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Summary

Infectious diseases remain a serious threat to human health. The rise of antibiotic resistances in
combination with the low output of novel antibiotics in the last decades poses a severe challenge
to anti-infective treatment. There are two main strategies in the fight against pathogens: the
traditional approach to attack bacterial survival or the blockade of bacterial virulence without
killing the bacteria by pathoblockers. In this thesis these two approaches are utilized for the
development of inhibitors against CYP121 from Mycobacterium tuberculosis and LasB from
Pseudomonas aeruginosa.

A screening approach led to the identification of a class of biaryl imidazoles as potent inhibitors
of the essential CYP121. The elucidation of the relationship of structure to affinity and
antimycobacterial activity shed light on the complex correlation of both properties. Different
mode of action studies supported that CYP121 inhibition is the main reason for the
antimycobacterial activity of the novel compounds.

For the virulence factor LasB, structure-based approaches were used to optimize inhibitors in
the class of N-aryl mercaptoacetamides. Synthesized inhibitors of the «o-benzyl
mercaptoacetamides showed a significant increase in activity. Furthermore, a potent
hydroxamate derivative could prove that LasB inhibition is an effective method to reduce

virulence.
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Zusammenfassung

Infektionskrankheiten bleiben eine ernsthafte Bedrohung fur die menschliche Gesundheit. Der
Anstieg der Antibiotikaresistenzen sowie die geringe Zahl neuer Antibiotika in den letzten
Jahrzehnten stellt die Behandlung von Infektionen vor schwere Herausforderungen. Es gibt
zwei Hauptstrategien im Kampf gegen Pathogene: die traditionelle Herangehensweise, das
Uberleben der Bakterien zu verhindern oder die bakterielle Virulenz mit Pathoblockern zu
reduzieren ohne die Bakterien zu toten. In dieser Dissertation wurden beide Methoden
verwendet um neue Inhibitoren gegen CYP121 von Mycobacterium tuberculosis und LasB von
Pseudomonas aeruginosa zu entwickeln.

Ein Screening-Ansatz flihrte zur Identifizierung einer Klasse von Biaryl-Imidazolen als
Inhibitoren des essentiellen CYP121. Die Aufklarung der Beziehung zwischen Struktur und
Affinitat beziehungsweise Aktivitdt beleuchtete den komplexen Zusammenhang beider
Eigenschaften. Verschiedene Studien zur Wirkungsweise verdeutlichen, dass die Inhibition von
CYP121 hauptverantwortlich flr die antimykobakterielle Aktivitat ist.

Fur den Virulenzfaktor LasB wurden Struktur-basierte Ansatze genutzt um Inhibitoren vom N-
Aryl Mercaptoacetamid-Typ zu optimieren. Die synthetisierten a-Benzyl Mercaptoacetamide
zeigten eine deutlich gesteigerte Aktivitdt. Des Weiteren, konnten potente Hydroxamat-
Derivate zeigen, dass die Inhibition von LasB eine effektive Methode zur Reduzierung der

Virulenz ist.
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1 Introduction

1.1 Bacterial Infections and Anti-Infective Development
1.1.1 Antibiotics and Resistances

Bacteria are ubiquitous and most of the people see them as a threat. However, the main part of
the bacteria does no harm.! They are useful and essential for the human survival. They colonize
the inside and outside of the human body and ideally coexist happily with their host.>®
However, bacteria can cause infections.

Nowadays, we are increasingly confronted with the topic of severe and life-threatening bacterial
infections and resistant pathogens.” There are reports about epidemics in hospitals or health
care facilities all around the world and deaths caused by bacteria which do not respond to any
known antibiotic.®1° Additionally, there are still local outbreaks of hazardous diseases such as
cholera and Ebola in parts of Africa.l’2 The awareness that not each infection can be easily
cleared by swallowing a pill is slowly awakening. However, among scientists it is well known
that the ‘golden era’ of antibiotics is long gone.'>

The rise of the antibiotics began around 1930 to 1940 with the discovery of the antibacterial
activity of sulfonamides.'® These were followed by the first use of penicillin in 1942 which was
discovered by Alexander Fleming in 1928.15-18 It was the life-saver for many soldiers in the
Second World War and soon after that was used as standard medication for infections caused
by gram-positive bacteria.’® However, already in 1945, more than 20 % of Staphylococcus
aureus hospital isolates showed resistance to the B-lactam antibiotic.®

The mode of action of B-lactam antibiotics, to which penicillin belongs, is based on the
inhibition of the cell wall biosynthesis caused by the binding to DD-transpeptidase?®?
However, some bacteria possess enzymes called B-lactamases which are able to cleave the
lactam structure and thereby inactivate these drugs.?? This kind of resistance may be suppressed
by the simultaneous administration of B-lactamase inhibitors.?®> However, there are other
resistance mechanisms. For example, the bacteria can express a modified target — in this case
the transpeptidase - which is not inhibited by the administered drug.?*

In the following decades there were more and more antibiotics discovered such as for example
streptomycin, gentamicin (both aminoglycosides), tetracycline and vancomycin. However,
resistant strains were in most cases observed immediately or after a few years except for
vancomycin. It was rarely used in the first decade after its development (1958) in order to
preserve it as back-up antibiotic. But soon after its rising use in the 1980s, also vancomycin-

resistant strains occurred.®



Interestingly, resistances do not only evolve within one strain but can be transferred to other
strains through plasmids that carry the respective resistance genes.??® The possibility of this
relatively quick transfer led to the development of strains with accumulated resistances against
different antibiotics.?®?” One of the most popular representatives of these is the methicillin-
resistant Staphylococcus aureus (MRSA).1

However, nowadays there are resistant strains known for almost all pathogens.?® The WHO
recently prioritized the so called ESKAPE pathogens as the most critical ones due to the
threatening lack of available treatment options.?® Currently, these pathogens are the leading
causative agents of nosocomial infections.*® Furthermore, there are infections which are
widespread (although latent) among the world’s population such as tuberculosis (TB) caused
by Mycobacterium tuberculosis (Mtb).3! Although there are still treatment options available for

TB, they are often ineffective and rising resistances additionally complicate the situation.3233

1.1.2 Strategies to Combat Bacterial Infections

The human body is an expert in the fight against bacteria. First of all, it has several barriers that
non-specifically prevent their entrance.®* The most obvious is probably the skin, which not only
poses a mechanical barrier but is also to some extent bactericidal due to its acid mantle.3>-3
Another well-known barrier is the system of mucus and ciliated epithelium in the respiratory
tract. It scavenges incoming bacteria of the breathing air preventing a deeper invasion into the
throat or lung.%® Trapped in the mucus the invaders can be neutralized by the most effective
defensive system of the human body: the immune system. The human immune system is highly
complex and due to its relevance also extensively scientifically explored. Nevertheless, there
are still some weakly understood or unknown mechanisms, processes and interactions.

Despite all defensive mechanisms of the human body, bacteria can and do cause infections.
These affect both, healthy and immuno-compromised individuals. The latter group comprises
humans with autoimmune diseases or genetic disorders or individuals infected with HIV for
example.®® Bacteria often enter the host through impaired barriers caused by wounds or
disturbed mucous membranes. Furthermore, infections may establish in case of a weakened or
disordered immune system.

Bacterial infections are usually treated with antibiotics. In the ideal situation, the administered
drug will eradicate the infection by Kkilling the bacteria or impairing their replication. The
decreased number of bacteria can be eliminated by the immune system.*® However, as
described beforehand, individual bacteria of a population (or the whole population) can be

resistant to the used antibiotic or become resistant in the course of the treatment. These will



continue replication and subsequently constitute the majority of the population. The result is an
ongoing infection which has to be treated with a different drug to achieve the desired therapeutic
effect. During the time needed to identify a suitable antibiotic, the bacteria may cause
irreparable damage or the death of the patient.

In some cases, bacteria carry too many resistances so that no effective drug can be found.'®
Furthermore, some infections need increased treatment duration due to weak drug efficacy. The
prolonged bacterial survival (statistically) increases the occurrence of resistances.?® An
additional disadvantage of the administration of antibiotics is the destruction of the patients gut
microbiome which may lead to serious health problems.*!

