stability, a kink in
this helix leads to either compact (Figure 1b, PDB ID:
4EMM)F! or compressed (Figure 1c, PDB ID: 3QWD)X
states with misaligned catalytic triads. This distortion of
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Figure 1. SaClpP in its a) extended (PDB ID: 3V5E), b) compact (PDB
ID: 4EMM), and c) compressed (PDB ID: 3QWD) state. The E helices
are shown in blue. d) Structure of AV145. ) Analytical ultracentrifuga-
tion of wild-type ClpP and the heptameric? CIpP mutant R171A.
DMSO served as a control. Sedimentation coefficient maxima are
shown as the mean =+ standard deviation.

catalytic residues induces a rotation of the conserved Pro125
(in strand (9), which in turn pulls at helix E, resulting in its
collapse. ClpP requires associated chaperones, such as
hexameric ClpX, to unfold and digest larger protein sub-
strates.l'! Moreover, ClpX binding is believed to induce
conformational selection of the active and extended state.”!

Thus far, only f-lactones and phenyl esters have been
reported as specific ClpP inhibitors in whole proteome
studies.”) Both compound classes covalently acylate the
active-site Ser98.”) Covalent, irreversible binding is beneficial
for proteome-labeling experiments, mechanistic studies, and
for achieving a prolonged target residence time. The in vi-
trol®® and in vivo!® application of irreversible ClpP inhibitors,
however, has been limited by the low stability of their
electrophilic motifs owing to hydrolysis.”’ Thus far, all
attempts to design non-covalent inhibitors have failed.”!
Surprisingly, given the importance of ClpP inactivation and
the need for rational design, only one complex crystal
structure of the protease with a nonspecific chloromethyl
ketone (CMK) peptide ligand is available (PDB ID: 2FZS).!""!
Herein, we report the first co-crystal structure of a specific
ClpP inhibitor with a novel, reversible mode of action, which
was further exploited to synthetically optimize the ligand by
rational design and in silico screening.

Angew. Chem. Int. Ed. 2015, 54, 15892 -15896



A previous high-through-
put screen (HTS) with about
140000 compounds from the
COMAS library (MPI Dort-
mund) did not reveal a single
non-covalently binding SaClpP
inhibitor with an ICgy < 2 pm.[%!
However, the low activity of
ClpP with the standard Suc-
Leu-Tyr-AMC substrate
requires at least 1 um ClpP to
record significant turnover, so
that the potencies of the best
inhibitors are still in the micro-
molar concentration range. We
therefore reinvestigated our
previous HTS results by low-
ering the selection criteria to an
IC5, <10 pm.  Four  com-
pounds of the HTS fulfilled
this prerequisite (Supporting
Information, Figure S1). Mass-

SaClpP extended
SaClpP:AV145

Ang

Internati

SaClpP:Av145

strand B9

SaClpP compact
SaClpP:AV145

SaClpP compressed
SaClpP:AV145

spectrometric analysis of the ©
intact proteins revealed that
AV145 binds non-covalently
(Figure 1d, Figure S1), and
medicinal-chemistry considera-
tions made this compound the
most promising candidate for
further analysis. Compound
AV145 lacks any reactive

1

groups and consists of three
characteristic heterocycles, d
a pyrazolopyridine as well as
a 2-(thiophen-2-yl)oxazole
moiety. Time-dependent incu-
bation of SaClpP with AV145
did not change the ICs, (Fig-
ure S2), supporting the fact
that the compound is a reversi-
ble inhibitor. Furthermore,
analytical ultracentrifugation
demonstrated that AV145,
unlike most phenyl esters and
lactones, did not induce disso-
ciation of ClpP into heptamers
(Figure 1e).[%7]

To gain insights into the
mechanism of inhibition, we
co-crystallized AV145 with
SaClpP and solved the complex
structure by molecular replace-
ment at 3 A resolution (Ry.. =
27.4%, Table S1, PDB ID: 5DL1). The asymmetric unit
contains a ClpP tetradecamer with the compound bound to
every subunit. Despite variations in occupancy, model build-
ing into the averaged 2 F,—F, electron-density map allowed
the unambiguous positioning of AV145 near to the active site
between o-helix E and strand 9 (Figure 2a). Surprisingly,

Angew. Chem. Int. Ed. 2015, 54, 1589215896
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D172 EcoClpP:Z-LY-CMK

SaClpP:AV145

Figure 2. a) Binding of AV145 to SaClpP (PDB ID: 5DL1). b) Structural superposition of SaClpP:AV145
with the extended, compact, or compressed form of SaClpP. Structural changes between the extended and
co-crystal structure are indicated by colored arrows. c) Detailed exploration of the structural changes of a-
helix E and strand 39 compared to the extended form. d) Analysis of the specific enzyme—inhibitor
contacts and overlay with the EcClpP:Z-LY-CMK structure (PDB ID: 2FZS), illustrating the non-covalent
inhibition mechanism of AV145. Color code: SaClpP:AV145 marine, AV145 orange, SaClpP:extended/
compact/compressed and EcClpP:Z-LY-CMK gray; heteroatoms: O red, N blue, S yellow.

overlays with structures of the apo enzyme in its extended,
compact, and compressed form revealed that the inhibitor
binds in a non-substrate-like mode and induces an unprece-
dented conformational state (Figure 2b). Although helix E is
almost completely aligned as in the extended, active enzyme,
binding of AV145 displaces Ile143 and Argl47 because of
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a steric clash (Figure 2¢) leading to a shift of about 1.4 A in
the center of the helix (green arrow in Figure 2b). The
majority of the structural alterations, however, are found in
strand (39 (purple arrow in Figure 2b). Formation of a 3-sheet
with the subunit in the opposite ring is impeded, as can be
seen by the partial disorder of the two glycine residues 127
and 128. Notably, 39 is mainly defined by a large inhibitor-
induced flip of Pro125 of about 180°. The residue still retains
its trans peptide bond and resides at a similar position as in the
inactive form of the protease (Figure 2c). One direct con-
sequence of this relocation is a shift of His123 out of the
catalytic triad, leading to a distortion of the active site, which
explains the inhibiting effect of AV145. The induced struc-
tural rearrangement of Pro125 also causes a major change to
GIn124. Hereby, GIn124 is arrested in a position where it is
able to form two hydrogen bonds between its peptide
backbone and AV145, likely providing important protein—
inhibitor interactions. Moreover, an extended network of van

der Waals contacts with Phel02, Ile122, His142, Ile143,
Thr146, Leul50, and Leul54 as well as Thr169 stabilizes
compound binding (Figure 2d). Overall, this novel mode of
action explains why AV145 is a non-covalent SaClpP inhib-
itor. Superposition of our structure with the Z-LY-CMK
bound EcClpP structure (PDB ID: 2FZS)!'") reveals differ-
ences (Figure 2d). Unlike CMK, AV145 does not influence
the catalytic center of SaClpP directly, but rather transmits its
function through neighboring residues. Such a type of indirect
binding has not been observed for this class of enzymes thus
far.

The co-crystal structure of SaClpP in complex with AV145
provides key information for improving inhibitor potency.
The two constituent parts of the molecule, namely the
pyrazolopyridine (acid part) and 2-(thiophen-2-yl)oxazole
(amine part) moieties, were substituted with different chem-
ical groups to explore their structure—activity relationships
(SARs; Figure 3a). Compounds were designed according to
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Virtual screening inspired derivatives with para-substituted aryl groups
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Figure 3. SAR studies. a) The amine part of AV145 is intolerant to modifications whereas the acid part can be modified to improve ClpP inhibition.
b) Synthesis of AV280: Reagents and conditions: i) 3,4-dimethylbenzyl bromide, K,CO;, DMF, RT, 18 h; ii) LiOH, THF/H,0 (9:1), RT, 18 h;

iii) neat, 120°C, 16 h; iv) NaN;, DMF, 60°C, 16 h; v) PPh;, THF/H,0 (9:1),

RT, 16 h; vi) TBTU, NMM, DMF, 0°C to RT, 18 h. Structures and ICs,

values for derivatives with c) N-aryl substituents and d) para-substituted aryl groups that were inspired by virtual screening. ICs, values are derived
from at least two biological experiments with three technical replicates per concentration and are shown as mean and 95 % confidence interval.

See the Supporting Information for further details.
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rational considerations or resulted from a virtual screen (see
the Supporting Information). Alterations within the amine
part, for example, by introduction of thiophene substituents
and the replacement of the thiophene by a phenyl or oxazole
group, resulted in inactive compounds (FiguresS3, S4).
However, modifications within the acid part were much
more tolerated and led to improved inhibitors. Based on this,
we explored the possibility of incorporating aromatic groups
for mt-stacking with His142 (part of the strand (39) through the
design of eleven derivatives with N-aryl substituents (Fig-
ure 3¢).

The synthesis of these derivatives, exemplified for AV280
in Figure 3b, involved N-alkylation of pyrazolopyridine
1 with 3,4-dimethylbenzyl bromide, followed by saponifica-
tion of the ester with lithium hydroxide. Preparation of the
oxazole amine part 3 started with the condensation of the
appropriate aryl amide with dichloroacetone at 120°C. The
resulting chloromethyl-substituted oxazole 2 was converted
into amine 3 in two steps. Standard amide coupling of the acid
with the amine resulted in the final products.

AV191 and AV280, which bear a benzyl and a 34-
dimethylbenzyl substituent, respectively, showed a sixfold
increase in ClpP inhibition compared to AV145, with 1Cs,
values of 1.7 and 1.5 pm, respectively (Figure 3¢). Based on
results from the virtual screening, we next replaced the
pyrazolopyridine moiety by aryl rings with a para urea or
a para carbamate substituent, resulting in AV286 with an ICs,
value of 0.9 um (Figure 3d). Notably, this value shows that
a stoichiometric amount of AV286 (relative to the monomer
concentration of the protease) is sufficient to inhibit 50 % of
SaClpP. An increase in substrate concentration did not
influence inhibitor binding (Figure S5).

With potent and reversible ClpP inhibitors at hand, we
investigated whether the best compound of this series exhibits
cell permeability and target selectivity in situ. Therefore, an
AV286-related activity-based protein profiling!'!! photoprobe
(AV321) equipped with a diazirine photocrosslinker and an
alkyne tag was prepared (Figure 4a)."” Pleasingly, the probe
retained a low ICy, value (2pum) for SaClpP peptidase
inhibition (Figure S6). Living S. aureus cells were incubated
with AV321, irradiated with UV light to form a covalent link
between target protein and diazirine, lysed, and clicked to
a functionalized azide tag (fluorescent dye or biotin) via the
alkyne; the labeled proteome was then analyzed by fluores-
cence SDS-PAGE analysis (Figure 4b) or mass spectrometry
(MS; Figure 4c). A dominant fluorescent protein band at the
molecular weight of ClpP appeared on SDS-PAGE (Fig-
ure 4b). To confirm ClpP binding insitu we performed
quantitative gel-free MS by isotope labeling.¥ MS-based
target enrichment was visualized by volcano plots (Figure 4c,
Figure S7). In all runs, ClpP was highly enriched, and only
a few putative off-targets (significance level: p <0.05), such as
the 50S ribosomal protein L1 (Protein ID ID: Q2GOP0), were
detected. We next examined whether cell-permeable inhib-
itors reduced the production of a-hemolysin (hla), a predom-
inant S. aureus toxin regulated by ClpP. Surprisingly, the
general level of hla was high, suggesting that inhibition of
intracellular proteolysis was not as efficient as the reduction
of in vitro peptidase activity.
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Figure 4. In situ target validation in living S. aureus cells with AV321.

a) Chemical structure of the activity-based photoprobe AV321. b) Fluo-
rescence SDS-PAGE analysis of the soluble fraction. c) Volcano plot
representation of gel-free quantitative ABPP experiments measured on
the Orbitrap XL. Data are derived from three biological replicates for
DMSO and AV321 (5 pm), respectively. The log,-fold enrichment
values were z-score-normalized, and log;,(p values) were calculated
using a two-sided one-sample Student’s t-test. Protein enriched in
addition to SaClpP: Protein ID Q2GOPO: 50S ribosomal protein L1. See
the Supporting Information for further details and additional analysis.

To explore this finding in more detail, we tested the most
potent peptidase inhibitors in a ClpXP protease assay with
fluorescent GFP-SsrA (tagged for ClpXP degradation) as
a substrate. Indeed, all inhibitors were largely inactive in this
assay (Figure S8), demonstrating that ClpX overrides the
inhibitor-induced conformational lock. To investigate the
mechanistic basis of this unexpected behavior, we utilized
a previously introduced activator of ClpP."*l This compound
displaces ClpX in protease assays and was thus used as
a surrogate for the chaperone (Figure S9). The molecule
abolished AV286 inhibition of ClpP in casein and peptidase
assays in a concentration-dependent manner, which validates
a conformational selection of the active enzyme state by ClpX
or its surrogates (Figure S$9).1"" Our observation is in line with
a recent study that showed a conformational switch to the
active and extended state upon binding of acyldepsipeptides,
which mimic ClpX binding.”! Thus, regulation by ClpX and
other proteolytic activators represents an important and thus
far neglected parameter for future ClpP inhibitor develop-
ment.

In conclusion, AV145 bound to ClpP arrested the enzyme
in an unprecedented inactive conformational state by a sig-
nificant rotation of Pro125 and an associated misalignment of
the catalytic triad architecture. This binding mode was
explored for the design of new compounds, which resulted
in AV286, the first non-covalent inhibitor of ClpP with an
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1Cyy value of <1 pm. Importantly, ClpX revoked non-cova-
lent binding of the examined inhibitors to ClpP, a counter-
intuitive finding when compared to related complex proteo-
lytic systems, such as the proteasome, where stable proteolytic
inhibitors for individual subunits have been described.!"” Our
results therefore strongly imply that regulators such as the
ATP-dependent ClpX orchestrate and modulate various
distinct conformational stages in the hydrolytic chamber of
ClpP. For the identification of non-covalent ClpP inhibitors
that are also active in situ, it is thus important not to solely
focus on the peptidase activity of the isolated ClpP complex,
as this, although easy to monitor, does not accurately reflect
the situation in live cells. We hypothesize that sustained ClpP
inhibition may either be achieved by increasing the small-
molecule-induced conformational lock by, for example, the
incorporation of large ligands that block the proteolytic
channel, or by inhibitor discovery with the intricate ClpXP
proteolytic complex. Both would certainly represent attrac-
tive starting points for the future optimization of anti-
virulence compounds against S. aureus and its antibiotic-
resistant strains.
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Amino acid-based phenyl esters as chemical
tools for inhibition, activation and

disintegration of the ClpXP protease
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41 INTRODUCTION AND OBJECTIVE

As outlined in Chapter 2, the phenyl ester group is a novel, privileged warhead motif
for covalent inhibition of the ClpXP protease of various species.[l”'] On a mechanistic
level, inhibition occurs via attack of ClpP’s active site serine at the ester group of the in-
hibitor. In a transesterification reaction, a covalent acyl-enzyme complex is formed, as
the phenolicleaving group is released (Figure 4.1a). For S. aureus, the stereochemistry of
amethyl group in the a-position of the ester was identified as critical for the mode of ac-
tion. Depending on the stereo-information at this chiral center, the compound either
facilitated full modification of all active sites and retention of the 14-mer ClpP com-
plex (($)-ML90), or partial modification and de-oligomerization into two heptameric

species ((R)-ML89).l1

The dissociation of ClpP into heptameric species has been previously observed upon
binding to selected B-lactone inhibitors, buta clear structure-activity-relationship (SAR)
for de-oligomerization could not be obtained. It remains to be seen if the inactive hep-
tameric form of ClpP is only an artifact of inhibition with synthetic molecules, or if this
state has a biological function; e.g. for the release of cleavage products after proteolysis or
within the regulation of ClpP’s catalytic activity. Previous studies have shown that ClpP
and its cognate chaperones, such as ClpX substantially influence each other’s structure,
catalytic activity and susceptibility to inhibition.3-¢] However, a detailed understand-
ing of the exact communication within the proteolytic ClpXP complex and how it can

efficiently be modulated by molecular probes is still lacking.

This work builds upon the first generation of phenyl ester inhibitors and the corre-
sponding SAR data. Because the critical a-methyl group, which acts as a stereogenic
switch for ClpP, corresponds to an amino group in structurally closely-related aromatic
amino acids (Figure 4.1b), respective (R)- and (S)-amino acid-based phenyl esters were
synthesized and evaluated for biochemical activity. Systematic screening of amino acids
in the Prand P2 positions of peptide phenyl esters revealed improved compounds that
surpassed the potency of previous ClpXP inhibitors. Additionally, derivatives were
found that stimulated, rather than inhibited ClpXP-mediated proteolysis. The com-
pounds and various techniques were applied to probe the oligomerization of ClpP and

ClpX, as well as their affinity for each other. In this regard, a novel ClpXP complex was
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identified with an unprecedented stoichiometry and its potential biological function

was evaluated.

4.2 RESULTS AND DISCUSSION

4.2.1 STRUCTURE-ACTIVITY RELATIONSHIP STUDIES
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Figure 4.1. From 1st generation of phenyl esters to amino acid-based phenyl esters a) Reaction
of phenyl esters (R)-ML89 or (§)-ML90 with the active site Ser9® of ClpP leads to the formation
of a stable acyl-enzyme complex. b) Replacement of the critical a-methyl group by a substituted
amine generates amino acid-based phenyl esters. c) Stereoselective synthesis of unnatural 3,4,5-
trimethoxy-phenylalanine (Tmo) phenyl ester derivatives. Reagents and conditions: i) NaOAc,
Ac,0, 125 °C, sh; ii) NaOMe, MeOH, rt, 1.5 h; iii) H,, Pd/C, MeOH, rt, 16 h; iv) Alcalase, 0.2 M
aq. NaHCO,, rt, 6 h; v) p-TsOH, MeOH, 80 °C, 6 h; vi) Boc,O, DMAP, 75 °C, 3 h, then 2 M aq.
LiOH, rt, 3 h; vii) methyl-4-hydroxybenzoate, EDC+ HCl, HOBt, DIPEA, DCM, 0 °C —rt,
18 h; viii) TFA, DCM, 0 °C, 5 h.

The first generation of phenyl esters surpassed previous -lactone inhibitors in potency

and hydrolytic stability. As a result of extensive SAR studies, the prominent 3,4,5-tri-
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methoxyphenyl moiety was shown to be critical for good binding to ClpP and could
only be poorly replaced. (1 Thus, this motif was selected as the side chain decoration of
the first amino acid phenyl esters, yielding the unnatural amino acid 3,4,5-trimethoxy-

phenylalanine (Tmo, Figure4.1b).

Both enantiomers of the amino acid were synthesized, following the well-known Erlen-
meyer-synthesis route, starting from 3,4,5-trimethoxybenzaldehyde and acetyl glycine
(Figure 4.1¢).17:8] After azlactone formation, the heterocycle 1 was opened with sodium
methanolate and the double bond was reduced, affording the racemic N-acetyl methyl
ester 3. Enzymatic resolution allowed for separation of the enantiomers, as only the
(8)-enantiomer was hydrolyzed and subsequently separated from the (R)-methyl ester
4 by extraction. To facilitate the following steps for both enantiomers analogously, the
methyl ester was subsequently re-introduced. For each enantiomer, one-pot conversion
of the acetyl-moiety to a Boc-group and ester hydrolysis yielded the respective (R)-7
and (S)-8 intermediates. Lastly, esterification with methyl-4-hydroxy benzoic acid gen-
erated the respective Boc-Tmo phenyl esters (R)-9 and (S)-10. For the synthesis of N-
terminally modified dipeptide phenyl esters, the compounds were first Boc-deprotected,
yielding (R)-11 as well as (5)-12, and were subjected to standard solution-phase peptide

chemistry.

All phenyl ester compounds were initially tested in three concentrations (100, 10,
1uM) using two different assay setups: 1) inhibition of ClpP’ peptidolytic activ-
ity towards the fluorogenic peptide Ac-Ala-hArg-(S)-2-aminooctanoic acid-7-amino-
4-carbamoylmethylcoumarin (Ac-Ala-hArg-2-Aoc-ACC), which is an optimized sub-
strate for ClpP-mediated degradation,[®] and 2) inhibition of the full ClpXP complex
by means of green fluorescent protein (GFP) that was tagged with a short SsrA-peptide
sequence. ClpX recognizes the SsrA-sequence as a degradation signal, unfolds the pro-
tein and directs it into the proteolytic chamber where it is subsequently digested.l™°]
Compared to previously reported S. aureus ClpP peptidase assays,[1’4’11] the minimal
buffer system was changed to the buffer of the protease assay, as we found that this
increased the peptidase activity fourfold, and in some cases considerably altered the in-

hibition of ClpP by small molecules (compare to Supporting Figure 1).
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Theinhibition of ClpP and ClpXP by the first set of N-terminally modified Tmo phenyl
esters is depicted in Figure 4.2a. From the new phenyl esters, the previously described
stereo-preference of ClpP was confirmed, meaning that (R)-phenyl esters were generally
better inhibitors than the respective (S)-enantiomers. The unmodified Tmo phenyl es-
ters (R)-11/(S)-12 behaved similarly to the e-methyl compounds (R)-ML89/(S)-ML90
in peptidase and protease assays. Only the (R)- enantiomers showed moderate inhibi-
tion of the ClpXP system (full inhibition at 100 uM) while the (§)-enantiomers were
inactive. Capping the amine with a pivaloyl- (13 and 14) or Boc-(9 and 10) group led
to significantly improved inhibitors. The best derivative, (R)-Boc-Tmo-OAr (9), had
an apparent IC, of 0.37 uM in the protease assay, representing the most potent ClpXP
inhibitor, while its (§)-enantiomer (S)-Boc-Tmo-OAr (10) was 25-times weaker (Figure
4.2b). Importantly, the average grade of active-site modification for 9 at the IC,, con-
centration was =~ 10% (Supporting Figure 2a-c). Hence, sub-stoichiometric binding of 9
facilitates an overall conformational rearrangement that leads to inhibition of all active
sites. Lastly, we tested the sterically more demanding Cbz-protecting group, which was
well-tolerated for the (R)-enantiomer 15 in the peptidase assay, but failed to inhibit the
tull ClpXP complex. The respective (S)-enantiomer 16 showed poor inhibition under

peptidase and protease conditions (Figure 4.2a).

In general, the effective inhibition of ClpP’s peptidolytic activity did not necessarily lead
to efficient inhibition of the proteolytic ClpXP complex. This finding is in accordance
with previous studies, confirming that ClpX exerts conformational control over ClpP
and is able to boost peptidolysis and revoke inhibitor binding.[34] This study was thus
focused on the biologically more relevant ClpXP protease system for subsequent com-

pound evaluation.
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Figure 4.2. Biochemical evaluation of N-terminally capped Tmo phenyl esters. a) Inhibi-
tion of ClpP peptidase (10 nM ClpP,,, 200 uM Ac-Ala-hArg-2-Aoc-ACC) and ClpXP protease
(100 nM ClpP,, 200 nM ClpX¢,300 nM SsrA-GFP) activity by the respective enantiomers. b)
Determination of the apparent IC,, of ClpXP protease activity for both enantiomers of Boc-
Tmp-OAr. ¢) Inhibition of ClpXP protease activity by aryl amide derivatives. Data are normal-
ized to the DMSO control (100% activity) and presented as medium and standard error of the
mean (SEM). Each data set is derived from at least two independent experiments, which were
measured in triplicates.

Akey challenge for many covalentinhibitors is the susceptibility to cellular nucleophiles,
especially water, which often hampers application iz vivo. In previous studies the hy-

drolytically labile phenyl ester and lactone motifs of ClpP inhibitors were substituted
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with more stable groups (e.g. amides or sulfone amides). All of these efforts, however,
failed to deliver potent binders.!"*] Having identified phenyl ester 9 as a remarkable in-
hibitor of both ClpP and ClpXP, another attempt to replace the ester group was made.
Unfortunately, the aryl amide derivative 17 did not show any inhibition of ClpXP,
which is most likely attributed to the enhanced stability of the amide group. To fur-
ther increase reactivity, a fluorinated aryl amide 18 was synthesized. However, this com-
pound could not compete with substrate turnover even at roo uM (Figure 4.2c). These
findings indicate that the reactivity of the phenyl esters and/or its binding mode to ClpP

is finely tuned and thus cannot be simply altered without losing efficacy.

Next, we investigated, if inhibition by (R)-amino acid phenyl esters was a general fea-
ture or if it was exclusive to the unnatural amino acid Tmo. A collection of thirteen
diverse (R)-, i.e. D-, amino acid phenyl esters was synthesized and the effect on the pro-
teolytic activity of ClpXP was evaluated (Figure 4.3a). Unfortunately, almost all deriva-
tives were inactive, including phenyl esters of nonpolar alanine (20) and methionine
(22), or polar serine (27) and glutamine (29). The aromatic phenylalanine (23) and
tyrosine (24) derivatives, structurally closely related to 9, also did not affect proteolysis.
Only theleucine (21) and tryptophan (25) phenyl esters showed inhibition at high and
medium concentrations, respectively. Nevertheless, compound 9 remained by far the

most potent derivative.

Previous studies have shown that ClpP has a large hydrophobic St pocket that can ac-
commodate long alkyl chains.['*] Covalently acting -lactone compounds with alkyl
chains of various lengths,[13’14] as well as fluorogenic peptide substrates, containing the
unnatural amino acid (§)-2-aminooctanoic acid (2-Aoc) in the P1 position, %] were cor-
respondingly good inhibitors and substrates, respectively. Contrarily, this preference
could not be transferred to the phenyl esters, as the Boc-(R)-2-Aoc phenyl ester 31 did
not inhibit ClpXP. The binding geometry of (R)-phenyl esters during inhibition must,
therefore, be different than the geometry of B-lactone inhibitors and peptide substrates.
For the first generation of phenyl esters, modeling predicted that the 3,4,5-trimethoxy
phenyl moiety binds to the described hydrophobic pocket.!] The fact that only leucine
(21) and tryptophan (25) phenyl esters, but not structurally related phenylalanine (23)
and tyrosine (24) side chains induce inhibition highlights the special structural proper-

ties of the nonpolar, yet flexible 3,4,5-trimethoxyphenyl moiety.
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Figure 4.3. Inhibition of CIpXP (100 nM ClpP,, 200 nM ClpXj, 300 nM SsrA-GFP) by (a) a
set of Boc-protected (R)-amino acid- and (b-c) dipeptide phenyl esters. ClpXP shows a strong
preference for (R,R)-dipeptide phenyl esters with various amino acid side chains in the P2 po-
sition. Each data set was derived from at least two independent experiments, which were mea-
sured in triplicates (mean and SEM).

To further converge to the natural peptide substrates of ClpXP, dipeptide Tmo-phenyl
esters were next synthesized by standard solution phase peptide chemistry. To study the
stereo-preference at the P2 position, all four diastereomers of Boc-Met-Tmo-OAr and
Boc-Leu-Tmo-OAr were synthesized and evaluated (Figure 4.3b). Both (S,S)-dipeptides
32 and 36 did not show any inhibition of the proteolytic activity of CIpXP. The (R,S)-
diastereomers 33 and 37, as well as the (§,R)-diastereomers 34 and 38 also failed to
efficiently inhibit proteolysis. Conversely, the (R,R) phenyl esters 35 and 39 were po-
tent inhibitors, with 35 showing full inhibition at 10 uM and only about 50% residual

ClpXP activity at 1uM.
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Having identified the (R)-stereo-preference of ClpXP for the P2-position as well, a rep-
resentative set of (R,R)-dipeptide Tmo-phenyl esters was synthesized and tested to de-
termine the effect on ClpXP-mediated GFP degradation (Figure 4.3¢). In contrast to
the P1 position, ClpXP tolerated various amino acid side chains in P2, ranging from
non-polar groups, such as alanine (41) or methionine (35), to polar side chains includ-
ing serine (44), glutamate (45) or arginine (48). This is in accordance with the lack of
a well-defined Sz pocket, which allowed ClpP to digest peptides with diverse amino
acids in the P2 position.[9) However, as the Boc-Gly-Tmo-OAr dipeptide (40) did not
inhibit ClpXP, a certain degree of sidechain interaction in the correct conformation
was required for efficient binding to the protein. In conclusion, while ClpXP cleaves
proteins in the natural L-conformation, it is well-inhibited by p-(R) dipeptide phenyl

esters.

Notably, we also identified three structurally diverse compounds that did not inhibit,
but rather stimulated the proteolytic activity of ClpXP. While 34 led to a moderate in-
crease of proteolysis up to a maximum of 150% at 10 UM, the acetylated (R)-Tmo phenyl
ester 49 and Boc-(R)-Glu(OBn)-(R)-Tmo-OAr 50 activated the ClpXP complex even
more, achieving about 250% at 100 uM and 10 uM, respectively (Figure 4.4). Interest-
ingly, compound 51, the S-enantiomer of 49, hardly affected ClpXP (Supporting Fig-
ure 2d), and the unprotected glutamic acid 45 was a potent inhibitor of ClpXP (Figure
4.3¢). In stark contrast to the activation of proteolysis, the three compounds did not
stimulate the peptidase activity of ClpP alone, but rather showed moderate-to-good in-
hibition (Supporting Figure 1b-c). A similar small molecule-induced enhancement of
proteolysis was previously described for the ClpXP2 complex from Listeria monocy-
togenes. In-depth studies revealed that partial binding of peptide chloromethylketones
(CMK) stimulated the proteolytic turnover by increasing the affinity of ClpX and
ClpP2.05] Since the recognition of tagged substrates and ATP-dependent unfolding rep-
resent the rate-determining steps of proteolysis,[16] a higher affinity of ClpX and ClpP2

thus led to an increased degradation of GFP.ls]

From this study’s set of phenyl ester compounds, clear structural features that cause
activation could unfortunately not be identified. Hence, the structural details of small

molecule-induced activation remain subject to further investigation.
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Figure 4.4. Stimulation of ClpXP-mediated proteolysis (100 nM ClpP,, 200nM ClpX,,
900 nM SsrA-GFP) by phenyl esters 34 (a), 49 (b) and 50 (c). Each data set is derived from
at least two independent experiments, which were measured in triplicates (mean and standard
deviation).

4.2.2 A CLPXP COMPLEX WITH AN UNPRECEDENTED STOICHIOMETRY

The binding of previously identified inhibitors to ClpP either retained the tetradecamer-
ic state or led to de-oligomerization into heptameric species. To determine the oligomer-
ization of the full ClpXP complex upon incubation with amino acid phenyl esters,
analytical gel filtration was performed using a calibrated column. As expected for vi-
able substrate turnover the strongly activating compounds 49 and 50 retained the na-
tive complex stoichiometry, namely ClpX,,P,, (Supporting Figure 3a). In contrast, an
unprecedented peak at a retention volume of 14.7 mL was detected after incubation
with inhibitor 9 (Figure 4.5a). This value corresponds to a molecular weight of about
400 kDa. Intact-protein mass spectrometry of the peak fraction revealed the presence of
ClpX and ClpP, which was almost quantitatively modified by the respective inhibitor
fragment (Figure 4.5b). Incubation of ClpP alone with compound 9 led to the forma-
tion of heptameric ClpP species (Supporting Figure 3c). Hypothesizing that the new
complex might correspond to a ClpX P, stoichiometry with a molecular weight of
435 kDa, we visualized the protein species of the peak fraction by negative-stain elec-

tron microscopy (EM). Indeed, 2D classification and 3D-reconstruction of the particles
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unambiguously revealed the presence of a complex that consisted of one ClpX hexamer
stacked on top of a ClpP heptamer (Figure 4.5¢-d). The overall geometry and the molec-
ular dimensions of the model coincided well with the crystal structures of compressed
S. anreus ClpP (PDB ID: 3QWD)l7] and hexameric E. coli ClpX (PBD ID: 3HWS).['8]
To the best of the author’s knowledge, a corresponding interaction between a ClpX hex-
amer and a catalytically inactive ClpP heptamer has never been described before. Simi-
larly, binding of ADEPs, which act as ClpX surrogates that share the same binding site
with the IGF-loop of ClpX, was only observed for ClpP,,. In fact, hydrogen-deuterium-
exchange mass spectrometry (HDX-MS) of E. coli ClpP revealed less exchange, i.e. a
more rigid conformation, of the E-helices responsible for heptamer-heptamer interac-
tion, upon ADEP binding.[19] Therefore, ClpX/ADEP binding to ClpP was usually

associated with a rigidification of the ClpP,, complex.

a) 14.7 mL b) Peak fraction: 14.7 mL
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Figure 4.5. Discovery of an unprecedented ClpXP-state. a) Size-exclusion chromatography re-
vealed the formation of a novel complex upon incubation of ClpX,,P,, with phenyl ester 9
(0.72uM ClpP,,, 2.86 uM CIpX(E183Q)s, souM compound 9). b) Intact-protein mass spec-
trometry of the peak fraction verified the presence of ClpX and ClpP, which was covalently
modified by the inhibitor. Negative-stain electron microscopy images of selected 2D class aver-
ages (c) and 3D reconstruction (d) unambiguously verified the presence of a ClpX4P, complex.
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The disruption of both the peptidolytic and proteolytic system was observed for all
potent amino acid phenyl esters tested, including the (S)-Boc-Tmo-OAr (10), which
- although 25 times weaker than its (R)-enantiomer 9 - also induced heptamerization
of ClpP and partial formation of the ClpX,P., complex (Supporting Figure 3b). This
indicates that breakdown of the ClpXP complex is indispensable for full proteolytic
arrest, as was also shown for a set of reversible inhibitors that disrupt ClpXP by de-

oligomerizing the ClpX hexamer.[>°]

To further characterize the new ClpX(P., complex, its dissociation constant was sought.
Unfortunately, all our efforts to directly quantify the interaction between the chaper-
one and peptidase by various methods, e.g. isothermal titration calorimetry (ITC) and
surface plasmon resonance (SPR), failed. Previous studies were only able to determine
apparent dissociation constants of ClpX and ClpP via activity-based assays.[6>15] Thus,
the switchSENSE® technology was used, which is a label-free method for the analysis
of the interaction of proteins with surface-tethered interacting partners (e.g. ligands,
DNA, proteins). Short DNA levers are electrically actuated on microelectrodes by al-
ternating current potentials, and the switching dynamics are measured in real-time by
fluorescence energy transfer. Binding of proteins to binding partners attached to the
top of the DNA levers can be detected by time-resolved measurements of the levers’

dynamic motion.[2122]

For the study of the ClpP-ClpX interaction, ClpP,, was coupled to a short DN A-strand
and the conjugate was immobilized on a biochip by hybridization. ClpX was titrated
to the immobilized complex and the dynamic response was measured for each concen-
tration. An unmodified DNA double strand, which carried a different dye, acted as an
online control for unspecific binding of ClpX (Figure 4.6a). Applying this technology
allowed, for the first time, the direct determination of the K-value of ClpX and ClpP
to be 19.5 + 3.2 uM (Figure 4.6b). This rather low affinity becomes reasonable when
considering that in the bacterial cell ClpP is required to dynamically exchange between
various cognate chaperones (in S. aureus, ClpCand ClpX). Accordingly, the related hex-
americ HsIUV protease complex, which does not have additional chaperone partners,

has a lower K-value of 1uM, as determined by SPR.[23]
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Figure 4.6. In-depth study of the novel ClpXP complex. a) Schematic representation of
the experimental setup to determine the dissociation constants of ClpX and ClpP using
SwitchSENSE®. A ClpP-DNA-conjugate was immobilized on the biochip by hybridization and
the dynamic response was measured upon titration of increasing ClpX concentrations. An un-
modified DNA-double strand (colored in green) acted as an on-line control for unspecific bind-
ing of ClpX. b) Determination of dissociation constants by titration of ClpX to immobilized
unmodified ClpP in its 14-mer, as well as its 35-treated heptameric state (mean and standard de-
viation, n =s). ¢) Stimulation of the ATPase activity of S. aureus ClpX, (0.33uM) upon ClpP
binding (mean and standard deviation, n = 3). d) Stimulation of the ATPase activity of ClpXP
by 50, an activator of proteolysis. e) Incubation of ClpXP with 35 revoked the increased ATP-
ase activity of ClpXP, while its (§,5)-enantiomer 32 did not have any effect. Assay conditions
for d-e: 0.33uM ClpX§, 0.17 uM ClpP,,. Each data set was derived from two independent ex-
periments, which were measured in triplicates (mean and standard deviation). f) Residual GFP-
unfolding activity of 35-treated ClpXP as compared to unfolding by the proteolytically inactive
ClpXP-S98A mutant (100% GFP unfolding) (protease assay conditions). ¥ Increased value due
to GFP-degradation by proteolysis, not solely unfolding.
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Having established the switchSENSE® technology for this system, we proceeded with
the study of the ClpX P, complex. The ClpP-DNA conjugate was treated with
phenyl ester 35 to induce de-oligomerization and the resulting heptameric ClpP
was immobilized. Interestingly, titration of ClpX revealed a dissociation constant
(Kg=3.9% 0.4 uM) for ClpX,P, that was five-times lower than the one for the native
complex (Figure 4.6b). Thus, while disrupting the ClpP,-ClpP, interaction, binding
of the inhibitors increased the affinity of ClpX and ClpP.

The question of whether the increased affinity of ClpX to ClpP in the 35-bound state
influenced the AT Pase activity of the chaperone arose. Turnover of ATP was monitored
by an enzyme-coupled assay, which has been widely used for the study of E. coli ClpX
(EcClpX). Previous comprehensive studies showed that the ATPase activity of EcClpX
was markedly reduced upon binding of ClpP, and this effect has been used to monitor
the association of ClpP and Cle.[S’G’Z‘*‘Zﬂ This study, however, found that S. aureus
ClpX itself only had a very low activity, which drastically increased in the presence of

increasing equivalents of ClpP (Figure 4.6¢). The apparent binding constant K, for

app
this interaction was determined to be 0.23 £ 0.06 uM (ClpX;-concentration in the as-

say: 0.33 uM).

Previous discussions have indicated that a high EcClpX-mediated turnover of ATP, also
in the absence of ClpP, is rather odd from the perspective of energy conservation in
a cell.[28] For SaClpX, a very low basal ATPase activity would save valuable ATP. A
similar stimulation of ATP-turnover, rather than a reduction, upon association with a
peptidase was previously described for the HsIUV protease complex, among others.[29]
Hence, the catalytic activities of EcClpX and SaClpX seem to be regulated in a different

manner.

The effect of phenyl ester compounds on the SaClpX-mediated turnover of ATP was
then tested. Compound 50, which stimulated ClpXP proteolysis , activated the ATPase
activity of ClpX within the ClpXP complex in a similar way (Figure 4.6d). Interestingly,
incubation of ClpXP with the inhibitor 35 reduced the ATPase activity of ClpX in a
concentration-dependent manner, converging to the rate of ClpX alone (Figure 4.6¢).
Both compound-induced alterations in ATP-turnover were solely mediated by binding
to ClpP, as the compounds did not have an effect on ClpX alone (Supporting Figure 2¢).

The respective (S,S)-enantiomer 32, which was inactive in the protease assay, also did
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not alter the ATPase activity (Figure 4.6¢). Accordingly, the ClpXP complex inhibited
by 35 did not show any residual GFP-unfolding activity beyond the background level,
as compared to the proteolytically inactive complex of the active site mutant ClpP-S98A
and ClpX. (Figure 4.6f).

As aresult, covalent binding of phenyl esters corrupted the interplay of the heptameric
ClpP rings and inhibited proteolysis, while at the same time reinforcing the ClpP-ClpX
interaction. Although ClpXP complexes generally showed higher turnover of ATP than
ClpX alone, the inhibitor bound ClpXP, complex only possessed the basal ATPase ac-
tivity of ClpX.

4.2.3 TOWARDS A BIOCHEMICAL FUNCTION OF DE-OLIGOMERIZATION

Intrigued by the conformational arrest of CIpXP by compounds that are related to its
natural substrates, it was hypothesized that the trapped ClpX,P, complex resembled a
state of biological relevance. While the pathway of substrate delivery is well understood,
the mechanism by which cleaved peptide fragments are liberated after proteolytic diges-
tion s still open for debate. Two main hypotheses for the release are proposed based
on the temporal kinking of the central E-helices of ClpP: 1) formation of equatorial
pores through which cleavage products can exit, or 2) opening of the sequestered ClpP
barrel by the collapse of the ClpXP complex which would release all fragments simul-
taneously.2639-32] The detection of the novel ClpX,P, state demonstrates that only
disassembly of the protease into ClpX,P,-species, and not full disruption, would be
sufficient for release. ClpX could thus remain bound to each heptamer, which facili-
tates re-assembly of the catalytically active ClpX,,P,,complex, making collapse of the

complex less entropically unfavorable.

To investigate this possible mechanism, a pulldown-assay was established to determine,
if the catalytic activity of ClpP or ClpXP was associated with a temporal collapse of the
ClpP,-ClpP,, interaction. For this, in addition to the standard ClpP-construct, which
contains a Strep-Tag, an untagged ClpP form was used. In this way, we obtained two dif-
ferent ClpP,, complexes exclusively consisting of Strep-ClpP or untagged ClpP, respec-
tively. The interchange of both ClpP forms was analyzed by Strep-Tactin-based affinity

purification and subsequent intact-protein mass spectrometry (Figure 4.7a). Only in
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the case of exchange between the ClpP,, complexes should untagged ClpP be detected
after Strep-pull-down by mass spectrometry (MS).

First, it was determined whether mixed ClpP complexes could actually be formed. For
this purpose, both ClpP,, variants were incubated together with phenyl ester compound
9 to induce full de-oligomerization and the acyl-enzyme intermediates were fully hy-
drolyzed overnight to allow for re-oligomerization into ClpP,, species, as monitored by
gel filtration chromatography (Figure 4.7b). Affinity-purification isolated all complexes
that contained Strep-tagged ClpP subunits.

As depicted in Figure 4.7b, untagged ClpP co-eluted with Strep-ClpP, which confirms
the interchange of the ClpP subunits. The DMSO-treated control also showed partial
interchange of the ClpP forms, which can likely be ascribed to natural interchange over
the long incubation time. While interchange between the two ClpP species could hap-
pen between all protomers, leading to mixed heptameric rings, the disruption of ClpP
into smaller species than heptamers was rarely observed.3?] This makes interchange
within the heptamers rather unlikely and supports the fact that only heptamer-heptamer

exchange occurred.

Experiments were then conducted on the potential temporal de-oligomerization of 1)
ClpP upon incubation with the peptide substrate Ac-Ala-hArg-2-Aoc-ACC and
2) CIpXP during proteolysis of SsrA-tagged GFP. A mix of the two ClpP,,-constructs
(and ClpX for the protease condition) were incubated with the respective substrates.
After full consumption of substrates (amply estimated from previous activity assays),
the mixtures were purified by affinity chromatography and measured by MS. DMSO-
treatment acted as a control for both conditions. Figure 4.7d-e show, however, that
untagged ClpP did not co-elute with Strep-ClpP, for the peptidase or protease assay
conditions. Hence, a temporal collapse of Clp(X)P in the context of its catalytic activity
could notbe confirmed. This result points towards a partial disassembly of the E-helices,
leading to the formation of equatorial pores. Nevertheless, the novel CIpX,P,, state in-
dicates that kinking of the E-helix seems to be an energetic minimum of the protein at
which it can be stalled . This is in agreement with the crystal structure of ClpP in its com-
pressed form and compound-induced heptamerization of ClpP. Future investigation is

necessary to unambiguously elucidate the mechanism of product release.
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b) Size-exclusion chromatography of Strep-tagged ClpP and untagged ClpP, as well of a mix
of both species that were de-oligomerized by treatment with phenyl ester 9 and subsequently
re-oligomerized upon hydrolysis. c) Relative MS-intensities of the re-oligomerized complex af-
ter affinity purification showed significant interchange of the ClpP isoforms. d-e) Relative MS-
intensities for the investigation of the temporal collapse of ClpP,, under peptidase (d) and pro-
tease (e) conditions. Both ClpP,, forms, and ClpXj for the protease conditions, were incubated
with the substrate Ac-Ala-hArg-2-Aoc-ACC and SsrA-GFD, respectively. After full consump-
tion of substrates, ensuring completed catalytic activity, the mixtures were purified by affinity
chromatography. No interchange of the ClpP,, forms was observed under these conditions. For
each experiment, one representative dataset from at least two replicates is shown.

43 CONCLUSION AND OUTLOOK

ClpXP is a highly dynamic protease and its catalytic activity depends on the correct as-
sembly of up to 26 subunits. This work yielded novel tool compounds that can interfere
with specific aspects of the underlying equilibria. Amino acid and dipeptide phenyl es-

ters were rationally designed on the basis of a first generation of phenyl ester inhibitors.
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These compounds were able to efficiently modulate the activity and the oligomeriza-
tion of the ClpXP protease complex. Comprehensive evaluation of a library of dipep-
tide phenyl esters revealed that the most potent compounds possessed a mirror-inverted
stereochemistry, as compared to ClpXP’s natural protein substrates. In addition, com-
pounds that activated proteolytic turnover were identified. In-depth biochemical inves-
tigations revealed that inhibitor-binding induced the formation of an unprecedented
ClpX,P, complex. The active site modification of ClpP was linked to an abrogation of
the ClpP,-ClpP, interaction and, more importantly, to an increased affinity between
ClpP and ClpX. The binding of S. aurens ClpX to ClpP was shown to increase its ATP-
ase activity substantially and hence, is inversely regulated as compared to ClpX from
E. coli. Significantly, binding by phenyl esters to ClpP subunits within the ClpXP com-
plex not only stalled protein degradation, but also suppressed ClpX-mediated turnover
of ATP. Lastly, it was evaluated whether the novel ClpX,P., complex owns a biological
function during the release of peptide fragments after protein degradation. While a full
de-oligomerization of ClpP or ClpXP could not be verified during substrate turnover,
it remains reasonable to assume that the monomers of ClpP separately run through
dynamic motions, including the state observed. As only individual monomers would
therefore lose their ClpP,-ClpP, contacts, the complex would still remain intact. Figure

4.8 schematically summarizes the findings obtained within this study.

@ Activators @
@ @
low low Inhibitors
ATPase peptidase A

activity activity
no peptidase/protease activity
low ATPase activity

disruption of the CIpP,-ClpP, interaction,
increased affinity of ClpX,-ClpP,

increased affinity of ClpX,-ClpP,

high protease activity

high ATPase activity

Figure 4.8. Schematic representation of the phenyl ester-induced structural and catalytic alter-
ations of ClpXP.

Future studies will need to unveil the molecular details that result in the arrest of ClpXP
in its inactive ClpX4P, state, by using a variety of suitable techniques, including crys-
tallography, HDX-MS or cryo-electron microscopy. Ideally, this input will also help
to unravel the underlying mechanisms of protein turnover and subsequent peptide re-

lease.
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4.4 SUPPORTING FIGURES

=-e- Protease-Buffer (PZ)

Coad -= Minimal-Buffer (EP)

Inital slope [s”']
Value | SEM
o PZ-Buffer | 9.443 | 0.151
o®

/ EP-Buffer | 2.614 | 0.038

T T T T T 1
0 500 1000 1500 2000 2500

b) Time [s] c)
inimal- Protease-Buffer (PZ
120 Minimal-Buffer (EP) =100 uM 120 (P2) = 100 M
& 100+ = 10uM = 1004 = 10pM
2 z
Z 801 TuM 2 80 oM
o
© ©
g 601 3 601
2 3
B 401 g 404
a Q
o 204 E 209
6 6
01 01
— T T T T T
49 34 50 49 34 50

Supporting Figure 1. a) Enhanced peptidase activity of ClpP (10 nM ClpPy,, 200uM Ac-Ala-hArg-
2-Aoc-ACC) in protease-bufter (PZ-bufter) as compared to minimal peptidase buffer (EP-buffer). b+c)
ClpP peptidase activity with phenyl ester compounds is dependent on the buffer system used. EP-Buffer:
100 mM HEPES, pH =7.0, 100 mM NaCl, Protease-bufter: 2s mM HEPES, pH = 7.6, 200 mM KCl,
smM MgCl,, tmM DTT, 10% glycerol. Each data set was derived from at least two independent experi-
ments, which were measured in triplicates (mean and SEM)
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Supporting Figure 2. a-c) Intact-protein MS spectra of ClpXP (100 nM ClpPy,, 200 nM ClpX) incu-
bated with increasing concentrations of compound 9 revealed only partial active-site modification (Rep-
resentative datasets from two replicates, respectively). d) Proteolytic activity of ClpXP upon incubation
with Ac-(S)-Tmo-OAr (51) (100 nM ClpPy, 200 nM ClpX,300 nM SsrA-GFP) ) ATPase activity of
ClpX(P) upon treatment with activator 50 and inhibitors 35 and 32 (0.33uM ClpX; 0.17 uM ClpPy,

or no ClpP added). Each dataset was derived from at least two independent experiments, which were mea-
sured in triplicates.



a) Clp)(‘mPM b) CIpX“zPM Clp)‘(6P7
1004 1001
e== ClpXP + DMSO === ClpXP + 35
80 === ClpXP +49 . 80 == CIpXP +8
= =x
% == ClpXP + 50 "y == ClpXP + 41
8 60 £ 60 = CIpXP +45
S 5] p:
2 2
g 3
2 40 2 40
o > Superose 6 10/300
3 3
20 Superose 6 10/300 204
0 T T ¥ 0+ T T T T 1
1" 12 13 14 15 16 17 18 1 12 13 14 15 16 17 18
Retention volume [mL] Retention volume [mL]
c) CIp‘PM d) Cl[‘JP7
1001 1007
= CIpP + DMSO = Clpp+7
804 804 === ClpP + 35
T == ClpP + 49 9
) = = ClpP +8
& 60 —— CIpP +50 § 604
8 i = ClpP + 41
S 2
8 40 o 404
© ©
3 3
20 20 Superdex 200 10/300
Superdex 200 10/300
0 T T 0 T T T
14 15 16 17 18 19 14 15 16 17 18 19
Retention volume [mL] Retention volume [mL]

Supporting Figure 3. Size-exclusion chromatograms of ClpXP incubated with activators (a) and in-
hibitors (b), respectively. c+d) Size-exclusion chromatograms of ClpP incubated with activators (c) and
inhibitors (d), respectively.
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The continued success in treating infectious diseases will rely on the development of
novel antibacterial strategies. In this regard, targeting the ClpXP protease, a gatekeeper

of bacterial virulence, is a promising antivirulence approach.

This thesis provided novel chemical tools to manipulate the activity of ClpXP and to
study its oligomeric assembly. Two novel classes of ClpP inhibitors which both de-
rived from a high-throughput screen were presented. Phenyl esters are covalent ClpP
inhibitors that surpass previous g-lactone inhibitors in potency and selectivity. Activity-
based protein profiling experiments with the alkyne-tagged phenyl ester ML16 identi-
fied ClpP as the only covalent target in live S. aureus cells. Extensive SAR led to com-
pounds with improved stability, and identified a critical methyl position in the inhibitor
structure. Depending on its stereochemistry, this “stereogenic switch” retained the tetra-

decameric ClpP state or induced de-oligomerization.

Oxazoles were the second class of ClpP inhibitors identified by the high-throughput
screen. Until today, they remain the only noncovalent inhibitors of ClpP known. The
co-crystal structure of ClpP and the hit compound AV145 gave insights into the un-
precedented binding mode. While AV145 was only moderately potent in the reducing
ClpP’s peptidase activity, chemical synthesis generated improved inhibitors, including
AV 286, with low-micromolar IC,,-values. Unfortunately, association of ClpX to ClpP
revoked the inhibitor binding, thus rendering oxazoles ineffective in cellular assays. Nev-
ertheless, this study provided valuable information about the conformational control
of ClpX over ClpP.

Lastly, we developed second-generation phenyl esters in which the critical methyl
“switch” of the first generation was substituted with an amino group, resulting in amino
acid-based phenyl esters. Applying the knowledge gained from the investigation of the
oxazole inhibitors, the evaluation of the novel compounds focussed on the full ClpXP
complex. Comprehensive screening of amino acids in P1 and P2 position showed that
ClpXP is best inhibited by (R)-amino acid-based phenyl esters. Moreover, activators of
ClpXP-mediated proteolysis were found. Significantly, inhibitor binding induced the
formation of an unprecedented ClpX,P, complex, which was characterized in detail

using a variety of methods.
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This work has shown that sub-stoichiometric binding of covalent inhibitors to the ac-
tive site of ClpP can stall the activity not only of ClpP, but also of ClpX by formation of
a stabilized ClpX P, complex. In addition to its role in proteolytic degradation, ClpX
exerts cellular functions that are independent of ClpP.[I] Recent studies, for example,
indicated that ClpX is involved in coordination of the cell cycle and cell division.[>3]
Hence, the trapping of ClpX in an unproductive ClpX,P., complex might open up en-

tirely new antibacterial possibilities.

Although phenyl esters are invaluable tools for the study of ClpXP, their hydrolytic
stability hampers a translational application. Future research should therefore aim to
find novel inhibitor classes that, while acting similarly to phenyl esters, show improved
stability and duration of inhibition. As noncovalent inhibition of the highly dynamic
ClpXP complex appears to be difficult, initial efforts could focus on alternative covalent
warheads with improved stability. Although previous efforts to substitute the phenyl
ester moiety, for example by aryl amides or carbamates, unfortunately failed, there is still
large chemical space that can be explored. Boronic acids, previously already proven to
be able to inhibit ClpP,[4’5] might be suitable for this application. While selectivity over
other serine hydrolases and proteolytic stability can be difficult for (S)-peptide boronic
acids, boronic acid derivatives based on the unnatural amino acid (R)-Tmo might pos-

sibly overcome these hurdles.

On a cellular level, the molecular regulation of ClpXP and the release of peptide frag-
ments after proteolysis remain interesting questions for future research. There even
might be natural small molecule modulators that act similarly to the amino acid phenyl
esters, and stall proteolysis by formation of an inactive ClpX,P., complex. Moreover,
the molecular interaction and the biological functions of additional ClpP complexes
(e.¢. ClpCP) are so far only poorly understood[¢7) and small molecule modulators might

help to elucidate the underlying mechanisms.
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SYNOPSIS

The public view on antibiotics as reliable medicines changed when reports about "resis-
tant superbugs” appeared in the news. While reasons for this resistance developmentaare
easily spotted, solutions for re-establishing effective antibiotics are still in their infancy.
This Review encompasses several aspects of the antibiotic development pipeline from
very early strategies to mature drugs. An interdisciplinary overview is given of methods
suitable for mining novel antibiotics and strategies discussed to unravel their modes
of action. Select examples of antibiotics recently identified by using these platforms
not only illustrate the efficiency of these measures, but also highlight promising clin-
ical candidates with therapeutic potential. Furthermore, the concept of molecules that
disarm pathogens by addressing gatekeepers of virulence will be covered. The Review
concludes with an evaluation of antibacterials currently in clinical development. Over-
all, this Review aims to connect select innovative antimicrobial approaches to stimulate

interdisciplinary partnerships between chemists from academia and industry.
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1. Introduction

“” Antibiotic apocalypse*: doctors sound alarm over drug
resistance” N “We will miss antibiotics when they're gone”?!
are exemplary newspaper headlines referring to the threat of
the antibiotic crisis on public health worldwide. Today, not
only the scientific community, but also governments and the
general public agree that novel antibacterial efforts are
urgently needed to safeguard future therapeutic options.t!
Although there is a rapid increase in multiresistant bacterial
strains, the number of novel antibiotics for clinical applica-
tions remains low, with only two novel classes introduced in
the past 20 years.”! The reasons for the onset of the current
crisis are manifold and include aspects such as the careless
prescription of antibiotics. On a molecular level, bacterial
resistance is inherently associated with the antibiotic mode of
action, that is, to block essential pathways and eventually kill
the pathogen. Bacteria respond to this so called “selective
pressure” by modifying the antibiotic target or finding other
ways to impair the efficacy of the drug. This inevitable
evolutionary process is based on cell division, which is prone
to spontaneous mistakes that create random mutations in
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Figure 1. Schematic overview of common antibiotic targets and
bacterial resistance mechanisms.
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DNA sequences. Those bacteria which by chance have
acquired a lowered antibiotic susceptibility will survive
while all other sensitive bacteria will die. This selection
leads to the rapid evolution of resistant strains. Many of these
genetic resistances are located on transferable plasmids which
can be easily transmitted between different bacterial popu-
lations. The arsenal of resistance strategies reaches far beyond
direct modifications of the binding sites but also includes
elaborate strategies to chemically inactivate the antibiotic,
pump it out of the cell, restrict its uptake, or bypass the
target’s essentiality (Figure 1).

In fact, these evolutionarily driven mechanisms of resist-
ance emphasize the necessity to limit antibiotic exposure and,
if treatment is warranted, to ensure a full eradication of the
pathogen. However, even if such measures would be strictly
followed, it is still very challenging to fully eradicate dormant
bacteria which reside in a metabolic resting state, so-called
persisters, which can awaken and lead to a relapse of the
infection. Moreover, bacteria from multicellular communities
on surfaces are protected by a thick layer of extracellular
polymeric substances (EPS) which prevent the access of
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antibiotics. These so-called biofilms are a major problem for
implants, catheters, and stents, and represent a constant
source of reoccurring infections. Persisters and biofilms, the
latter of which are also composed of persister cells, represent
natural mechanisms to withstand antibiotic treatment inde-
pendent of acquired resistance.”’ Thus, resistance is a general
phenomenon which is impossible to avoid by traditional
antibiotic therapies.

The antibiotic crisis is further triggered by the limited
number of essential bacterial targets that are addressed by
current antibiotics. These largely focus on inhibiting the
biosynthesis of the cell wall, proteins, DNA/RNA, and folate
or alternatively lead to membrane disruption. This is a sur-
prising finding, as surveys predict that bacteria exhibit about
300 essential genes, which would provide plenty of oppor-
tunity to enlarge the scope to new and still resistance-free
targets.) However, the majority of antibiotics are derived
from natural products which have been optimized towards
a limited set of target hotspots by ancient evolutionary cycles
of microbial combat for limited resources (Figure 1). Overall,
this narrow spectrum of cellular target pathways has triggered
multiple resistances, many of which date back to far earlier
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than their clinical use, as rescue mechanisms that protect the
antibiotic-producing microbe. In fact, recently isolated bac-
teria which were buried in permafrost for 30000 years showed
broad resistance to common antibiotics.”’ Although classical
antibiotics and resistance development are major important
topics to understand the origin of the crisis, they will not be
the focus of this Review and the reader is pointed towards
excellent articles covering this field.[*!

In general, the development of antibacterial compounds is
hampered by basic pharmacological challenges. Uptake
represents a major obstacle that limits the success rate of
such approaches. For Gram-positive strains, which bear only
a single cell membrane, a few antibiotics of last resort are still
available, including daptomycin, linezolid, and tigecycline. In
contrast, Gram-negative bacteria are difficult to penetrate, as
they have both an inner and an outer cell membrane. The
treatment of patients infected by multiresistant Gram-neg-
ative strains such as colistin-resistant Pseudomonas aerugi-
nosa becomes almost impossible—in some cases no thera-
peutic options remain. The WHO has released a priority list
of bacteria, for which new antibiotics are desperately
needed." The top priorities are summarized under the
acronym ESKAPE, which describes the Gram-negative
strains Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter, as well as the
Gram-positive strains Enterococcus faecium and Staphylo-
coccus aureus.

This Review aims to give an interdisciplinary overview of
the attempts and strategies to overcome the current antibiotic
crisis and provides different facets of novel approaches to
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combat pathogenic bacteria. We would also like to highlight
promising strategies which have the potential to generate
a next generation of antibiotic therapeutics.

We divide this Review into three main sections which
reflect the development timeline at very different stages. For
the early stage, we summarize innovative tools and methods
that facilitate antibiotic discovery and are crucial for identi-
fying innovative compounds acting beyond the classical
targets. Next, recent innovative discoveries of antibiotics
against Gram-positive and Gram-negative bacteria will be
discussed and linked to the previous section by highlighting
the corresponding discovery platform. We do not discuss anti-
tuberculosis strategies, as this infection follows different
development principles because of its special membrane
composition and slow growth. We refer the interested reader
to excellent recent reviews."!*! Examples of antibacterial
strategies will be highlighted that go beyond the classical
killing paradigm. Here, strategies to eliminate bacterial
pathogenicity represent a different approach that alleviates
the pressure of resistance development. Finally, we discus
antibacterials which are currently in clinical development,
with a critical evaluation from an industry perspective. As this
Review focusses on selected recent examples, we are unable
to discuss all notable work in this large research field and
recommend outstanding review articles for further read-

ing -1

2. Methods for the Discovery and Validation of New
Antibacterials

In this section, we present a selection of contemporary
approaches for mining novel natural products and discuss
screening methods that allow the assessment of their anti-
bacterial properties. Additional methods have been well-
summarized in previous reviews.'”¥! Furthermore, we high-
light approaches for the investigation of the mode of action of
new compounds, an important parameter for translational
antibiotic research.

2.1. Natural Products as a Resource of New Antibacterials

Natural products are produced by all kinds of micro-
organisms and have been the most important resource for
antibiotic agents.">?"! They are evolutionarily optimized and
thus have been selected for multiple beneficial properties:
1) structural diversity, 2) cell-wall penetration, including for
Gram-negative bacteria, 3) potent cellular activity, and
4) selectivity. However, these molecules have not evolved
for their drug-like properties but to act in bacterial physiology
and ecology. Hence, while the identification of a novel
antibiotic natural product is an essential first step, laborious
research is required to transform a natural product into an
effective antibiotic drug.”'!

For the identification of bioactive natural product candi-
dates, microbes have traditionally been cultivated and their
metabolites screened for a phenotypic effect. Potent fractions
are subsequently further investigated, and the exact chemical
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structure of the active compound is elucidated by labour-
intensive analytical work. This identification strategy has
become well-known as the Waksman platform, in honor of the
pioneering work of Nobel laureate Selman Waksman.!'”!

For many years, Actinomycetes were the most important
resource in terms of number and diversity of natural products.
However, over the last few decades, traditional natural
product extract screenings failed to unravel new active
antibiotics. In particular, the rediscovery of already known
natural products has become a significantly hurdle which has
dramatically increased the attrition rates of natural product
discovery.”?! As the “low-hanging fruits” of antibiotic natural
products have already been picked, novel approaches are
urgently needed. The adaptation of laboratory cultivation
methods was shown to be an effective strategy to revive
natural product discovery. In all natural environments (such
as soil, plants, or the human gut), microbes live in association
with a multitude of other organisms and interact with these
through antagonism, commensalism, or mutualism.”®) In
contrast, laboratory cultivation was for a long time performed
axenically, which means only a single organism was culti-
vated.”? Since microbes concomitantly faced optimal growth
conditions (e.g. excess of nutrients, constant temperature, and
pH value), they were not triggered to produce all the
secondary metabolites they would use in a natural environ-
ment to interact with nearby organisms. Several authors have
reviewed potential methods to induce the expression of the
silent biosynthetic gene clusters (BGCs) of these metabolites,
for example, by varying the cultivation conditions or by
genomic engineering.®?" The cocultivation of multiple
bacterial species has proven to be very effective for the
production of previously unknown secondary metabolites
(Figure 2a).242"28] A recent successful example is the cocul-
turing of two marine species, the producer Micromonospora
together with Rhodococcus sp., to afford the bis-nitroglyco-
sylated anthracycline keyicin (Figure 3). This antibiotic is
active against Gram-positive bacteria and, importantly, does
not share a common mode of action with other anthracycline
compounds. Instead of inducing DNA damage, chemoge-
nomic results indicate that keyicin instead interacts with
bacterial metabolism of fatty acids.”!

To dive deep into the pool of uncharted, yet promising
natural products, scientists have now shifted their focus
towards exploring the “microbial dark matter”,*”) namely, the
85-99% of bacteria and archaea that defy cultivation in the
laboratory.”!! Tt is widely believed that these strains harbor
a plethora of novel bioactive natural product classes. In this
context, Lewis, Epstein, and co-workers pioneered the
development of a diffusion growth chamber, which enables
the cultivation of traditionally “uncultivable” bacteria in
a simulated natural biosphere.”>®! In their approach, envi-
ronmental samples (e.g. soil or marine sediments) are
collected and diluted with agar, placed between two semi-
permeable membranes, and put back into their natural
habitat. The membranes allow free diffusion of nutrients
and growth factors produced by fellow organisms, but restrict
the movement of the trapped microbes (Figure 2b). This
technology improves the number of cultivatable cells dra-
matically up to 50 %, compared to 1% of cells from soil that
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Figure 2. Methods for the discovery of novel natural products. a) Modified cultivation conditions, either by altered environmental cues or by co-
cultivation, induce the microbial production of new natural products. b) Cultivation of microbes in their native environment by means of the
isolation chip (iChip). Environmental samples are collected and diluted in agar to enable the (average) presence of one bacterial cell per hole.
After covering with semipermeable membranes that allow the free diffusion of nutrient and metabolites while restricting bacterial movement, the
iChip is placed back into the original environment. Once colonies are established, they can frequently be grown using traditional culture
conditions and tested for the production of natural products. c) Schematic overview of functional and sequence-based metagenomic workflows.
Metagenomic DNA is isolated from environmental samples (e.g. soil or the human microbiome). For functional metagenomics, DNA fragments
are cloned and ligated into vectors, and then transformed into a suitable host to create a metagenomic library. This can be functionally screened
for phenotypes of interest caused by the production of natural products from the corresponding encoded BGCs. Finally, the metabolites of interest
can be structurally analyzed and responsible gene clusters can be identified by sequencing of the original eDNA insert. In sequence-based
metagenomics, all the eDNA is directly sequenced and bioinformatically analyzed for the identification of BGCs and their natural products.

will grow on a nutrient Petri dish.***! Importantly, once
a colony is produced in situ, a substantial number of isolates
can also be cultivated under laboratory conditions, thereby
allowing the investigation of antibacterial natural products.”®”!
The first antibiotic discovered using a miniaturized, multiwell
diffusion chamber called iChip (isolation chip) was lassomy-
cin (Figure 3), an inhibitor of the ATP-dependent protease
complex ClpC1CIpP1P2 in M. tuberculosis.”*

Despite the advances described, the cultivation of many
microbes is still a major obstacle. In this regard, metagenomic
approaches offer a means for identifying new antibiotics and
their respective biosynthetic gene clusters (BGCs) without
the need to cultivate the original producer strain (Fig-
ure 3¢).3% Metagenomic DNA (or environmental DNA,
eDNA), that is, the collective DNA in a given environment,
can be extracted from essentially every environmental source.
eDNA can be directly sequenced and bioinformatically
analyzed to identify BGCs (sequence-based metagenom-
ics).?#! Alternatively, DNA fragments are first cloned into
a screening vector library, which is transformed into a suitable
heterologous host, where the product of the metagenomic
DNA is expressed. The resulting clones are screened for
a specific phenotype (e.g. growth-inhibition of a pathogenic

Lassomycin

Figure 3. Antibiotic natural products keyicin and lassomycin.
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strain) which is caused by the production of metabolites from
eDNA-encoded BGCs. Subsequently, clones of interest can
be further investigated, for example, to identify the account-
able natural product or its BGC (functional metagenom-
iCS).[41’42]

In addition to ecological environments, metagenomic and
bioinformatic efforts point towards the human microbiome as
a great resource for the discovery of new microbes and their
natural products harboring a variety of biological activities,
including immune modulation or antibiosis.**"! A selection
of fascinating examples of antibiotics identified by these
methods will be discussed in Section 3.

2.2. Synthetic Libraries and Target-Based Screens

When the antibiotic pipeline started to dry out because of
rediscoveries of already known natural products, the focus
changed towards target-based screening of essential bacterial
proteins by using synthetic compound libraries. Although
screening recombinant proteins has been highly fruitful in
drug discovery for multiple diseases, efforts towards novel
antibiotic drugs were mostly disappointing.*>***! The main
reason for this discrepancy is limited compound accumulation
inside the bacterial cell. The compound libraries for anti-
bacterial screenings mostly derived from previous screening
approaches against human targets, thereby neglecting the
substantially different physicochemical properties needed for
antibacterial activity.**>!! In particular, the penetration of
Gram-negative bacteria and circumventing drug efflux pose
significant challenges to today’s antibiotic discovery. Since we
lack a clear understanding of the physicochemical properties
needed to guarantee target engagement in Gram-negative
pathogens, there is no defined set of properties that can be
easily integrated into promising antibacterial candidates.*
Scientists have therefore tried to identify guidelines for
bacterial penetration, equivalent to Lipinski’s rule of five for
orally available drugs. Retrospective analysis of various
screening approaches® % and recent efforts to monitor
and optimize cell penetration have so far only resulted in
vague and sometimes contradicting guidelines.”*® In
a recent comprehensive study by the Hergenrother group,
the accumulation of over 180 compounds inside Escherichia
coli was quantified by mass spectrometry and correlated to
their physiochemical properties. Computational analysis
revealed that small molecules are most likely to accumulate
if they contain an ionizable amine (primary amines pre-
ferred), are amphiphilic, rigid, and have low globularity.
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Figure 4. The addition of a primary amine to the deoxynybomycin
analogue 6DNM, potent solely against Gram-positive bacteria, leads to
broad-spectrum antibacterial activity.
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Application of these guidelines to an analogue of deoxyny-
bomycin (6DNM), an antibiotic active only against Gram-
positive pathogens, indeed enabled the functionalized deriv-
ative 6DNM-NHj to act against a variety of Gram-negative
bacteria (Figure 4).5¢

In the meantime, the limitations of current compound
libraries have been understood and contemporary approaches
are being pursued to broaden the chemical space used for
antibacterial screenings. New libraries are generated using
combinatorial and diversity-oriented synthesis!®* or small-
molecule fragments.*>! These libraries are mostly used for
the targeted screening of purified proteins.

2.3. Screening Platforms

As long as the physicochemical compound properties
needed to reach a cellular bacterial target are not fully
understood, targeted screens with recombinant proteins are
used, although with limited application. For this reason,
industrial programs rely extensively on phenotypic screening
for the identification of new antibacterials.'"”! The screening
platform most widely applied in both industry and academia is
antibiotic susceptibility testing (AST). In this screen, the
incubation of pathogens with increasing concentrations of an
antibiotic allows the determination of the minimal inhibitory
concentration (MIC), that is, the lowest concentration of an
antibiotic which prevents visible growth of the bacterial
species. This value is the most important factor for the initial
assessment of the potency of a compound. Antibiotics can be
grouped into two categories, both of which are therapeutically
efficient: bactericidal drugs immediately kill bacterial cells,
for example, by cell-wall disruption, while bacteriostatic
antibiotics merely stall their growth.