A different strategy to fight bacterial infections is called anti-virulence approach. This strategy
aims at disarming the bacteria rather than killing them and is based on the fact that bacteria
produce virulence factors. Bacteria use them to damage their host or to ensure or facilitate
survival. Some virulence factors can deconstruct tissue or immune system components while
others are used for the communication between bacteria.*?*° The idea behind the anti-virulence
approach is the inhibition of the production or the inactivation of one or several virulence
factors. In this way, the overall virulence of the bacteria is reduced and the infection can be
cleared by the immune system.

The anti-virulence approach has some advantages over the classical antibiotic strategy. Firstly,
the risk of resistance development is significantly decreased as the therapy will not target an
essential bacterial target. Additionally, as the virulence factors are unique it is unlikely that
occurring resistances will be transferred to other species. Another important factor is that the
intestinal flora of the host will probably not be affected by the drug.*>*°

However, there are also some disadvantages of this strategy. It may be necessary to combine
several anti-virulence drugs or to co-administer an antibiotic to achieve a significant effect. As
some virulence factors are only active in a distinct stage of the infection, the time of drug
administration must coincide with the time that the virulence factor is actively involved in the

infection.*243

1.1.3 Drug Discovery Approaches

In the field of drug discovery there are basically two strategies applied: the structure-based or
the ligand-based approach.

The structure-based approach can be used if the structure of the target is known. The structure
may be in form of an experimentally determined 3D structure of the target protein (via X-Ray

crystal structure analysis for example).*®4" If there is no such 3D structure available a homology

3



model can be prepared. This possibility is dependent on whether there is a 3D structure of a
similar or related protein available which can serve as template. In this case, the sequences of
both proteins are superimposed to analyze differences. Ideally, the sequence parts which
constitute the binding pocket should be identical (conserved) or at least highly similar. With the
aid of a special software, the 3D structure of the target protein can be modelled according to
the template. The higher the similarity between the two proteins the more accurate and reliable
the homology model will be.*84°

With a 3D structure in hand there are again two possibilities. In case of known ligands (either
through co-crystallization or docking studies with known inhibitors) the ligand can be rationally
modified. For example, functional groups can be exchanged, removed, added or shifted. The
ligand can be enlarged in one or more directions or substituents can be exchanged or added. 64
In the case of no known ligands, virtual screening (of a compound library) can be applied to
identify other potential ligands.>® Another possibility is to design ligands ‘by hand’. This so-
called de novo design is based on the connection of small fragments inside the binding pocket
and is typically performed with the aid of computer programs.®-°2 In both cases the binding of
the identified or created ligands to the target should be confirmed experimentally before further
optimization processes.*6:5

In contrast, the ligand-based approach relies on the existence of one or several ligands of the
same structural class. The affinity, for example in form of an ICso or Kp value, is compared to
the molecular weight and the ligand may be downsized until an acceptable coefficient is
achieved.>* With this starting point in hand the ligand can be modified as described beforehand
for the structure-based approach. Additionally, ligands with similar features can be identified
through the screening of a database.>>

If several diverse ligands of the target protein are known, a pharmacophore model can be
created. Therefor the ligands are superimposed and essential molecular features as well as their
spatial position to each other are identified. This model can be used for the creation of new
ligands or the screening of a database. If several ligands with different affinities are known it
may be possible to prioritize the molecular features. Additionally, in case of known inactive
ligands it may be possible to define ’forbidden’ areas which are probably occupied by the

protein itself.>"%8



1.2 Mycobacterium tuberculosis
1.2.1 Tuberculosis and Characteristics of Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is the causative agent of the disease tuberculosis (TB).
According to the WHO, TB is the infectious disease that causes the most deaths worldwide. In
2017, the WHO announced about 10 million new infections and 1.6 million deaths related to
the disease.”® The estimated amount of infected people is as high as one third of the world’s
population. Most of the infections are located in the lung (pulmonary tuberculosis); however,
also other organs or tissues can be infected.%%°

Upon infection, the mycobacteria may be eliminated by the immune system or cause an acute
or latent infection. Mtb can survive and replicate inside macrophages and induces the formation
of so-called granulomas.®"6? These consist of infected macrophages, T cells, B cells and giant
cells. In this assembly, the mycobacteria can rest, in a dormant state, for several years or decades
inside their host (latent infection). From this state, the infection may eventually be reactivated
to an acute infection.®® In principal, such a reactivation is caused by circumstances which lead
to a general weakening of the immune system for example through a HIV infection.®

The current treatment options comprise a number of so-called first-line and second-line drugs.*
These are typically administered in a combination therapy for several months.% However, latent
infections are extremely difficult to treat due to granuloma formation and the dormant state of
the bacteria.®®5” Additionally, Mtb has developed various resistances which further complicate
TB treatment 5468

Mtb cannot be classified into the groups of gram-positive or gram-negative bacteria as the
staining method is not applicable in this case.%®’® However, it can be stained with other, acid-
fast methods for example the Ziehl-Neelsen stain.”* The reason thereof is that Mtb possesses a
special cell wall construction which contains a high amount of mycolic acids. This results in a
thick, wax-like cell wall with a complex permeability behaviour.”>"

The cell wall is composed of two main parts: an inner covalent part and an outer non-covalent
part. The inner covalently connected, lipophilic core consists of a layer of peptidoglycan which
is placed directly above the membrane. The peptidoglycan layer is connected with the
polysaccharide arabinogalactan which itself is connected with mycolic acids.”? These consist
of short a-chains and longer meromycolic acid chains.’* The second non-covalent part of the
Mtb cell wall consists of free lipids which complement the short and long mycolic acid chains,
respectively. These comprise for example sulfolipids and the so-called cord-factor and play a
major role in Mtb’s pathogenicity and virulence.””"" Additionally, this outer cell wall part



contains various components such as proteins, phosphatidyl mannoside, phthiocerol lipids,
lipomannan and lipoarabinomannan which all contribute to the overall complexity of the cell
wall.’8-82

As the cell wall contributes essentially to the viability and pathogenicity of Mtb, its formation
is an attractive target point for drugs. Indeed, isoniazid, one of the currently used first-line
drugs, intervenes in cell wall formation. The effect of isoniazid is based on the inhibition of
both the elongation of fatty acids and the synthesis of mycolic acid.®® Isoniazid itself is a
prodrug which is activated through the catalase-peroxidase enzyme KatG. The reactive product
subsequently inhibits the target enoyl acyl carrier protein reductase InhA. Resistance to
isoniazid is caused by a mutation in the katG gene or its deletion, 84848

A resistance against (at least) the two first-line drugs isoniazid and rifampicin is defined as
multiple drug resistance (MDR).%* Furthermore, increasing occurrence of extensively/totally
drug resistant strains (XDR/TDR) was reported in the last years.8"8

All these described circumstances, the characteristics of Mtb, the current treatment options, the
number of infections and deaths and the rising resistances, stress the need for novel effective

drugs against Mtb.

1.2.2 Mycobacterial Cytochrome P450s as Potential Targets

The genome of Mtb was published in 1998 by Cole et al. and revealed an overproportioned
amount of 20 Cytochrome P450 (CYP) enzymes.?%° In contrast, there are some bacteria
without any CYP enzymes such as Escherichia Coli.®? In comparison to the genome size, Mtb
possesses 240-fold more CYPs than humans.®®

CYP enzymes are abundant in nature, they occur in bacteria and fungi as well as in animals and
humans. Their characteristic is a heme group consisting of an iron ion which is coordinated by
a porphyrin scaffold. CYP enzymes belong to the group of monooxygenases which typically
transfer an oxygen atom to their substrate.®* In the catalyzed reaction, one atom of molecular
oxygen is transferred while the second oxygen atom is reduced to water. The range of CYP-
catalyzed reactions involves hydroxylations, epoxidations, dealkylations of sulfur, nitrogen or
oxygen, oxidations of nitrogen or sulfur and others.®>% There are several proposals for the
catalytic cycle in literature; however, the most probable one involves the following steps: %7
1. The substrate coordinates to the active center, the iron ion, and shifts the coordinated water
molecule away.