Similar to natural product identification, ASTs have for
a long time overlooked the influence of the bacterial
environment during host infection, which has occasionally
resulted in inaccurate assertions of antibiotic susceptibility.
There is a growing appreciation that antibiotic lethality is
a complex, system-level process which is responsive to
a variety of environmental cues.””! Several studies have
shown that bacterial metabolism is sensitive to factors such as
nutrient and oxygen availability, or the presence of environ-
mental metabolites and bioactive compounds, for example,
antimicrobial peptides (AMPs) produced by the host’s
immune system. All of these components modulate various
pathways and are mainly causative for the altered in vivo
efficiency of antibiotics.**”'7! Efforts were made to mimic
in vivo conditions during in vitro AST to account for this
contextual antibiotic susceptibility. A straightforward and
very effective approach is the substitution of common rich
laboratory medium with minimal medium.>” A recent
study by Ersoy et al. revealed that the antibiotic susceptibility
of various clinical isolates strongly depends on the medium
used for in vitro cultivation. Replacing the MHB medium for
host-mimicking media such as DMEM, MLM, or LPM5.5
during the AST drastically improved the prediction accuracy
for antibiotic efficacy in mouse infection models.”! Similarly,
the addition of physiological concentrations of NaHCO; to
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standard MHB medium resulted in a host-mimicking envi-
ronment, which suggests that the salt is a key component that
contributes to antibiotic susceptibility in vivo."”” Despite
these advancements of in vitro AST, the full complexity of
bacterial infections in vivo can hardly be simulated. There-
fore, high-throughput infection screening has become a val-
uable tool, especially for secondary antibiotic screens.”!
Suitable organisms for predicting drug efficacy against
bacterial infections in mammalian systems with minimal
ethical concerns are zebrafish embryos,*” silkworms,®!:52 wax
moths,**¥! and nematodes (e.g. Caenorhabditis elegans).®>*"!

During the last few years, phenotypic screening has
evolved from the empirical screening of AST to hypothesis-
driven discovery approaches that focus on inhibiting defined
bacterial pathways or functions. The underlying concept is to
combine the advantages of target-based biochemical screens
and cell-based phenotypic assays. Target-based whole-cell
approaches allow the screening of inhibitors for promising
novel bacterial targets directly in live cells. In contrast to
assays on recombinant enzymes, the direct cellular activity of
a compound is thereby guaranteed. Depending on the global
distribution of the target of interest, these efforts aid, in
particular, in the identification of potent antibiotic and
antivirulence (see also Section 4) candidates which spare
commensal bacteria and are likely less toxic to eukaryotic
cells.[”‘lg]

Target-based whole-cell screenings include comparative
profiling of, for example, genetically modified versus wild-
type bacterial strains or the rescue of an antibiotic effect upon
external supplementation, for example, of a metabolite.’™!
Reporter strains are genetically engineered bacterial strains
that allow the readout of a specific physiological perturbation
by the altered expression of a reporter gene, such as GFP.
Numerous HTS campaigns have been performed in various
genetically modified E. coli reporter strains.*? In a compre-
hensive study, Tucker et al. established a sophisticated con-
jugate strategy that allowed the screening of a random library
of 800000 genetically encoded antimicrobial peptides
(AMPs) directly in E. coli, in which one peptide per cell
was recombinantly expressed.””! Comparative next-genera-
tion sequencing of the mutant library (before and after
induction) resulted in the identification of 2000 potent AMP
hits. Importantly, AMP candidates were not biased to
accompanying eukaryotic toxicity, which often limits the
clinical application of cationic AMPs (see Section 5).1*%4

Although E. coli strains allow straightforward genetic
modifications and antibiotic screening, they do not always
accurately reflect bioactivity in clinically important patho-
gens. To account for the different physiologies of bacterial
species, including specific cell-wall structure or virulence
mechanisms, reporter-based assays are directly performed in
the respective strain of interest. Screens of wild-type or
multiresistant bacteria have for example been performed in
S. aureus”>* V. cholerae,”” K. pneumoniae*® and P. aerugi-
nosa. [99,100]

Bacterial cytological profiling (BCP) has proven itself as
a valuable tool that exceeds simple cellular susceptibility tests.
In particular, the automation of microscopic imaging nowa-
days allows not only the parallel monitoring of various
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cellular characteristics and functions in bacterial cells, but also
cellular bacterial infection models. BCP can not only be
applied to phenotypic drug discovery screening, but also to
cytological profiling experiments that allow the study of
a drug’s mode of action, 1014

Additionally, computational methods have been a very
valuable tool for the screening and analysis of potential
antibiotics. The substantial advances in the “-omics” fields
including genomics, proteomics, and metabolomics have
resulted in a veritable explosion of (phenotypic) data.
Bioinformatic approaches aim to take advantage of these
huge data sets to identify new antibacterial compounds and
potential new targets or to help clarify the mode of action of
new compounds.!'®-1%!

2.4. Target Identification and Validation

A major challenge after identifying an antibiotic hit
compound is elucidating its molecular mode of action (MoA).
This is often a key prerequisite for subsequent parameter
optimization during lead development. Previous reviews have
already presented overviews of both traditional (e.g. meta-
bolic labeling of biological macromolecules with radioactive
precursors) and current methods for identification of the
target of new antibiotic compounds.!*112

Many approaches for the identification of antibacterial
targets are based on the generation of resistant mutants,
which are subsequently sequenced to identify altered cellular
targets. The advancement of sequencing technologies nowa-
days allows the cost-efficient analysis of DNA and RNA
samples and has established chemical genomic methods as
a widely applied method for the study of the MoA of new
antimicrobial compounds. The generation of barcoded dele-
tion mutant libraries in which each mutant is encoded by
a specific DNA-sequence allows parallel resistance screening
of all mutants directly in one vessel. This technology was first
reported for yeast and since been applied also in E. coli.
Resistant mutants are identified by comparative sequencing
of the barcodes before and after compound treatment. This
method will become especially powerful when libraries of
barcoded deletion mutants are available for clinically impor-
tant pathogenic strains.'"*"* In the near future, application
of the CRISPR-Cas technology to bacterial cells will most
likely further enable cell-wide target assessment.!®!

The prerequisite for these methods, however, is the
identification of a bacterial clone that is resistant to the
antibiotic of interest because of an alteration of the direct
target, which is not always so straightforward. As already
described, resistance does not necessarily rely on mutations of
a cellular binding partner but can also derive from modified
permeability or transport as well as up-regulation of a com-
pensatory pathway, which complicates the analysis of the
MoA of a compound. Therefore, we will focus on methods for
the identification of protein targets that do not rely on the
generation of resistant mutants, but instead are based on
cellular profiling techniques.

Over the last few years, activity-based protein profiling
(ABPP), pioneered by the groups of Cravatt and Bogyo, has
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Figure 5. Methods for the identification of protein targets of antibiotics. a) For A(f)BPP, parent antibiotics are equipped with an alkyne tag and, if
they are acting noncovalently, a photo-cross-linking group. Live cells are treated with the probe. After formation of the covalent bonds (either by

reaction of the covalent warhead or by UV-mediated cross-linking for photo-cross-linkers), cells are lysed and functionalized with a tag by copper-
catalyzed click chemistry. For conjugation to fluorophore azides, protein targets are separated by SDS-PAGE and visualized by in-gel fluorescence

imaging. When an affinity handle (e.g. biotin azide) is attached, proteins can be enriched by affinity purification, proteolytically digested, and
subjected to mass spectrometry to allow quantitative proteomic analysis. b) Alternatively, parent antibiotic compounds can be used for thermal
profiling assays. Live cells or lysates are incubated with the antibiotic or DMSO (control) at increasing temperatures. The binding of the
compound to the target proteins can lead to a change in the melting temperatures. After incubation, cells are lysed (if live cells were used) and
the samples are centrifuged. The remaining soluble proteins of each temperature sample are either analyzed by SDS-PAGE and Western-Blot or
alternatively by MS-based quantitative proteomics to identify compound-induced stabilization of the target protein.

emerged as a powerful method for target elucidation of small
molecules in live cells!"'?) ABPP analyzes the direct
interaction of ligands and their protein targets (Figure 5a).
Cell-permeable small-molecule probes are applied which
carry functionalities for covalent protein binding and subse-
quent bioorthogonal modification, for example, through an
alkyne tag. After binding to cellular protein targets and cell
lysis, the alkyne group allows conjugation with azide-func-
tionalized fluorophore or affinity tags by the copper-catalyzed
click reaction.'”21%! For fluorophore conjugates, target pro-
teins are analyzed by SDS-PAGE and in-gel fluorescence
imaging. Alternatively, biotinylated samples are enriched by
affinity purification, proteolytically digested, and subjected to
mass spectrometric analysis, which allows the identification
and quantification of target proteins. ABPP was originally
developed for mapping protein targets of covalent probes.
Additional functionalization with photo-cross-linking moiet-
ies (such as benzophenones, aryl azides, or diazirines) has
extended the application to noncovalent parent compounds
and is known as affinity-based protein profiling (AfBPP).
Irradiation with UV light results in the generation of highly
reactive intermediates, which react with proximal protein
groups and covalently link the probe and the protein for
downstream sample preparation."” There are numerous
examples in which A(f)BPP revealed the molecular targets of
small molecules in eukaryotic and prokaryotic cells.*1%) An
illustrative recent example is the target elucidation of the
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Pseudomonad secondary metabolite promysalin in P. aerugi-
nosa."”’) Promysalin is an effective antibacterial compound in
P. aeurigonsa; however, its mode of action was poorly under-
stood. Since the compound does not contain any apparent
covalent warheads, an alkyne-containing photo-cross-
linker'™® was incorporated into the natural product. In
addition, a closely related inactive promysalin photoprobe
was synthesized as a control. Comparison of the enriched
proteins of these two probes and additional competition
experiments using unmodified promysalin allowed the iden-
tification of a succinate dehydrogenase as the molecular
target, which could subsequently be verified by orthogonal
methods.?”) In addition to small molecules, A(f)BPP has also
been applied for the target elucidation of antibacterial
peptides by means of modified amino acids.!'?*'3!

Recent advancements have established mass spectro-
metry as a widely used and very powerful tool for the analysis
of cellular metabolic (metabolomics) or protein (proteomics)
networks. This includes the identification of functional path-
ways that are affected upon treatment with antibacterial
compounds. In a recent study by Zampieri etal., a non-
targeted metabolomics approach was applied to monitor the
immediate short-term metabolic response of FE.coli to
a variety of antibiotic perturbations."*” The authors quanti-
fied changes in about 750 metabolites upon exposure to the
antibiotic and could see concentration- and compound-
specific changes of distinct metabolic pathways. Importantly,
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this profiling approach cannot only be used to predict the
MoA of new compounds, it also aids the identification of
novel druggable targets, as recently shown in M. tuberculo-
sis. 13

Thermal proteome profiling allows an unbiased search of
protein targets in live cells using parent drugs without the
need for modification. It is based on ligand-induced changes
in thermal protein stability, which have been studied in vitro
for decades through thermal shift assays on recombinant
proteins. The simultaneous analysis of the melting curves of
a full proteome became widely known to the scientific
community as the Cellular Thermal Shift Assay
(CETSA).3*133 Protein stability is assessed by compound-
induced changes in the protein precipitation temperatures
which can either be analyzed for selected proteins by Western
Blot, or in an unbiased way using MS-based proteomics
(Figure 5b). Prerequisite for this method is that the protein or
protein complex significantly changes its melting point upon
compound binding. Although thermal proteome profiling has
been widely applied in eukaryotic systems!'**'*”) there are
only a few examples of its use in microbes. However, initial
studies show that this method can also be applied in live
bacterial cells in a targeted way (through Western blot)!351¥)
and in an unbiased way in bacterial lysate (by MS-based
proteomics).*! We believe that thermal profiling will, in the
future, prove to be a powerful method for the identification of
antibacterial protein targets.

3. Novel Antibiotics with High Potential for Further
Development

Novel antibiotics and antibacterial targets are urgently
needed to combat the rampant spread of resistance towards
classic antibiotic agents. Academic research is a key driver in
the advancement of known antibiotic classes and pursues
a multitude of innovative antibacterial approaches, including
light-controlled (de)activation of antibiotics or antibiotic-
conjugation strategies.'"*""'**! For example, the incorporation
of siderophore moieties onto antibiotic structures facilitates
Gram-negative penetration by using a “Trojan horse”
approach, whereby antibiotics are taken up by natural
siderophore transporters. Although a multitude of projects
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would certainly deserve to be discussed in detail, this would
go beyond the scope of this Review. We, therefore, focus on
novel antibiotics which were largely discovered by the
methods discussed above, review their MoAs, and comment
on their antibacterial properties and potential for further
development.

3.1. Teixobactin

The discovery of the nonribosomal depsipeptide teixo-
bactin"*! (Figure 6) in 2015 not only raised the attention of
the scientific community, but also of the general media.
Teixobactin was identified using the diffusion chamber device
iChip (see Section?2), which allows the high-throughput
cultivation of microbes in their natural environment. Extracts
from 10000 isolates obtained by growth in iChips were
screened for antibacterial activity against S. aureus.™ A
previously unknown Gram-negative -proteobacterium iso-
lated from soil, Eleftheria terrae, was identified as the
producer of teixobactin. Teixobactin displays remarkable
activity against a variety of Gram-positive bacteria, including
multiresistant strains (e.g. methicillin-resistant S. aureus
(MRSA): MIC of 0.25 uygmL™", vancomycin-resistant Enter-
ococci (VRE): MIC of 0.5pugmL™") and is superior to
vancomycin in killing late exponential phase populations.
Additionally, M. tuberculosis, Bacillus anthracis and C. diffi-
cile are killed very efficiently. However, teixobactin is
inefficient against Gram-negative pathogens, with the excep-
tion of outer membrane-defective FE. coli mutants, thus
indicating that the compound is unable to traverse the outer
membrane of Gram-negative bacteria.l'*/]

Teixobactin exhibited excellent in vivo potency in three
different mouse infection models, equivalent to or even
surpassing the approved antibiotics vancomycin and amoxi-
cillin. For example, in a mouse septicemia model of intra-
peritoneal MRSA infection, the PDs, (protective dose at
which half the animals survive) for teixobactin was 0.2 mg per
kg, in comparison to vancomycin with a PDs, of 2.75 mg per
kg. Importantly, all efforts to generate teixobactin-resistant
S. aureus and M. tuberculosis mutants in the laboratory so far
failed, thus encouraging its potential application as a thera-
peutic agent.'*

HN NH2

©¢xuwﬁﬁ

NHO (o}

D-Arg,-Leuyo-teixobactin i
NH HNY

}o

Figure 6. The natural product teixobactin and its synthetic analogue p-Arg,-Leu,-teixobactin.
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The MoA of teixobactin was elucidated by macromolec-
ular incorporation studies, which showed strong inhibition of
peptidoglycan biosynthesis upon compound treatment. Sub-
sequent in vitro analyses revealed that teixobactin binds to
the highly conserved pyrophosphate motifs of multiple
bacterial cell-wall substrates, for example, lipid II, a precursor
of peptidoglycan, and lipid III, a precursor of cell-wall
teichoic acid. Additionally, it also binds to the cytosolic
lipid I, which, however, is not responsible for the antibiotic
effect.™! Further comprehensive studies revealed that the
synergistic inhibition of both peptidoglycan and teichoic acid
synthesis results in cell-wall damage, delocalization of auto-
lysins, and ultimately cell lysis.'*! The lack of resistance
development so far is a result of the multifacetted MoA,
combined with the fact that teixobactin addresses a highly-
conserved non-protein target.['*!

Various groups have pursued the total synthesis of
teixobactin and its corresponding analogues. Additionally,
NMR and crystallographic studies have given insight into the
structural details of the peptide and identified the macro-
lactone ring to be essential for pyrophosphate binding and
thus the antibiotic effect (all of this is summarized excellently
by Guo etall'¥! and Fiers et al'®!). In-depth structure—
activity relationship (SAR) studies, especially aiming to
replace the synthetically inconvenient L-allo-enduracididine
(L-allo-End) amino acid, led to the identification of various
potent derivatives, including D-Arg,-Leu,,-teixobaction
(Figure 6).">11 This peptide is readily available syntheti-
cally and shows excellent antibacterial activity against MRSA
(MIC of 0.125pugmL™") and 18 additional Gram-positive
strains. Importantly, the peptide does not exhibit toxicity,
neither in vitro nor in vivo (topical administration in a rabbit
corneal damage model), and clears infections in a mouse-eye
model of S. aureus keratitis as well as the approved antibiotic
moxifloxacin.['*

3.2. Malacidin A + B

Malacidin A and B (Figure 7) are novel lipopeptide
antibiotics that were recently discovered using a culture-

MalacidinA R =Me
MalacidinB R = Et

Figure 7. Chemical structures of malacidin natural products.
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independent strategy.'™) They belong to the family of
calcium-dependent antibiotics. All previously known mem-
bers of this group contain a conserved Asp-X-Asp-Gly motif
that is thought to facilitate calcium binding, which is essential
for antibacterial activity, but is absent in the malacidins. The
most prominent member of this family is daptomycin, one of
the last approved antibiotics with a novel MoA.

Hover etal. aimed to identify new calcium-dependent
antibiotics by a metagenomics approach.*> By using a large
eDNA collection isolated from >2000 unique soils, they
performed a sequence-guided screen for BGCs similar to
those of known calcium-dependent antibiotics. Bioinformatic
analysis and phylogenetic mapping guided them to a very
abundant, yet so far unknown, class of natural products, which
they termed malacidins (metagenomics acidic lipopeptide
antibiotic-cidins). Well-established metagenomic cloning
methods were then applied to a desert soil sample especially
rich in malacidin BGCs, which resulted in two new antibiotics:
malacidin A and B which only differ in a single methylene
group in the N-terminal lipid chain.[*3 Malacidins are the first
members of a novel class of calcium-dependent antibiotics in
which the canonical Asp-X-Asp-Gly calcium-binding motif is
replaced by (Asp-OH)-Asp-Gly. Nevertheless, they still
execute their antibacterial activity in a calcium-dependent
manner. Malacidin A shows excellent antibiotic activity
against a variety of Gram-positive pathogens, including
multidrug-resistant strains (e.g. MRSA: MIC of 02-
0.8 pgmL~!, VRE: MIC of 0.8-2.0 pgmL™"). However, it is
inactive against Gram-negative bacteria. All efforts to gen-
erate malacidin A resistant S. aureus mutants in the labora-
tory have so far failed."” Tmportantly, malacidin A is non-
toxic to mammalian cells invitro and does not induce
hemolysis of sheep red blood cells. The in vivo efficacy was
assessed in a rat cutaneous wound infection model, where
topical administration of malacidin A successfully cured
MRSA infections.!'*”!

Previously known calcium-dependent antibiotics act
either by 1) binding to cytosolic membrane phospholipids
and oligomerizing in the membrane to diminish membrane
integrity (daptomycin) or 2)by binding to the lipid IT
precursor undecaprenyl phosphate (C55-P) to inhibit cell-
wall biosynthesis (e.g. laspartomycin, friulimicins).['*!>]
Comprehensive in vitro studies revealed that while malacidin
also inhibits cell-wall biosynthesis, it does not bind to C55-P.
Instead, it exerts its antibiotic activity by calcium-dependent
binding to lipid II. Importantly, malacidin A shows no cross-
resistance to vancomycin, which also targets lipid II, thus
confirming a different binding site.'"™ Further studies are
necessary to investigate if teixobactin and malacidin A share
a common binding mode to lipid II.

3.3. Lysocins

Lysocins are depsipeptides produced by Lysobacter sp.
which share a common skeletal backbone consisting of 12
amino acids. They were first identified by a phenotypic HTS
for growth inhibition of S. aureus caused by culture super-
natants from soil bacteria.™!! To further prioritize the initial
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hit candidates, a silkworm infection model was used as
a secondary screen. This platform was previously proven to be
a valuable tool for the assessment of toxicity and antibacterial
efficacy of primary hits.'**!5) The most potent analogue,
lysocin E (Figure 8), exerts good antibacterial activity against
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Figure 8. Chemical structure of lysocin E, |, and J.

Gram-positive pathogens, including methicillin-sensitive
S. aureus (MSSA) and MRSA strains (MICs of 4 ugmL™),
but lacks potency against Gram-negative bacteria. The
peptide shows low toxicity against mammals (intraperitoneal
administration of 400 mg per kg body was tolerated in mice)
as well as excellent in vivo effects in a mouse intraperitoneal
infection model with S. aureus (subcutaneous administration,
EDjs,: 0.5 mg per kg body weight). Macromolecular incorpo-
ration assays were carried out in an attempt to identify the
mode of action of lysocin E and showed immediate termi-
nation of all cellular biosynthesis pathways upon compound
treatment. Together with the strong bactericidal activity, this
directed the authors towards a mechanism of membrane
disruption. The generation of §. aureus mutants resistant to
lysocin E revealed altered menaquinone biosynthesis genes,
and the addition of menaquinone was able to rescue wild-type
bacteria. Subsequent studies suggested that lysocin E exerts
its antibacterial effect by directly binding to menaquinone
within the cytoplasmic membrane, thus promoting membrane
disruption.’® This unusual mode of action was supported by
the total synthesis and study of lysocin E as well as several
derivatives.">*! In a recent study, Santiago et al., however,
found evidence that lipid II is a molecular binding partner of
lysocins and is, therefore, likely responsible for the bacter-
iolytic phenotype.'®! The authors developed a novel genome-
wide mutant profiling approach that allows the identification
of the MoAs of novel antibiotics. To validate their platform,
they applied it to an uncharacterized natural product sample.
Coincidentally, the isolated peptides included lysocin E and
a new derivative lysocinJ (Figure 8). Transposon mutant
analysis revealed lipid II to be the molecular target of the
peptides and subsequent peptidoglycan synthesis assays
showed inhibition through an antibiotic/substrate binding
stoichiometry of 2:1. Furthermore, an innovative affinity

www.angewandte.org

KThese are not the final page numbers!

Reviews

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemationalEdition’y) Chemie

capture assay allowed direct verification of binding between
lipid IT and lysocin E, whereas menaquinone did not compete
with this interaction. As menaquinone-deficient S. aureus
mutants were shown to have very low levels of lipid II, this
might explain the previously observed menaquinone-depen-
dent antibiotic susceptibility.'*” Future studies will reveal if
menaquinone and lipid IT are both able to bind lysocin E
simultaneously in a noncompetitive manner and will give
further insights into the exact MoA of lysocin natural
products.

3.4. Cystobactamids and Albicidins

Cystobactamids and albicidins (Figure 9) are closely
related natural product classes which consist of a central
amino acid motif, substituted p-aminobenzoic acid (pABA)
chains—rare features in natural products—and an N-terminal
group. The natural products and their respective BGCs were
first independently identified in two unrelated species,
Cystobacter sp."®" and Xanthomonas albilineans"®! Impor-
tantly, both compound classes have excellent activity in the
low ugmL~! range not only against Gram-positive, but also
against Gram-negative bacteria, including clinically relevant
ESKAPE pathogens. Various members of both compound
classes have been prepared synthetically, thereby unambigu-
ously determining the configuration of the central amino acid.
The different derivatives vary in their central amino acid
motif, pABA-substituents, and N-terminal modifications. To
date, 13 cystobactamids, 19314 including two analogues
called coralmycin A/B, which were first identified from
Corallococcus sp.,'") and numerous natural and synthetic
albicidin derivatives!'®'®) have been reported. Cystobacta-
mids and albicidins represent the first natural products that
inhibit the subunit A of type II topoisomerases. This MoA
was verified by the presence of resistance genes and by assays
using recombinant enzyme.'!! The antibacterial activities of
the derivatives vary depending on the bacterial pathogens,
which seems to be mostly a result of penetration and efflux
since invitro inhibition of DNA gyrase enzymes is often
comparable in the low-nanomolar range.'®! Cystobactamids
and albicidins can be considered as natural analogues of

Albicidin ?
| NHp OH O OH
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R=H Cystobactamid 919-2
R = OH Cystobactamid 935-2 (Coralmycin A)

Figure 9. Representatives of the closely related natural product classes
of the albicidins and cystobactamids.
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synthetic quinolones, with whom they share their cellular
target. Notably, quinolone-resistant pathogens are still parti-
ally susceptible towards cystobactamids and albicidins, which
is attributed to their moderately different binding modes. If
known limitations, such as the previously reported low
solubility of the compounds, can be overcome, cystobacta-
mids and albicidins may in the future open new possibilities to
target bacterial DNA replication.

3.5. Retinoids

Persister cells pose a true challenge to infection therapy,
as bacteria in this nongrowing, dormant state have a high
antibiotic tolerance and often cause chronic and recurrent
infections.” In view of this obstacle, a new class of synthetic
retinoid (vitamin A) antibiotics was recently discovered by
Kim et al. using a high-throughput C. elegans-MRSA infec-
tion screen.'” Of the 82000 small molecules screened, two
retinoid compounds CD437 and CD1530 (Figure 10) exhib-

OH OH
s e

Figure 10. Retinoid antibiotics which are active against persister cells.

0O

OH

2

CD437 CD1530 Analogue 2

ited potent bactericidal activity against MRSA (MIC of
1 pgmL™), completely eradicating persister cells formed by
13 clinical isolates. Additionally, they were active against
persisters found in MRSA biofilms. Although showing high
killing rates for Gram-positive bacteria, both compounds
were inactive against Gram-negative pathogens. Resistance
development towards these drug candidates is unlikely, as
only a twofold greater resistance of MRSA to CD437 and
CD1530 was observed after serial passaging for 100 days.
Studies of the MoA showed that the compounds act by
membrane permeabilization, although they do not directly
lyse bacterial cells. Molecular dynamics simulations demon-
strated the ability of the retinoids to become embedded in
lipid bilayers, whereas closely related derivatives failed to
insert. As a consequence of the significant cytotoxicity of the
parent compounds, additional derivatives were synthesized.
Analogue 2 (Figure 10), a retinoid in which the carboxylic
acid of CD437 is substituted for a hydroxy group, retains anti-
persister activity (MIC of 2ugmL™"), while having an
improved cytotoxicity profile both invitro (LCs
>31 pugmL™ in human primary hepatocytes and HepG2
cells) and in mice (no detectable hepatic or renal toxicity at
intraperitoneal doses of up to 80 mgkg ™' (highest dose tested)
every 12 h for 3 days). Importantly, a combination of genta-
mycin and analogue 2 or gentamycin with CD437 exhibited
considerable efficacy in a mouse model of deep-seated thigh

Reviews

MRSA infection. This efficacy most likely stems from
increased passive diffusion of gentamycin upon retinoid-
derived membrane permeabilization.'™ A combination of
retinoids and known antibiotics may, therefore, be an
effective strategy in the treatment of chronic Gram-positive
infections. Future studies will reveal if cytotoxicity, one of the
remaining major obstacles, can be overcome by additional
derivatives.

3.6. Oxadiazoles

Oxadiazoles are new, non-f3-lactam antibiotics that inhibit
penicillin binding protein 2a (PBP2a). Notably, the com-
pound class was identified by in silico screening against the X-
ray structure of PBP2a.'"" Lead optimization and extensive
SAR studies led to multiple promising derivatives, including
oxadiazole 3 (Figure 11), which showed excellent potency

L
HO@‘(NY@( CFs
HNb\(N ’ CFs

o-N
Oxadiazole 75b

Oxadiazole 3

Figure 11. Chemical structures of oxadiazole antibiotics.

against a panel of Gram-positive bacteria (e.g. linezolid- and
vancomycin-resistant MRSA, as well as VRE: MIC of
2 ugmL™"). However, all the compounds were inactive against
Gram-negative pathogens.'’!! Macromolecular biosynthesis
assays with radiolabeled precursors verified the antibiotic
activity of oxadiazoles to be mediated by inhibition of the
cell-wall biosynthesis. For detailed analysis, serial passaging of
S. aureus in the presence of increasing levels of oxadiazole 3
led to two mutants that showed a twofold and > fourfold
(limit of solubility) increase in the MIC value, respectively. In
accordance with previous findings, the mutations were traced
back to structural genes or promotors of the genes of the cell-
wall stress stimulon.'” Additional comprehensive SAR
studies revealed the oxadiazole 75b (Figure 11) to have
a similar potency as oxadiazole 3 invitro, while having
a threefold reduced toxicity in HepG2 cells (ICs, of
258 ugmL™! versus 75.7 ugmL~!, respectively).'’”” The
in vivo efficacy was assessed using a mouse MRSA peritonitis
model, in which per oral administration of a single dose of
oxadiazole 75b was very effective (EDs, of 3.1 mg per kg
body weight, compared to 2.8 mg per kg for linezolid).l"!
Furthermore, oxadiazole 75b showed equivalent or superior
efficacy to linezolid in a mouse MRSA neutropenic thigh-
infection model.'™!
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3.7. Antibiotic Natural Products from the Human Microbiome

During recent years, the clinical importance of the human
microbiome has been scientifically recognized. Not only do
bacteria, for example, in the intestinal tract, play a role during
digestion, but they may also influence pathogenesis and
convalescence of numerous diseases by metabolism of
endogenous molecules as well as xenobiotics.”'™ As in
every ecosystem, human microbes are in permanent inter-
species competition for which they produce diverse, yet
poorly investigated antibacterial compounds. Hence, the
human microbiota might become a valuable source for the
identification of novel antibiotic classes.*”! In a process called
syn-BNP (synthetic-bioinformatic natural product analysis),
Chu etal. bioinformatically predicted the structures of
natural products from primary sequences of human-derived
eDNA and subsequently chemically synthesized the com-
pounds for antibacterial testing. Their method led to the
identification of two natural products, Humimycin A and B
(Figure 12), which are N-acetylated linear peptides, compris-
ing four L- and three p-amino acids.*”) The peptides and their
synthetic derivatives target the lipid I flippase Mur] of
S. aureus and thereby sensitize resistant pathogens towards f3-
lactam antibiotics.*”! Lactocillin (Figure 12) is a novel thio-
peptide antibiotic produced by a prominent member of the
vaginal microbiota, Lactobacillus sp. It was identified by
Fischbach and co-workers through sequence-based metage-
nome mining. Lactocillin shows activity in the nanomolar
range against S. aureus, E. faecalis, and other Gram-positive
pathogens. Its therapeutic application and its MoA, however,
need to be further evaluated.*! Lugdunin (Figure 12) is
a macrocyclic thiazolidine peptide antibiotic produced by
Staphylococcus lugdunensis. 1t was identified by Zipperer
et al. when screening Staphylococcus samples from the human
nasal cavity for S. aureus antagonism.'”® The authors found
one strain, S.lugdunensis, that strongly antagonized the
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Figure 12. Natural product antibiotics derived from the human micro-
biome.
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S. aureus growth and, after overcoming initial cultivation
problems, they were able to generate S. lugdunensis mutants
that lacked bioactivity. The mutation was traced back to an
NRPS gene cluster, which was suggested to be responsible for
the production of an NRP antibiotic. Recombinant expres-
sion led to the isolation and structural elucidation of lugdunin.
Lugdunin is active against Gram-positive pathogens, includ-
ing MRSA and VRE (MIC values of 1.5 and 12 pgmL™",
respectively) and shows strong bactericidal activity in a mouse
skin infection model. Importantly, neither the serial passaging
with sub-inhibitory concentrations over 30 days nor the
in vivo treatment with lugdunin led to the development of
resistant S. aureus mutants. The MoA of lugdunin is not yet
understood and requires future investigations.!!”®!

3.8. Riboswitches as Novel Antibacterial Targets

RNA riboswitches are—in addition to the cell wall—
promising non-protein targets for antibacterial agents. Bac-
terial riboswitches, usually found in the 5-UTR (untranslated
regions) of mRNA, act as intracellular sensors of different
ligands, including amino acids, inorganic ions, purines, and
coenzymes. The binding of a ligand to the aptamer domain of
a cognate riboswitch induces a conformational change in the
expression platform, thereby regulating transcription and
translation of downstream genes (Figure 13a). Most ribo-
switches control the biosynthesis and transport of their
respective ligands, which serves as a feedback mechanism to
modulate metabolism."”” Although this mechanism is prev-
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Figure 13. a) Regulation of transcription and translation by the FMN
riboswitch and b) chemical structures of FMN and inhibitors of the
FMN riboswitch.
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alent in bacteria, no riboswitches have been found in humans
to date. This observation, in combination with the prevalent
essentiality of regulated genes for bacterial growth, makes
riboswitches attractive antibiotic targets.'” One of the best-
characterized antimetabolite inhibitors of a riboswitch is the
natural product roseoflavin (Figure 13b). It is an analogue of
riboflavin (vitamin B,), from which flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD), two essential
cofactors of numerous flavoenzymes, derive. Roseoflavin
targets FMN riboswitches of multiple bacterial species.
However, it simultaneously also inhibits more than 40
bacterial and eukaryotic flavoenzymes, thus resulting in
toxicity issues.!””!

Confirmation that bacterial riboswitches can indeed be
selectively targeted was obtained from the identification of
two novel inhibitors of the FMN riboswitch in 2015: SFDQD
and ribocil-C (Figure 13b). SFDQD is a novel analogue of
riboflavin and shows potent and rapid bactericidal activity
against Clostridium difficile in vitro (MIC 0.5-1 pygmL™") and
also in a mouse infection model (murine CDI model, peroral
dosing), while sparing other bacteria found in the murine
cecal flora."®! Ribocil-C is a “drug-like” small molecule that
is chemically unrelated to FMN. It was first identified by
comparative phenotypic screening of a synthetic small-
molecule library.'®!) The screen was based on monitoring
the growth inhibition of E. coli, which was completely sup-
pressed in the presence of exogenous riboflavin. Target
selectivity towards the FMN riboswitch was elucidated by
generation of resistant E. coli mutants that showed mutations
in the FMN biosynthesis genes. Furthermore, an X-ray
cocrystal structure allowed insights into the binding mode of
ribocil-C. Importantly, in addition to its in vitro activity (MIC
2 ugmL " against E. coli), the compound also showed in vivo
activity when applied subcutaneously in a murine systemic
E. coli infection model.!"s1¥

Whereas Gram-negative bacteria exclusively rely on the
de novo biosynthesis of riboflavin, Gram-positive bacteria
possess systems for both uptake and de novo synthesis which
are regulated by two different FMN riboswitches. Effective
treatment of S. aureus infections, therefore, requires inhib-
ition of both riboswitches, as shown by a combination treat-
ment with ribocil-C and roseoflavin.'™® Although targeting
riboswitches is a very promising approach which increases the
number of new antibacterial targets, good in vivo inhibition
without rapid development of resistance remain a challenge
for future investigation.

4. Antivirulence

Despite their simple and effective use, antibiotics exhibit
drawbacks beyond the problem of inherent development of
resistance. For example, they usually do not distinguish
between commensal bacteria in the gut and disease-causing
pathogens, which results in side effects such as diarrhea. To
avoid these limitations, the concept of antivirulence was put
forward, which aims to selectively disarm, but not kill, the
pathogen. By applying this approach, the commensal flora is
preserved and bacteria are under less selective pressure with
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the intriguing perspective of slower development of resist-
ance.

Pathogens deploy a diverse arsenal of virulence factors
tailored to not only colonize (pili, fimbriae, afimbrial
adhesins, and invasins) and damage (toxins, hemolysins, and
proteases) host cells, but also to evade the host immune
system and to render themselves resistant to drug treatment
(biofilm)."* Thus, disabling virulence factors disarms patho-
genic bacteria, decreases the rate of infection, and eventually
makes them vulnerable to clearance by the immune system.
Despite these advantages, a practical antivirulence therapy
faces several challenges. Virulence factors are often limited to
several closely related pathogens and thus antivirulence
agents are usually narrow in spectrum. Furthermore, the
pathogen-host interaction is a complex and dynamic process
that requires a precise understanding of pathogenic mecha-
nisms during various infection and disease stages. As viru-
lence factors play diverse roles during infection, a combina-
tion of several agents may be needed to enhance the scope
and success of treatment. Furthermore, coadministration with
established antibiotics may be needed to reduce bacterial
burden in high-risk patients and to eradicate persistent
pathogenic bacteria in immunocompromised patients.
Although the argument for lack of resistance development
in antivirulence strategies is debatable, especially for those
virulence factors that are of immediate advantage to bacteria,
the narrow spectrum of most approaches indeed impairs
horizontal gene transfer, a major pathway for the trans-
mission of resistance.'s>%]

The infection process represents a finely tuned continuum
that depends on environmental cues and bacterial population
density, which are determined through intertwined regulatory
systems such as quorum sensing, cyclic nucleotide signaling,
two-component systems etc. (Figure 14). These virulence
pathways are prevalent and exhibit versatile roles in bacteria
which provide competitive advantages to the cell. For
example, to cope with the hostile environment during an
infection in host tissue, bacteria tightly control the expression
of virulence factors to avoid premature recognition and
elimination by the immune response.

Plenty of efforts have been devoted to develop innovative
antivirulence strategies. These strategies usually target key
virulence factors through their regulatory pathways, secretion
systems, or direct function. A large number of small
molecules have been investigated for their modulation of
regulatory pathways and secretion systems. In addition,
antibodies were specifically raised against toxins to eliminate
their devastating function to host cells. As a consequence of
their sheer number, we solely discuss selected examples of
small-molecule approaches with a focus on the past five years.
Excellent reviews covering different aspects of this topic have
been published and are recommended for further read-

ing‘[m ,184,187-190]
4.1. Quorum Sensing

Small populations of pathogens can persist undetected for
a long time on the human skin or nose without causing
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Figure 14. Schematic overview of the targets of antivirulence strategies discussed in this Review. Abbreviations: c-di-GMP: bis(3',5")-diguanosine

monophosphate or cyclic diguanylate, T3SS: type IIl secretion system.

disease. However, when the immune system is weakened, for
example, in hospitalized patients, bacteria have a unique
opportunity to grow and overrun the host by virulence
expression. To coordinate these attacks with a population that
is strong enough, bacteria detect their population density
through quorum sensing (QS). Here, bacteria secrete small
molecules called autoinducers that are sensed by specific
receptors of a growing population (Figure 15). Upon attain-
ment of a certain quorum, signaling processes inside the
bacteria initiate the expression of an arsenal of toxins which
are secreted into the extracellular space.”'”l Targeting QS

a) N-Acyl homoserine lactones (AHLs)
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represents an early intervention into bacterial pathogenesis
by disruption of their elaborated communication and signal-
ing pathways. Classical QS autoinducers can be mainly
categorized into the Gram-negative-specific N-acylhomoser-
ine lactones (AHLs), Gram-positive-specific autoinducing
peptides (AIPs), and interspecies autoinducer2 (AI-2).
Synthetic analogues of these molecules have been tested for
their ability to manipulate bacterial communication. For
example, the binding of AHL derivatives to LasR, an receptor
and transcriptional activator from P. aeruginosa, was
explored, with antagonistic to agonistic effects observed.'”!

b) Autoinducing peptides (AIPs)
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Figure 15. Chemical structures of representative autoinducers from four different QS systems (highlighted in blue) and examples of their

corresponding modulators.
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Interestingly, Blackwell and co-workers found one synthetic
analogue S4 (Figure 15a), which inhibited the production of
two important virulence factors, pyocyanin and rhamnolipid,
in P, aeruginosa. This regulation is believed to occur through
an interconnection between Pqs and Rhl quorum sensing
pathways."* Other examples include mBTL!) and N-(3-
oxododecanoyl)homoserine lactone (OdDHL) mimics which
contain aromatic head groups.!'*!

The signaling pathways of autoinducer peptides (AIPs)
are present in many Gram-positive bacteria and have been
intensely investigated in S. aureus. They play a crucial role in
the regulation of a number of key virulence factors, such as
adhesins, hemolysins, and staphylocoagulase."””! This so-
called agr (accessory gene regulator) system has four allelic
variants and can thus be categorized into four subgroups
based on the intraspecies AIPs (AIP-I to ATP-TV).!'"*! Muir
and co-workers developed AIP-II analogues as AgrA inhib-
itors!'2°!l and Blackwell and co-workers recently published
a series of studies on AIP mimetics with a focus on AIP-
IIL.2% A set of synthetic AIP-III analogues were found to be
excellent inhibitors of all four AgrC receptors in both
fluorescence reporter and hemolysis assays. The most potent
inhibitor, D4A, exhibited picomolar ICs, values.”™ To avoid
the hydrolytically labile thiolactone moiety, D4A was con-
verted into its amide analogue (D4A amide), which exhibited
high stability with only a slight reduction of activity (Fig-
ure 15b).?" Besides employing AIP analogues to target
AgrC, some active small molecules were discovered to
interact with other gatekeepers of the Agr system.!””-2! For
example, savirin and w-hydroxyemodin were shown to
impede Agr signaling in S. aureus by targeting the response
regulator AgrA, thereby resulting in bacterial clearance in
a mouse infection model.”>*!

In view of the role of AI-2 for interspecies communica-
tion,” various modifications on the AI-2 precursor 4,5-
dihydroxy-2,3-pentanedione (DPD) have been -carefully
examined.”2*! Although possible sites for modification
are limited, variations at C1 and C4 led to the discovery of C1-
propyl- and butyl-DPDs as potent AI-2 QS antagonists in
S. typhimurium and native DPD and C4-ethoxyl- and proxyl-
DPDs as Al-2-based QS agonists in V. harveyi AI-2 (Fig-
ure 15¢).2%2!1 Further manipulation of this pathway was
observed with fimbrolide natural products, which cause
phenotypic changes in various bacterial strains. Chemical
proteomics confirmed that fimbrolides inhibit AI-2 signaling
by targeting LuxS.?!225!

In addition to interfering with these three classical QS
pathways, some species-specific QS systems of important
pathogens have also attracted attention. In particular, the
Pseudomonas quinolone signal (PQS) pathway, in which both
PQS and 2-heptyl-4(1H)-quinolone (HHQ) act as autoinduc-
ers, has to be mentioned here. In-depth SAR studies have led
to various synthetic PQS/HHQ agonists or antago-
nists.'*2'42%1 One key discovery was that an antagonist of
the PQS and HHQ receptor PgsR, 6-nitro-HHQ, can undergo
in vivo conversion to 6-nitro-PQS, which turns out to be
a potent PqsR modulator. Based on this finding, a carbox-
amide analogue was synthesized, which showed inhibition of
pyocyanin production as well as protection of C. elegans from
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P. aeruginosa PA14 infection in a nematode assay (Fig-
ure 15d).217218]

4.2. Type lll Secretion Systems (T3SS)

Several pathogens utilize tailored secretion systems to
inject destructive cargos such as toxins, adhesins, and effector
proteins into host cells. The responsible type III secretion
systems (T3SS), most common to Gram-negative bacteria,
possess a needle-like structure that enables direct transloca-
tion of virulence factors into target cells through pore
formation and transmembrane passage.’'”! After their injec-
tion, often guided by chaperones, these virulence factors
subvert or weaken host cellular pathways and contribute to
pathogenesis, disease, bacterial survival, and persistence.”*"!
Defects in T3SS function and assembly were shown to abolish
pathogenicity in many cases, thus making it an attractive
target for inhibitor development.”?!! A number of T3SS
inhibitors have been discovered which interfere with T3SS
expression regulation, needle component synthesis and
assembly as well as secretion and translocation of the effector

rotein  (Figure 16).7224  Salicylidene  acylhydrazides
y ylhy
cl o R' =Me R'=Me _OH
T D J\@VF
H
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Figure 16. Overview of representative T3SS inhibitors.

(SAHs) represent a well-known class of T3SS inhibitors that
have been extensively studied in various pathogens including
P. aeruginosa and Salmonella typhimurium. Diverse SAH
derivatives such as INP0341 have been synthesized and were
found to attenuate bacterial pathogenesis.””?*! However,
these SAHs seem to function through several mechanisms
which need further elucidation.™ In a different approach,
screening of compound libraries with a cellular reporter assay
revealed phenoxyacetamide MBX 1641 to be a potent inhib-
itor of P. aeruginosa T3SS (IC5y~ 10 pm) with a low toxicity
against eukaryotic cells (Figure 16).*!) Sequencing of inhib-
itor-resistant mutants unraveled that the molecules exert their
antivirulence properties by binding to the needle apparatus
PscF.* Based on these promising results, selected phenoxy-
acetamides (MBX 2401, MBX 3357, and MBX 3459) were
tested in a mouse model of P. aeruginosa abscess formation
and, consistent with the in vitro data, significant reduction of
the infected area could be observed. > In addition to the
intensive efforts centering around the development of the
T3SS inhibitor, other secretion systems, such as T4SS, also
play major roles in pathogenesis.”"! Nevertheless, only a few
small molecules have so far been reported to interfere with

T4SS, thus rendering it an important area for future stud-
s [239]
ies.
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4.3. Biofilm Inhibitors

Many properties of biofilms, such as poor penetration of
compounds and their composition of persister cells, greatly
challenge antibiotic treatment."® For example, a bacterial
species embedded in a biofilm has been shown in some cases
to be about 100-1000 times more tolerant to antimicrobials
compared to the planktonic state.™ Typically, biofilm
formation occurs in five well-organized steps: 1) reversible
attachment on a surface, 2) irreversible adhesion, 3) micro-
colony development, 4)extracellular polymeric substance
(EPS) secretion and three-dimensional biofilm maturation,
and 5) dispersal. These steps are deliberately regulated by
bacterial signaling systems such as QS,%"%% dicyclic-GMP
signaling,®! and two-component system (TCS).?*"! Although
interfering with these signaling systems represents a promising
strategy to block biofilm formation as discussed in Sec-
tion 4, some other approaches are also promising for
biofilm treatment.

Biofilm formation is a reversible process and its partial
transformation back to the free-floating planktonic state
provides an opportunity to target bacteria by drug treatment
or the immune system. Manipulating biofilm dispersal is thus
one of the major routes towards biofilm treatment. Biofilm
dispersal can be achieved by extracellular enzymes that are
able to degrade EPS components. In this regard, various
proteases, deoxyribonucleases, and glycoside hydrolases were
shown to degrade the biofilm matrix.?**?*! Interestingly,
inspired by these enzymatic processes, a multinuclear metal
complex which mimics DNase activity was designed to
degrade extracellular DNA. This compound is not only
environmentally stable and exhibits activity against biofilm
formation, but also causes dispersion of established biofilms,
thus suggesting a huge potential for further development of
enzyme mimetics.”*!

Zrozar s AD
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Moreover, several small molecules or peptides have been
developed that show activity in the modulation of biofilms
(Figure 17).2%! Glycomimetic compound 7b, an inhibitor of
the fucose binding lectin LecB with drug-like properties, was
recently reported to reduce biofilm formation by 80-90 % for
P. aeruginosa at 100 uM, while no toxicity was observed for
human cells. It exhibits great target selectivity and binds LecB
1000-fold more strongly than the cognate host lectin langerin.
Moreover, glycomimetic 7b exhibited good metabolic stabil-
ity in ADME (absorption, distribution, metabolism, and
excretion) experiments as well as oral bioavailability during
in vivo studies. The evaluation of this compound in animal
models of infection will be needed to show its efficacy.***!

Halogenated phenazine (HP) analogue 14, inspired by
marine antibiotic 2-bromo-1-hydroxyphenezine, is able to
efficiently eradicate biofilms formed by MRSA, methicillin-
resistant S. epiderimdis (MRSE), and VRE with minimum
biofilm eradication concentrations (MBECs) of 12.5 um,
1.56 uMm, and 0.20 pmM, respectively. This excellent potency is
promising for future development. Moreover, it also kills
persister cells effectively without showing toxicity to mam-
malian cells.**” Cationic amphiphiles such as quaternary
ammonium amphiphiles®®! have also shown antibiofilm
activity. Recently, cationic pillararenes (Figure 17) were
revealed to inhibit biofilm formation effectively at sub-MIC
concentrations in several clinically important Gram-positive
pathogens including S. aureus and E. faecalis. Moreover,
these compounds do not cause damage to human cells.**!
In addition to synthetic molecules, nature has tailored
a variety of small molecules to combat biofilm formation.
Carolacton is a secondary metabolite of Sorangium cellulo-
sum and was discovered to combat biofilm formation of
Streptococcus. Subtle changes in four simplified analogues
(C1, C3, D2, and D4) severely affected S. mutans biofilms at
different stages, including adherence and microcolony for-

OH
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0”0 0 OMe
N COOH
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0”0 COOH
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Figure 17. Overview of biofilm inhibitors discussed in this Review.
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mation.”™! A high-throughput screen of marine microbial
extracts identified cahuitamycin C, a peptidic metabolite
from Streptomyces gandocaensis, as inhibiting biofilm forma-
tion of A. baumannii with an ICs, value of 14.5 pm. Subse-
quent mutasynthetic studies revealed cahuitamycins D and E
to have an even higher potency with ICs, values of 8.4 pm and
10.5 pm, respectively.!

The antifungal natural product caspofungin attenuates
poly-(1-6)-N-acetylglucosamine (PNAG) polymerization by
inhibiting bacterial N-acetylglucosamine transferase (IcaA).
As a consequence, the S.aureus biofilm matrix structure
becomes vulnerable to fluoroquinolone treatment both
in vitro and in vivo at clinically relevant doses.™ Several
other excellent strategies based on synthetic and natural
product derived compounds have been reported, including
antimicrobial bridged bicyclic peptides®™ and promysalin.?>*l

4-4. ClpP, ClpX, MgrA, and ToxT Modulators

In addition to the aforementioned general strategies,
individual antivirulence targets with great potential against
clinically important pathogens have received considerable
attention. Here, a few examples with a focus on virulence
regulation are discussed.

Caseinolytic protease P (ClpP), which is conserved in
many prokaryotes, is involved in bacterial virulence regula-
tion through a mechanism that is still incompletely charac-
terized.>?% Together with cognate chaperones such as
ClpX, it recognizes, unfolds, and degrades certain protein
substrates. Genetic knockouts of S. aureus, ™" Listeria mono-
cytogenes, ™ and Streptococcus pneumoniae®™ ClpPs exhib-
ited reduced virulence and correspondingly lower infectivity
in murine abscess or lung infection models.”**?*!/ Similar
results were observed for ClpX, thus making this system
a prime target for antivirulence drug discovery.™’! Inhibition
of ClpP was achieved by small molecules such as f-lactone
U1,” phenyl esters AV170,”%! and AV286P* by directly
targeting the active tetradecamer of ClpP through irreversible
or reversible binding (Figure 18). 3-Lactones demonstrated
a global reduction of S. aureus and MRSA toxin production
and were promising in initial abscess models.”*) However,
alternative strategies are required because of their limited
stability. Therefore, a specific inhibitor 334, which targets
ClpX with sufficient plasma stability, was developed that also
significantly attenuated production of the S. aureus toxin.*l
Activation rather than inhibition of ClpP by natural products
called acyldepsipeptides (ADEPs) led to killing of the cell by
uncontrolled degradation of essential proteins.*™” This strat-
egy was also successful in the eradication of persister cells.”**!

Transcriptional regulation represents another central
mechanism which directly affects the expression of virulence
genes. Here, the global transcriptional regulator A (MgrA) of
the MarR family regulates more than 350 genes in S. aureus
related to, for example, virulence, clumping, and antibiotic
resistance.’® > Thus, it is an intriguing antivirulence target.
5,5'-Methylenedisalicylic acid (MDSA) was found to disrupt
the DNA-MgrA interaction by both directly blocking MgrA
and enhancing MgrA phosphorylation.?”" " MDSA not only
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Figure 18. ClpP, ClpX, MgrA, and ToxT inhibitors.

decreased o-toxin expression in in vitro experiments, but also
reduced abscess formation in a murine abscess model.’”!
Additionally, a natural product inspired a-methylene-y-
butyrolactone downregulated expression of the virulence
factor by binding to transcriptional regulators, including
MgrA and SarA (Figure 18).2™

The pathogenicity of V. cholerae mainly relies on two
critical virulence determinants, cholera toxin (CT) and the
toxin-co-regulated pilus (TCP).’™ Their production is
directly controlled by ToxT, which was identified as a promis-
ing target for the treatment of cholerae disease. In addition to
the previously discovered ToxT inhibitor virsatin,*? bile and
unsaturated fatty acids (UFAs)?""?™! were reported recently
to mimic folded monounsaturated fatty acid structures in
ToxT. These mimics inhibit CT expression and TCP-mediated
autoagglutination in the nanomolar range, thus demonstrat-
ing superior ToxT inhibition compared to virsatin and oleic
acid.?™ Toxtazin B, identified from high-throughput screen-
ing of a reporter assay, almost completely abolished CT
expression in vitro at 10 um. Moreover, a 100-fold decrease of
V. cholerae CFU was observed in mice treated with toxtazin B
compared to the DMSO control. Toxazin B does not directly
bind ToxT, but downregulates its expression by an unclear
mechanism. !

5. Antibacterial Drugs in Clinical Development
In the final section of our Review, we evaluate the current
clinical antibiotic pipeline in terms of added value and

medical need. Prior to this discussion, we will highlight some
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of the special needs and challenges of industrial antibiotic
development and start by analyzing the reasons for the
current drought in antibiotic development.

After the golden age of antibiotics (1940s-1960s), many
research activities were terminated as it was believed that the
danger of pathogenic bacteria was permanently overcome.
Industrial antibacterial research only peaked again at the turn
of the millennium, after the complete DNA sequence of the
bacterial genome of Haemophilus influenzae was de-
scribed.**281 All major pharmaceutical companies subse-
quently invested in genomic approaches and identified
essential bacterial genes. For example, GlaxoSmithKline
(GSK) spent seven years (1995-2001) genetically evaluating
more than 300 genes for their suitability as novel antibacterial
targets and showed that more than 160 of them are essential.
GSK performed 70 HTS campaigns on individual targets,
complete macromolecular biosynthetic pathways, as well as
whole-cells using their synthetic chemical collection.[*!]
Similar approaches were pursued in all major pharma enter-
prises around this time. Several companies additionally used
natural products as a screening resource. Analysis of our
current antibiotic pipeline, however, shows that these efforts
failed to deliver. Potential explanations for this lack of success
include the disconnect between the physicochemical proper-
ties of chemical libraries and potent antibiotics, as well as the
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missing novelty of natural product structures originating from
well-exploited microorganisms such as Actinomycetes.”*?!
This failure is also reflected in the mere numbers: since
2000, 17 systemic antibiotics have been approved and
marketed in the US for community-acquired or nosocomial
infections. Within this group, there are only two representa-
tives of novel antibiotic classes, daptomycin (lipopeptide) and
linezolid (oxazolidinone), as well as two novel B-lactamase
inhibitors, avibactam (diazabicyclooctane (DBO)) and vabor-
bactam (boronic acid).”! All the remaining compounds are
elaborations of already approved antibiotic classes
(Table 1).[1122,283]

From our current point of view, the existing gap is a result
of three major reasons:**!!

1) The economic value of a novel antibacterial drug can be
relatively low, although the developmental costs can reach up
to €1000 Mio. Whereas innovative drugs with a significant
improvement usually achieve reasonable prices, smaller
margins can be expected for novel classes of antibiotics that
overcome current resistances, since they are constrained as
antibiotics of last resort. As a consequence of their ubiquitous
application, antibiotics generally have to be rather cheap
compared to, for example, cancer therapeutics. In addition,
the period of reimbursement is limited by the eventual
occurrence of antibiotic resistance.

Table 1: Summary of systemic antibiotic classes, their time of discovery, and number of them in clinical development."222%

Class Target Initial discovery reported/  Important anti-  New compounds in the USA Generations Currently
patented biotics since 2000 in
marketed glob- clinical
ally phase
[ ||
B-lactams
penicillins PBPs 1928 27 3
cephalosporins PBPs 1948 50 3 5 1
monobactams PBPs 1979 2 1 1
carbapenems PBPs 1976 4 2 1
other B-lactams PBPs 1977 14 11
glycopeptides peptidoglycan pre- 1953 5 3 2
cursors
fosfomycins Mur A 1969 1 1
tetracyclines 30S ribosome 1948 15 1 3 3 2
aminoglycosides 30S ribosome 1943 15 1 1
macrolides 50S ribosome 1952 16 1 4 1
lincosamide 50S ribosome 1961 2 1
streptogramins 50S ribosome 1953 2 2
oxazolidinone® 50S ribosome 1978 2 1 2 1
chloramphenicol 50S ribosome 1947 2 1
fusidic acids 50S ribosome 1961 1 1
quinolones!*®! DNA synthesis 1961 26 2 5 21
rifamycins RNA synthesis 1957 3 1
sulfonamides!®! folic acid 1932 15 1
metabolism
aminopyrimidines® folic acid 1961 1 1 1
metabolism
nitro-heterocycles  DNA interaction 1959 7 1
polypeptides membrane 1947 2 1 2
daptomycin membrane 1987 1 1

novel classes

131

[a] Antibiotic class is not derived from a natural product. [b] Withdrawn compounds are excluded. [c] Therapeutically and/or economically important
antibiotics. Not all of these compounds are still actively produced. [d] Faropenem. [e] Beyond phase Ill, new drug application (NDA) filed.
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2) It is hard to perform clinical trials for antibiotic drugs
since ethical concerns prohibit comparing compounds to
placebos for patients with serious bacterial infections. The
only options are non-inferiority studies, which seek to
determine if the experimental antibiotic shows similar
efficacy compared to a standard drug already on the market.

3) It is challenging to discover new antibiotics. As already
outlined, the standard approach in pharmaceutical research is
not as suitable for the development of antibiotics. Compounds
from chemical libraries often show limited efficacy because of
poor bacterial penetration, while potent natural products
often have unsuitable ADMET properties.

Today, only 50 research groups with a total of approx-
imately 500 employees are active worldwide in translational
antibiotic research.”® Nevertheless, the urgent need for new
antibacterials has been recognized as a global challenge by
the governments. In 2016, more than US$500 million were
globally available to propel antibiotic research and develop-
ment (R&D). In their report “Breaking through the wall”,
commissioned by the German health ministry, the Boston
Consulting Group suggested that additional research funding
should be allocated to antibiotics research.*® More impor-
tantly, they advised the introduction of a development
insurance, the global launch award of US$1 billion, as
a “push-and-pull mechanism” to ensure the development of
new last-resort antibiotics. For the development of a new
antibiotic, it is generally important to establish a clear target
product profile (TPP) that denominates the value of a new
antibiotic drug (e.g. number of patients, disease, pathogens,
site of infection, level of innovation, competitor drugs, safety,
side effects, and form of application). In general, partnerships
between private and public institutions can be especially
successful for the identification of novel antibiotic classes. The
innovation of academia meets the experience of industry on
how to move a hit to a lead and into further clinical
development.

The key prerequisite for antibiotic development is a clear
definition of lead criteria in accordance with the TTP, which
brings us to the properties of good antibiotic hit and lead
compounds, as depicted in Figure 19.7 Optimization of
a compound usually takes 2 to 4 years in the preclinical phase,
in which more than 400 analogues are synthesized and studied
for their activity and ADMET effects. The clinical develop-
ment consists of three phases with an average duration of 10—
14 years until approval.

Most of the drugs in clinical development are derivatives
of already approved antibiotic classes. The reasons for moving
compounds through development go far beyond overcoming
existing resistances, including further aspects such as patent-
ability, price, stability, safety, and advantages in the pharma-
cokinetic and pharmacodynamic (PK/PD) parameters. How-
ever, the design of novel derivatives of known antibiotic
classes has become a serious challenge. The current chemical
space is already well-covered after more than 60 years of
extensive research, which has resulted in almost 200 approved
antibiotics divided into 21 different classes. This already
excludes all the thousands of derivatives which never made it
to the clinic and are either only summarized in patents or fully
unpublished. These considerations will especially limit the
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Figure 19. Schematic overview of parameters that are tested for during
the industrial development of a drug from an initial active antibiotic
candidate to an antibiotic lead compound. Abbreviations: CYP:
cytochrome P450, hERG: hERG (human ether-a-go-go-related gene)
channel, logD: distribution coefficient, IV: intravenous, PK: pharmaco-
kinetics, t,: elimination half-life, c,,,: maximal concentration of drug,
AUC: area under the curve.

prospective generation of new penicillin and quinolone
antibiotics.

With these general considerations in mind, we now
analyze the current clinical pipeline. We will here focus on
systemic antibiotics used for the treatment of community-
acquired or nosocomial bacterial infections. Topically applied
antibiotics (e.g. for skin infections) or orally administered
compounds, which are not resorbed (e.g. for treatment of
travel diarrhea or antibiotic-associated colitis caused by
C. difficile), will not be discussed, because of their very
different PK/PD profiles. For the same reasons, antibiotics for
the treatment of M. tuberculosis infections are also excluded.
Our overview encompasses all three clinical phases until the
end of 2017 and is based upon scientific publications,?>2!
databases,®? as well as information collected in personal
notes by the authors from oral presentations at international
meetings. An overview of all antibiotics currently in clinical
trials is depicted in Table 2.
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Table 2: Overview of antibacterial compounds currently in clinical development and their application spectrum.

Clinical  Compound Class Company Novel Gram-pos. MDR Ent®’  MDR PsAY
phase structure  pathogenst®!
NDAM solithromycin ketolide Cempra yes
1l cefiderocol B-lactam Shionogi yestel yes yes
relebactam (with imipenem)  BLI® Merck & Co poss. poss.
iclaprim diaminopyrimidine  Motif Bioscience yes
plazomicin aminoglycoside Achaogen yes yes
eravacycline tetracycline Tetraphase yes yes
omadacycline tetracycline Paratek Pharmac. yes
contezoli oxazolidinone MicuRx yes
lascufloxacin fluoroquinolone Kyorin yes
lefamulin pleuromutilin Nabriva Therap. yes yes
1l sulopenem B-lactam Iterum
AAI-101 (with unknown)!! BLI Allecra Therap. poss.l
nafithromycin ketolide Wockhardt yes
alalevonadifloxacin fluoroquinolone Wockhardt yes
finafloxacin fluoroquinolone MerLion Pharmac.
afabicin Fabl inhibitor Debiopharm yes yes
brilacidin peptide Innovation Pharmac.  yes yes
murepavadin peptide Polyphor/ Roche yes yes
gepotidacin NBTI GlaxoSmithKline yes yes
zoliflodacin NBTIf Entasis Therap. yes yes
| AIC-499 (with unknown BLI)  B-lactam AiCuris poss. poss."!
LYS 228 B-lactam Novartis yes
ETX-2514 (with sulbactam) BLI Entasis Therap.
nacubactam (with unknown)  BLI€ Roche/Meiji/Fedora poss. poss.!
VNRX-5133 (with cefepime) BLIH VenatoRx Pharmac. yest®! yes yes
zidebactam (with cefepime) BLI Wockhardt yes yes
contezolid acefosamilld oxazolidinone MicuRx yes
TP 271 tetracyclin Tetraphase Pharmac. yes
KBP-7072 tetracyclin KBP Biosciences poss.!"
TP-6076 tetracyclin Tetraphase Pharmac. poss.!" poss.I!
SPR741 & SPR 719 peptide & NBTI Spero Therapeutics yes poss.t poss."!

For reasons of clarity, antibiotics lacking novelty or antibiotic application are not denoted with a “no” but with a blank space. [a] MRSA and/or VRE
and/or resistant S. pneumoniae. [b] Multidrug-resistant Enterobacteriaceae. [c] Multidrug-resistant P. aeruginosa. [d] NDA: new drug application.

[e] BLI:

B-lactamase inhibitor. [f] NBTI: novel bacterial topoisomerase inhibitor. [g] Innovative, but not a novel structure. [h] poss.: in vitro data affirm possible
application, clinical data pending. [i] Not active for metallo-B-lactamases. [j] The antibiotic partner for combination therapy is not yet reported.

[k] Intravenous administrable prodrug of contezolide (phase Ill).

5.1. B-Lactam Antibiotics

B-Lactams, first discovered in the 1930s by Fleming,*!!
are the largest and most successful group of antibiotics. [3-
Lactams target the class of penicillin binding proteins (PBPs)
and thereby inhibit peptidoglycan biosynthesis, which itself is
essential for biosynthesis of bacterial cell walls. A major
problem of pB-lactam antibiotics, however, is their suscepti-
bility to chemical breakdown by specific p-lactamases. These
resistance-associated enzymes can be classified according to
Ambler®??%) in four classes: class A, C, and D are serine
proteases, whereas class B are metalloproteases. Class A
comprises [-lactamases which hydrolyze penicillins and
cephalosporins, and includes ESBLs (extended spectrum f3-
lactamases). Class B covers metallo-f-lactamases (MBL),
with the New Delhi metallo-f-lactamase I (NDMI) as a prom-
inent, clinically important member. Class C f-lactamases
hydrolyse third-generation cephalosporins and f-lactamase
inhibitors. Finally, class D members are able to cleave various
B-lactamase inhibitors and also hydrolyze many other (-
lactams.
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Currently, there are four p-lactams in clinical trials
(Figure 20). The monobactam Lys-228 from Novartis is in
phase I development. It is stable against MBLs and addition-
ally withstands major resistance-mediating protease classes
including ESBLs.”**** It has a broad activity against Gram-
negative bacteria, with the exception of P. aeruginosa. Sulo-
penem as well as its orally available prodrug sulopenem
etzadroxil are in phase II studies and show activity for
Enterobacteriaceae that produce ESBLs.?*?7 Cefiderocol
(phase III) from Shionogi is an innovative B-lactam which
incorporates a  2-chloro-3,4-dihydroxybenzoyl sidero-
phore.?®?l As a “Trojan horse”, the antibiotic mimics
substrates of cognate iron transport and thereby facilitates
penetration of the outer membrane of Gram-negative bac-
teria. Although it is well-known that rapid resistance devel-
opment can occur with this mechanism, it is bypassed in this
case through the use of additional porin-mediated transport.
Importantly, cefiderocol exhibits improved stability towards
most -lactamases, especially towards MBLs, and is therefore
one of the most promising antibiotics for multidrug-resistant
(MDR) Gram-negative pathogens. Lastly, the -lactam AIC-
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Figure 20. Chemical structures of f-lactam antibiotics currently in
clinical development. The structure of AIC-499 has not yet been
published.

499 is in phase I development for complicated urinary tract
infections (cUTI) in combination with a f-lactamase inhibitor
(BLI). Its structure, however, is not revealed and only
a limited data set concerning its activity is available.”*!

5.2. f-Lactamase Inhibitors (BLIs)

B-Lactamase inhibitors (BLIs) act against the enzymatic
breakdown of f-lactam antibiotics and thereby counteract
antibiotic resistance. Although traditional BLIs are structur-
ally derived from p-lactams, they generally do not have direct
antibiotic properties. In recent years, two novel BLI classes
which are structurally different from classical -lactam anti-
biotics were approved: avibactam and vaborbactam.?”!
Avibactam (Figure 21), a diazabicyclooctane (DBO) deriva-
tive, shows increased and broadened potency compared to
previous BLIs, and in contrast to the latter it acts by
a reversible covalent mechanism. Avibactam targets class A
and C f-lactamases, including ESBLs, AmpC, and Klebsiella
phneumoniae  carbapenemase (KPC). Vaborbactam
(RPX7009) contains a central cyclic boronic acid pharmaco-
phore. It is mainly a potent inhibitor of class A carbapene-

o] R= 5
)| /‘ZLL. /_\7 .. . H 770 Y
b, HN N™ “HN N.
8 HoN N N HaN N
N 0 H
) N Avibactam  Relebactam Zidebactam Nacubactam
o 0SOsNa
)l
HoN
N NH,
O OSO Na
ETX2514
H n, B
P f =
HO™ ~O
Vaborbactam VNRX-5133

O
AAI-101

Figure 21. Chemical structure of approved BLIs avibactam and vabor-
abactam (shown in gray boxes) and current clinically investigated BLls.
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mases, such as KPC, and class C B-lactamases. As vaborbac-
tam does not inhibit class B or D carbapenemases, it is
therapeutically combined with the traditional carbapenem
meropenem to overcome some of these limitations.’3!]

Four DBO-based compounds are currently in develop-
ment and differ from avibactam by substitution at the amide
at position 2 (Figure 21). Relebactam, a 4-piperidinylamine
from Merck, is under investigation in combination with
imipenem in phase III trials. It inhibits class A and C f-
lactamases, including KPCs, but does not overcome MBL
resistance.’">*"! Zidebactam, a 3-piperidinylcarbonyl hydra-
zide from Wockhardt is in phase I in combination with
cefepime and targets class A and C -lactamases. Remarkably
for a BLI, the compound also inhibits PBP2 of Gram-negative
pathogens and thereby shows antibacterial properties against
some Enterobacteriaceae and P. aeruginosa.™**! The combi-
nation with the approved p-lactam antibiotic cefepime
enables treatment of carbapenem-resistant A. baumannii,
Enterobacteriaceae, and metallo-carbapenemase-harboring
P. aeruginosa. Nacubactam, a 2-aminoethoxyamine from
Roche in phase I, inhibits class A and C p-lactamases.*’**""]
It also binds to PBP2 and thereby exhibits an antibacterial
effect that is weaker than that of zidebactam. Its antibiotic
partner for combination therapy is not yet reported but will
be critical to decide about the potential of this compound.
ETX-2514 from Entasis is a 3-methyl-3-dehydro derivative of
avibactam. It is optimized to target class D B-lactamases and
restores the activity of sulbactam, which makes it a combina-
tion of interest for A. baumannii infections.F*!

A boronate-based compound, VNRX-5133 from Vena-
toRx is in clinical phase I. Its combination partner is the
fourth generation cephalosporin cefepime, so that Pseudo-
monas infections can be included in the therapeutic spectrum.
The boronate inhibits serine proteases such as ESBL and
KPC by covalent binding, whereas a noncovalent, competitive
binding is observed for MBLs.**3% The sulbactam AAI-101
from Allegra is a classical BLI and is currently in phase 1L
The drug for combination therapy seems to be cefipim or
piperacillin. It has some improved activity for KPCs and
class A f-lactamases, including ESBLs.

5.3. Diaminopyrimidine

Trimethoprim (Figure 22), a synthetic diaminopyrimidine
antibiotic first marketed in 1962, is—in combination with
sulfamethoxazole—still the treatment of choice for commun-
ity acquired UTI. Trimethoprim, which acts synergistically
with sulfamethoxazole, is a selective inhibitor of the bacterial
dihydrofolate reductase (DHFR). The main resistance mech-
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Figure 22. Chemical structures of diaminopyrimidine antibiotics.
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anism is based on mutation in the DHFR enzyme. As a major
side effect, trimethoprim can cause thrombocytopenia by
inhibition of the human DHFR enzyme. Iclaprim, a cyclo-
propylbenzopyranyldiaminopyrimidine, is currently being
developed by Motif Biosciences in phase III for acute
bacterial skin and skin structure infections (ABSSI).'?l The
compound has a better affinity for DHFR than trimethoprim,
but only limited activity for trimethoprim-resistant MRSA
strains. It has to be noted that its first phase I study started in
2002 and an NDA to both the FDA and the European
Medicines Agency (EMA) was rejected because of concerns
regarding efficacy and safety.*>¥4 Another NDA filing
based on the present studies is expected in 2018.5!

5.4. Aminoglycosides

The inhibition of bacterial protein biosynthesis is one of
the main strategies in antibiotic therapy. Today, eight anti-
biotic classes approved for systemic use target different
subunits of the ribosome (Table 1).

Aminoglycosides represent widely used antibiotics that
act through binding to the transfer RNA acceptor site of 16S
ribosomal RNA. Important members are, for example, the
natural product kanamycin and the semisynthetic derivative
amikacin (Figure 23). Aminoglycosides have excellent activ-
ities against important nosocomial Gram-negative bacteria,
including Pseudomonas, Acinetobacter, and Enterobacter.
Major side effects are ototoxicity and renal toxicity, which
can both be explained by inhibition of protein biosynthesis in
human mitochondria.®'®! Resistance is caused by enzymatic
transformation of the aminoglycoside, drug efflux, or target
modification by methylation of the 16S ribosomal RNA. B!
Plazomicin (Figure 23) is the only new aminoglycoside in
clinical trials. It is currently in phase III for treating cUTI
infections.™® The compound demonstrates activity against
Gram-positive as well as Gram-negative bacterial pathogens,
however, with only a weak effect against Pseudomonas and
Acinetobacter, and is stable towards aminoglycoside-modify-
ing enzymes. Nevertheless, it shows cross-resistance in the
case of methylation of the 16S ribosomal RNA.