2. The heme iron is reduced from the oxidation state 3" to 2* with the help of an electron

transport system and molecular oxygen is bound to the iron.
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3. One more electron and two protons are transferred to the iron-oxygen complex. By this, one
oxygen atom is released in the form of water and a reactive intermediate is formed: the iron-
(IV)-oxo-porphyrin-radical-cation [Fe'V=0]"" (called Compound I).

4. The oxygen atom of Compound I is incorporated into the substrate via a radical mechanism.

There are 57 human genes encoding CYPs which are typically membrane-bound and have
diverse functions. They are involved in phase | metabolism of xenobiotics and in the
biosynthesis of various compounds such as steroids for example.®® 1% In contrast, bacterial
CYPs are mostly soluble and located in the cytosol. They catalyze various reactions and are
involved in the processing of carbon sources or in the synthesis of secondary metabolites such
as antimycotics or antiparasitics. 02102

There are several drugs which target CYP enzymes. Fungal infections are often treated with
azoles that act as CYP51AL1 inhibitors.!® Furthermore, there are drugs targeting human CYP
enzymes such as abiraterone which is a CYP17A1 inhibitor used in prostate cancer therapy.'%
CYP19A1 (aromatase) inhibitors are used in the treatment of breast cancer.'® However, there
are currently no drugs on the market which target bacterial CYP enzymes.

The 20 CYP enzymes of Mtb have been assigned due to their amino acid sequence. So far,
structure or function was elucidated for some of them: Nine enzymes (CYP51, CYP125,
CYP121, CYP142, CYP126, CYP130, CYP128, CYP144, CYP124) have been characterized
to a certain extent and three of them (CYP121, CYP125 and CYP142) are currently considered

as potential drug targets,%397.101.106-109

1.2.3 CYP121: Properties and Inhibitors

CYP121 was shown to be expressed in Mth cells and to be essential for the viability of Mth.1%
Analysis of amino acid sequence shows that there are relatives present in some Streptomyces
strains (maximum 66% identity).*'! However, one homologue in S. venezuelae (60 % identity)
was shown to have different binding site residues which indicates a different substrate
specificity.!'? Apart from that CYP121 is unique to a few representatives of mycobacteria.
The atomic structure of CYP121 was determined up to 1.06 A by Leys et al. in 2003 (PDB-ID:
1N40).1% It revealed a relatively large and rigid binding pocket (1350 A®%). The heme is slightly
deformed by a proline residue (Pro246) so that it is not totally planar. Interestingly, a helix
(helix 1) is located near to the heme resulting in the occurrence of a positively charged arginine
residue (Arg386) directly above the heme group.'*3

The function of CYP121 was elucidated after its neighboring gene (located in the same operon)

was identified as a cyclo(L-Tyr-L-Tyr) (cYY) synthetase.!** It turned out that CYP121 uses
7



cYY as substrate and catalyzes an unusual C-C bond formation between two ortho hydroxy
atoms of the phenol rings resulting in a compound named mycocyclosin (Figure 1.1).1*° The
reaction mechanism was evaluated with computer-based simulations by Dumas et al. in 2013116
They proposed that the oxy-complex is formed after substrate binding followed by the
formation of Compound | which generates the first tyrosyl radical. A PCET reaction (proton
coupled electron transfer) induced by Arg386 generates the second tyrosyl radical which creates
a C-C bond with the formerly generated radical.

The analysis of the substrate specificity revealed that CYP121 is also capable to convert
cyclo(L-Tyr-L-Trp) (cYW), but much slower than cY'Y.1’

OH OH

O OH
(o] (@] O
NH CYP121 NH
HN —_— HN

OH
Cyclo(L-Tyr-L-Tyr) Mycocyclosin

Figure 1.1: Schematic representation of the reaction catalyzed by CYP121. cYY is converted to mycocyclosin
through a C-C bond formation between the two tyrosyl moieties.

The role of mycocyclosin has so far not been clarified. However, there are eukaryotic and
prokaryotic enzymes known which generate analogues of cYY.11811° |n some cases, these are
also placed in gene clusters with enzymes that modify the respective cyclodipeptides.*?%9
Nevertheless, no other modification via C-C-coupling as for CYP121 is reported. Interestingly,
the biological function of these cyclodipeptides and their derivatives is also unclear. However,
cyclic dipeptides belong to the class of 2-5-diketopiperazines which is relatively abundant in
nature and exerts various interesting functions (more discussion in chapter 4.1.1).1%

As CYP121 belongs to the P450 family it was evaluated whether known CYP inhibitors bind
to its catalytic center. Indeed, it was found that the azole antimycotics clotrimazole, econazole
and fluconazole bind the heme iron of CYP121.121122 The determined Kp values correlate with
the respective MIC values against M. smegmatis and Mth.!1%2! There is a cocrystal structure
with fluconazole which was determined by Seward et al. in 2006 (PDB-ID: 21J7). Interestingly,
fluconazole does not directly coordinate to the iron with its triazole ring but coordinates the ion

indirectly via a water molecule.'?3



Until now, there were several attempts undertaken to identify potent inhibitors of CYP121.
Hudson et al. screened a fragment library and merged several fragments resulting in an azole
compound with a Kp value of 28 uM (Figure 1.2, compound 1).1* Two follow-up studies
applied fragment merging strategies which resulted in CYP121 binders with Kp values of
15 uM (Figure 1.2, compound 3) and 15 nm (Figure 1.2, compound 2).1%1% A different
approach was applied by Fonvielle et al. who evaluated substrate modifications and identified
cyclo(L-DOPA-L-Tyr) as binder with a Kp value of 15 uM (Figure 1.2, compound 5).127 A
substrate fragmentation approach by Kavanagh et al. resulted in a CYP121 binder with a Kp
value of 16 uM (Figure 1.2, compound 7).1? However, all of these compounds did either not
show any antimycobacterial activity or respective data is missing in the publications. Recently,
Abd El-wahab et al. designed azole substrate analogues and evaluated not only their affinity to
CYP121 but also their antimycobacterial activity.'?® However, the best CYP121 binder (Kp =
81 uM) had a MICgo > 100 pg/mL (Figure 1.2, compound 6) and the best antimycobacterial
compound (MICg = 12.5 pg/mL) showed an affinity as low as 1435 uM (Figure 1.2, compound
4).

OMe

o . - @
- N~ NH; N MeO
| = N\N/> - \ /\N N/\’\/<:,\
N~ O hY ’ 5/'\' OMe
O~ 9 ° e
HO N
NH; NH, HO \—
1 2 3

o)
NH N
HNTH\/C[ /@A'\ifl /4/ / s
HO I OH cl N ~_N HN NH
5

6 7

Figure 1.2: CYP121 inhibitors described in literature. 1: Kp = 28 uM*?*; 2: Kp = 15 nM*%; 3: Kp = 15 uM*?; 4:
Ko = 1435 uM2; 5: Kp = 15 uM; 6: Kp = 81 uM2%: 7: Kp = 16 uM%,



1.3 Pseudomonas aeruginosa
1.3.1 Characteristics of Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic gram-negative bacterium which is omnipresent in
moist environments such as water pipes, surface water, sinks, showers et cetera. It is the
causative agent of around 10-20 % of all hospital acquired infections.3%*3%131 The main focus
of infection is the lung which is especially harmful for cystic fibrosis patients.t32-1%
Additionally, P. aeruginosa can cause infections of the eye, skin, urinary tract, respiratory tract
or brainl37,13l,1367139

The special properties of the bacterium constitute its unique pathogenicity, virulence and
resistance.*® A major part of P. aeruginosa’s intrinsic resistance is based on its cell envelope
structure which is composed of two cell membranes.}* The outer cell membrane of P.
aeruginosa has an especially low permeability compared to other gram-negative bacteria.X*? An
additional part of the bacterium’s intrinsic resistance is based on its extensive efflux system
which efficiently removes drugs from the inside.1*3!4 Furthermore, P. aeruginosa has the
ability to express B-lactamases which causes resistance to many p-lactam antibiotics.'*
Besides the intrinsic resistance mechanisms, P. aeruginosa established various mutational
resistances in the last decades.**! Antibiotics of several classes can be administered in the case
of an infection such as penicillins, cephalosporins, carbapenems, aminoglycosides and
quinolones. However, resistances have been reported for all classes. In most cases, these are
based on expression of B-lactamases, overexpression of efflux systems (caused by mutations)
or target site mutations,140:141146