HO HO
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Hz&ﬁ HOM sz&ﬁ m

Kanamycin A HoN Amikacin
/hﬁ H>N;o 7
O, AN O, \Nf
M
(e) OH
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Plazomicin

Figure 23. Approved aminoglycosides kanamycin A and amikacin, as
well as its clinically tested derivative plazomicin.
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5.5. Tetracyclines

Tetracyclines are mainly produced by Streptomycetes and
exhibit broad-spectrum antimicrobial activity by inhibiting
the 16S part of the 30S ribosomal subunit.”'”! The major
resistance mechanisms are based on efflux or caused by small
proteins blocking the tetracycline binding site. Omadacycline
(Figure 24, phase II1) from Paratek is a novel semisynthetic

?
KBP-7072
Tigecycline
G OH g
H
S OO T O‘O‘
OH
OH O OP—PO (o} OH O
Omadacycline TP-6076
F \N/
2 / O
<j 0 NI
N_ B
FLN 8 A s L) 8
B OH O OI-P O O Eravacycline TP-271

Figure 24. Chemical structures of tetracycline antibiotics. Tigecycline is
an approved drug and the chemical structure of KBP-7072 has not yet
been published.

aminomethyl tetracycline antibiotic which was developed for
the treatment of community-acquired bacterial infections. It
overcomes resistance of previous tetracycline generations and
has a good activity against MRSA. In studies with patients
suffering from complicated skin and skin structure infections,
it was comparable to linezolid. Limited possibilities to modify
the core structure of tetracyclines nearly resulted in the
termination of derivatization projects. However, the group of
Myers recently reported a new synthetic access to this
scaffold, which now allows the effective and fast synthesis of
novel derivatives."™ The first compound from this platform,
eravacycline, was developed by Tetraphase and is in phase
ML Tt shows partial or complete cross-resistance to
tigecycline, which was approved in 2005, but exhibits lower
MIC values in sensitive strains and is both intravenously and
orally available. Eravacycline appears to be suitable for
treating complicated intraabdominal infections and compli-
cated urinary tract infections, but more clinical efficacy and
safety data are required to fully understand its potential. TP-
6076 is in clinical phase I with a focus on Gram-negative
bacteria.’”?>*? Compared to eravacycline, it shows improved
activity against carbapenem-resistant Enterobacteriaceae,
A. baumannii, and P. aeruginosa. Notably, TP-6076 represents
the most active tetracycline against Pseudomonas discovered
to date. Two additional tetracycline derivatives, KBP-70721%
(structure unknown) and TP-271,5%! are in phase T and are
directed at Gram-positive respiratory pathogens, among
others.

(] 1]
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5.6. Ketolides

Macrolides, such as erythromycin (Figure 25)—the first
member introduced in the 1950s—bind to the 23S part of the
RNA of the 50S ribosomal subunit, thereby blocking the exit
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Erythromycin
7

Q\, S\(/\
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Telithromycin
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Solithromycin

Nafithromycin
Figure 25. Structures of the approved ketolide antibiotics erythromycin

and telithromycin as well as other macrolide antibiotics in clinical
development.

tunnel of the synthesized peptide. Macrolides are mainly used
for oral treatment of community-acquired respiratory tract
infections (RTI) caused for example, by Streptococcus
pneumoniae. Resistance is a significant problem and can
mainly be traced back to dimethylation of the ribosomal
binding site or the expression of efflux pumps. Telithromycin,
approved in the USA in 2004, was the first derivative of
a novel subclass called ketolides for which the cladinose sugar
at position 3 is replaced by a ketone, and a substituted cyclic
carbamate is introduced at C11-Cl2. Major resistance
mechanisms of previous macrolide antibiotics are thereby
overcome. However, serious hepatotoxic side effects have
been observed for telithromycin post-approval, which limits
its therapeutic use.’”! Solithromycin (CEM-101, OP-
1068)B?731 is a 2-fluoroketolide®™” which shows similar
in vitro activity as telithromycin and also exhibits no cross-
resistance to older approved macrolides in Streptococci.
Although efficacious in two phase III clinical trials, the
compound has not been approved by the FDA yet because
of inchoate characterization of potential hepatotoxicity, thus
necessitating additional studies.™ Nafithromycin (WCK-
4873) is a ketolide in which the original carbamate is replaced
by a lactone moiety.**3/ It is currently under investigation in
phase II studies for community-acquired bacterial pneumonia
(CABP) by Wockhardt. Its in vitro activities are comparable
to telithromycin, with advantages against some ketolide-
resistant Pneumococci. Importantly, nafithromycin does not
inhibit any key human CYP isoform even at high concen-
trations, which is a clear advantage over most macrolides.*>!
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5.7. Oxazolidinones

Linezolid (Figure 26) belongs to one of the two novel
antibiotic classes introduced since 2000, the oxazolidi-
nones.**! Oxazolidinones inhibit bacterial protein biosynthe-
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Figure 26. Chemical structures of oxazolidinone antibiotics.

sis by interacting with the A site of the peptidyl transferase
center of the ribosomal 50S subunit, although their MoA may
be more complex.”® Linezolid is active against Gram-
positive pathogens, especially for nosocomial infections
caused by MRSA and VRE.’™ Side effects are based on
the inhibition of monoamine oxidases, and more importantly
also include myelosuppression and neuropathy. These two are
observed during prolonged application and are caused by
interference with the synthesis of mitochondrial protein.
Resistance development is slow, which is mediated by point
mutations within the 23S component of TRNA and by the
presence of a transmissible cfr ribosomal methyltransferase as
major mechanisms.® Tedizolid, originally from Trius and
now developed by Merck & Co, is a related compound which
in vitro is more active than linezolid against sensitive Gram-
positive pathogens, and also retains this activity for resistant
strains. It has additional advantages over linezolid including
single daily dosing, decreased treatment duration, and
potentially less adverse affects. Contezolid (MRX-1) repre-
sents an additional, orally available oxazolidinone currently
in phase IIl. Its corresponding intravenous (IV) prodrug
contezolid acefosamil (MRX-4) is in phase I.

5.8. Fluoroquinolones

Apart from the inhibition of protein biosynthesis, the
interruption of DNA replication is a further efficient strategy
for antibiotics. The corresponding enzyme targets are DNA
gyrase and/or topoisomerase IV. Fluoroquinolones are an
important class of broad-spectrum antibiotics that exhibit
excellent tissue penetration, which is advantageous for the
treatment of various infections including RTI and UTI. All
members inhibit both DNA gyrase and topoisomerase IV.
Key fluoroquinolones are ciprofloxacin, which exhibits
P. aeruginosa activity, and levofloxacin, which is also active
against S. pneumonia (Figure 27). Resistances occur mainly
by efflux or by mutation of the binding site. Several side
effects have been described, including a black box warning by
the FDA in 2015 regarding severe tendonitis, including
Achilles tendon rupture. With the narrow modification
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Figure 27. Overview of fluoroquinolone antibiotics. The already
approved therapeutics ciprofloxaxin, levofloxacin, and levonadifloxacin
are shown in gray boxes.

possibilities because of exhaustive prior SAR studies and the
need to manage resistance and safety issues in parallel,
generating new quinolones with improved properties is
a major challenge.””' Nevertheless, three fluoroquinolones
are in the pipeline with improved activity for resistant Gram-
positive pathogens, although Gram-negative resistance could
not be overcome so far. Lascufloxacin, an 8-methoxyquino-
lone from Kyorin, is in phase IIT and shows improved activity
for RTI pathogens. It exerts some activity against MRSA, but
with only limited application because of cross-resist-
ance.™ ! Finafloxacin, an 8-cyanofluoroquinolone from
Merlion which is already marketed for the treatment of ear
infections, shows the same spectrum of activity as ciproflox-
acin and cross-resistance to it. As a consequence of its higher
activity at lower pH values, it is developed for UTI and kidney
infections.?**3*!l Alalevonadifloxacin from Wockhardt is an L-
alanine ester prodrug of levonadifloxacin (S-(—)-nadifloxa-
cin) with potential activity for MRSA. Nadifloxacin itself is
currently marketed as a topical drug for the treatment of
acne.P#?!

5.9. Novel Classes of Antibiotics

Whereas the previously described candidates are all
advancements of already approved systemic antibiotics, the
clinical pipeline also holds seven promising novel compound
classes that are able to overcome existing antimicrobial
resistances.
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Figure 28. Chemical structures of the prodrug afabicin and the active
component Debio-1452.
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5.9.1. Afabicin

Afabicin (Figure 28) from DebioPharm inhibits bacterial
type I fatty acid biosynthesis and is currently in phase II. Its
molecular target in Staphylococci is the enoyl-acycl carrier
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Figure 29. Pleuromutilin-based antibiotics. Structure of the natural
product pleuromutilin and its approved derivative retapamulin, as well
as lefamulin which is in clinical development.

protein reductase Fabl. Afabicin is a methyl phosphate
prodrug, while Debio-1452 (AFN-1252) is the active compo-
nent. Notably, this compound is one of the rare examples
originating from big pharma for which a HTS for bacterial
targets was successful. The originally weakly active hit was
advanced by means of standard medicinal chemistry methods
and structure-based design using the crystal structure of Fabl
to afford the potent antibiotic.[**3#!

5.9.2. Pleuromutilins

Pleuromutilin (Figure 29), a natural product diterpene
produced by the fungus Pleurotus mutilus, is an inhibitor of
protein biosynthesis which affects substrate binding at both
the acceptor and donor sites on the 23S RNA site of the 50S
subunit. It contains a rigid tricyclic carbon skeleton with eight
stereogenic centers. Retapamulin is a semisynthetic deriva-
tive with a thioether acetyl side chain and has been approved
for topical S. aureus infections since 2007. In addition to its
limited applicability, retapamulin, however, shows strong
inhibition of cytochrome P450 Cyp3A4 as a major side
effect.*! Lefamulin (phase III) is a novel thioether deriva-
tive, and represents the first systemic pleuromutilin antibiotic.
Its PK/PD parameters have been optimized for human
application by balancing reduced Cyp interaction with oral
availability and the antibacterial spectrum. The compound
shows activity for respiratory pathogens and can be formu-
lated for intravenous and oral treatment.3*3¢!

5.9.3. Novel Bacterial Topoisomerase Inhibitors

As discussed in Section 5.8, targeting DNA replication is
a very successful antibacterial strategy. Therefore, novel
compounds that follow this MoA while omitting cross-
resistance to quinolones have been a major focus of many
companies.*””! Based on these efforts, two novel bacterial
topoisomerase inhibitors (NBTIs) are currently in phase II.
Gepotidacin (Figure 30)** from GSK targets a binding site
which is distinctly different from the fluoroquinolone site.*!
It is active against Gram-positive pathogens and some
commonly important Gram-negative bacteria, such as N. gon-
orrhoeae, and is therefore also studied for the treatment of
gonorrhoea.®™ A structurally different motif is found for the
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Figure 30. Chemical structures of the novel bacterial topoisomerase
inhibitors (NBTIs) gepotidacin and zoliflodacin.

NBTI zoliflodacin (ETX0914, Figure 30) from Astra-
Zeneca.®'! This spiropyrimidinetrione also does not show
any cross-resistance to quinolones and exhibits a similar
spectrum as described for gepotidacin. Currently it is in
phase II with a focus on gonorrhoea.*

5.9.4. Peptides

Peptides of microbial origin such as polymyxins are well-
known antibiotics.” Current development focusses on
antimicrobial peptides (AMPs) that are naturally a part of
the first line defence of higher organisms, such as plants,
insects to animals, and humans.®>*3* These host-defence
peptides are produced ribosomally and usually released in
high concentration at the infection site. As a consequence of
their amphiphilic structure, AMPs are able to interact with
both the inner and outer membrane of bacterial cells, thereby
resulting in membrane depolarization.”™ Their systemic
application, however, is limited for various reasons, including
cell toxicity, physiological stability, and elevated production
costs. Nevertheless, two novel peptide antibiotics that have
overcome these hurdles in different ways are in phase II
clinical trials: Brilacidin (Figure 31) from Cellceutix is
a peptidomimetic designed to mimic defence peptides with
amphiphilic properties and is currently investigated with
a focus on S. aureus infections.*>¥% Murepavidin (Figure 31)
from Polyphor is a synthetic macrocyclic peptide based on
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Figure 31. Overview of peptide-based antibiotics currently in clinical
development.
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protegrin, a linear defensin originally isolated from pigs.*™"!

Protegrin induces pore formation in microbial membranes,
but itself failed in clinical development because of associated
toxicity.® Recently, it was shown that protein epitope
mimetics derived from protegrin I appear to kill P. aeruginosa
through functional inhibition of its lipopolysaccharide-assem-
bly beta-barrel protein LptD, thus preventing synthesis of the
cell membrane without a direct lytic mechanism. As a result,
the specific P. aeruginosa antibiotic murepavidin was devel-
oped, which minimizes the toxicity problems usually observed
for AMPs.

It is well-known that the cationic AMP polymyxin B,
(Figure 32) and derivatives which lack the acyl side chain

qw¢4ﬁ4¢4
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Figure 32. Chemical structures of the NP polymyxin B, and its deriva-
tive SPR741, which enhances cell penetration of the novel gyrase
inhibitor SPR719.

enable the uptake of Gram-positive antibiotics into Gram-
negative bacteria. Unfortunately, this rather unspecific mem-
brane depolarization effect causes cytotoxicity in human cells.
SPR741 (phase I), developed by Sphero, is a polymyxin B
derivative which is expected to be less toxic.*> As toxicity is
mainly a result of the overall positive charge, two cationic
amino groups of polymyxin B were replaced or removedby
serine and threonine side chains in SPR741, respectively.**!
The peptide itself has no intrinsic antibacterial activity, but
rather acts as an enhancer of other antibiotics. The clinical
combination partner seems to be SPR719, originally from
Vertex, which is a novel Gram-positive gyrase inhibitor.*”-!l
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5.10. Biologics

In addition to small-molecule-based antibiotics, biophar-
maceuticals (also known as biologics) have emerged as
auspicious antibacterial candidates that utilize antibacterial
as well as antivirulence strategies.

The immune system is very powerful at fighting infections,
and antibodies are a crucial part of this system. Passive
immunization in the form of serum therapy was already used
to prevent or treat bacterial infections even before the
discovery of antibiotics.*® Later, antibodies were replaced by
the cheaper and safer broad-spectrum small-molecule anti-
biotics. With the advancement of technology and the avail-
ability of monoclonal antibodies (mAbs), including even fully
human mAbs, less toxic and immunogenic products are
nowadays available. As an additional advantage, a tailored

Table 3: Antibacterial monoclonal antibodies in clinical development.
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mADb therapy directed at specific targets of pathogenic
bacteria should in this regard also spare the benign human
microbiome. In general, adding mAb therapy to the existing
standard-of-care needsmto demonstrate superiority to justify
its higher price. Currently, there are eight mAb-based
antibacterials in clinical development (Table 3), which are
promising for some key development successes after some
major drawbacks.®!

The key activity of mAbs is binding to antigens on the
bacterial surface, followed by the opsonophagocytic killing
(OPK) of the pathogen by the host immune system. Alter-
natively, the binding of mAbs to virulence factors, which are
produced by the pathogen, blocks their activity and in this
way prevents the host from further damage or infection
(Figure 33a).

Phase Name Class Type Company Target Pathogen Clinical design
1l aerumab mAb human IgM Aridis LPS serotype O11 PsA adjunctive
Pharmac.
aerucin mAb human 1gG Aridis PsA alginate PsA adjunctive
Pharmac.
MEDI3902 mAb human 1gG kappa Medlmmune T3SS protein PcrV & Psl exo-  PsA prevention
bispecific Ab polysaccharide
514G3 mAb human 1gG XBiotech Protein A (SpA) MRSA adjunctive
salvecin mAb human 1gG Aridis a-toxin MRSA adjunctive
Pharmac.
suvratoxumab mAb human 1gG Medimmune  a-toxin MRSA prevention/
adjunctive
ASN-100 two mAbs human 1gG Arsanis a-toxin & leukocidin toxins MRSA prevention
| RG-7861 mAb antibiotic human 1gG- rifamycin ~ Genentech/  teichoic acid MRSA therapy
conjugate conjugate Roche
a) Antibiosis Antivirulence
1 . §‘( A A a. o
$ S e N g .
fr\ OPK )‘é} Q‘Y-(‘_ Y’r —_— )_ % ) ~( %0 Pathogenesis
Cleared *\Smf ).; I k ulen
bacteria antigen

Phagocyte

b)

Proteolytic site
/

N7
/N

Antibody

[1,6-elimination]

’—s;ﬁr\sjiéN \/\/\)CL grmﬂéj@

Intracellular protease-sensitive\L

linker NH

07 NH,

Antibiotic
(dmDNA31)

Figure 33. Mode of action of antibacterial antibodies. a) Antibodies either bind to antigens on the bacterial surface, leading to opsonophagocytic
killing of the pathogen, or target virulence factors such as toxins which are produced by bacteria. b) Schematic representation of antibody—drug
conjugate RG-7861. Each antibody is loaded with two antibiotic units through its light chains. After co-uptake of the conjugate with opsonized
bacteria, the proteolytic cleavage of the linker leads to a 1,6-elimination and releases the antibiotic drug inside the immune cells.
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Five mAbs that target surface proteins and exhibit OPK
are currently in development, three of them in phase II.
Aerumab from Aridis, is a fully human anti-P. aeruginosa
mAb of the LPS serotype Ol11, originally isolated from
a patient. This specific serotype accounts for about 22 % of all
P. aeruginosa hospital-acquired infections worldwide.’**) A
broader coverage is achieved by aerucin from Aridis, a fully
human monoclonal IgG1 antibody that binds to alginate,
a widely distributed cell-surface polysaccharide of P. aerugi-
nosa. Aerucin was shown to bind to more than 90% of
P. aeruginosa clinical isolates.

The most sophisticated mAb studied is
MEDI3902P% from Medimmune, which has two
bacterial targets: PcrV and Psl. PcrV is a type III

Reviews

adequate protection. Combinations are presently being
studied with mABs for the clumping factor A (CIfA), which
is an additional important virulence factor in S. aureus."’"
ASN-100 from Arsanis is a combination of two mAbs that
target a total of six different S. aureus toxins, which are
involved in killing various immune system components, such
as macrophages and neutrophils.’”! One conserved epitope is
able to bind five toxins alone. It is currently under inves-
tigation in phase II studies.

In addition to mAbs, there are four different biological
approaches in clinical development (Table 4). A very innova-

secretion system protein which is used by Pseudo-

monas for the injection of toxins and other virulence
factors into host cells (Figure 14). PsI is an exopo-
lysaccharide which is part of the glue-like layer that
covers the pathogen, and facilitates evasion of the
immune system and biofilm formation. MEDI-3902
exerts its antibacterial activity by three mechanisms:
1) obstruction of bacterial cell attachment, 2) Psl-
mediated opsonophagocytic killing, and 3) reduced

Table 4: Overview of additional antibacterial approaches in clinical development.
Phase Name Class Company  Target Pathogen
1] reltecimod  peptide Atox Bio CD 28 antago-  S. aureus
nist
CF-301 bacteriophage ContraFect cell wall (Gram- MRSA, VRSA
lysin Corp positive)
Sal200 bacteriophage Intron cell wall (Gram-  MRSA, VRSA
lysin Biotech. positive)
| CAL02 empty lipo- Combioxin  virulence factors  S. pneumonia
somes SA & toxins

cell toxicity by targeting PcrV.P®! The mAb
514G3P%397l from XBiotech is currently being inves-
tigated as an adjunctive therapy for S. aureus infections. The
antibody is derived from a patient sample and targets the cell-
wall moiety Protein A (SpA) which is able to bind immuno-
globulins, and in this way is involved in evasion of the immune
system. A very different approach is followed by RG-7861
(Figure 33b), a mAb-antibiotic conjugate (AAC) from
Roche, which currently is in phase 1.5%! The mAb is loaded
with the antibiotic dmDNA31, a rifamycin analogue, and
targets teichoic acids of S. aureus. The conjugate itself has no
antibacterial activity against planktonic S. aureus and is not
taken up by mammalian cells. However, when it is taken up
together with opsonized bacteria by immune cells, such as
macrophages or neutrophils, their intracellular proteases
release the antibiotic, which then efficiently kills the bacteria.
In antivirulence approaches, mAb therapies are devel-
oped to target bacterial toxins. Immunocompromised indi-
viduals are at increased risk of S. aureus pneumonia, in which
o-toxin causes tissue damage, tight junction cleavage, and
immune dysregulation. Prophylaxis with mAbs directed
against this toxin or use of the mAbs as an adjunctive therapy
combined with antibiotics should improve survival rates.
Salvecin from Aridis protects against o-toxin-mediated
destruction of host cells, thereby preserving the human
immune cells. It is a fully human mAb and was discovered
by screening B-cell lymphocytes of a patient with confirmed
S. aureus infection. It is currently being studied in phase II as
an adjunctive therapy to standard-of-care antibiotics in
patients diagnosed with severe hospital-acquired bacterial
pneumonia.?®3" Suvratoxumab (MEDI4893), a monoclonal
antibody engineered in the Fc region to extend the half-life,
targets a-toxin and is also currently being investigated in
phase II. However, interstrain diversity and the complex
pathogenesis of S. aureus bloodstream infections suggest that
monotherapy with suvratoxumab will not be sufficient for

Angew. Chem. Int. Ed. 2018, 57, 2-39
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tive strategy is being pursued with CAL02, which is a novel
empty liposomal drug. It exerts its antivirulence activity by
specifically mimicking cell-surface domains that are normally
targeted by bacterial toxins.’”>¥¥ In this regard, CAL02
neutralizes toxins produced by a broad panel of Gram-
positive and Gram-negative pathogens and exhibits syner-
gistic effects with antibiotics in in vivo mouse models such as
acute pneumonia. CALO2 is currently in phase I for com-
munity-acquired bacterial pneumonia (CABP) caused by
Streptococci.

Alternative therapy strategies cannot be discussed with-
out at least briefly touching on phage therapy. Since the early
20th Century, bacteriophages, that is, viruses that specifically
infect bacteria and archaea, have been used to treat a range of
bacterial infections. However, since the introduction and
success of antibiotics in the mid-20th Century, interest in
phages as antimicrobial agents has decreased in Western
Europe and the US.®” In contrast, they are still actively used
in Georgia, Poland, and Russia.*” There are major concerns
for the systemic application of phages in clinical practice, such
as fast resistance development, potential immunogenic reac-
tions, and a limited spectrum of activity. Furthermore, the
current approval process is not suitable for phage therapy.
This is different for treatment with phage products, such as
endolysins. The latter are enzymes used by bacteriophages at
the end of their replication cycle to degrade the peptidoglycan
of the bacterial host, thereby resulting in cell lysis. As
a consequence of the absence of an outer membrane in Gram-
positive bacteria, endolysins could be used for the treatment
of infections caused by these pathogens. Two active phase II
studies are underway that are investigating the potential of
phage endolysins for the treatment of S. aureus infections.
Sal2008"" is developed by Intron, and CF-3015" is developed
by ContraFect. Phage endolysins differ from standard-of-care
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antibiotics with regards to their elevated potency, speed of
bactericidal activity, and high specificity; thus, similar to
mADbs they do not harm other bacteria.””

Compared to previous examples, reltecimod (AB103)
follows a very different mechanism. It is a novel CD28
antagonistic peptide and is currently in phase III clinical
development for necrotizing soft tissue infections. Instead of
targeting the pathogen or its virulence factors, this peptide
acts in a host-directed manner through modulation of CD28
signaling on T cells, without affecting the normal humoral
immune response. Although not solely working against sepsis,
reltecimod demonstrates adjuvant activity during the treat-
ment of Gram-positive and Gram-negative bacteria. More
importantly, it even clears S. pyogenes infections as a stand-
alone treatment.l¥!

6. Summary and Outlook

Antibiotic resistance still poses a significant threat to
human health and the development of new antibacterials that
overcome resistance remains a major challenge. Although
there are breakthroughs in the clinical development, these are
mostly driven by advancements of previous classes, for
example, by X-ray structures in the macrolide field™®" or by
new chemistry, for example, in the tetracycline field.?!
Applying the average attrition rates in pharmaceutical
industry,®" assuming that 12% of phase I, 21 % of phase II,
and 62% of phase III compounds will reach the market, we
can expect nine to ten compounds from the current pipeline
to be approved. Nonetheless, only two to three of them are
innovative or novel, characteristics that are urgently required
to fight the uphill battle against resistance.

However, novel approaches are being undertaken in both
academia and industry to tackle the challenge of bacterial
infections. Mining bacterial genomes for new natural products
or triggering their expression by altered cultivation conditions
may significantly enhance the number of antibiotic candidates
with promising therapeutic properties. In this way, potent new
antibiotic candidates have been identified in recent years;
however, they mainly act through known mechanisms and
require further proof of their therapeutic potential. State-of-
the-art chemical proteomic and metabolomic deconvolution
strategies expand the toolbox for the discovery of new
bacterial targets, thereby enabling the development of anti-
bacterials beyond the classical MoA and established resist-
ance pathways. Additionally, although still in its infancy,
disarming pathogens without killing (antivirulence) is an
intriguing approach with the perspective of impaired resist-
ance development. In addition to standard small-molecule-
based treatment, the biological pipeline offers interesting
alternatives. However, its attrition rate is hard to predict
because there is no benchmark data for approved mAbs, and
the recent failures would give a negative impression. Never-
theless, the potential of mAbs for single-agent therapy is
unproven and it remains to be seen if these entities are a real
“alternative” to traditional antibiotics.

Approaches that think outside the box are, therefore,
needed more than ever to identify novel and unconventional

www.angewandte.org

KThese are not the final page numbers!

Reviews

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemationalEdition’y) Chemie

antimicrobial strategies. In this regard, alliances between
academia and pharma can be especially beneficial.!®! Whereas
academia is a key driver of innovation, industry has profound
experience and resources on how to advance auspicious
approaches into translational programs. ADMET and other
preclinical tests represent decisive points during this develop-
ment, however, they are very difficult to get funded and to be
performed in an academic setting. To streamline these studies,
collaborations with industrial laboratories need to be fos-
tered, or alternatively studies need to be outsourced to
a contract research organization (CRO). Contemporary
antibacterial funding opportunities such as the Innovative
Medicines Initiative (IMI) aim to explicitly foster public—
private partnerships (PPP) that bridge the gap between basic
and translational research.

A vivid example of such a collaboration is the Natural
Product Center of Excellence, a PPP between Frauenhofer
and Sanofi, where researchers share common laboratories to
identify novel antibacterial natural products among other
things. The German Center for Infection Research (DZIF),
Infect Control 2020, or CARB-X represent additional inte-
grative and interdisciplinary PPPs that bring together uni-
versities, medical centers, and non-university institutes. This
kind of research can be highly synergistic, as observed for the
recent work of a consortium of academic and industrial
scientists on the study and advancement of griselimycin,
a potent natural product active against M. tuberculosis.**”

Given the breadth of innovative ideas and methods, we
are confident that research is headed in the right direction and
that the described measures will in the near future hopefully
streamline the discovery process of novel antibacterial
therapeutics.
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71 CHEMICAL SYNTHESIS

7.1I MATERIALS AND METHODS

All reagents were purchased in reagent grade or higher purity from commercial suppli-
ers (Sigma-Aldrich, Thermo Fisher Scientific, TCI Europe, Alfa Aesar, Acros Organics,
Merck) and were used without further purifications. Solvents used for chemical reac-
tions were HPLC grade or of higher purity. Distilled technical solvents were used for
reaction workup and chromatography. All reactions sensitive to air or moisture were
performed in flame-dried glassware under positive pressure of argon using anhydrous

solvents. All temperatures were measured externally.

Analytical thin-layer chromatography was carried out on silica gel 6o F2s4 plates
(Merck), with visualization by short-wave UV light (A =254, 366 nm) and/or stain-
ing with KMnO, or cerium ammonium molybdate (CAM) stain. Flash column chro-

matography was performed on silica gel (Geduran Si 60, 40-63 um, Merck).

Reversed-phase HPLC-HR-ESI-MS, HPLC-HR-APCI-MS mass spectra were recorded
on a Thermo LTQ FT Ultra coupled to a Dionex UltiMate 3000 HPLC system. A Wa-
ters XBridge Ci8 column (3.5 um, 4.6 x 100 mm, flow rate = 1.1 ml/min) was used for
separation of analytes. The column temperature was maintained at 30 °C. The mobile
phase for elution consisted of a gradient mixture of 0.1% (v/v) formic acid in water

(buffer A) and 0.1% (v/v) formic acid in acetonitrile:water 9o:10 (buffer B).

Preparative reversed-phase HPLC separation was performed on a Waters 2695 quater-
nary gradient module, equipped with an X-BridgeIM Prep C18 s um OBDTM (30 x 150
mm) column, a Waters 2998 PDA detector and a Waters Fraction Collector III. Eluents
for analytical and preparative RP-HPLC were 0.1% (v/v) TFA in water (buffer A) and
0.1% (v/v) TFA in acetonitrile (buffer B).

Enantiopurity was determined by analytical HPLC (Dionex Ps8o pump, ASI-100 auto-
mated sample injector, UVD 340 U photodiode array detector) using a chiral stationary
phase (Daicel Chiralpak AD-H 250x4.6 mm, sum, Chemical Industries). Runs were per-
formed isocratically (#-heptan/iPrOH, so/so (v/v), 2omin; flow rate: .o mL/min, ) at

20 °C with UV detection (A =254 nm).
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"H- and BC-NMR spectra of small molecules were recorded on Bruker instruments
(300 MHz, 400 MHz, soo MHz or 500 MHz cryo) and referenced to the residual pro-
ton signal of the deuterated solvent. F-NMR spectra were recorded on a 400 MHz

Bruker instrument and were not referenced to an internal standard.

Chemical shifts are reported in parts per million (ppm). Coupling constants (/) are
given in Hertz and multiplicity is reported as followed: s = singlet, brs = broad singlet,

d = doublet, t = triplet, q = quartet, m = multiplet or unresolved.

7.2 SYNTHETIC PROTOCOLS

Synthesis of the unnatural amino acid Tmo

The synthesis of both enantiomers of the unnatural amino acid 3,4,5-trimethoxy-phenyl-

alanine was performed based on known procedures.[“]

(Z)-2-Methyl-4-(3,4,5-trimethoxybenzylidene)oxazol-5(4H)-one (1)

(0]
(0]
- AN o
\O N<<
_0

To a mixture of 3,4,s-trimethoxybenzaldehyde (44.0 g, 224 mmol, 1.00 eq), N-acetyl
glycine (28.8 g, 246 mmol, 1.10 eq) and sodium acetate (20.6 g, 251 mmol, .12 eq) was
added acetic anhydride (112 mL). The suspension was stirred at 125 °C for s h until RP-
HPLC-MS showed no residual aldehyde. After cooling to room temperature, a solu-
tion of water/ethanol (2/1 (v/v), 3 L) was added and stirred for 30 min. The precipi-
tate was filtered and washed with water/ethanol (2/1, (v/v)). Lyophilization yielded the
product (40.0 g, 144 mmol, 64%). TLC: R¢ = 0.66 (0.5% MeOH, DCM). lTH-NMR
(400 MHz, CDCL): 5 [ppm] =7.39 (s, 2H), 7.04 (s, 1H), 3.90-3.91 (m, 9H), 2.39 (s,
3H). BC-NMR (75 MHz, CDCl,): 5 [ppm] = 68.0, 165.8, 153.3, 141.2, I31.8, I3L5, 128.7,
109.7,77.6,77.2,76.7, 61.2, 56.3,15.9. HRMS (ESI): m/z calcd for C,,H NO;: 278.1023
[M + H]*, found: 278.1021.
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Methyl (Z)-2-acetamido-3-(3,4,5-trimethoxyphenyl)acrylate (2)

(0]
0 AN o~
HN
~0 \ﬂ/
(0] (¢}

To a suspension of 1(39.8 g, 144 mmol, 1.00 eq) in MeOH (400 mL) at 0 °C was added
sodium methanolate (10.1g, 187 mmol, 1.30 eq). The mixture was allowed to warm to
room temperature and stirred for additional r.5 h. The solvent was removed under re-
duced pressure and the residue was dissolved in semi-saturated ammonium chloride
(200 mL) and extracted with DCM (3 x 250 mL). The combined organic extracts were
dried over MgSO, and concentrated under reduced pressure. For further purification,
the residue was dissolved in 40% DCM in hexanes (300 mL) and precipitated by addi-
tion of hexanes (100 mL). Filtration yielded the product as a pale-yellow solid (38.2 g,
123 mmol, 86%). TLC: R¢ = 0.34 (2% MeOH, DCM). H-NMR (400 MHz,CDCl,):
8 [ppm] =7.89 (s, 1H),7.21(s,1H), 6.91(s,2H), 3.81 (s, 6H), 3.75 (d, / = 1.7 Hz, 6H), 2.05
(s, 3H). 3C-NMR (126 MHz, CDCL,): § [ppm] = 170.3, 166.6, 154.0, 139.9, 133.0, 129.9,
126.1, 108.2, 60.8, 56.6, 52.8, 22.9. HRMS (ESI): m/z caled for C,H (NOg: 310.1285
[M + H]*, found: 310.1285.

rac-Methyl 2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoate (3)

(¢}
_0 o~
HN
~0 \H/
0 ol

To a solution of 3 (14.9 g, 48.1mmol) in methanol (400 mL) was added Pd/C (10%,
1.6 g). The mixture was stirred under an atmosphere of H, at room temperature for
16 h and filtered over a pad of Celite. The solvent was reduced under removed pressure,
yielding the product as a white solid (14.8 g, 47.6 mmol). TLC: R = 0.33 (2% MeOH,
DCM). H-NMR (400 MHz, CD,CN): & [ppm] = 6.66 (brs, 1H), 6.47 (s, 2H), 4.61
(td, / = 7.9, 5.5 Hz, 1H), 3.78 (s, 6H), 3.68 (s, 3H), 3.67 (s, 3H), 3.05 — 2.84 (m, 2H),
1.86 (s, 3H). BC-NMR (126 MHz, CD,CN): 5 [ppm] = 173.0, 170.5, 154.1, 137.5, 133.6,
107.3, 60.6, 56.5, 54.6, 52.6, 38.2, 22.7. HRMS (ESI): m/z calcd for C H, NOy: 312.1442
[M + H]*, found: 312.1442.
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(S)-2-Acetamido-3-(3,4,5-trimethoxyphenyl)propanoic acid (5) and (R)-Methyl
2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoate (4)

O O

(S) (R)
O OH o~ o~

~o HN ot ~o HN ot
0 o) 0 0
To a suspension of pulverized 3 (9.80 g, 31.5 mmol) in aqueous NaHCO,; solution (0.2
M, pH = 8.4, 340 mL) was added Alcalase (protease from B. licheniformis >2.4 U/g,
Sigma-Aldrich, 2.5 mL). The solution was stirred at room temperature while maintain-
ing the pH value. When RP-HPLC-MS showed full conversion (i.e. 50%, 6 h), the pH
was adjusted to 9. For the purification of 4, the solution was extracted with DCM (3
x 400 mL). The combined organic fractions were washed with brine (200 mL), dried
over MgSO, and concentrated under reduced pressure.4 was obtained as a white solid
(4.94 g, 15.9 mmol, 50%). For the purification of 5, the aqueous layer was adjusted
to pH =1 and saturated with sodium chloride. The aqueous layer was extracted with
EtOAc (3 x 400 mL). The combined organic extracts were dried over MgSO ,and con-
centrated under reduced pressure and additionally dried under high vacuum. Com-

pound 5 was obtained as an off-white solid (4.34 g, 14.6 mmol, 46%).
(S)-2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoic acid (5):

TLC: Re=0.7 (4% MeOH, 0.5% AcOH, DCM). 'H-NMR (500 MHz, CDCL,):
5 [ppm] = 6.38 (s, 2H), 6.26 (d, / = 7.6 Hz, 1H), 5.86 (brs, 1H), 4.81 (dt, / = 7.5, 6.0
Hz, 1H), 3.81 (s, 3H), 3.81 (s, 6H), 3.09 (ddd, / = 49.1, 14.1, 6.0 Hz, 2H), 2.01 (s, 3H).
I3BC-NMR (101 MHz, CDCL,): 8 [ppm] =174.2,171.3, 153.4, 137.1, 131.7, 106.4, 61.0, 56.2,
53.5, 37.6, 23.1. HRMS (ESI): m/z caled for C,H,,NOg: 298.1285 [M + H]*, found:
298.12.84.

(R)-methyl 2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoate (4):

TLC: R¢ = 0.33 (2% MeOH, DCM). 'H-NMR (400 MHz, CDCL,): 3 [ppm] = 6.30 (s,
2H), 5.93 (d, ] = 7.8 Hz, 1H), 4.86 (dt, ] = 7.8, 5.8 Hz, 1H), 3.82 (s, 3H), 3.82 (s, 6H),
3.74 (s, 3H), 3.07 (dd, ] = 5.8, 1.4 Hz, 2H), 2.00 (s, 3H). 13C-NMR (75 MHz, CDCl,):
d [ppm] =172.2, 169.6, 153.4, 137.2, 131.6, 106.3, 61.0, 56.2, 53.3, 52.5, 38.2, 23.4. HRMS
(ESI): m/z caled for C(H,,NOg: 312.1442 [M + H]*, found: 312.1442.

123



Methyl (S)-2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoate (6)

(e}
0 o~
HN
~0 \ﬂ/
(0] (0]

Compound 5 (4.32 g, 14.s mmol, 1.00 eq) and p-toluenesulfonic acid (0.28 g, 1.45 mmol,
0.10 eq) in methanol (150 mL) was stirred at 8o °C for 6 h and cooled to room temper-
ature. The solvent was removed under reduced pressure, the residue was dissolved in
DCM (180 mL) and washed with §% NaHCO, (3 x so mL), brine (30 mL). The organic
phase was dried over MgSO, and the solvent was removed under reduced pressure. The

product (4.14 g, 13.3 mmol, 92%) was used for the next step without further purification.

(R)-2-((zert-Butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)propanoic acid
(7)

0]

R
_0 (.)

~ “OH

N HN__O

“T T
To asolution of 4(4.89 g,15.7 mmol, 1.00 eq) and DMAP (0.38 g, 3.14 mmol, 0.20 eq) in
THF (100 mL) was added di-zerz-butyl dicarbonate (7.22 mL, 6.86 g, 31.4 mmol, 2.00 eq).
The solution was stirred at 75 °C for 3 h and cooled to room temperature. 2 M LIOH
(80 mL) was added and stirred at room temperature for s h until full ester hydrolysis.
THF was evaporated under reduced pressure, the aqueous layer was adjusted to pH =11
and washed with hexanes (2 x 70 mL). The aqueous layer was then adjusted to pH = 2-3
and cooled to 0 °C. A white precipitate formed, which was collected by filtration and
washed with ice-cold water. Lyophilization of the residue yielded the product as a white
solid (5.36 g, 15.1 mmol, 96%). TLC: Ry =0.27 (3% MeOH, 0.5% AcOH, DCM). 1H-
NMR (400 MHz CD,CN): 5 [ppm] = 6.51 (s, 2H), 5.50 (s, 1H), 4.41 — 4.27 (m, 1H),
3.79 (s, 6H), 3.68 (s, 3H), 3.08 (dd, / =13.9, 4.9 Hz, 1H), 2.81 (dd, / = 14.0, 9.3 Hz, 1H),
135 (s, 9H).13C-NMR (101 MHz, CD,CN): § [ppm] =173.6, 156.4, 154.1, 137.6, 133.9,
107.5,79.9, 60.7, 56.6, 55.5, 38.2, 28.4. HRMS (ESI): m/z caled for C,H,NO, : 717.3422
[2M + Li]*, found: 717.3407.
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(S)-2-((zert-Butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)propanoic

acid (8)
o)
O T on
\O HN\H/O\’<
0 o)

To a solution of 6 (4.05g, 13.0 mmol, 1.00 eq) and DMAP (0.32 g, 2.60 mmol, 0.20 eq)
in THF (9omL) was added di-erz-butyl dicarbonate (5.96 mL, 5.67g, 26.0 mmol,
2.00 eq). The solution was stirred at 75 °C for 3 h and cooled to room temperature. 2
M LiOH (so mL) was added and stirred at room temperature for 3 h until full ester
hydrolysis. THF was evaporated under reduced pressure and the aqueous layer was
adjusted to pH =1 and washed with hexanes (2x50 mL). The aqueous layer was
then adjusted to pH =2-3 and cooled to 0 °C. A white precipitate formed, which was
collected by filtration and washed with ice-cold water. Lyophilization of the residue
yielded the product as a white solid (4.03g, 1.3 mmol, 87%). TLC: Re=0.27 (3%
MeOH, 0.5% AcOH, DCM). 1H-NMR (400 MHz, CD,CN): 5 [ppm] = 6.53 (s, 2H),
5.56 (s, 1H), 4.37 (s, 1H), 3.79 (d, / = 0.7 Hz, 6H), 3.68 (d, / = 0.8 Hz,3H), 3.17 — 3.05 (m,
1H), 2.85- 2.75 (m, 1H), 1.35 (s, 9H). 13C-NMR (126 MHz, CD,CN): 5 [ppm] = 174.4,
156.4, 154.0, 137.4, 133.9, 107.4, 79.9, 60.6, 56.5, 55.7, 38.2, 28.4. HRMS (ESI): m/z caled
for C,,H,\NO,: 717.3422 [2M + Li]*, found: 717.3410.

General procedure 1: Synthesis of phenyl esters (GP1)

Under an argon atmosphere, the amino acid (r.0oeq) and methyl-4-hydroxyben-
zoate (1.0seq) were dissolved in minimal amounts of anhydrous DCM/DMF
and cooled to 0°C. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide-hydrochloride
(EDC+HCI, 1roseq), hydroxybenzotriazole (HOBt*xH20, 1rs50eq) and DIPEA
(2.00 eq) were added. The solution was stirred and allowed to warm to room tempera-
ture overnight. If DMF was used, the solvent was removed under reduced pressure. For
workup, the residue/reaction mixture was diluted with DCM and washed with 5% cit-
ric acid (3x), s% NaHCO, (3x) and brine (1x). The organic phase was dried over MgSO
and the solvent was removed under reduced pressure. Purification was performed by

column chromatography or preparative RP-HPLC.
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Methyl (R)-4-((2-((ze7-butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)-benzoate (9)

The compound was synthesized according to GPi, starting from 7 (2.68 g, 7.54 mmol,
1.00 eq), methyl-4-hydroxybenzoate (1.20g, 7.92mmol, 1.05eq), EDC*HCI (2.17 g,
1.3 mmol, r.soeq), HOBt*xH20 (1.53g, 1.3 mmol, r.s0oeq) and DIPEA (2.63 mL,
1.95 g, 1s.1mmol, 2.00 eq) in DCM (100 mL). Column chromatography (hexanes/E-
tOAc, 4/1 —1/1) yielded the product as a white solid (2.95 g, 6.02 mmol, 80%). TLC:
R¢=0.27 (hexanes/EtOAc, 3/1, v/v). TH-NMR (soo MHz, CDCl,): 5 [ppm] = 8.05
(d, / = 8.4 Hz, 2H), 7.09 (d, J = 8.4 Hz, 2H), 6.42 (s, 2H), 5.1 — 5.04 (m, 1H), 4.82
- 4.74 (m, 1H), 3.91 (s, 3H), 3.84 (s, 3H), 3.81 (s, 6H), 3.16 (d, / = 6.2 Hz, 2H), 1.45 (s,
9H). 3C-NMR (101 MHz, CDCL,): 5 [ppm] = 170.3,166.3, 155.2, 154.0, I53.5, 137.4, I31.3,
131.3, 128.2, 121.4, 106.4, 80.6, 61.0, 56.2, 54.9, 52.4, 38.8, 28.4. HRMS (ESI): m/z calcd
for C,;H,,NO,: 531.2337 [M + MeCN + H]*, found: 531.2340. Chiral HPLC: tg = 7.39

min (major), tg = 8.98 min (minor); er: 97.2:2.8, 94% ee.

Methyl (S)-4-((2-((ze7t-butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)-benzoate (10)

0
e do/
G
o = o
oL

O\
The compound was synthesized according to GPi, starting from 8 (2.33 g, 6.56 mmol,
1.00 eq), methyl-4-hydroxybenzoate (1.05g, 6.88 mmol, 1.05¢q), EDC*HCI (1.89g,
9.83 mmol, 150 eq), HOBt*xH20 (1.33 g, 9.83 mmol, 1.50 eq) and DIPEA (2.28 mL,
1.69 g, 15.1mmol, 2.00eq) in DCM (100 mL). Column chromatography (hexanes/E-
tOAc, 4/1 —1/1) yielded the product as a white solid (2.56 g, 5.22 mmol, 80%). TLC:

R¢=0.27 (hexanes/EtOAc, 3/1,v/v). TH-NMR (500 MHz, CDCL,): 3 [ppm] = 8.06 (d,
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J =8.7Hz,2H), 7.09 (d, ] = 8.7 Hz, 2H), 6.42 (s, 2H), 5.07 (d, / = 8.2 Hz, 1H), 4.79
(d,J =7.2 Hz, 1H), 3.91 (s, 3H), 3.84 (s, 3H), 3.81 (s, 6H), 3.17 (d, / = 5.8 Hz, 2H), 1.45 (s,
9H). 3C-NMR (75 MHz, CDCL,): § [ppm] = 170.3, 166.3, 155.2, 153.9, I53.5, 137.3, 1313,
131.3, 128.2, 121.4, 106.3, 80.6, 61.0, 56.2, 4.9, 52.4, 38.8, 28.4. HRMS (ESI): m/z caled
for C,;H;;NO,: 531.2337 [M + MeCN + H]*, found: 531.2340. Chiral HPLC: tg = 8.96

min (major), tg = 7.39 min (minor); er: 98.8:1.2, 97% ee.

Methyl (R)-4-((2-amino-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)benzoate * TFA (11)

(0]
o /@)J\O/
H,N ()
2 o)
CF3CO5H o
o/
O\

For deprotection, 9 (1.50 g, 3.06 mmol) was dissolved in anhydrous DCM (20 mL) and
cooled to o°C. TFA (5 mL) was added and the reaction was stirred at o °C for s h. The
solvent was removed under reduced pressure and the residue was co-evaporated with
toluene to remove residual TFA. The residue was dissolved in a mixture of MeCN/wa-
ter and lyophilized to yield the product as a white solid (1.52 g, 3.02 mmol, 98%). For
subsequent synthesis, the compound was used without further purification. For bio-
chemical testing and analytics, a small portion of the compound was purified by RP-
HPLC. TLC: R¢= 0.56 (2% MeOH, 2% Triethylamine, DCM). 1H-NMR (500 MHz,
CDCl,): 5 [ppm] =7.99(d, / = 8.8 Hz,2H), 7.08 (d, / = 8.8 Hz, 2H), 6.51 (s, 2H), 4.43
(dd,/ =7.9,5.8 Hz,1H), 3.89 (s, 3H), 3.75 (s, 6H), 3.71 (s, 3H), 3.29 (qd, / = 14.3, 6.8 Hz,
2H).13C-NMR (101 MHz,CDCL,): 5 [ppm] = 167.5,166.0, 153.6,153.2,137.4, 131.4, 128.8,
128.8, 1211, 106.6, 60.9, 56.1, 54.5, 52..5, 36.7. HRMS (ESI): m/z calced for C,H,,NO.:
390.1547 [M + H]™, found: 390.1548. Chiral HPLC: tg = 12.87 min (major), tg = 8.22

min (minor); er: 97.2:2.8, 94% ee.
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Methyl (S5)-4-((2-amino-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)benzoate * TFA (12)

o)
o} /O)Lo/
Hszyko
CFgCOH = o
166

O

For deprotection, 10 (1.28 g, 2.61 mmol) was dissolved in anhydrous DCM (20 mL) and
cooled to o°C. TFA (5 mL) was added and the reaction was stirred at o °C for s h. The
solvent was removed under reduced pressure and the residue was co-evaporated with
toluene to remove residual TFA. The residue was dissolved in a mixture of MeCN/wa-
ter and lyophilized to yield the product as a white solid in quantitative yield. For sub-
sequent synthesis, the compound was used without further purification. For biochem-
ical testing and analytics, a small portion of the compound was purified by RP-HPLC.
TLC: R¢= 0.56 (2% MeOH, 2% Triethylamine, DCM). 'TH-NMR (400 MHz, CDCL,):
8 [ppm] =8.00 (d, / = 8.8 Hz, 2H), 7.08 (d, / = 8.8 Hz, 2H), 6.51 (s, 2H), 4.44 (dd,
J = 8., 5.7 Hz, 1H), 3.89 (s, 3H), 3.75 (s, 6H), 3.70 (s, 3H), 3.30 (qd, / =14.3, 6.8 Hz,
2H). 13C-NMR (101 MHz,CDCL,): 3 [ppm] = 167.5,166.0, 153.6, 153.2, 137.4, 131.5,128.8,
128.8, 121.1, 106.5, 77.5, 772, 76.8, 60.9, 56.1, 54.6, 52.5, 36.7. HRMS (ESI): m/z calcd for
C,oH,;NO,:390.1547 [M + H]*, found: 390.1546. Chiral HPLC: tg = 8.16 min (major),

tg = 13.18 min (minor); er: 99.0:1.0, 98% ee.

Methyl
(R)-4-((2-pivalamido-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (13)
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Compound 11 (8o mg, 0.16 mmol, 1.00 eq) was dissolved in DCM (3 mL) and cooled
to o °C. Pivaloyl chloride (23 uL, 23 mg, 0.19 mmol, 1.20 eq) and triethylamine (44 uL,
32:mg, 0.32 mmol, 2.00 eq) were added and the solution was stirred at 0 °C for 2 h. The

solution was warmed to room temperature, diluted with DCM (10 mL) and washed
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with §% citric acid (3 x2 mL) and brine (s mL), dried. The organic phase was dried over
MgSO, and the solvent was removed under reduced pressure. The crude product was
purified by RP-HPLC and column chromatography (0.5% MeOH in DCM), yielding
the product as a white solid (30 mg, 63 umol, 40%). TLC: R¢=0.54 (1.5% MeOH in
DCM). 1H-NMR (500 MHz, CDCl,): 3 [ppm] = 8.10 - 8.02 (m, 2H), 7.15 — 7.08 (m,
2H), 6.41(s,2H), 6.24 (d,/ =7.s Hz,1H), 5.06 (dt, / = 7.4, 6.2 Hz,1H), 3.92 (s, 3H), 3.84
(s, 3H), 3.80 (s, 6H), 3.30 — 3.16 (m, 2H), 1.20 (s, 9H). 13C-NMR (126 MHz, CDCl,):
d [ppm] =178.4, 170.2, 166.3, 153.9, 153.5, 137.4, I31.4, I31.2 128.2, 121.3, 106.3, 61.0, 56.2,
$3.4, 524, 38.8, 38.3, 27.5. HRMS (ESI): m/z caled for C,;H, NOg: 474.2122 [M + H]",
found: 474.2124. Chiral HPLC: tg = 5.43 min (major), ttg = 4.90 min (minor); er:
99.1:0.9, 98% ee.

Methyl
(5)-4-((2-pivalamido-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (14)
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Compound 12 (100 mg, 0.20 mmol, 1.00 eq) was dissolved in DCM (4 mL) and cooled
to o °C. Pivaloyl chloride (29 4L, 29 mg, 0.24 mmol, 1.20 eq) and triethylamine (54 uL,
40 mg, 0.40 mmol, 2.00 eq) were added and the solution was stirred at o °C for 2 h. The
solution was warmed to room temperature, diluted with DCM (10 mL) and washed
with §% citric acid (3 x2 mL) and brine (s mL), dried. The organic phase was dried over
MgSO, and the solvent was removed under reduced pressure. The crude product was
purified by RP-HPLC, yielding the product as a white solid (86 mg, 0.18 mmol, 92%).
TLC: R¢=0.54 (1.5% MeOH in DCM). 1H-NMR (s00 MHz, CDCL,):  [ppm] = 8.06
(d, / = 8.7 Hz, 2H), 7.12 (d, J = 8.7 Hz, 2H), 6.41 (s, 2H), 6.20 (d, / = 7.5 Hz, 1H),
5.08 — 5.03 (m, 1H), 3.92 (s, 3H), 3.84 (s, 3H), 3.80 (s, 6H), 3.22 (s, 2H), 1.20 (s, 9H).
I3BC-NMR (126 MHz, CDCL,): & [ppm] =178.8, 170.1, 166.3, 153.9, 153.6, 137.4, 1314,
131.2, 128.3, 121.3, 106.3, GLI, 56.2, §3.4, 52.5, 38.9, 38.3, 27.5. HRMS (ESI): m/z calcd for
C, H,;NOg: 474.2122 [M + H]J*, found: 474.2124. Chiral HPLC: tg = 4.90 min (ma-

jor), tg = 5.45 min (minor); er: 98.8:1.2, 97% ee.
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Methyl (R)-4-((2-(((benzyloxy)carbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)-benzoate (15)

Compound 11 (10 mg, 0.10 mmol, 1.00 eq) was dissolved in DCM (2 mL) and cooled
to 0 °C. Benzyl chloroformate (29 uL, 35 mg, 0.20 mmol, 2.00 eq) and triethylamine
(28 uL, 21mg, 0.20 mmol, 2.0 eq) were added and the solution was stirred at o °C for
s h. The solution was warmed to room temperature, diluted with DCM (10 mL) and
washed with 5% citric acid (3 x2 mL) and brine (s mL). The organic phase was dried
over MgSO, and the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (0.3% MeOH in DCM) and RP-HPLC, yield-
ing the product as a white solid (20 mg, 38 umol, 38%). TLC: R¢= 0.25 (1% MeOH in
DCM). TH-NMR (500 MHz, CDCL,): 5 [ppm] = 8.06 (d, /= 8.3 Hz, 2H), 7.39 —7.29
(m, sH), 7.08 (d, / = 8.3 Hz, 2H), 6.39 (s, 2H), 5.30 (d, / = 8.1 Hz, 1H), 5.15 (q, / =
2.2 Hz, 2H), 4.88 (q, ] = 6.7 Hz, 1H), 3.92 (s, 3H), 3.83 (s, 3H), 3.76 (s, 6H), 3.26 —
3.11 (m, 2H). 13C-NMR (126 MHz, CDCL,): § [ppm] =169.9, 166.3, 155.8, 153.9, 153.6,
137.4, 136.1, 131.4, 130.9, 128.8, 128.5, 128.4, 128.3, 121.4, 106.3, 67.4, 61.0, 56.2, 55.2, 52.5,
38.7. HRMS (ESI): m/z caled for C,sH, NO,: 524.1915 [M + H]*, found: 524.1917.

Methyl (5)-4-((2-(((benzyloxy)carbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanoyl)oxy)-benzoate (16)
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Compound 12 (75 mg, 0.13 mmol, 1.00 eq) was dissolved in DCM (3 mL) and cooled to
o °C. Benzyl chloroformate (53 uL, 64 mg, 0.37 mmol, 2.50 eq) and triethylamine (42 uL,
30 mg, 0.30 mmol, 2.00 eq) were added and the solution was stirred at 0 °C for 8 h. The

solution was warmed to room temperature, diluted with DCM (10 mL) and washed

130



with 5% citric acid (3 x2 mL) and brine (s mL), dried. The organic phase was dried over
MgSO, and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (o0.s% MeOH in DCM) and RP-HPLC, yield-
ing the product as a white solid (36 mg, 69 umol, 46%). TLC: Ry=0.25 (1% MeOH
in DCM). TH-NMR (500 MHz, CDCL,): 5 [ppm] = 8.06 (d, / = 8.4 Hz, 2H), 7.39 -
7.30 (m, sH), 7.08 (d, / = 8.3 Hz, 2H), 6.39 (s, 2H), 5.34 —5.28 (m, 1H), 5.15 (q, / = 12.2
Hz, 2H), 4.88 (q, / = 6.7 Hz, 1H), 3.92 (s, 3H), 3.83 (s, 3H), 3.76 (s, 6H), 3.26 — 3.14
(m, 2H). 13C-NMR (126 MHz, CDCL,): 5 [ppm] =169.9, 166.3, 155.8, 153.9, 153.5, 137.4,
136.1, 131.4, 130.9, 128.8, 128.5, 128.4, 128.3, 121.4, 106.3, , 67.4, 61.0, 56.2, 55.2, §2.4, 38.7.
HRMS (ESI): m/z caled for C,sH, NO,: 524.1915 [M + H] ", found: 524.1917.

Methyl (R)-4-((2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)-
benzoate (49)

Compound 11 (50 mg, 0.10 mmol, 1.00 eq) was dissolved in DCM (2.5 mL) and cooled
to 0 °C. Acetic anhydride (28 uL, 30 mg, 0.30 mmol, 1.50 eq) and DIPEA (42 1L, 31 mg,
0.24 mmol, 1.20 eq) were added and the solution was warmed to room temperature and
stirred for 2 h. The solvent was removed under reduced pressure. The crude product
was purified by RP-HPLC, yielding the product as a white solid (37 mg, 86 umol, 86%).
TLC: R¢ = 0.12 (1% MeOH in DCM). 1TH-NMR (400 MHz, CD,CN): § [ppm] = 8.03
(d,/ =8.7Hz,2H), 7.12 (d, / = 8.8 Hz,2H), 6.90 (d, / = 7.0 Hz,1H), 6.58 (s, 2H), 4.77
(dt,/ =7.9, 6.6 Hz, 1H), 3.87 (s, 3H), 3.78 (s, 6H), 3.70 (s, 3H), 3.21 — 3.02 (m, 2H), 1.92
(s, 3H). 3C-NMR (126 MHz, CDCL,): § [ppm] =171.2, 171.0, 166.9, 155.3, 154.3, 137.9,
133.3, 131.9, 129.1, 122..7, 107.6, 60.8, 56.7, 55.4, 52.8, 38.0, 22.6. HRMS (ESI): m/z caled
for C,,H,NOg: 432.1653 [M + H]*, found: 432.1652.
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Methyl (5)-4-((2-acetamido-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)-
benzoate (51)
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Compound 12 (50 mg, 0.10 mmol, 1.00 eq) was dissolved in DCM (2.5 mL) and cooled
to 0 °C. Acetic anhydride (28 uL, 30 mg, 0.30 mmol, 1.50 eq) and DIPEA (42 1L, 31 mg,
0.24 mmol, 1.2 eq) were added and the solution was warmed to room temperature and
stirred for 2 h. The solvent was removed under reduced pressure. The crude product
was purified by RP-HPLC, yielding the product as a white solid (28 mg, 65 umol, 65%).
TLC: R¢=0.12 (1% MeOH in DCM)2 'H-NMR (400 MHz, CDCl3): 5 [ppm] = 8.06
(d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 6.41 (s, 2H), 5.98 (d, / = 7.3 Hz, 1H),
5.08 (dt, / = 7.6, 6.3 Hz, 1H), 3.92 (s, 3H), 3.84 (s, 3H), 3.80 (s, 6H), 3.20 (qd, / = 13.9,
6.3 Hz, 2H), 2.06 (s, 3H). 13C-NMR (126 MHz, CDCl3): 5 [ppm] = 170.1, 170.0, 166.3,

153.9, 153.6, 137.6, 131.4, 1311, 128.4, 121.4, 106.4, 61.0, 56.3, $3.7, 52.4, 38.4, 23.3. HRMS
(ESI): m/z caled for C,,H,(NOg: 432.1653 [M + H]*, found: 432.1652.

Methyl (R)-4-(2-((zert-butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanamido)benzoate (17)

Compound 7 (soomg, 1.41mmol, 1.00eq) and methyl-4-aminobenzoate (230 mg,
1.5 mmol, 1.10 eq) were dissolved in DMF (10 mL) and cooled to o °C. COMU (1.41g,
3.38 mmol. 2.40 eq) and DIPEA (980 uL, 0.73 g, 5.63 mmol, 4.00 eq) were added and
the solution was stirred at room temperature for 48 h. The solvent was removed under
reduced pressure and the residue was dissolved in DCM (20 mL). The organic phase was
washed with 5% citric acid (3 x s mL), s% NaHCO, (3 x5 mL) and brine (1o mL). The
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solvent was removed under reduced pressure and the crude product was purified using
RP-HPLC, yielding the product (300 mg, 0.6 mmol, 44%) as an oft-white solid. TLC:
R¢=0.13 (hexanes/EtOAg, 3/1, v/v). 1TH-NMR (500 MHz, CD,CN): § [ppm] = 8.65
(brs, tH), 7.93 (d, / = 8.4 Hz, 2H), 7.64 (d, / = 8.4 Hz, 2H), 6.52 (s, 2H), 5.68 (brs,
1H), 4.42 — 4.31 (m, 1H), 3.85 (s, 3H), 3.72 (s, 6H), 3.66 (s, 3H), 3.06 (dd, / =13.7, 6.1
Hz, 1H), 2.88 (dd, / = 13.7, 8.5 Hz, 1H), 1.37 (s, 9H). 13C-NMR (101tMHz, CD,CN):
d [ppm] =171.8, 167.1, 156.5, 154.1, 143.5, 137.7, 133.8, 1313, 126.3, 119.8, 107.5, 80.2, 60.7,
57.8,56.5, 52.5,39.0, 28.5. HRMS (ESI): m/z calcd for C,;H,, N, Og: 489.2231 [M + H]",
found: 489.2229.

Synthesis of aryl amides via selenocarboxylates

Fluorinated aromaticamide 18 was synthesized according to Supporting Scheme 1, based
on the protocol from Wu ez al. ) LiAlHSeH was freshly prepared for each reaction, fol-
lowing the literature.] In brief; to a suspension of LiAIH 4+ (44.0 mg, 1.10 mmol) in an-
hydrous THF (10 mL) under argon was added selenium powder (88.0 mg, 1.10 mmol)
in one portion at o °C. The mixture was stirred at o °C for 20 min and then directly used

for the amidation reaction.

Foo F o
o] o) 0
BocHN (F) 1. Isopropy! BocHN.A L © ©
OH chloroformate, NMM Se Nz F
2. LiAIHSeH HIN F
fo) : (O F » BocHN ®) o F
THF, 0 °C THF
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o) o)
~ ~N o/
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Supporting Scheme 1. Synthesis of 18 via selenocarboxylates.

Methyl 4-azido-2,3,5,6-tetrafluorobenzoate (52)

F O
F
O/
N3 F
F

The compound was synthesized according to Xi ez al., starting from methyl pentafluo-

robenzoate.[4]
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Methyl (R)-4-(2-((zert-butoxycarbonyl)amino)-3-(3,4,5-trimethoxyphenyl)-
propanamido)-2,3,5,6-tetrafluorobenzoate
(18)

Under an argon atomosphere, a solution of 4 (391mg, 1.10 mmol, r.10eq) and N-
methylmorpholine (120 «L, 1.10 mmol, .10 eq) in anhydrous THF (10 mL) was cooled
to 0°C. A solution of 1 M isopropyl chloroformate in toluene (1.10 mL, 1.10 mmol,
r.10 eq) was added and the mixture was stirred at o °C for 20 min. Then, the obtained
mixed anhydride solution was added to a freshly prepared LiAIHSeH solution over
s min. The mixture was stirred for additional 30 min while maintaining the temperature
below 5 °C. Next, a solution of methyl 4-azido-2,3,5,6-tetrafluorobenzoate 52 (249 mg,
1.00 mmol, 1.00 eq) in anhydrous THF (1 mL) was added to the selenocarboxylate so-
lution. The mixture was allowed to warm to room temperature and stirred for an-
other 18 h. For workup, the solution was filtered over a pad of celite, which was subse-
quently rinsed with EtOAc (3 x 25 mL). The organiclayer was washed with % NaHCO,
(2x25 mL), water (2x25 mL), and brine (30 mL). The organic layer was dried over
MgSO, and treated with activated charcoal which was subsequently filtered off over
a pad of celite. The solvent was removed under reduced pressure. Column chromatog-
raphy (hexanes/EtOAc, 10/1 —2/1) and RP-HPLC yielded the product as a white solid
(175 mg, 0.31 mmol, 31%). TLC: R¢ = 0.20 (1% MeOH in DCM). 1TH-NMR (500 MHz,
CD,CN): 8 [ppm] = 8.s5 (s, 1H), 6.57 (s, 2H), 5.72 (d, / = 8.2 Hz, 1H), 4.53 - 4.43 (m,
1H), 3.94 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 3.14 (dd, / = 14.2, 5.4 Hz,1H), 2.87 (dd, / =
13.9, 9.2 Hz, 1H), 1.36 (s, oH). 13C-NMR (126 MHz, CD,CN): 8 [ppm] =171.3, 160.7,
156.5, 154.1, 145.9 (“d”", J = 254 Hz), 143.2 (“d”", ] = 254 Hz), 137.6, 133.7, 120.9 — 120.5
(m), 110.8 — 110.5 (M), 107.5, 80.3, 60.6, 57.1, 56.5, 53.9, 38.3, 28.4. P F-NMR (471 MHz,
CD3CN): 5 [ppm] = -141.9 — -142.2 (m, 2F), -145.0 — -145.5 (m, 2F). HRMS (ESI): m/z
caled for C,;H,sF N, Og: 5611855 [M + H]*, found: s61.1852. *Splitting of the signal due

to C-F-correlation.
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Methyl 4-(((ze7t-butoxycarbonyl)glycyl)oxy)benzoate (19)
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The compound was synthesized according to GP1, starting from Boc-Gly-OH (198 mg,
1.13 mmol, .00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq), EDC * HCI
(325 mg, 1.70 mmol, 1.50 eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq) and DIPEA
(394 uL, 292 mg, 2.26 mmol, 2.00 eq) in DCM (20 mL). Preparative RP-HPLC yielded
the product as a white solid (204 mg, 0.66 mmol, 58%). TLC: R¢=0.58 (0.5% MeOH
in DCM). TH-NMR (500 MHz, CD,CN): 5 [ppm] = 8.04 (d, / = 8.1 Hz, 2H), 7.22.(d,
J = 8.5 Hz, 2H), 5.76 (brs, 1H), 4.05 (d, / = 6.2 Hz, 2H), 3.87 (s, 3H), 1.43 (s, oH). 13C-
NMR (126 MHz, CD,CN): 5 [ppm] =170.2, 166.8, 156.9, I55.2, 131.9, 129.0, 122.8, 80.2,
52.8, 43.2, 28.4. HRMS (ESI): m/z calcd for C,,H,\NO,: 619.2498 [2M + H]*, found:
619.2498.

Methyl 4-(((ze7t-butoxycarbonyl)-(R)-alanyl)oxy)benzoate (20)
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The compound was synthesized according to GPi, starting from Boc-(R)-Ala-OH
(214 mg, 1.13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq),
EDC-HCI (325 mg, 1.70 mmol, 1.50 eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq)
and DIPEA (394 1L, 292 mg, 2.26 mmol, 2.00eq) in DCM (12mL). Column chro-
matography (0.5% MeOH in DCM) yielded the product as a white solid (203 mg,
0.63mmol, 56%). TLC: Rr=0.45 (0.5% MeOH in DCM). lTH-NMR (500 MHz,
CDCl,): 5 [ppm] =8.07 (d, / = 8.7 Hz, 2H), 7.18 (d, / = 8.7 Hz, 2H), 5.07 (s, 1H), 4.58
— 4.49 (m, 1H), 3.91 (s, 3H), 155 (d, / = 7.4 Hz,3H), 1.46 (s, 9H). 13C-NMR (101 MHz,
CDCL,): 6 [ppm] = 171.7, 166.4, 155.3, 154.3, 1314, 128.1, 1215, 80.4, 52.4, 49.7, 28.5, 18.4.
HRMS (ESI): m/z caled for C,cH,,NOg: 324.1442 [M + H]*, found: 324.1442.
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Methyl 4-(((ze7t-butoxycarbonyl)-(R)-leucyl)oxy)benzoate (21)
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The compound was synthesized according to GP1, starting from Boc-(R)-Leu-OH
(261mg, 1.13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq),
EDC- HCI (325 mg, 1.70 mmol, 1.50 eq), HOBt * xH, O (230 mg, 1.70 mmol, 1.50 eq) and
DIPEA (394 uL, 292 mg, 2.26 mmol, 2.00 eq) in DCM/DMF (12 mL/o.smL). Column
chromatography (1.0% MeOH in DCM) yielded the product as a colorless oil which so-
lidified upon standing (283 mg, 0.77 mmol, 68%). TLC: R¢= 0.51 (1% MeOH in DCM).
1H-NMR (500 MHz, CDCL,): 5 [ppm] =8.07 (d, / = 8.7 Hz, 2H), 7.18 (d, / = 8.7 Hz,
2H), 4.93 (d,J = 8.5 Hz, 1H), 4.58 — 4.47 (m, 1H), 3.91 (s, 3H), 1.87 — 1.75 (m, 2H), .71
- 1.62 (m, 1H), 1.46 (s, 9H), .02 (d, / = 6.3 Hz, 6H). 13C-NMR (126 MHz, CDCl,): 5
(ppm] = 171.9, 166.4, 155.6, 154.3, 131.3, 128.0, 121.6, 80.4, 52.5, 52.4, 4L, 28.4, 25.1, 23.1,
22.0. HRMS (ESI): m/z caled for CyH, NOg: 366.191 [M + H]*, found: 366.1912.

Methyl 4-(((zert-butoxycarbonyl)-(R)-methionyl)oxy)benzoate (22)
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The compound was synthesized according to GPi, starting from Boc-(R)-Met-OH
(282 mg, .13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq),
EDC-HCI (325 mg, 1.70 mmol, 1.50eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq)
and DIPEA (394 4L, 292 mg, 2.26 mmol, 2.00¢eq) in DCM (20 mL). Column chro-
matography (1.5% MeOH in DCM) yielded the product as a white solid (273 mg,
o.71mmol, 63%). TLC: Rr=0.47 (1.5% MeOH in DCM). 'H-NMR (300 MHz,
CDClL,): 5 [ppm] =8.13 — 7.99 (m, 2H), 7.24 — 7.13 (m, 2H), 5.19 (d, / = 8.1 Hz, 1H),
4.65 (s, 1H), 3.91 (s, 3H), 2.72 — 2.58 (m, 2H), 2.30 (dt, / = 8.6, 4.8 Hz, 1H), 2.19 — 2.00
(m, 4H), 1.46 (s, 9H). 13C-NMR (126 MHz, CDCL,): 5 [ppm] = 170.8,166.3, 155.5, I54.1,
131.4, 1313, 128.2, 1215, 1215, $3.1, 52.4, 31.8, 30.2, 28.4, 15.7. HRMS (ESI): m/z calcd for
CisH,(NO(S: 384.1475 [M + H] ™, found: 384.1472.
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Methyl 4-(((ze7t-butoxycarbonyl)-(R)-phenylalanyl)oxy)benzoate (23)
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The compound was synthesized according to GP1, starting from Boc-(R)-Phe-OH
(300 mg, .13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq),
EDC+ HCl (325 mg, 1.70 mmol, r.50 eq), HOBt * xH, O (230 mg, 1.70 mmol, 1.50 eq) and
DIPEA (394 uL, 292 mg, 2.26 mmol, 2.00 eq) in DCM (20 mL). Column chromatogra-
phy (hexanes/EtOAC, 4/1) yielded the product as a white solid (384 mg, 0.96 mmol,
85%). TLC: Ry=0.47 (hexanes/EtOAc, 4/1, v/v). TH-NMR (300 MHz, CDCL,): 5
[ppm] = 8.10 — 8.00 (m, 2H), 7.40 - 7.27 (m, 3H), 7.28 — 7.20 (m, 3H), 7.12 - 7.00 (m,
2H), 5s.04 (s, 1H), 4.82 (t, / = 6.9 Hz, 1H), 3.91 (s, 3H), 3.23 (d, /= 6.3 Hz, 2H), 1.44
(s, 9H). 13C-NMR (126 MHz, CDCL,): 5 [ppm] =170.2, 166.2, 155.2, 153.9, 135.6, I31.2,
129.4, 128.8, 128.0, 127.4, 121.4, 80.5, 54.7, 52.3, 38.3, 28.3. HRMS (ESI): m/z calcd for
C,,H,\NOy: 400.1755 [M + H]*, found: 400.173s.