P. aeruginosa developed a range of strategies to increase its pathogenicity and ensure its
survival inside the host. It can adapt to environments with low oxygen supply or anaerobic
conditions.’*” Furthermore, the bacteria have the ability to form biofilms in order to isolate
themselves from attacks of the immune system or antibiotics.*® Another important property is
their extensive use of virulence factors, for example toxins and phenazines, which contribute

significantly to pathogenicity and P. aeruginosa’s survival technique.'4°

1.3.2 Virulence Factors as Potential Targets

The term “virulence factors” can be defined as molecules that are part of the promotion of a
disease, host damage or the evasion of the host immune system. These include for example

adhesins, toxins and siderophores but also factors that impact immune system modulation or
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evasion and factors that affect regulatory systems or promote biofilm formation. These
virulence factors are unique to a single species or closely related species.>*3

Due to the great impact of virulence factors on some diseases and the current lack of effective
antibiotics, there is a strong interest in developing anti-virulence drugs. The principle of the
anti-virulence approach is described in chapter 1.1.2.

Up to now there are only a few anti-virulence drugs approved for clinical use. These involve
BabyBIG and BAT for Clostridium botulinum®®, Raxibacumab®®! and Obiltoxaximab®®? for
Bacillus anthracis and Bezlotoxumab® for Clostridium difficile. All of these agents target
bacterial toxins which cause severe damage of the host.*?

In 2017, there were nine anti-virulence drugs for P. aeruginosa in preclinical studies, one drug
was in Phase | and |1 trials and one drug has failed in phase Il. Most of them interfere with the
four quorum sensing pathways of P. aeruginosa.*? Quorum sensing is a system in which the
bacteria regulate gene expression dependent on their population and the production of signal
molecules. Due to the involvement of virulence factors in these systems they represent an
interesting target.*>* However, one of the preclinical drugs also targets a single virulence factor:
PcrV. PcrV is involved in the type 111 secretion system which can deliver toxins through the
cell envelope.*21°515¢ |n general, the anti-virulence approach seems to be a promising strategy

in the development of drugs against P. aeruginosa.

1.3.3 LasB: Properties and Inhibitors

The virulence factor elastase (LasB) of P. aeruginosa belongs to the class of proteases and
cleaves peptide bonds. It is a matrix metalloproteinase (MMP) of the thermolysin family (M4)
which contains a zinc ion (Zn?*) in its active centre.*> The zinc ion is tetrahedrally coordinated
by two histidines, one glutamate and water as the fourth ligand.®’

There are two proposed versions of the catalytic mechanism: In the first, the glutamate ligand
acts as proton acceptor and in the second version one of the histidine ligands undertakes this
role. In both mechanisms the water gets displaced towards the proton acceptor (Glu or His)
upon substrate binding. One proton of the water molecule is transferred to the base while the
lone pair of its oxygen attacks the peptide carbonyl-C. In the second step a proton is transferred
to the peptide nitrogen and the positive charge is stabilized via surrounding amino acid residues.
With the transfer of a second proton to the peptide nitrogen (via the base), the peptide bond is
cleaved to a carboxylic acid and an amine. %161

The first crystal structure of LasB was published by Thayer et al in 1991 (PDB-ID: 1EZM).162
The first co-crystal structure was determined in 2004 (PDB-ID: 1U4G). The tertiary structure
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is divided in two domains, C-terminal and N-terminal domain, which build the substrate binding
pocket in their middle. The N-terminal domain contains the zinc binding motif HEXXH
(H=His, E=Glu, X=any amino acid), which is conserved in the M4 family.'>” The C-terminal
domain contains the zinc coordinating glutamate that is typically located 18-72 amino acids C-
terminal to the HEXXH motif. The protein is proposed to undergo a hinge bending motion upon
substrate or inhibitor binding.16164

Another interesting feature of LasB or the MMP family in general is that the binding pocket
consists of several subsites which determine substrate specificity and recognition. The main
subsite is the S1° pocket which generally accommodates large hydrophobic residues. This
subsite is surrounded by several subsites in the C-terminal (S1, S2, etc.) and N-terminal (S2’,
S3’, etc.) direction. The differences of the subsites between the individual MMPs are especially
important for the design of selective inhibitors, 57165166

LasB is a major virulence factor of P. aeruginosa that is involved in host invasion,
immunomodulation and biofilm formation.X4®%7 It can degrade tissue components such as
collagen, fibrin, casein and elastin.1®®17° The latter is an essential part of human lung tissue and
blood vessels. LasB is also involved in corneal liquefaction during eye infections and the
degradation of human wound fluids and skin proteins associated with chronic ulcers.t’172
Additionally, LasB interferes with the human immune system: It can destroy human
immunoglobulins A and G and is involved in the inactivation of the human cytokines gamma-
interferon and tumor necrosis factor alpha.l’**" Furthermore, it degrades serum alphal-
proteinase inhibitor and human bronchial mucosal proteinase inhibitor which usually protect
the respiratory tract from proteolysis.1’6177

Due to the significant impact of LasB upon P. aeruginosa infection several inhibitors have been
identified and characterized so far, among which are two natural products: phosphoramidon
(Figure 1.3, compound 1) and Streptomyces nigrescens metallo-proteinase inhibitor (SMPI)
which is a 102 amino acid protein.}’®1’® The synthetic LasB inhibitors can be divided in two
classes: peptidic and non-peptidic. The first group contains small peptides modified with zinc
chelating groups such as thiol, hydroxamate or phosphoryl (Figure 1.3, compound 2).179-182
These compounds show in vitro activities up to submicromolar values. The second group
consists of small molecules that contain thiol or hydroxamate as chelating motif and tropolones
(Figure 1.3, compound 3-6).165183-185 Thejr K; values are typically in the two or single digit

micromolar range.
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Figure 1.3: LasB inhibitors described in literature. 1: 1Csp = 40 nM;1"® 2: ZBG = SH or NHOH or PO3, R; and R;
are amino acid residues;*8%18! 3: |Csp = 1.8 uM;8* 4: ICs0 = 12 uM;1® 5: ICs0 = 0.4 pM*%; 6: ICs50 = 1.2 pM 1%,
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2 Aim of the Thesis

The rise and spread of antibiotic resistances in the last decades force the development of novel
drugs against pathogenic bacteria. The two pathogens addressed in this thesis are Pseudomonas
aeruginosa and Mycobacterium tuberculosis (Mtb). Both bacteria can cause severe and life-
threatening infections which are difficult to treat due to limited treatment options and the unique
characteristics of these pathogens.

For Mtb the classical antibiotic approach was pursued targeting an essential function of the
bacteria. In this case, former results revealed that the Cytochrome P450 enzyme CYP121 is
essential for viability. As the HIPS-DDOP group has a library of putative CYP inhibitors (which
were originally designed to target human CYP enzymes) a screening approach should be
initiated in order to identify potent CYP121 inhibitors (chapter 3.1). Upon identification of
CYP121 binders these should be characterized by biological and biophysical methods
(inhibition of mycobacterial growth, binding to iron-center of the enzyme, cytotoxicity,
physicochemical properties) to define frontrunner compounds. As crystallographic data is
available for CYP121, docking studies should propose the binding mode.

Upon identification of a hit compound the aim was to elucidate the structure-activity
relationship via the evaluation of a second defined library that is created by selection of
compounds from the in-house library and synthesis of promising candidates (chapter 3.2). A
functional assay to prove the inhibitory activity and further mode of action studies should
support the efficacy of the identified hit compounds.

For P. aeruginosa the objective was to target virulence instead of bacterial survival in order to
reduce the selective pressure for resistance development. The selected anti-virulence target was
LasB which plays a major role for pathogenicity, the interaction with the human immune system
and biofilm formation.

In a recently published study, the class of N-aryl mercaptoacetamides was identified as potent
LasB inhibitors with good selectivity over human MMP’s. However, a structure-based
optimization approach in which a benzyl group was introduced at the nitrogen failed to maintain
activity. In this thesis, the aim was to increase activity via different structure-based approaches
based on the former results (chapter 3.3). The existing crystal structure should be used for the
design of promising derivatives. After synthesis and determination of activity, the promising
candidates should be further evaluated regarding selectivity and cytotoxicity. ldeally, new

crystal structures should be generated to elucidate the binding mode.
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In a different approach the thiol function of the N-aryl mercaptoacetamides should be replaced
through other zinc-coordinating functions (chapter 3.4). The synthesis should be followed by
intensive biological characterization including inhibitory activity and interference with

resistance mechanisms such as biofilm formation for example.
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3 Results

3.1 Chapter A: Biophysical Screening of a Focused Library for the Discovery of
CYP121 Inhibitors as Novel Antimycobacterials'e®

Christian Brengel, Andreas Thomann, Alexander Schifrin, Giuseppe Allegretta, Ahmed A. M.
Kamal, Jorg Haupenthal, Isabell Schnorr, Sang Hyun Cho, Scott G. Franzblau, Martin Empting,
Jens Eberhard, Rolf W. Hartmann

Reprinted with permission from ChemMedChem 2017 12 (19), 1616-1626, DOI:
10.1002/cmdc.201700363
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Biophysical Screening of a Focused Library for the
Discovery of CYP121 Inhibitors as Novel

Antimycobacterials

Christian Brengel®,® Andreas Thomann*,® Alexander Schifrin,” Giuseppe Allegretta,®
Ahmed A. M. Kamal,” J6rg Haupenthal,” Isabell Schnorr,”’ Sang Hyun Cho,"
Scott G. Franzblau,” Martin Empting,” Jens Eberhard,”” and Rolf W. Hartmann*® ¢

The development of novel antimycobacterial agents against
Mycobacterium tuberculosis (Mtb) is urgently required due to
the appearance of multidrug resistance (MDR) combined with
complicated long-term treatment. CYP121 was shown to be a
promising novel target for inhibition of mycobacterial growth.
In this study, we describe the rational discovery of new CYP121
inhibitors by a systematic screening based on biophysical and
microbiological methods. The best hits originating from only
one structural class gave initial information about molecular

Introduction

Tuberculosis belongs to the most lethal infectious diseases
caused by bacteria. According to the WHO Global Tuberculosis
Report," 1.5 million people died in 2013 due to infections
caused by Mtb. This goes along with an estimated amount of
9 million new cases of Mtb infections arising each year. Despite
a broad spectrum of first- and second-line antimycobacterial
drugs, there is an antibiotic gap for the treatment of infections
with multidrug-resistant (MDR) and extensively drug-resistant
(XDR) tuberculosis (TB)." Additionally, alarming reports have
been published describing totally drug-resistant TB (TDR-
TB).2*! Moreover, tuberculosis still requires long-term treat-
ment leading to an increased probability for noncompliance,
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motifs required for binding and activity. The initial screening
procedure was followed by mode-of-action studies and further
biological characterizations. The results demonstrate superior
antimycobacterial efficacy and a decreased toxicity profile of
our frontrunner compound relative to the reference compound
econazole. Due to its low molecular weight, promising biologi-
cal profile, and physicochemical properties, this compound is
an excellent starting point for further rational optimization.

which impairs therapeutic outcome.” Hence, there is an
urgent need for new antimycobacterial agents with novel
modes of action, which, in the best case, could also lead to
shorter treatment periods.

Driven by the elucidation of the Mtb genome in 1998, new
potential drug targets were identified.’ Interestingly, Mtb ex-
hibits an unusual high number of twenty P450 enzymes in
contrast to other bacteria. Further studies have revealed some
of them to be essential for viability, survival and/or pathogenic-
ity.” Out of these, CYP121 was shown to be essential for bac-
terial growth by an in vitro knock out study.® Moreover, the
deficient strain could be revived by a complementary plas-
mid.*® The first evidence of CYP121 function in Mtb was de-
rived from its gene position which is located in an operon har-
boring two enzymes involved in the formation of cyclo-di--ty-
rosine (cYY)." In vitro studies provided proof, that CYP121 cat-
alyzes the reaction of cYY to mycocyclosin with high substrate
specificity."”" The role of its substrate and product in the cel-
lular setting remains to be elucidated. However, the variety of
biological functions of diketopiperazines is well described for
example, as quorum sensing signals."? Thus, besides develop-
ment of antimycobacterials targeting CYP121, a small selective
molecule with in cellulo efficiency may help to understand the
precise function of CYP121.

Due to the fact that CYP121 is a potential target for Mtb
treatment, some efforts have been undertaken to identify
potent inhibitors. Hudson et al."” and Kavanagh et al.™ pub-
lished several compounds designed for selective CYP121 bind-
ing and inhibition. However, none of them were shown to be
effective against Mtb. Fonvielle et al. described a CYP121 inhib-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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itory effect of cYY derivatives without data on bacterial
growth.""' Kavanagh et al. designed compounds based on
substrate fragmentation with micromolar affinity and selectivi-
ty over other Mtb P450's without data concerning biological
activity."” Regarding compounds with cellular activity, it was
shown that azole antifungals bind tightly to CYP121 and exhib-
it an in vitro and in vivo activity against Mtb."”* Furthermore,
the binding to the enzyme was in good correlation with the
antimycobacterial effect.®*?” As the azole antifungals are active
on Mtb cells and effective in mice infection models they dis-
play a valuable reference for antimycobacterial CYP inhibi-
tors.l17»22]

The essential role of CYP121 for Mtb survival and our exper-
tise in developing potent and selective human steroidogenic
CYP enzyme inhibitors motivated us to identify novel CYP121
inhibitors with increased efficiency and improved properties
relative to the azole antifungals.?*%"!

Potential antimycobacterial activity could provide further
evidence of target validity, drugability and stimulate develop-
ment of respective inhibitors toward new therapeutic agents
bearing the potential to treat MDR and XDR Mtb infections.
For these reasons, we established a screening strategy based
on invitro and cell-based assays (Scheme 1). By the use of a

g CYP19
YP11B1 CYP11B2 ¥

Diversity oriented CYP Inhibitor Library
(139 Compounds)

SPR — Screening
(44 Binders R/R .« > 0.5)

UV/is Assay
(8 Heme Coord. Ky < 15 pum)

M. bovis BCG Assay
(3 Cmpds MICg, < 10 pm)

One CYP 121 inhibitor with
M. tuberculosis MICgy < 1mg/L

Scheme 1. Hit finding progress. The initial library (139 compounds) was built
of inhibitors designed for inhibition of human CYP11B1/2, CYP17, and CYP19
with regard to structural diversity. A positive SPR screening hit was defined
by the coefficient of its response divided by the response of the positive
control (econazole) which had to be above 0.5 (R/R,. > 0.5). This resulted in
44 positives. From this preselection, eight compounds coordinated iron-
heme with K, < 15 um. These compounds were tested against BCGT and
three showed MICgccr < 10 um. Finally, one compound was highly active on
Mtb with MIC,,, <1 mgL™".
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small highly diverse library composed of our CYP-inhibitors, we
could identify a CYP121 inhibitor with increased antimycobac-
terial potency relative to positive control econazole. This com-
pound possesses desirable physicochemical properties, low
toxicity toward human cells and high antibacterial selectivity
against Mtb, rendering it an appropriate candidate for further
optimization.

Results and Discussion
Library generation

For hit discovery we selected 139 compounds from our in-
house CYP-inhibitor library designed for inhibition of CYP17,
CYP19, CYP11B1 and B2 (Supporting Information [SI]). The
screening library is composed of six different scaffolds to
ensure a broad structural diversity (Figure 1). Additionally,

Classes of the CYP Inhibitor Library

K)(")< IQN’\
Class | (48 Cmpds) Class Il (42 Cmpds)
-
i e
RW(N \ :
Class 111 (21 Cmpds) Class IV (13 Cmpds)
ey
] S
RNJ\(\ N
x-,X ’é::o

Class V (9 Cmpds) Class VI (6 Cmpds)

Figure 1. Classes of the library used for screening against CYP121 with their
respective number of representatives stated in brackets. The structures rep-
resent the core scaffold of the compound, where R is a substituent, X repre-
sents the position of either nitrogen or CH, and [In the alkyl chain length of
n methylene units.

known pharmacological profiles, drug-likeness, and established
synthetic routes of the compounds provide an ideal starting
point for future optimization. As a reference compound we
chose econazole which was shown to have the highest report-
ed affinity to CYP121 (UV/Vis heme P450 binding assay) and
the strongest inhibition of mycobacterial growth in the class of
azole antifungals."®??