Methyl 4-(((ze7t-butoxycarbonyl)-(R)-tyrosyl)oxy)benzoate (24)
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The compound was synthesized (without prior protection of tyrosine) according
to GP1, starting from Boc-(R)-Tyr-OH (159 mg, o.s7 mmol, 1.00eq), methyl-4-hy-
droxybenzoate (258 mg, 1.70 mmol, 3.00 eq), EDC+ HCI (163 mg, 0.85 mmol, 1.50 eq),
HOBt*xH,O (115mg, 0.85mmol, r.soeq) and DIPEA (197 uL, 146 mg, 1.13 mmol,
2.00eq) in DCM (8 mL). RP-HPLC yielded the product as a white solid (5mg,
12.0 umol, 2%). TLC: R¢=0.22 (1% MeOH in DCM)!H-NMR (soo MHz, CDCl,):
8 [ppm] =8.03(d, / = 8.7 Hz,2H), 7.16 — 7.09 (m, 4H), 6.78 (d, / = 8.5 Hz, 2H), 5.75 -
5.67 (m, 1H), 4.50(q,/ = 7.5 Hz, 1H), 3.87 (s, 3H), 3.17 — 2.96 (m, 2H), 1.39 (s, 9H). 13C-
NMR (101 MHz, CDCL): § [ppm] =171.7, 166.8, 156.9, 156.4, 155.2, 131.9, I31.4, 129.0,
128.6, 122.7, 116.1, 80.2, 56.6, 52.8, 37.0, 28.4. HRMS (ESI): m/z calcd for C,,H,\NO.:
4151704 [M + H]*, found: 416.1705.
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Methyl 4-(((ze7t-butoxycarbonyl)-(R)-tryptophyl)oxy)benzoate (25)

The compound was synthesized according to GPi, starting from Boc-(R)-Trp-OH
(300 mg, .13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05 eq),
EDC-+HCI (325 mg, 1.70 mmol, 1.50eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq)
and DIPEA (394 uL, 292 mg, 2.26 mmol, 2.00eq) in DCM (20 mL). Column chro-
matography (hexanes/EtOAc, 4/1) yielded the product as a white solid (384 mg,
0.96 mmol, 85%). TLC: R¢= o.14 (hexanes/EtOAc, 4/1, v/v). 'TH-NMR (s00 MHz,
CDCL,): 5 [ppm] = 8.18 (brs, 1H), 8.04 — 7.98 (m, 2H), 7.63 (d, / =7.9 Hz, 1H), 7.39
(d,J =7.8 Hz,1H), 7.25 — 7.21 (m, 1H), 7.16 — 7.08 (m, 2H), 6.98 — 6.93 (m, 2H), 5.16 (s,
1H), 4.88(q,/ = 6.4 Hz, 1H), 3.91 (s, 3H), 3.49 — 3.38 (m, 2H), 1.45 (s, 9H). 13C-NMR
(1o1 MHz, CDCl,): 5 [ppm] =170.7, 166.4, 155.4, 154.2, 136.4, 1313, 128.0, 127.7, 123.0,
122.7, 121.5, 120.1, 119.0, I1L.4, 110.1, 80.4, $4.7, 52.3, 28.5, 28.1. HRMS (ESI): m/z calcd for
C,,H,cN,Oq: 439.1864 [M + H]*, found: 439.1858.

Methyl 4-((O-benzyl-N-(zert-butoxycarbonyl)-(R)-seryl)oxy)benzoate (26)
o)
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The compound was synthesized according to GPi, starting from Boc-(R)-Ser(Bzl)-OH
(334 mg, 1.13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, 1.05eq),
EDC-HCI (325 mg, 1.70 mmol, 1.50eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq)
and DIPEA (394 uL, 292 mg, 2.26 mmol, 2.00 eq) in DCM/DMF (12 mL/ 0.2 mL). Col-
umn chromatography (0.75% MeOH in DCM — 1.0% MeOH in DCM) yielded the
product as a colorless oil which solidified upon standing (350 mg, 0.81 mmol, 72%).
TLC: R¢=0.58 (1% MeOH in DCM). TH-NMR (500 MHz, CDCL,): 5 [ppm] = 8.09 —
8.02 (m,2H),7.39 — 7.26 (m, sH), 7.13 = 7.09 (m, 2H), 5.49 (d, ] = 8.9 Hz, 1H), 4.70 (dt,
J=9.2,3.1Hz, 1H), 4.66 — 4.51 (m, 2H), 4.09 (dd, ] = 9.4, 3.2 Hz, 1H), 3.92 (s, 3H), 3.80

138



(dd, ] = 9.3, 3.2 Hz, 1H), 1.47 (s, 9H). 13C-NMR (126 MHz, CDCL,): 5 [ppm] = 169.1,
166.3, 155.5, 154.2, 137.3, 131.2, 12.8.6, 128.1, 128.0, 127.8, 121.5, 80.4, 73.5, 70.0, 54.3, §2.3, 28.3.
HRMS (ESI): m/z caled for C,;H,,NO.: 430.1860 [M + H]*, found: 430.1861.

Methyl 4-(((ze7t-butoxycarbonyl)-(R)-seryl)oxy)benzoate (27)
o)
e do/
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To a solution of 26 (100 mg, 0.23 mmol) in EtOAc (7 mL) was added Pd/C (30 mg).
The suspension was flushed with H, for 2 min and stirred under an H,-atmosphere (bal-
loon) at room temperature for 16 h. The mixture was filtered over a pad of celite, which
was subsequently washed with EtOAc. The solvent was removed under reduced pres-
sure and the residue was purified by column chromatography (2% MeOH in DCM),
yielding the product as a white solid (78 mg, 0.23 mmol, 99%). TLC: R¢=o0.32 (2%
MeOH in DCM). IH-NMR (soo MHz, CDCL,): § [ppm] = 8.08 (d, / = 8.7 Hz, 2H),
7.20 (d, J/ = 8.7 Hz, 2H), 5.50 (s, 1H), 4.63 (s, iH), 4.19 (dd, J = 1.1, 3.7 Hz, 1H), 4.06
(dd, J = 1.0, 3.5 Hz, 1H), 3.92 (s, 3H), 1.48 (s, 9H). 13C-NMR (101 MHz, CDCL,): &
[ppm] =169.3, 166.4, 155.8, 154.2, 131.4, 128.3, 121.6, 80.8, 63.6, 56.1, 52.4, 28.4. HRMS
(ESI): m/z caled for C ¢H,,NO,: 340.1301 [M + H]*, found: 340.1391.

5-benzyl 1-(4-(methoxycarbonyl)phenyl) (ze7z-butoxycarbonyl)-(R)-glutamate
(28)

The compound was synthesized according to GP1, starting from Boc-(R)-Glu(OBzl)-
OH (381mg, r.3mmol, r.ooeq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol,
r.oseq), EDC*HCI (325 mg, 1.70 mmol, 1.50 eq), HOBt*xH,O (230 mg, 1.70 mmol,
.50 eq) and DIPEA (394 1L, 292 mg, 2.26 mmol, 2.00 eq) in DCM (12 mL). Column
chromatography (0.6% MecOH in DCM) yielded the product as a white solid (392 mg,
0.83 mmol,73%). TLC: R¢ = 0.24 (1% MeOH in DCM). TH-NMR (500 MHz, CDCL,):

139



5 [ppm] = 8.07 (d, ] = 8.8 Hz, 2H), 7.40 — 7.30 (m, sH), 7.20 — 7.16 (m, 2H), 5.18 (brs,
1H), s.14 (s, 2H), 4.57 (q, / = 8.6, 7.5 Hz, 1H), 3.92 (s, 3H), 2.64 — 2.51 (m, 2H), 2.44
- 2.34 (m, 1H) 2.14 (dtd, / = 14.5, 8.1, 6.6 Hz, 1H), 1.45 (s, 9H). 13C-NMR (101 MHz,
CDCL,): 8 [ppm] =172.6, 170.6, 166.3, 155.6, 154.1, 135.8, 1314, 128.8, 128.5, 128.5, 128.2,
1215, 80.6, 66.8, 53.4, 52.4, 30.4, 28.4, 27.5. HRMS (ESI): m/z calced for C, H, NOg:
472.1966 [M + H]™, found: 472.1969.

(R)-4-((zert-butoxycarbonyl)amino)-5-(4-(methoxycarbonyl)phenoxy)-5-
oxopentanoic acid (29)

0
-
) H(H)o do
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To a solution of 28 (118 mg, 0.25 mmol) in EtOAc (6 mL) was added Pd/C (30 mg).
The suspension was flushed with H, for 2 min and stirred under an H,-atmosphere
(balloon) at room temperature for 16 h. The mixture was filtered over a pad of celite,
which was subsequently washed with EtOAc. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (hexanes/EtOAc, 1/1,
then s% MeOH in DCM), yielding the product as a white solid (56 mg, 0.15 mmol, 59%).
TLC: R¢=0.29 (5% MeOH in DCM). 'H-NMR (soo MHz, CDCL,): 5 [ppm] = 8.07
(d,J =8.7 Hz,2H), 7.19 (d, ] = 8.7 Hz, 2H), 5.22 (brs, 1H), 4.60 (brs, tH), 3.92 (s, 3H),
2.66 —2.54 (m,2H), 2.42 — 2.35 (m, 1H), 2.17 — 2.09 (m, 1H), 1.46 (s, 9H). 13C-NMR (101
MHz, CDCI,): 5 [ppm] =177.3,170.6,166.3, 155.7, 154.1, 131.4, 128.3, 1215, 80.8, 53.2, 52..4,
30.0, 28.4, 27.5. HRMS (ESI): m/z caled for C;gH,,NOg: 382.1496 [M + H]*, found:
382.1498.

Methyl 4-((N¢-((benzyloxy)carbonyl)-N2-(zerz-butoxycarbonyl)-(R)-lysyl)-
oxy)benzoate (30)
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The compound was synthesized according to GPi, starting from Boc-(R)-Lys(Cbz)-OH
(430 mg, 1.13 mmol, 1.00 eq), methyl-4-hydroxybenzoate (180 mg, 1.19 mmol, r.05 eq),
EDC-HCI (325 mg, 1.70 mmol, 1.50 eq), HOBt*xH,O (230 mg, 1.70 mmol, 1.50 eq)
and DIPEA (394 1L, 292 mg, 2.26 mmol, 2.00eq) in DCM (12mL). Column chro-
matography (hexanes/EtOAc, 3/1 — 2/1) yielded the product as a white solid (429 mg,
0.83 mmol, 74%). TLC: R¢= o.21 (hexanes/EtOAc, 3/1, v/v). IH-NMR (400 MHz,
CDCL,): 5 [ppm] = 8.11 — 8.03 (m, 2H), 7.40 — 7.27 (m, sH), 7.21 - 7.13 (m, 2H), 5.10
(s,2H), 5.20 = 5.13 (m, 1H), 4.85 — 4.79 (m, 1H), 4.54 — 4.46 (m, 1H), 3.92 (5, 3H), 3.24 (d,
J =6.2Hz2H),2.04 — .91 (m, 1H), 1.84 (dt, / = 14.2, 7.6 Hz, 1H), 1.63 — 1.49 (m, 4H),
1.46 (s, 9H). 3C-NMR (126 MHz, CDCL,): § [ppm] =171.2, 166.4, 156.7, 155.7, 154.2,
136.6,131.4, 128.7, 128.3, 128.3, 128.1, 121.6, 80.4, 66.9, 53.7, 52.4, 40.6, 32.1, 29.6, 28.5, 22.6.
HRMS (ESI): m/z caled for C,,H,, N, Oy: 515.2388 [M + H]™, found: 515.2387.

Methyl (R)-4-((2-((ze7-butoxycarbonyl)amino)octanoyl)oxy)benzoate (31)
o

-
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The compound was synthesized according to GP1, starting from Boc-(R)-2-amino-
octanoic acid (Boc-(R)-2-Aoc-OH, 235 mg, o.91mmol, 1.00¢eq), methyl-4-hydroxy-
benzoate (144 mg, o.9smmol, roseq), EDC+-HCl (261mg, 1.36 mmol, rs50eq),
HOBt*xH,O (184 mg, 1.36 mmol, r.50eq) and DIPEA (316 uL, 234 mg, 1.81 mmol,
2.00¢eq) in DCM (10 mL). Prior to reaction, the DCHA of the commercially avail-
able Boc-(R)-2-Aoc-OH*DCHA form was removed by extraction between EtOAc and
5% KHSO, according to the protocol of the supplier. Column chromatography (hex-
anes/EtOAc, 7/1) yielded the product as a colorless oil (0.28 g, 0.58 mmol, 64%). TLC:
R = 0.33 (hexanes/EtOAc, 7/1). 'TH-NMR (500 MHz, CDCL,): 5 [ppm] = 8.07 (d, / =
8.7 Hz,2H), 7.17 (d, / = 8.7 Hz, 2H), 5.02 (d, / = 8.3 Hz, 1H), 4.55 — 4.47 (m, 1H), 3.92
(s,3H), 2.02 — 1.90 (m, 1H), 1.79 (dt, / = 14.8, 7.8 Hz, 1H), 1.46 (s, 10H), 1.45 — 1.24 (m,
8H), 0.89 (t, / = 6.8 Hz, 3H). 13C-NMR (101 MHz, CDCL,): § [ppm] = 171.4, 166.4,
155.6, 154.3, 131.4, 128.1, 121.6, 80.3, 53.9, 52.4, 32.6, 31.7, 29.0, 28.5, 25.5, 22.7, 14.2. HRMS
(ESI): m/z caled for C,,H; NOg: 394.224 [M + H]*, found: 394.226.
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General procedure 2: Synthesis of dipeptide phenyl esters (GP2)

Under an argon atmosphere, (R)-11 or (§)-12 (1.00 eq) and the Boc-protected amino
acid (r.10 eq) were dissolved in minimal amounts of anhydrous DMF and cooled
to 0°C. (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-
carbenium hexafluorophosphate (COMU, .10 eq) and DIPEA (2.00 eq) were added.
The solution was stirred and allowed to warm to room temperature overnight. The
solvent was removed under reduced pressure. For workup, the residue was diluted
with DCM and washed with 5% citric acid (3x), s% NaHCO; (3x) and brine (1x). The
organic phase was dried over MgSO, and the solvent was removed under reduced
pressure. Purification was performed by column chromatography and/or preparative
RP-HPLC.

Methyl 4-(((S)-2-((S)-2-((ze7z-butoxycarbonyl)amino)-4-(methylthio)-
butanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (32)
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The compound was synthesized according to GP2, starting from phenyl ester 12
(100 mg, 0.20 mmol, 1.00 eq), Boc-(§)-Met-OH (55 mg, 0.22 mmol, 1.10 eq), COMU (94
mg, 0.22. mmol, r.10 eq) and DIPEA (69 uL, st mg, 0.40 mmol, 2.00 eq) in DMF (3 mL).
RP-HPLC yielded the product as a white solid (42 mg, 68 umol, 34%). TLC: Ry=0.29
(1% MeOH in DCM). TH-NMR (so0 MHz, CD,CN): 5 [ppm] = 8.04(d, / = 8.8 Hz,
2H), 7.15 (d, / = 8.7 Hz, 2H), 7.14 (brs, 1H), 6.58 (s, 2H), 5.62 (d, / = 7.6 Hz, 1H), 4.84
(td, J =7.7,5.8 Hz, 1H), 4.15 (d, / = 7.2 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H),
3.25 — 3.09 (m, 2H), 2.54 — 2.38 (m, 2H), 2.01 (s, 3H), 1.94 — 1.87 (m, 1H), 1.85 — 1.74 (m,
1H), 137 (s, 9H). I3C-NMR (126 MHz, CD,CN): 5 [ppm] =173.0, 170.7, 166.8, 156.5,
155.2, 154.2, 137.7, 133.1, 131.9, 129.0, 122.6, 107.4, 80.0, 60.7, 56.6, 54.9, 54.5, 52.8, 37.8,
32.5, 30.6, 28.4, 15.2. HRMS (ESI): m/z caled for C,oH,(,N,O,,S: 6212476 [M + H]*,
found: 621.2477.
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Methyl 4-(((S)-2-((R)-2-((tert-butoxycarbonyl)amino)-4-(methylthio)-
butanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (33)
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The compound was synthesized according to GP2, starting from phenyl ester 12
(100 mg, 0.20 mmol, .00 eq), Boc-(R)-Met-OH (55 mg, 0.22 mmol, .10 eq), COMU
(94 mg, 0.22. mmol, 1.10 eq) and DIPEA (69 1L, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). RP-HPLC yielded the product as a white solid (74 mg, 0.12 mmol, 60%). TLC:
R¢=0.35 (1% MeOH in DCM). 1H-NMR (soo MHz, CD,CN): 3 [ppm] = 8.04 (d,
J = 8.7 Hz, 2H), 7.20 - 7.15 (m, 2H), 7.13 (br s, 1H), 6.57 (s, 2H), 5.62 (d, / = 8.2 Hz,
1H), 4.81(q, / = 7.4, 6.9 Hz, 1H), 4.15 (brs, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H),
3.24 (dd, J = 13.9, 5.5 Hz, 1H), 3.08 (dd, / = 13.9, 8.9 Hz, 1H), 2.47— 2.35 (m, 2H), 2.00
(s, 3H), 1.92 — 1.83 (m, 1H), 1.80 — .70 (m, 1H), 1.36 (s, 9H). 13C-NMR (100 MHz,
CDSCN): 8 [ppm] =173.1, 170.8, 166.8, 156.6, 155.3, 154.3, 137.9, 133.2, I31.9, 129.1, 122..7,
107.5, 80.1, 60.8, 56.7, 55.0, 54.4, 52.8, 37.9, 32.4, 30.6, 28.4, 15.2. HRMS (ESI): m/z caled
for C;uH,,N,0,,S: 621.2476 [M + H]*, found: 621.2471.

Methyl 4-(((R)-2-((S)-2-((zert-butoxycarbonyl)amino)-4-(methylthio)-
butanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (34)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(100 mg, 0.20 mmol, 1.00 eq), Boc-(§)-Met-OH (55 mg, 0.22 mmol, r.10eq), COMU
(94 mg, 0.22 mmol, r.10 eq) and DIPEA (69 uL, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). RP-HPLCyielded the product as a white solid (107 mg, o.17 mmol, 87%). TLC:
R¢=0.36 (1% MeOH in DCM). TH-NMR (500 MHz, CD,CN): 5 [ppm] = 8.07 — 8.02
(m,2H),7.20 - 7.15(m, 2H), 7.15 — 7.11 (m, 1H), 6.58 (s, 2H), 5.63 (d, / = 8.3 Hz, 1H), 4.80
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(9, =7.4 Hz,1H), 418 — 4.08 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 3.24 (dd, /
=13.9, 5.5 Hz, 1H), 3.08 (dd, / = 13.9, 8.9 Hz, 1H), 2.46 —2.34 (m, 2H), 2.00 (s, 3H), 1.92 —
1.83 (m, 1H), 1.81 - .70 (m, 1H), 1.36 (s, 9H). 13C-NMR (126 MHz, CD,CN): 5 [ppm] =
173.0, 170.8,166.8, 156.6, 155.2, 154.2, 137.7, 133.2, 131.9, 129.0, 122..7, 107.3, 80.0, 60.7, 56.6,
550, 543, 52.8, 37.8, 32.4, 30.5, 28.4, 15.2. HRMS (ESI): m/z calced for C,,H,,N,O,,S:
621.2476 [M + H]*, found: 621.2472.

Methyl 4-(((R)-2-((R)-2-((zerz-butoxycarbonyl)amino)-4-(methylthio)-
butanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (35)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(100 mg, 0.20 mmol, .00 eq), Boc-(R)-Met-OH (55 mg, 0.22 mmol, .10 eq), COMU
(94 mg, 0.22 mmol, 1.10 eq) and DIPEA (69 1L, st mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). RP-HPLC yielded the product as a white solid (0.10 g, 0.r7 mmol, 84%). TLC:
R¢=0.29 (1% MeOH in DCM). TH-NMR (500 MHz, CD,CN): 5 [ppm] = 8.04 8.04
(d,J =8.7 Hz,2H), 7.15 (d, / = 8.7 Hz, 2H), 7.14 (brs, 1H), 6.58 (s, 2H), 5.62 (d, / = 8.0
Hz,1H), 4.85(td, / = 7.7, 5.8 Hz, 1H), 4.15 (d, / = 9.7 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 6H),
3.69 (s, 3H), 3.28 — 3.09 (m, 2H), 2.54- 2.38 (m, 2H), 2.02 (s, 3H), 1.94 — 1.89 (m, 1H),
1.84 — 1.76 (m, 1H), 1.37 (s, 9H). 13C-NMR (126 MHz, CD,CN): 5 [ppm] = 173.0,170.7,
166.8, 156.5, 155.2, 154.2, 137.7, 133.1, I31.9, 129.0, 122.6, 107.4, 80.0, 60.7, 56.6, 54.9, 54.5,
52.8, 37.8, 32.5, 30.5, 28.4, 15.2. HRMS (ESI): m/z caled for C;,,H (N, 0,,S: 621.2476
[M + H]J*, found: 621.247s5.

Methyl 4-(((S)-2-((S)-2-((zerr-butoxycarbonyl)amino)-4-methylpentanamido)-3-
(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (36)
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The compound was synthesized according to GP2, starting from phenyl ester 12 (5o mg,
o.10 mmol, 1.00eq), Boc-(S)-Leu-OH (25 mg, o.1mmol, r.10eq), COMU (47 mg,
o.1 mmol, r.10 eq) and DIPEA (52 1L, 38 mg, 0.30 mmol, 3.00 eq) in DMF (2 mL). RP-
HPLC yielded the product as a white solid (49 mg, 81umol, 82%). TLC: R¢=0.22 (1%
MeOH in DCM). 1H-NMR (500 MHz, CD,CN): 5 [ppm] = 8.09 — 8.00 (m, 2H), 7.17
- 7.13 (m, 2H), 7.12 (brs, 1H), 6.57 (s, 2H), 5.50 (d, / = 8.3 Hz, 1H), 4.81 (td, / = 7.8, 5.9
Hz, 1H), 4.08 — 3.99 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 3.27 — 3.02 (m, 2H),
1.62 (dt, / = 13.8, 6.8 Hz, 1H), 1.42 (d, / = 10.8 Hz, 2H), 1.36 (s, 9H), 0.88 (dd, / = 1.7,
6.6 Hz, 6H). 3C-NMR (126 MHz, CD,CN): 5 [ppm] 173.9, 170.8, 166.8, 156.5, 155.2,
154.2,137.7, 133.2, 131.8, 129.0, 122.6, 107.4, 79.8, 60.7, 56.6, 54.8, §3.9, 52.8, 41.8, 37.8, 2.8.4,
25.4, 23.2, 21.7. HRMS (ESI): m/z caled for C;;H,,N,O,,: 603.2912 [M + H]*, found:
603.2903.

Methyl 4-(((S)-2-((R)-2-((ze7-butoxycarbonyl)amino)-4-methylpentanamido)-3-
(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (37)
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The compound was synthesized according to GP2, starting from phenyl ester 12
(100 mg, 0.20 mmol, 1.00 eq), Boc-(R)-Leu-OH (51 mg, 0.22 mmol, r.10eq), COMU
(94 mg, 0.22 mmol, 1.10 eq) and DIPEA (69 uL, s1mg, 0.40 mmol, 2.00eq) in DMF
(3 mL). RP-HPLC yielded the product as a white solid (35 mg, 58 wmol, 29%). TLC:
R¢=0.47 (2% MeOH in DCM). TH-NMR (soo MHz, CDCL,): 5 [ppm] = 8.05 (d, /
= 8.6 Hz, 2H), 7.17 (d, / = 8.7 Hz, 2H), 7.09 (brs, 1H), 6.58 (s, 2H), 5.49 (s, 1H), 4.79
(d, / = 8.0 Hz, 1H), 4.08 - 3.98 (m, 1H), 3.88 (s, 3H), 3.80 (s, 6H), 3.70 (s, 3H), 3.24
(dd, J = 13.9, 5.5 Hz, 1H), 3.07 (dd, J = 13.9, 9.1 Hz, 1H), 1.68 — 1.57 (m, 1H), 1.41 — 1.37
(m, 2H), 1.36 (m, 9H), 0.85 (dd, / = 6.6, 2.9 Hz, 6H). 13C-NMR (126 MHz, CD,CN):
8 [ppm] 174.0, 170.9, 166.8, 156.5, 155.2, 154.2, 137.7, 133.2, 131.8, 129.0, 122.7, 122.6, 107.4,
79.8, 60.7, 56.6, 55.0, §3.7, 52.8, 41.7, 37.8, 28.4, 25.3, 23.1, 21.8. HRMS (ESI): m/z calcd
for C;;H,,N,O,,: 603.2912 [M + H]*, found: 603.2913.
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Methyl 4-(((S)-2-((R)-2-((ze7-butoxycarbonyl)amino)-4-methylpentanamido)-3-
(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (38)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(150 mg, 0.30 mmol, 1.00 eq), Boc-(S)-Leu-OH (76 mg, 0.33 mmol, 1.10 eq), COMU
(140 mg, 0.33 mmol, 1.10 eq) and DIPEA (104 uL, 77 mg, 0.60 mmol, 2.00 eq) in DMF
(4 mL). RP-HPLC yielded the product as a white solid (85 mg, 0.14 mmol, 47%). TLC:
R¢=0.48 (2% MeOH in DCM). 1H-NMR (soo MHz, CDCL,): 3 [ppm] = 8.04 (d, /] =
8.6 Hz,2H), 7.17 (d, / = 8.7 Hz, 2H), 7.12 (brs, 1H), 6.58 (s, 2H), 5.49 (s, 1H), 4.85 — 4.75
(m, 1H), 4.09 - 3.99 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 3.24 (dd, / = 13.9,
s.s Hz, 1H), 3.07 (dd, / = 13.9, 9.1 Hz, 1H), 1.57 = 1.48 (m, 1H), 1.41 — 1.37 (m, 2H), 1.36 (s,
9H), 0.85 (dd, J = 6.6, 2.7 Hz, 6H). 13C-NMR (126 MHz, CD,CN): 5 [ppm] = 174.0,
170.8,166.8, 156.5, 155.2, 154.2, 137.7, 133.2, 131.9, 129.0, 122..7, 122..6, 107.4, 79.8, 60.7, 56.6,
55.0, 53.7, 52.8, 41.8, 37.8, 2.8.4, 25.3, 23.1, 21.8. HRMS (ESI): m/z caled for C; H,,N, O,
603.2912 [M + H]*, found: 603.2910.

Methyl 4-(((R)-2-((R)-2-((zert-butoxycarbonyl)amino)-4-methylpentanamido)-
3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (39)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(100 mg, 0.20 mmol, 1.00 eq), Boc-(R)-Leu-OH (51 mg, 0.22 mmol, r.10 eq), COMU
(94 mg, 0.22 mmol, r.10 eq) and DIPEA (69 uL, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). RP-HPLC yielded the product as a white solid (64 mg, 0.1 mmol, 53%). TLC:
R¢=0.21 (1% MeOH in DCM). 1TH-NMR (500 MHz, CD,CN): 5 [ppm] = 8.04 (d, /
=8.7 Hz, 2H), 7.14 (d, / = 8.8 Hz, 2H), 7.11 (brs, 1H), 6.57 (s, 2H), 5.49 (d, / = 8.0 Hz,
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1H), 4.82 (td, / = 7.7, 5.8 Hz, 1H), 4.08 — 3.98 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69
(s, 3H), 3.28 — 3.06 (m, 2H), 1.68 - 1.57 (m, 1H), 1.43 (d, / = 7.9 Hz, 2H), 1.36 (s, 9H),
0.88 (dd, / = 11.6, 6.6 Hz, 6H).13C-NMR (126 MHz, CD,CN): § [ppm] 173.9, 170.8,
166.8, 156.5, 155.2, 154.2, 137.7, 133.2, I31.8, 129.0, 122..6, 107.4, 79.8, 60.7, 56.6, 54.8, 53.9,
52.8, 41.8,37.8,28.4, 25.4, 23.2, 21.7. HRMS (ESI): m/z caled for C;;H,,N, O,,: 603.2912
[M + H]*, found: 603.2907.

Methyl (R)-4-((2-(2-((zert-butoxycarbonyl)amino)acetamido)-3-(3,4,5-
trimethoxyphenyl)propanoyl)oxy)benzoate (40)
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The compound was synthesized according to GP2, starting from phenyl ester
11 (100 mg, 0.20 mmol, r.ooeq), Boc-Gly-OH (38 mg, 0.22 mmol, 1.10 eq), COMU
(94 mg, 0.22 mmol, r.10 eq) and DIPEA (69 1L, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). RP-HPLC yielded the product as a white solid (70 mg, 0.13 mmol, 64%). TLC:
R¢=0.15 (1% MeOH in DCM) 'H-NMR (500 MHz, CD,CN): 5 [ppm] = 8.04 (d, / =
8.5 Hz, 2H), 7.15 (d, / = 8.6 Hz, 2H), 7.04 (brs, 1H), 6.57 (s, 2H), 5.62 (brs, 1H), 4.82
(g9, =7.3Hz,1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.70 (s, 3H), 3.67 (d, / = 6.2 Hz, 2H), 3.24
- 3.06 (m, 2H), 1.38 (s, 9H). I3C-NMR (126 MHz, CD,CN): 5 [ppm] =170.9, 170.8,
166.8, 157.0, 155.1, 154.2, 137.7, 133.1, 131.8, 129.0, 122.6, 107.4, 80.0, 60.7, 56.6, 55.0, 52.8,
44.3,37.9,28.4. HRMS (ESI): m/z caled for C,,H,, N, O,,: 547.2286 [M + H]*, found:
547.22.85.

Methyl 4-(((R)-2-((R)-2-((¢ert-butoxycarbonyl)amino)propanamido)-3-(3,4,5-
trimethoxyphenyl)propanoyl)oxy)benzoate (41)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(100 mg, 0.20 mmol, 1.00eq), Boc-(R)-Ala-OH (41 mg, 0.22 mmol, 1.10eq),COMU
(94 mg, 0.22 mmol, r.10 eq) and DIPEA (69 uL, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL) RP-HPLC yielded the product as a white solid (83 mg, o.15 mmol, 74%). TLC:
R¢=0.35 (1% MeOH in DCM). 1TH-NMR (soo MHz, CD,CN): 5 [ppm] = 8.04 (d, /
= 8.8 Hz, 2H), 7.15 (d, / = 8.7 Hz, 2H), 7.09 (brs, 1H), 6.58 (s, 2H), 5.56 (brs, 1H), 4.83
(td, / =7.6, 5.9 Hz, 1H), 4.11 — 4.01 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 3.24
- 3.08 (m, 2H), 1.37 (s, 9H), 1.22 (d, / = 7.2 Hz, 3H). 3C-NMR (126 MHz, CD,CN):
d [ppm] =174.1, 170.8, 166.8, 156.3, 155.2, 154.2, 137.7, 133.1, 131.8, 129.0, 107.5, 79.9, 60.7,
56.6,54.9,52.8, 51.0,37.9, 28.4,18.3. HRMS (ESI): m/z caled for C,gH, N, O,: 561.2443
[M +H]*, found: 561.2442.

Methyl 4-(((R)-2-((R)-2-((zerz-butoxycarbonyl)amino)-3-phenylpropanamido)-
3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (42)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(100 mg, 0.20 mmol, 1.00 eq), Boc-(R)-Phe-OH (58 mg, 0.22 mmol, 1.10 eq), COMU
(94 mg, 0.22 mmol, r.10 eq) and DIPEA (69 uL, s1mg, 0.40 mmol, 2.00 eq) in DMF
(3 mL). Column chromatography (hexanes/EtOAc, 2/1) yielded the product as a white
solid (68 mg, 0.1 mmol, 54%). TLC: R¢= 0.25 (hexanes/EtOAc, 2/1, v/v). TH-NMR
(400 MHz, CD,CN): § [ppm] = 8.07 — 8.02 (m, 2H), 7.30 - 7.17 (m, 6H), 7.16 - 7.12
(m, 2H), 6.58 (s, 2H), 5.48 (d, / = 8.3 Hz, 1H), 4.84 (td, / = 7.5, 6.0 Hz, 1H), 4.30 (brs,
1H), 3.87 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 3.22 — 3.04 (m, 3H), 2.85 - 2.73 (m, 1H),
129 (s, 9H). 13C-NMR (101 MHz, CD,CN): § [ppm] =172.7, 170.7, 166.8, 156.3, 155.1,
154.3, 154.2, 138.4, 137.8, 133.1, 131.9, 130.2, 129.2, 129.0, 127.5, 122..7, 122..7, 107.5, 80.0, 60.7,
56.6,56.5,55.0, 52.8,38.5,37.9,28.3. HRMS (ESI): m/z caled for C;, H, N, O,,: 637.2756
[M + H]*, found: 637.2752.



Methyl 4-(((R)-2-((R)-3-(benzyloxy)-2-((¢e7-butoxycarbonyl)-
amino)propanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (43)
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The compound was synthesized according to GP2, starting from phenyl ester
11 (150 mg, 0.30 mmol, 1.00e¢q), Boc-(R)-Ser(Bzl)-OH (97 mg, 0.33 mmol, 1.10eq),
COMU (140 mg, 0.33 mmol, 1.10 eq) and DIPEA (104 uL, 77 mg, 0.60 mmol, 2.00 eq)
in DMF (4 mL). RP-HPLC yielded the product as a white solid (155 mg, 0.23 mmol,
78%). TLC: R¢ = 0.35 (2% MeOH in DCM). TH-NMR (s00 MHz, CD,CN): 5 [ppm]
=8.05 — 8.00 (m, 2H), 7.33 — 7.24 (m, sH), 7.22 (brs, 1H), 7.13 (d, / = 8.7 Hz, 2H), 6.56
(s,2H), 5.63 (brs, 1H), 4.86 (q, / = 7.2 Hz, 1H), 4.46 (d, J = 2. Hz, 2H), 4.26 (brs, 1H),
3.87(s,3H),3.77 (s, 6H), 3.69 — 3.65 (m, 4H), 3.61(dd, / = 9.7, 5.1 Hz,1H), 3.24~3.07 (m,
2H), 138 (s, 9H). 13C-NMR (126 MHz, CD,CN): 5 [ppm] = 171.3, 170.6, 166.8, 156.4,
155.1, 154.2, 139.0, 137.8, 133.0, 131.8, 129.2, 129.0, 128.6, 128.5, 122.6, 107.4, 80.2, 73.6, 70.6,
60.7,56.6,55.2,55.0, 52.8,37.9,28.4. HRMS (ESI): m/z caled for C;;H,,N, O,;: 667.2861
[M + H]*, found: 667.2860.