Enzyme expression, characterization and initial SPR
screening

As starting point for SPR screening we expressed CYP121 in a
heterologous host (E. coli K12 BL21) and purified the protein
by ion affinity chromatography (IMAC). Notably, addition of
1% Triton X-100 into the lysis buffer during purification in-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SPR screening results: compounds plotted versus their R/R,,, values. Econazole (100 um) was used as a positive control and its SPR response was
set at 1 (R,,). The compounds were tested at a concentration of 100 um and their response (R) was divided by the response of the positive control (R/R).
Hit compounds possess R/R,, values >0.5 (horizontal solid grey line). Vertical dashed lines separate the six classes.

creased the protein yield by about 10-fold.?® The purity of the
enzyme was determined by SDS-PAGE (SI, section 2, Figure S1).
To ensure active protein conformation we conducted enzymat-
ic in vitro activity tests. A first experiment to gain information
about activity of P450 enzymes is the determination of CO-
binding spectra.*” 50% of the expressed enzyme showed the
typical P450 band of CO-bound heme after dithionate reduc-
tion (Sl, section 3, Figures S2 and S3). Using the same experi-
mental conditions but replacing sodium dithionate, we were
able to identify Etp1fd (516-618) as ferredoxin and Arh1_A18G
as ferredoxin reductase, two proteins of the fungus/fission
yeast Schizosaccharomyces pombe,***" as suitable heterolo-
gous electron-transfer system for CYP121. Additionally, using
the latter system, we could show conversion of cYY to mycocy-
closin proving enzymatic activity of CYP121 (SI, section 4, Fig-
ures S4 and S5).

Surface plasmon resonance spectroscopy (SPR) is a modern
yet well-established biophysical methodology that allows the
detection of binding events between an immobilized target
(e.g., enzyme) and a solvated analyte.*” However, interactions
detected by SPR can also occur outside the enzymes active
site. Hence, this SPR-based primary screening filter was used to
distinguish between binders and non-binders.

For SPR immobilization of the protein we used the biotin-
streptavidin interaction.”” Prior to immobilization we conjugat-
ed a biotin tag to CYP121. To confirm applicability of the SPR
method, we determined a response curve of econazole to the
target protein (S, section 5, Figure 56)."® The SPR signal of eco-
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nazole, measured in response units (RU), was set to one (R,,,).
The binding event of library compounds (R) was referenced to
the positive control and declared as R/R;,. We defined R/R,
>0.5 as the threshold for hits from SPR screening procedure.
Using this approach, we identified 44 binders out of 139 com-
pounds with representatives from all of the six classes
(Figure 2). Notably, we found 17 compounds with higher re-

sponses than econazole (S, section 6, Table S1).

Binding mode and affinity characterization by UV/Vis heme
binding assay

The 44 SPR binders were investigated for their ability to inter-
act with the iron(ll)-heme by monitoring the shift of the char-
acteristic absorbance band at 416 nm of CYP121 (Figure 3).&™
In addition to the 44 SPR hits, we also took two weak SPR
binders into consideration (I:1 and 1:33, R/R,,, <0.5) to con-
duct a retrospective evaluation of the reliability of our SPR
screening. McLean et al. reported that econazole has a tight-
binding profile to CYP121 with a K, =0.02 um.”) However, we
observed a K;, of 3 um. This discrepancy could be due to a dif-
ference in UV/Vis spectrometric devices used and, thus, limited
sensitivity. To provide a higher throughput employing 96-well
plates, we were limited to a higher enzyme concentration
which impairs measurement in lower nanomolar ranges. Com-
pounds were initially tested at a concentration of 100 um to
identify iron-heme interactions and distinguish between type |
(water-bridged iron interaction) and type Il (direct iron interac-
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Figure 3. Binding of 1:47 to CYP121 as determined from heme coordination
assay: a) UV/Vis spectra of the enzyme were recorded in the presence of
1:47 (100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.20, 0,10 pm; dotted lines)
and in the absence of 1:47 (solid line). b) Corresponding difference spectra.
¢) The K, value of 1:47 was derived by nonlinear fitting of the data using
Equation (1) and the difference in absorption at 430 and 410 nm. Error bars
represent the standard deviation of three replicate measurements.

tion) binding. 30 compounds showed a type Il shift while none
showed type | binding behavior. The latter compounds appear
in class I, II, Il and IV indicating that the catalytic center ac-
cepts imidazolyl and pyridinyl moieties for iron-heme coordi-
nation. I:1 and 1:33 (weak SPR binders) did not coordinate the
heme iron which emphasizes the suitability of our SPR screen-
ing procedure. The identified type Il binders were further in-
vestigated regarding their K. For eight binders an affinity
better than 15 um was observed (SI, section 6, Table S1). Inter-
estingly, this subset of compounds only arose from classes |
and II. Pyridinyl (class Il) as well as imidazolyl (class |) motifs
were tolerated as heme coordinators while the imidazolyl li-
gands showed higher affinities (SI, section 6, Table S1). With
regard to class | the highest affinity could be found for com-
pounds decorated with hydrophobic and space-demanding
moieties connected to the benzylimidazole substructure. This
is also a structural trend in the class of antimycobacterial
azoles (e.g., econazole, clotrimazole).”’ The most affine binder
1:16 showed threefold improved Kj, relative to econazole (K, =
3 um; SI, section 6, Table S1). Furthermore, two linearized, para-
substituted biphenyl compounds of this class (1:47 and 1:48)
possessed a CYP121 affinity similar to that of econazole. As
mentioned before, molecules with linear biphenyl units bear-
ing an N-methylenbenzimidazoyl moiety instead of an unsub-
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stituted benzylimidazolyl scaffold did not bind to the heme
(1:33). Additionally, replacement of the interconnecting phenyl
group within this class by pyridinyl resulted in inactive com-
pounds (I:1). Moreover, the analysis of all regioisomers of ben-
zylimidazol scaffolds substituted with phenyl revealed that the
para (1:32) and meta (1:30) position lead to similar affinities. A
phenyl group at the ortho position (I:15) impairs binding. The
para-benzodioxine substituent of 1:48 and the para-benzodiox-
ole substituent of 1:47 increase the affinity by about two- to
threefold (SI, section 6 Table S1). However, compared with eco-
nazole our most active compounds showed similar (e.g., 1:47
5um and 1:48 5 um) or slightly better K, (1:16 1 pm; SI, sec-
tion 7, Figure S7).

MIC determination in BCGT and Mtb

For investigating cellular activity we focused on those com-
pounds with a Ky lower than 15 um, but also added selected
compounds showing low affinity to CYP121 as negative con-
trols (Sl, section 6, Table S1). In this setting, econazole was
used as described antimycobacterial reference compound.®"
For initial screening on mycobacterial growth inhibition we
used the bovine strain BCGT. The strain serves as a suitable
substitute for Mtb as it carries a copy of CYP121 in its genome
with an overall amino acid identity of 100% in comparison
with its Mtb congener (Sl, section 8, Figure $8).°* Regarding
the more complex situation in the cellular context, the six
identified classes have to be discussed separately. In case of
subset Il to VI, we could only detect weak growth inhibition
(MICgeer >10mgL""; SI, section 6, Table S1). In class Il three
compounds were found to have a K value below 15 um but
none of them had MICg; below 10 mgL ' (11:20, see SI, sec-
tion 6, Table S1). For econazole, we observed a MICy =
5.4 mgL " which is in good correlation to previous findings.®*
Most active compounds were observed in class | (SI, section 9,
Figures S9 and S10). The best heme binder to CYP121 (1:16)
with a threefold increased affinity relative to econazole
showed a MICyc¢; of 1.6 mgL~". For 1:47 and 1:48 we could de-
termine MICycr=03 mgL™" and 2 mgL~" which renders 1:47
to be the most potent antimycobacterial compound in this
subset. The MIC tests of negative controls out of class| (I:1
and 1:33) showed no significant growth inhibition. Within
class | results of the MIC assay are in good correlation to the K,
values on the target enzyme CYP121 (Table 1).

To test the potency of the most effective antimycobacterial
compounds against the human pathogen Mtb, we used the
MABA assay system. For MICy, determination we chose the
common laboratory strain Hy;Rv. In several studies the MIC,
value of econazole was determined ranging from 0.12 mgL '
to 8 mgL "% To facilitate comparability of the MIC,,,, values,
we referenced them to results made in our assay system
where a MIC,,, for econazole of 42 mgL™" was determined
previously*¥ The most effective compounds were 1:47 with
MICy,=0.3 mgL™" followed by 1:16 (MICy,=1.9 mgL™") and
1:48 (MICy,=3.5 mgL ™", see Table 1). Notably, in terms of cel-
lular efficiency metrics, 1:47 has an AE=0.39 and hence, a
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econazole I:1

Table 1. Structures, relative SPR responses (R/R,..), binding affinities (Ky), and antimycobacterial activities of econazole, most active hits (1:16, 1:47, 1:48), ex-
amples for negatives (1:1, I:33), and for moderately active hits (1:15, 1:30, 1:32).

Cl
o
*00oga B
; o¥ V& d Yoo
115

1116 1:30

N N N N
O \§/N @N o \Q/N [O \§/N
QA QA e )
1:32 1:33 1:47 1:48

Compd SPR Heme K, MICgeer MICyy

[R/Rq] [um] [mglL™] [um] [mgL™ [um]
Eco® 1 2.8+02 5.4 14 4.2 11
11 0.4 >100 >25 >100 - -
1115 0.3 343459 9.6 a4 ) -2
116 1.2 13+04 16 5 19 6
1:30 1.4 10.6£20 26 n 12 48
1:32 11 139421 7.0 30 9.6 4
133 0.1 >100 =25 >100 - -
1:47 0.6 54410 03 1 0.3 1
1:48 0.6 53406 20 7 35 12

[a] Econazole. [b] Values are the mean - SD of three replicate measurements. [c] MICy, values determined previously.*"

higher AE than econazole (0.24) and rifampicin (0.16) (SI, sec-
tion 10, Table S2).

Toxicity on human cell lines

The azole antifungals are known to attenuate growth of sever-
al human cell lines.***” To compare cellular toxicity of econa-
zole with our three most promising hits we used HEK293 cells
in a MTT-based assay.®® 6.0 mgL™" of econazole killed 50% of
HEK293 cell population after 48 h. Notably, the toxicity of our
most active antimycobacterial compounds was lower than that
of the azole antifungal drug (1:16 LDs,=6.1 mgL'; 1:47 LD, =
186 mgL '; 1:48 223 mgL ). For comparability reasons, we
calculated the toxicity factor for 1:47 (MIC,,/LDs,), which re-
vealed a 44-fold improvement over econazole (Table 2). One of
the most prominent undesirable effects of azole antifungals is
their hepatotoxicity observed in mice.*** For this reason, we
also conducted toxicity experiments employing HepG2 cells.

Table 2. Comparison of human cellular toxicity and anti-Mtb effect.

Compd MICyy ImgL ] LDy [mgL "1 TF: MIC, /LD, ™
Eco 42 60 14
1116 19 6.1 32
1:47 03 186 62.0
1:48 35 223 6.4

[a] 50% lethal dose toward HEK293 cells. [b] Toxicity factor=(MICy.,)/
(LDsg exass); this was used to enhance the comparability of compounds
with regard to their antimycobacterial effect.
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We could observe an approximate twofold increased toxicity
for econazole (3.1 mgL ") and 1:16 (3.9 mgL ') relative to
HEK293 cells. The LDy, of 1:47 was 17.1 mgL~" which is close
to the toxicity observed in HEK293 cells (see above, SI, sec-
tion 11, Table S3).

In vitro and in cellulo mode-of-action studies

In addition to the binding constant, we determined inhibition
of CYP121 enzymatic reaction by 1:47. The enzyme catalyzes
the formation of an intramolecular C—C bond between the
carbon atoms at the ortho position to the hydroxy group of
the phenol moiety of cYY resulting in the production of myco-
cyclosin."® For assessing CYP121 activity we used an artificial
redox system from Schizosaccharomyces pombe (ferredoxin
Etp1fd (516-618) and ferredoxin reductase Arh1_A18G).®" This
redox system is known for its broad applicability as electron
donor for CYP enzymatic reactions but firstly described for
CYP121 herein. Indeed, we could observe an inhibition of
product formation confirming 1:47 to be a potent inhibitor of
mycocyclosin production by interference with CYP121 in vitro
(S, section 4). To gather further evidence for target-based my-
cobacterial selectivity toward other bacteria, we assessed the
activity of our compounds on growth of E. coli TolC as a repre-
sentative for Gram-negative bacteria and S. aureus Newmann
strain for Gram-positive. The results show no significant
growth inhibition of 1:47 and 1:48 against the latter bacteria
(MICyy, > 100 pm or >25mgL™). In contrast to econazole and
1:16 that showed certain inhibitory effects for E.coli and
S. aureus in higher concentrations (SI, section 12, Figure S11).
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Physicochemical and selectivity profile of 1:47

The aforementioned compounds were originally designed as
inhibitors of human CYP17, CYP19 and CYP11B1/2 known to
be involved in steroid biosynthesis. 1:47 was initially synthe-
sized as an inhibitor of CYP17. The compound showed only a
low activity on CYP17 relative to other inhibitors with an I1C5,=
3.1 um. Additionally, only a 48% inhibition of aromatase at a
concentration of 25 um was observed.*” Regarding physico-
chemical properties suitable for permeation through the cellu-
lar membranes, one has to differentiate between biological
barriers of human and mycobacterial origin. For humans, a
guidepost for appropriate physicochemical properties is the
Lipinski’s rule of five for oral bioavailability of drugs (<5 hydro-
gen bond donors, <10 hydrogen bond acceptors, M, < 500 Da,
logP < 5)."" Our frontrunner compound 1:47 fulfils all four cri-
teria (0 hydrogen bond donors, 3 hydrogen bond acceptors,
M,=278 Da, logP=3.1; SI, section13). To the best of our
knowledge, similar correlations for physicochemical properties
with mycobacterial membrane passage have not yet been es-
tablished. Thus, a respective guide for compound develop-
ment is still missing."*?

Molecular modeling studies on the binding mode of 1:47

As a type Il binding profile was observed for 1:47, we set up a
constrained docking protocol to predict its binding mode to
the heme center of CYP121. Docking to the active site of
CYP121 was restricted by two essential pharmacophore fea-
tures reflecting the direct interaction between the coordinated
iron and 1:47 (typell binding). The resulting docking poses
were sorted by their predicted binding energies and the best
scored docking pose was chosen for further studies (Figure 4).
This modeling approach revealed new possibilities for further
derivatization or rigidification. For instance, intramolecular link-
ing of the methylene bridge at the imidazolyl unit with the
ortho position of phenyl using for example, a five-membered
ring should be tolerated by CYP121 and increase affinity
through a decrease in entropic penalties upon binding. Fur-
thermore, the central hydrophobic aromatic moiety shows
van der Waals contacts to flanking hydrophobic amino acids
Phe168 and Met62. Regarding steric factors, the ring could
easily rotate in this position. This degree of rotatable freedom
might be necessary to place the aforementioned phenyl in a
suitable position to grant access to a large flat sub-pocket
(composed of Met61, Asn84 and the backbone of Asn83)
which could then be reached by substituents at its 2-postion.
The 1,3-benzodioxole moiety was placed in a hydrophilic sub-
pocket, formed by Arg72, Asn74 and Thr65, which is in good
accordance with the low lipophilicity of this motif (cLogP=
0.27). Moreover, the 5-position of 1,3-benzodioxole holds great
potential for further enlargement of the molecule, as it directly
points to another sub-pocket which is decorated with several
hydrophobic amino acids, namely Leu73, Phe280, Leu284, and
the side chain of GIn385.
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Figure 4. Molecular docking of 1:47 against the prepared co-crystal structure
of CYP121. Heme coordination was a prerequisite for the docking process
which was achieve by placing a pharmacophore feature on the interacting
metal and ligand position. Resulting docking poses were sorted by score (E_
refine), and the highest scored pose is depicted as a) a 3D model and b) a
2D-interaction chart. 1:47 shows close van der Waals contacts to surrounding
amino acids but also possibilities for compound enlargement (b). The grey
surface in panel (a) represents the van der Waals surface of the protein,
which is also shown as dotted lines in panel (b).