Methyl 4-(((R)-2-((R)-2-((zert-butoxycarbonyl)amino)-3-hydroxypropanamido)-
3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (44)
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To a solution of 43 (70 mg, 0.1 mmol) in EtOAc (s mL) was added Pd/C (15 mg). The
suspension was flushed with H, for 2 min and stirred under an H,-atmosphere (bal-
loon) at room temperature for 45 h. The mixture was filtered over a pad of celite, which
was subsequently washed with EtOAc. The solvent was removed under reduced pres-

sure and the residue was purified by column chromatography (2% MeOH in DCM)

149



and RP-HPLC, yielding the product as a white solid (s1mg, 88 umol, 84%). TLC:
R¢=0.38 (3% MeOH in DCM). TH-NMR (s00 MHz, CD,CN): & [ppm] = 8.08 -
8.00 (m, 2H), 7.26 (d, J = 7.3 Hz, 1H), 7.18 - 7.13 (m, 2H), 6.57 (s, 2H), 5.61 (brs, 1H),
4.86 (td, J = 7.5, 5.9 Hz, 1H), 4.10 (brs, 1H), 3.87 (s, 3H), 3.78 (s, 6H), 3.74 — 3.67 (m
4H), 3.64 (dd, J = 1.0, 5.3 Hz, 1H), 3.24— 3.07 (m, 2H), 1.38 (s, 9H). 13C-NMR (126
MHz, CD,CN): 5 [ppm] =166.8, 156.5, 155.1, 155.1, 154.2, 137.7, 133.0, 1318, 129.0, 122.6,
107.5, 80.1, 62.9, 60.7, 57.0, 56.6, 5.0, 52.8, 37.9, 28.4. HRMS (ESI): m/z calcd for
C,sH;4N,Oy;: 577.2392 [M+H]+, found: 577.2392.

Methyl 4-(((R)-2-((R)-6-(((benzyloxy)carbonyl)amino)-2-((ze7t-butoxycarbonyl)-
amino)hexanamido)—3—(3,4,S—trimethoxyphenyl)propanoyl)oxy)benzoate (46)
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The compound was synthesized according to GP2, starting from phenyl ester
11 (150 mg, 0.30 mmol, 1.00 ¢q), Boc-(R)-Lys(Cbz)-OH (125 mg, 0.33 mmol, 1.10 eq),
COMU (140 mg, 0.33 mmol, 1.10 eq) and DIPEA (104 1L, 77 mg, 0.60 mmol, 2.00 ¢q)
in DMF (4 mL). Column chromatography (hexanes/EtOAc, 1/1 —1/2) yielded the
product as a white solid (184 mg, 0.24 mmol, 82%). TLC: R¢=0.33 (2% MeOH in
DCM). 'H-NMR (soo MHz, CD,CN): § [ppm] = 8.06 - 8.00 (m, 2H), 7.39 - 7.27
(m, sH), 7.18 — 7.12 (m, 2H), 7.10 (d, / = 7.3 Hz, 1H), 6.58 (s, 2H), 5.64 — 5.52 (m, 1H),
5.03 (s, 2H), 4.84 (ddd, J = 8.1, 7.3, 5.9 Hz, 1H), 4.02 - 3.93 (m, 1H), 3.87 (s, 3H), 3.78
(s, 6H),3.69 (s, 3H), 3.24 — 3.07 (m, 2H), 3.06 — 2.99 (m, 2H), 1.70 — 1.48 (m, 2H), 1.47
- 124 (m, 14H). 3C-NMR (126 MHz, CD,CN): 5 [ppm] =173.5, 170.8, 166.8, 157.4,
156.5, 155.2, 154.2, 138.4, 137.7, 133.1, 1319, 129.4, 129.0, 128.7, 128.6, 122.6, 107.5, 79.8, 66.6,
60.7, 56.6, 55.3, 54.8, 52.8, 40.9, 37.9, 32.4, 30.1, 28.4, 23.3. HRMS (ESI): m/z calcd for
C,oH,,N,O,,: 752.3389 [M + H]*, found: 752.3389.
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Methyl 4-(((R)-2-((R)-2-((zerr-butoxycarbonyl)amino)-5-(3-nitroguanidino)-
pentanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (47)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(150 mg, o.30mmol, r.ooeq), Boc-(R)-Arg(NO,)-OH (105 mg, 0.33 mmol, 1.10eq),
COMU (140 mg, 0.33 mmol, 1.10 eq) and DIPEA (104 uL, 77 mg, 0.60 mmol, 2.00 eq)
in DMF (4 mL). RP-HPLC yielded the product as a white solid (122 mg, 0.18 mmol,
66%). TLC: R = 0.22 (2% MeOH, 2% triethylamine in DCM).!H-NMR (500 MHz,
CD,CN): 5 [ppm] = 8.08 — 8.01 (m, 2H), 7.18 (d, / = 1.0 Hz, 2H), 7.18 - 7.12 (m, 2H),
6.58 (s, 2H), 5.60 (brs, 1H), 4.88 (q, / = 7.4 Hz, 1H), 4.06 (s, 1H), 3.87 (s, 3H), 3.79 (s,
6H), 3.69 (s, 3H), 3.27 — 3.01 (m, 4H), 1.68 (brs, 1H), 1.60 - 1.48 (m, 3H), .37 (s, 9H).
I3C-NMR (126 MHz, CD,CN): 5 [ppm] = 173.2, 170.7, 166.8, 160.6, 156.6, 155.1, 154.2,
137.6, 133.2, 131.9, 129.0, 122..6, 118.3, 107.5, 80.0, 60.7, 56.6, 54.8, 54.7, 52.8, 41.4, 37.9, 30.2,
28.4. One carbon from a methylene group, expected ar ca. 25 ppm, is not visible in the
BC-spectrum. It probably is superimposed with the peak at 28.4 ppm. HRMS (ESI): m/z
caled for C;;H,,NO,,: 691.2934 [M + H]J*, found: 691.2923.

Methyl
4-(((R)-2-((R)-2-((zert-butoxycarbonyl)amino)-5-guanidinopentanamido)-3-
(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (48)
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To a solution of 47 (50 mg, 72 umol) in EtOAc (s mL) was added Pd/C (20 mg). The
suspension was flushed with H, for 2 min and stirred under an H,-atmosphere (bal-

loon) at room temperature for 45 h. The mixture was filtered over a pad of celite, which
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was subsequently washed with EtOAc. The solvent was removed under reduced pres-
sure and the residue was purified by RP-HPLC, yielding the product as a white solid
(8 mg, 12 umol, 17%). TH-NMR (s00 MHz, CD,CN): 5 [ppm] = 8.06 — 8.02 (m, 2H),
7.96 (brs, 1H), 7.51 (brs, 1H), 7.20 - 7.13 (m, 2H), 7.18 — 7.12 (m, 2H), 6.60 (s, 2H),
4.90 — 4.81 (m, 1H), 4.04 (s, 1H), 3.87 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 3.30 — 3.02 (m,
4H), 1.70 (brs, 1H), 1.60 — 1.48 (m, 3H), 1.36 (s, 9H). 13C-NMR (126 MHz, CD,CN):
5 [ppm] =173.4,170.8,166.8, 158.3, 156.7, I55.2, 154.2, 137.6, 133.3, I31.9, 129.0, 125.7, 122.7,
107.5,79.9, 60.7,56.6,54.9, 54.7, 52.8, 41.4, 37.8,29.9, 28.4, 25.3. HRMS (ESI): m/z caled
for C;;H ;N,O,,: 646.3083 [M + H]*, found: 646.3079.

Methyl 4-(((R)-2-((R)-5-(benzyloxy)-2-((ze7-butoxycarbonyl)amino)-5-
oxopentanamido)-3-(3,4,5-trimethoxyphenyl)propanoyl)oxy)benzoate (50)
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The compound was synthesized according to GP2, starting from phenyl ester 11
(15omg, o0.30 mmol, 1.00eq), Boc-(R)-Glu(OBzl)-OH (11mg, 0.33mmol, 1.10eq),
COMU (140 mg, 0.33 mmol, 1.10 eq) and DIPEA (104 uL, 77 mg, 0.60 mmol, 2.00 eq)
in DMF (4 mL). Column chromatography (hexanes/EtOAc, 2/1) yielded the product as
a white solid (175 mg, 0.25 mmol, 83%). TLC: R¢ = 0.25 (hexanes/EtOAc, 2/1, v/v).1H-
NMR (soo MHz, CD,CN): 5 [ppm] = 8.05 — 8.00 (m, 2H), 7.40 - 7.28 (m, sH), 7.17
- 7.1 (m, 3H), 6.58 (s, 2H), 5.61 (d, / = 6.0 Hz, 1H), 5.07 (s, 2H), 4.84 (td, / = 7.7, 5.9
Hz, 1H), 4.13 — 4.04 (m, 1H), 3.88 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 3.26 — 3.07 (m, 2H),
2.39 (t, ] =7.6 Hz, 2H), 2.04 — 1.96 (m, 1H), 1.86 — 1.78 (m, 1H)1.37 (s, 9H). 3C-NMR
(126 MHz, CD,CN): 5 [ppm] =173.5, 172.8, 170.7, 166.8, 156.4, 155.1, 154.2, 137.7, 137.3,
133.1, 131.9, 129.4, 129.0, 129.0, 128.9, 107.4, 80.0, 66.8, 60.7, 56.6, 54.9, 54.6, 52.8, 37.8,

30.9,28.4, 28.1. HRMS (ESI): m/z caled for C, H, N, O,,: 709.29067 [M + H]*, found:

709.2970.
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(R)-4-((zert-butoxycarbonyl)amino)-5-(((R)-1-(4-(methoxycarbonyl)phenoxy)-1-
0x0-3-(3,4,5-trimethoxyphenyl)propan-2-yl)amino)-5-oxopentanoic acid (45)
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To asolution of 50 (70 mg, 99 umol) in EtOAc (s mL) was added Pd/C (15 mg). The sus-
pension was flushed with H, for 2 min and stirred under an H,-atmosphere (balloon)
at room temperature for 18 h. The mixture was filtered over a pad of celite, which was
subsequently washed with EtOAc. The solvent was removed under reduced pressure
and the residue was purified by RP-HPLC, yielding the product as a white solid (51 mg,
82 umol, 83%). TLC: R¢=0.26 (2% MeOH, 0.5% AcOH in DCM)). 'H-NMR (500
MHz, CD,CN): 5 [ppm] = 8.06 - 8.01(m,2H), 7.19 - 7.12 (m, 3H), 6.58 (s,2H), 5.6 4 (d,
J =7.4 Hz,1H), 4.88 — 4.81 (m, 1H), 4.10 — 4.02 (m, 1H), 3.87 (s, 3H), 3.79 (s, 6H), 3.69
(s,3H), 3.26 — 3.07 (m, 2H), 2.32 (t, / = 7.4 Hz, 2H), 2.02 — 1.95 (m, 1H), 1.83 — 1.72 (m,
1H), 137 (s, 9H). 3C-NMR (126 MHz, CD,CN): 5 [ppm] = 174.4, 172..9, 170.7, 166.8,
156.5, 155.1, 154.2, 137.7, 133.1, 131.8, 129.0, 122.6, 107.4, 80.0, 60.7, 56.6, 54.9, 54.6, 52.8,
37.8, 30.3, 28.4, 28.0. HRMS (ESI): m/z calcd for C;,,H;sN,O,,: 619.2498 [M + H]*,
found: 619.2499.
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7.2 BIOCHEMICAL METHODS

7.2.1 PROTEIN PURIFICATION

C-terminal STREP-II affinity tagged S. aureus ClpP were cloned in pET301 expression
vectors via Gateway® cloning system (Life Technologies) and purified as described pre-
viously.[¢] In short, ClpP was expressed overnight at 25 °C in E. coli BL21(DE3) cells af-
ter induction at ODg,, = 0.6 with o.s mM IPTG. Cells were harvested, resuspended in
binding buffer (00 mM Tris/HCI, pH = 8.0, 150 mM NaCl, 1 mM EDTA) and lysed by
sonication (2 x (7 min, 30% int.; 3 min, 80% int.), Bandelin Sonopuls) under constant
cooling with ice. The lysate was cleared by centrifugation (38,000 rpm, 30 min, 4 °C)
and the soluble fraction was loaded on an equilibrated s mL StrepIrap HP column
(GE Healthcare) using an Akta purifier 10 system (GE Healthcare). The column was
washed with binding buffer. Elution was performed over four column volumes (CV)
of binding buffer + 2.s mM desthiobiotin. The fractions containing ClpP were pooled,
concentrated using a 5o kDa MWCO centrifugal filter (Merck) and subjected to prepar-
ative size-exclusion chromatography (HiLoad 16/60 Superdex 200 pg (GE Healthcare))
using ClpP storage bufter (20 mM HEPES, pH = 7.0, 100 mM NaCl). The identity and
purity of the protein was validated by intact-protein MS and SDS-PAGE. Fractions

containing ClpP were pooled, concentrated and stored at -8o °C.

Untagged S. aureus ClpP was used for experiments concerning the de-oligomerization
during the catalytic cycle of ClpP. The protein was a kindly provided by Dr. Math-
ias Hackl and was purified through anion exchange, hydrophobic interaction and size-

exclusion chromatograph, as described previously. [7]

S. aureus ClpX was cloned in pET300 expression vectors with an N-terminal His-tag
and a TEV cleavage site and purified as described previously.[8’9] In short, ClpX was
expressed in E. coli BL21(DE3) cells at 25 °C overnight after induction at ODg,, = 0.6
with o.smM IPTG. The cells were harvested and lysed in ClpX lysis buffer (25 mM
HEPES pH = 7.6, 200 mM KCl, 0.s mM ATP, 1mM DTT, s mM MgCl,, s% glycerol)
by sonication (2 x (7 min, 30% int.; 3 min, 80% int.), Bandelin Sonopuls) under con-
stant cooling with ice. The lysate was cleared by centrifugation (38,000 rpm, 30 min,

4°C) and the soluble fraction was loaded on a pre-equilibrated HisTrap HP column
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(GE Healthcare) using an AKTA purifier 10 system (GE Healthcare). The column was
washed with 10 CV lysis buffer + 40 mM imidazole. Elution was carried out using 4
CV lysis buffer + soo mM imidazole. EDTA (2 mM) and TEV protease (500 uL, 2.0
mg/mL) were added to the pooled elution fractions and incubated at 10 °C overnight.
Full cleavage of the purification tag was verified by intact-protein mass spectrometry.
The sample was concentrated using a so kDa MWCO centrifugal filter (Merck) and
subjected to preparative size-exclusion chromatography (HiLoad 16/60 Superdex 200
pg (GE Healthcare)) using ClpX storage buffer (23 mM HEPES, pH =7.6, 200 mM
KCl, smM MgCl,, imM DTT, o.s M ATP, 5 % glycerol). The identity and purity of
the protein was validated by intact-protein MS and SDS-PAGE. Fractions containing

ClpX were pooled, concentrated and stored at -80 °C.

The Walker-B point mutant of SaClpX (E183Q) was generated by QuickChange I site-
directed mutagenesis protocol (Stratagene) using the pET300 ClpX expression vector
as a template, as previously described.[] Expression and purification were performed

under the same conditions as for the pET300-wt expression vector.

Enhanced GFP which is C-terminally tagged for ClpXP degradation by a short SsrA
sequence (AANDENYALAA), i.e. eGFP-SsrA, was purified by a N-terminal Hisg-tag.
In previous studies the Strep-tagged version was used.[6:8] As this, however, would have
been co-purified during the analytical Strep-purification of ClpP in context of the ex-
periments concerning the de-oligomerization during ClpP’s catalytic cycle, the purifi-
cation tag was altered. We used the Gateway® cloning system (Life Technologies) for
cloning. The eGFP-SsrA gene from the previously cloned pDestooy expression vec-
tor was transferred into a pDONR2or vector via BP reaction. After amplification of
the vector in E. coli Topio cells and DNA-purification, LR reaction was used to trans-
fer the eGFP-SsrA gene into the pET300 expression vector which holds an N-terminal
Hisg-tag. The correct DNA sequence was verified by Sanger sequencing and the vector
was transformed into E. coli SGi146a cells. Expression was carried out in 1L LB Media
(o.xmg/mL ampicillin), which was inoculated with an overnight culture (1:100). Af-
ter reaching ODy,, = 0.6, and induction by addition of tmM ITGP, expression was
performed at 37 °C for 6 h. The cells were harvested, resuspended in 25 mL lysis buffer
(20mM TRIS, pH = 8.0, 150 mM NaCl, 10 mM imidazole, 2 mM f-mercaptoethanol)
+ 0.2% NP-40 and lysed by sonication (2 x (7 min, 30% int.; 3 min, 80% int.), Bandelin

Sonopuls) under constant cooling with ice. The lysate was cleared by centrifugation
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(38,000 rpm, 30 min, 4 °C) and the soluble fraction was loaded on a equilibrated s mL
HisTrap HP column (GE Healthcare) using an AKTA purifier 10 system (GE Health-
care). The column was washed with 8 CV lysis-buffer, 8 CV lysis-bufter + 850 mM NaCl
(total 1 M NaCl) and 8 CV lysis-bufter + 10 mM imidazole (total 20 mM imidazole). Elu-
tion was performed by 5 CV of lysis-bufter + 490 mM imidazole (total 500 mM). All
fractions containing protein were concentrated using a 10 kDa MWCO centrifugal filter
(Merck) and subjected to preparative size-exclusion chromatography (HiLoad 16/60 Su-
perdex 200 pg (GE Healthcare)) using eGFP-SsrA-storage buffer (20 mM Tris, pH = 8,
100 mM NaCl, 10% glycerol). The identity and purity of the protein was validated by
intact-protein MS and SDS-PAGE. Fractions containing eGFP-SsrA were pooled, con-

centrated and stored at -80 °C.

7.2.2 INTACT-PROTEIN MASS SPECTROMETRY

High-resolution intact-protein mass spectrometry was performed to validate the iden-
tity of expressed proteins, to measure the degree of covalent modification of ClpP by
small-molecules and for analysis of the pull-down experiments in respect to ClpP’s de-
oligomerization during the catalytic cycle (see below). Measurements were performed
on a Dionex Ultimate 3000 HPLC system coupled to an LTQ FT Ultra (Thermo)
mass spectrometer with an electrospray ionization source (spray voltage 4.0 kV, tube
lens 110 V, capillary voltage 48 V, sheath gas 60 a.u., aux gas 10 a.u., sweep gas 0.2 a.u.).
Reaction mixtures containing a total of about 1 — 10 pmol protein were desalted with
a Massprep desalting cartridge (Waters) before measurement. The mass spectrometer
was operated in positive ion mode collecting full scans at high resolution (R = 200,000)
from m/z 6oo to m/z 2000. The protein spectra were deconvoluted using the Thermo

Xcalibur Xtract algorithm.



7.2.3 1IN VITRO ACTIVITY ASSAYS

In vitro inhibition of S. aureus ClpXP protease activity was measured by monitor-
ing the degradation of eGFP-SsrA, a fluorescent substrate which is tagged for ClpXP-
mediated degradation by a short SsrA-sequence.™] 0.60 L of compound (100x stocks
in DMSO) or DMSO as a control were added to a black flat bottom 96-well plate
(Greiner). 58.4 uL of enzyme-mix (final concentrations: o.10 uM ClpP,, 0.20 uM ClpX,,
ATDP-regeneration system: 4 mM ATP, 16 mM creatine phosphate, 20 U/mL creatine
phosphokinase in PZ buffer (25 mM HEPES, pH = 7.6, 200 mM KCI, s mM MgCl,,
1mM DTT, 10% glycerol)) was added and the mixture was incubated at 32 °C for 15 min.
The reaction was started by addition of 1L of eGFP-SsrA (18 uM in PZ buffer, final
concentration: 0.3 uM). GFP fluorescence ()¢, = 465 nm, Ay, = 535 NmM) was monitored
at32 °Cwith an Infinite M2oo Pro plate reader (Tecan). The slope of the curve in the lin-
ear range was determined via linear regression using GraphPad Prism. DMSO-treated
control samples were normalized to 100% activity and samples without ClpXP were
used as a negative control. Data were recorded in triplicates and atleast two independent
experiments were performed. For measurement of the protease activity in the presence
of activating compounds, the eGFP-SsrA-concentration was tripled (final concentra-

tion: 0.9 uM) in order to properly fit the linear range.

In vitro ATPase activity of S. aureus ClpX in the presence/absence of inhibitors and/or
ClpP was measured using an enzyme-coupled assay.l'*] The assay was performed in
ATPase bufter (final concentrations: :oo mM HEPES, 200 mM KCl, 20 mM MgCl,,
1mM DTT, 1mM NADH, 2 mM phosphoenolpyuvate, so U /mL lactate dehydroge-
nase, so U/mL pyruvate kinase, 10% glycerol) using a final concentration of 0.33 uM
ClpX; (and o.r7 uM ClpP,, if applicable). Inhibition experiments were performed in
a total volume of 100 uL. 1.0 uL of compound (100x stocks in DMSO) or DMSO as a
control were pipetted in transparent flat bottom 96-well plate (Greiner). 89 uL of ClpX
in ATPase buffer were added and the mixture was incubated at 32 °C for 10 min. The
reaction was started by addition of 1o uL. ATP (20 mM in PZ buffer, pH = 7.6, final
concentration 2 mM). Absorbance (A = 340 nm) was monitored at 32° C with an Infi-
nite M20oo Pro plate reader (Tecan). The slope of the curve in the linear range was de-

termined via linear regression using GraphPad Prism. DMSO treated control samples
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were normalized to 100% activity and samples without ClpX were used as a negative
control. Data were recorded in triplicates and at least two independent experiments
were performed. For measurement of the ATPase activity in the presence of activating
compounds or upon activation by ClpP, the concentrations of NADH and phospho-
enolpyruvate were doubled (final concentration: 2 mM and 4 mM, respectively) in or-
der to properly fit the linear range. Measurements for the determination of the apparent
affinity constant were performed in a volume of 6o uL. The slope of the curve in the
linear range was determined via linear regression using GraphPad Prism. Samples with-
out ClpX were used as a negative control. For determination of the affinity constants,

data were fitted using a Hill Fit.

7.2.4 ANALYTICAL SIZE-EXCLUSION CHROMATOGRAPHY

Analytical size-exclusion chromatography experiments were performed at 4 °C on an
AKTA purifier 10 system (GE Healthcare) using a calibrated Superdex 200 10/300 GL
(GE Healthcare) or a calibrated Superose 6 Increase 10/300 GL (GE Healthcare) col-
umn. PZ bufter supplemented with o.s mM ATP was used for all runs. We used a mu-
tant of ClpX, ClpX(E183Q), which cannot hydrolyze ATP for the experiments.[%] Sam.-
ples (depending on the experiment: 0.71uM ClpP,,, 2.86 uM ClpX(E183Q) ¢ and/or
200 UM compound, V = 200 uL) were mixed, incubated for 15 min at 32 °C and loaded
into a soo uL loop. Elution was monitored at 280 nm. Runs were referenced against the
salt peak of the conductivity trace and normalized to the highest peak for easier compar-

ison.

7.2.5 NEGATIVE-STAIN ELECTRON MICROSCOPY

For recording of negative-stain TEM images, the ClpX,P, complex was formed by
incubation of ClpXP with 9 (0.71uM ClpP,,, 2.86 uM ClpX(E183Q) 4, 200 uM 9,
V =200uL) and isolated by analytical size-exlusion chromatography. A sample of the
complex peak (0.035 mg/mL) was adsorbed on glow-discharged formvar-supported
carbon-coated Cu4oo TEM grids (Science Services, Munich, Germany) and stained

with an aqueous uranyl formate solution (2%) containing sodium hydroxide (25 mM).
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Imaging was performed with a Tecnai 120 electron microscope (FEI, Thermo Fisher Sci-
entific) operated at 120 kV. Images were acquired with a TVIPS TemCam-F416, CMOS
detector. Micrograph scale bars were calibrated by imaging 2D catalase crystals and us-
ing the lattice constants as length reference. Imaging was performed at x 67,000 mag-
nification. For image processing, libraries of individual particle micrographs were cre-
ated by particle picking by use of the Relion 2.1 routine.[3] In total, 33374 particle were
picked from 414 micrographs. 2D classes were generated in three runs (100 classes each).
18382 particles were selected from the 2D classes and 3D classes were calculated. Particles
were classified in four 3D classes and the most populated class was chosen for refinement.

The final refinement was based on 5593 particles and the final resolution was 30.5 A.

7.2.6 DETERMINATION OF DISSOCIATION CONSTANTS BY SWICHSENSE

All measurements were performed on a dual-color DRX” instrument using a standard
switchSENSE® chip (order no. MPC2-96-2-G1R1, Dynamic Biosensors GmbH), which
provides two differently labeled DNA sequences on each electrode (green fluorescent
NL-A96, red fluorescent NL-Bo6). The chip was functionalized by hybridization of
the ClpP,,-cNL-Bgo6-conjugate and bare cNL-A96 DNA (each 200 nM, HE4o0 buffer,
Dynamic Biosensors GmbH). In this way, the red fluorescence yields the desired signal,
while the green fluorescence provides an on-spot reference for unspecific effects. The
conjugate was prepared by coupling the complementary nanolever sequence cNL-B96
sequence to ClpP14 using the amine-coupling kit (order no. CK-NH2-1-B96, Dynamic
Biosensors GmbH). To analyze the ClpX; - ClpP, interaction, the ClpP,,-cNL-Bg6-
conjugate (200 nM) was preincubated with 35 (200 uM) in the presence of 0. mM
ATP for atleast 2 h before functionalization. The titration experiments were performed
in HEPES bufter (25 mM HEPES, pH = 7.6, 200 mM KCl, s mM MgCl,, o.s mM TCEP,
o.s mM ATP, 10% glycerol). In a r:1 dilution series, 14 ClpX samples were prepared start-
ing at a concentration of 600 uM. After functionalization of the chip, increasing con-
centrations of ClpX were injected and the dynamic response was measured in stopped-
flow after 2 min of equilibration. To ensure that the observed effect is not due to aging
of the conjugate, a control experiment was performed. For this, the chip was regener-

ated and freshly functionalized before each measurement of the titration series and the
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dynamic response of the conjugate was checked to be constant before injection of ClpX.
During regeneration, the chip is exposed to a high-pH regeneration solution (order no.
SOL-REG-12-1, Dynamic Biosensors GmbH). This procedure denatures the double-
stranded DNA by disrupting hydrogen bonds between the base pairs. The conjugate
is washed away while the covalently attached single-stranded nanolevers remain on the
surface and can be reused for a new functionalization step. Dynamic responses were nor-
malized, resulting in fraction-bound values. For determination of the affinity constants,

data were fitted using a Langmuir Fit.

7.2.7 INTACT-PROTEIN MS-BASED PULLDOWN-ASSAY

In order to investigate if de-oligomerization of Clp(X)P is associated with its catalytic
activity, we performed pulldown-experiments with Strep-tagged ClpP and untagged
ClpP. Experiments were performed in PZ buffer (253 mM HEPES, pH = 7.6, 200 mM
KCl, s mM MgCl,, imM DTT, 10% glycerol). For peptidase assay conditions, o.1uM
Strep-tagged ClpP,,, o.1uM untagged ClpP,,, and 100 uM Ac-Ala-hArg-2-Aoc-ACC
were incubated at 32 °C for 6 h. As a control, DMSO was added instead of substrate.
For protease assay conditions, o.1uM Strep-tagged ClpP,,, o.1uM untagged ClpP,,,
0.2uM ClpX;, and 0.9 uM eGFP-SsrA were incubated for 2 h at 32 °C. As a control,
DMSO was added instead of eGFP-SsrA. After incubation, afhinity purification was
performed using self-packed gravity-flow Strep-Tactin Sepharose (50% suspension, iba)
afhinity columns. Columns were equilibrated with PZbuffer (600 uL). Samples (350 uL)
were loaded onto columns and washed with PZ buffer (8oo «L). Elution was performed
using PZ bufter + 1o mM desthiobiotin (600 uL). Samples from each fraction were di-
luted with PZ buffer and subjected to intact-protein mass spectrometry (see above). The
intensities of both ClpP species within the deconvoluted spectra were compared rela-
tively. For control experiments, 1uM Strep-tagged ClpP14 and 1uM untagged ClpP,,
in 400 uL PZ buffer were incubated with 25 uM 9 or DMSO at 32 °C for 24 h. Full hy-
drolysis was verified by intact-protein mass spectrometry and samples were subjected
to analytical gel filtration to verify re-oligomerization, and afhnity purification—mass

spectrometry, as described above.
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Figure 7.1. 'H- and 3C-NMR spectra of compound 1.
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Figure 7.2. 'H- and 3C-NMR spectra of compound 2.
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Figure 7.3.'H- and 3C-NMR spectra of compound 3.
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Figure 7.8. 'H- and BC-NMR spectra of compound 9.
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Figure 7.9.'H- and BC-NMR spectra of compound 10.
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Figure 7.10. "H- and 3C-NMR spectra of compound 11.
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Figure 7.11. "H- and 3C-NMR spectra of compound 10.

173



Nucleus: 1H

ONNOOOMMNAN——— ~LOM QN © O ANTONOITNONO D o
Solvent: CDCI3 PR BBBER NN C K ©6 6 313161558 B -
Frequency: 500.13 MHz " [ 25—\ 2=~ ( / RSy Sl N =" |
Number of Scans: 32
Pulse Sequence: zg30
Temperature: 298.0 K
o
e O 5 /@)Lo,cm
H;Cj\rwu o
o] O
CHg
EI CHy
[
N
CH
|
[} I
|
J A H‘\ Jl
T T o T N T T
(=] - o © Lol g 5] wn
e o - < R0 < =]
o o oo -~ aNMmn o [}
T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 6.0 55 i 5.0 I 45 40 35 30 25 20 15 10 05 00
ppm
glucleus:c138 < m own Y ON ™ ) <do PR oo o
olvent: CDCI3 © o © [ X Nr—r—0 © 3N YN S 3 )
Frequency: 125.83 MHz =~ =% 22 oeed o e N §9 5888 88 &
Number of Scans: 1024 | I N VSN | NN / I
Pulse Sequence: zgpg30
Temperature: 299.8 K
o
Gy
NH_
HC (o}
[o] O
CHy
s
0
EN
CHy
|
T T T T T T T T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 1E’§me]100 90 80 70 60 50 40 30 20 10

Figure 7.12. "H- and 3C-NMR spectra of compound 13.
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Figure 7.13. "H- and 3C-NMR spectra of compound 14.
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Figure 7.14. "H- and 3C-NMR spectra of compound 15.
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Figure 7.15. "H- and 3C-NMR spectra of compound 16.

177



Nucleus: 1H 0 T OO M I @ NN ON© QOUTOONWWLTT N
Solvent: CD3CN © Q009 © < MO VRO OOQORVORNRNA M

- NNNN © 1) <Y Wom goooaaa---
Frequency: 500.13 Mch? NVARSY | | [ GO == |

Number of Scans: 16
Pulse Sequence: zg30
Temperature: 298.0 K

o

CHy
NH

HiC_ O _NH
H3C>ci T o
¢ oty

ot

0.
CHy

T T T N S T T
© - o ~ © N M [ X (=]
3 S o S ® So6S 88 S
o o N (a\) o [NVl en) - O (o]
T T T T T T T . T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 5[.0 ]4 5 40 385 30 25 20 15 1.0
ppm
Nucleus: 13C @ - 0~ 0N MMom 0 o 0o o o
Solvent: CD3CN - N o< DN OO %D ~ ;@0 3
Frequency: 100.62 MHz =2 Re SeeedN-T e 8 3588 3 &
Number of Scans: 1024 [ \ AN NS | | N | |
Pulse Sequence: zgpg30
Temperature: 298.0 K
o
/@)\ CHg
o o
HiC O _NH
Wl T ¥
CH; O o
ChHg
O/CHJ
EN
CHy
| |
L R
Wil i ! h LU o Wb M p

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 11[%pm1]00 90 80 70 60 50 40 30

Figure 7.16. "H- and 3C-NMR spectra of compound 17.
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Figure 7.17. "H- and 3C-NMR spectra of compound 18.
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Figure 7.18. “F-NMR spectrum of compound 18.
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Figure 7.19. "H- and 3C-NMR spectra of compound 19.
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Figure 7.20. "H- and 3C-NMR spectra of compound 20.
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Figure 7.21. "H- and 3C-NMR spectra of compound 21.
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Figure 7.22. "H- and 3C-NMR spectra of compound 22.
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Figure 7.23. "H- and 3C-NMR spectra of compound 23.
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Figure 7.24. "H- and 3C-NMR spectra of compound 24.
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Figure 7.25. "H- and 3C-NMR spectra of compound 25.
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Figure 7.26. "H- and 3C-NMR spectra of compound 26.
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Figure 7.27. "H- and 3C-NMR spectra of compound 27.
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Figure 7.28. "H- and 3C-NMR spectra of compound 28.
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Figure 7.29. "H- and 3C-NMR spectra of compound 29.
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Figure 7.30. "H- and 3C-NMR spectra of compound 30.
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Figure 7.31. "H- and 3C-NMR spectra of compound 31.
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Figure 7.32. "H- and 3C-NMR spectra of compound 32.
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Figure 7.33. "H- and 3C-NMR spectra of compound 33.
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Figure 7.34. "H- and 3C-NMR spectra of compound 34.
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Figure 7.35. "H- and 3C-NMR spectra of compound 35.

197



Nucleus: 1H TYND OOWWLTOONN CTONAN—ONOTN—NODN-OONTANr—O < © 9®©
Solvent: CD3CN QLo '-.'-.'—.'-.'-.'—.'-.LQ NS RVOOVOMNCQQRLCOMNONNT — = e @ ®©«
B 50036MH°°°°°°°° NNNN N © BOFTITITITTIITITITOR DN DI Fd 5 — ~ oo
requency: [ W I N Ry R N AN PZ Ny ey | RS

Number of Scans: 16
Pulse Sequence: zg30
Temperature: 299.8 K

o 1 J;; A '

j I [ M il
T M by T T 7 S . T T
[o2] o O o — oo} SOt m < AN — QN v
S N S © @ VRO S 268 o
o N O o o o oNOom o oo ©
T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 [5.0 I 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0
ppm
glucleus:éscc Qoo AN N QO © o <~ © N O®BOD®  ©® <t <t~
olvent: CD3CN no© © o< N M= DA o N~ > RO ) ; I~
Frequency: 125.83 MHz =E2 222 PeedNA 2 R 3BIBY Ts KELAN
Number of Scans: 1024 [ SN [ | | NS [ SN

Pulse Sequence: zgpg30
Temperature: 299.8 K

G » .\,,H

T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 1‘E’§me]100 9 80 70 60 50 40 30 20

Figure 7.36. "H- and 3C-NMR spectra of compound 36.
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Figure 7.37. "H- and 3C-NMR spectra of compound 37.
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Figure 7.38. "H- and 3C-NMR spectra of compound 38.
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Figure 7.39. "H- and 3C-NMR spectra of compound 39.
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Figure 7.40. "H- and 3C-NMR spectra of compound 40.
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Figure 7.41. "H- and 3C-NMR spectra of compound 41.
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Figure 7.42. "H- and 3C-NMR spectra of compound 42.
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Figure 7.43. "H- and 3C-NMR spectra of compound 43.
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Figure 7.44. "H- and BC-NMR spectra of compound 44.
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Figure 7.46. "H- and 3C-NMR spectra of compound 46.
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Figure 7.47. "H- and 3C-NMR spectra of compound 47.
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Figure 7.48. "H- and 3C-NMR spectra of compound 48.
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Figure 7.49. "H- and 3C-NMR spectra of compound 49.
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Figure 7.50. "H- and 3C-NMR spectra of compound 50.
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Figure 7.51. "H- and 3C-NMR spectra of compound 51.
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