Conclusions

Despite the fact that CYP121 had been reported to be a poten-
tial target for the treatment of Mtb infections, not many inhibi-
tors with cellular activity had been discovered. Herein we have
presented a rational screening approach to address CYP121 by
a small library focused on privileged scaffolds for CYP enzyme
inhibition. The identified compounds could help to clarify the
hitherto unknown role of CYP121 in Mtb metabolism and pro-
vide a good starting point for a drug optimization program.

Our search for new inhibitors of CYP121 started with an ini-
tial SPR screen of the aforementioned focused library. As the
compounds were designed for P450 inhibition we observed a
high number of binders (32%). The identified compound
classes differed highly with regard to their structures. Clearly,
the large pocket of CYP121 (1350 A%) which is necessary for
the sterically demanding enzyme reaction can accept a large
variety of differently shaped molecules.®'***! However, it has
to be noted that the SPR method does not exclude compound
attachment outside the enzymes active site.
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For rational design approaches it is of high interest to clarify
the binding mode and affinity of our hit compounds. A
common method for P450 enzymes to address this issue is the
heme coordination assay.®’ All SPR binders from classes I, IV, V
and VI had only weak affinity to the heme iron (K, > 100 um).
IV:13 is the only compound from this subset that could be ti-
trated and gave a K;, of 62 um (S, section 6, Table 1). Therefore,
we conclude that most of the compounds from these classes
do not bind directly to heme but address another unknown
site. This information could, however, be valuable for frag-
ment-linking approaches at a later stage of drug development.
For classes | and Il we identified eight compounds with K,
values below 15 um. Notably, the best compounds of class I
(I1:20 and 11:34) contained a space-demanding trityl moiety. It
was discussed for a crystal structure of CYP121 (PDB ID: 1N40)
that Arg386 may restrict access of voluminous moieties to the
iron-heme.*’ Nevertheless, we observed that the enzyme can
accommodate space-demanding molecules at the heme site as
shown by our UV/Vis experiments. Binders with the best affini-
ty were found in class . A comparison of compound structures
and binding efficiencies within this class gave first evidence for
properties needed to gain affinity toward CYP121. Imidazolyl
head group linked by an methylene bridge to a hydrophobic
core can be considered as an important basic structure for a
good binding efficiency (1:16, 1:47 and 1:48). In case of the line-
arized compounds, an N-methylenbenzimidazoyl head group
(1:33), ortho-substituted biphenyl system (I:15), and an inter-
connecting pyridinyl (1:1) ring had unfavorable binding proper-
ties. In a hit optimization process these structural characteris-
tics should be avoided. In contrast to this observation, a para-
benzodioxine substituent (1:48) and a para-benzodioxole sub-
stituent (1:47) linked to the biphenyl system increases affinity.
This might provide a possible position for further derivatiza-
tion. Our docking study supports this result as this motif was
predicted to be placed in a sub-pocket having a great poten-
tial for new interactions.

A straightforward approach for target validation is to corre-
late on-target potency and cellular activity. Although it has to
be noted, that such a correlation can be flawed by the fact
that compounds might also be inefficient due to poor mem-
brane penetration, for example. We hypothesized that class Il
might be a prime example for compounds that poorly perme-
ate the membrane of mycobacteria and, thus, cannot reach
their intracellular target. This could be an explanation for the
lack of in cellulo activity although a moderate affinity to the
target was measured.

Class | is the most remarkable of the six classes showing rea-
sonable affinity toward CYP121 and, more importantly, also
high activity in cellulo against Mtb and BCGT. Furthermore, the
on-target affinity of class | compounds directly correlates with
their activity on mycobacteria which provides further evidence
of a CYP121-dependent effect. In detail, on-target inactive
compounds like 1:1 and 1:33 had no activity against BCGT,
while moderate binders for example, 1:15, 1:30 and 1:32 had
low antimycobacterial effects. Finally, compounds with highest
affinity (1:16, 1:47, 1:48) were the most potent in the cellular
setting. Especially, compounds 1:16, 1:47, and 1:48 are even
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more effective on mycobacteria than the positive control, eco-
nazole, although no optimization has been undertaken, yet
(Table 1). In terms of antibacterial efficiency (AE), 1:47 is superi-
or to econazole and the first-line drug rifampicin indicating an
excellent optimization potential of this novel inhibitor class.
Moreover, we could provide data that 1:47 does not only bind
to CYP121 but does also inhibit the enzyme reaction (SI, sec-
tion 4). The correlation between MIC and K;, bares minor incon-
sistences, which might be due to poor penetration through
the mycobacterial cell wall of some compounds (see for exam-
ple, 1:47 and econazole). A highly lipophilic molecule (e.g., eco-
nazole cLogP=5.3 versus 1:47 cLogP=3.1) might be trapped
in this lipophilic barrier containing mycolic acids and slowly or
only partially released into the mycobacterial cytoplasm. This
results in lower cellular activity than expected from on-target
affinities. A second explanation for the differences in MIC and
Kp, at least for econazole, is its promiscuous behavior in differ-
ent growth inhibition assays. This suggests that there are addi-
tional targets for econazole. An explanation for the antibacteri-
al activity of econazole against E. coli and S. aureus was already
provided before. In these studies econazole was described as
an inhibitor of flavohemoglobin.**" Further possible target
systems of azole antifungals within Mtb metabolism have also
been described.””-*) However, evaluation of 1:47 and 1:48
leads to the conclusion that these novel structures are of im-
proved selectivity toward Mtb with a good correlation of
CYP121 affinity and antimycobacterial activity. Furthermore,
the two compounds possess lower toxicity against human cells
than determined for econazole. Although toxicity to hepato-
cytes was low, it is of high interest to clarify potential inhibi-
tion of metabolizing CYP enzymes (e.g., CYP3A4). These results
further underline the target-based mycobacterial specificity of
our compounds, at least in the subset of bacterial and human
cells tested. Taken together the in vitro and cell-based studies
conducted herein, CYP121 is most certainly the major target of
1:47 and 1:48.

In summary, we have reported a biophysical screening pro-
cedure employing a focused library of privileged scaffolds,
which ultimately lead to the discovery of novel CYP121 inhibi-
tors. From this process, 1:47 turned out to be the most promis-
ing hit compound pairing convincing antimycobacterial activity
and bacterial selectivity with a good toxicity profile. Further-
more, this compound exhibits a fragment-like molecular
weight and preferable physiochemical properties that fulfil the
Lipinski rules for oral bioavailability (SI, section 13). Thus, 1:47 is
an excellent starting point for rational structure-based drug
discovery. Our in silico studies revealed several possible modifi-
cations to be investigated in future optimization steps. Addi-
tionally, the inhibitor might be a suitable candidate for an
in vivo proof-of-concept study toward validation of CYP121 as
a drug target.

Experimental Section

Bacterial strains and growth conditions: Bacterial strains used in
this study were Mycobacterium bovis DSM-43990 (BCGT), Mycobac-
terium tuberculosis H;,Rv (Mtb), Escherichia coli TolC acr A/B defi-
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cient, Staphylococcus aureus (Newman strain) and E. coli K12 BL21.
Mammalian cell lines for cytotoxicity evaluation were HEK293
(human embryonic kidney) and Hep2G (human liver carcinoma
cells) cells. Mycobacteria were cultured in 7H9GC-Tween™” or Mid-
dlebrook 7H9 broth complemented with ADC Enrichment (Middle-
brook). E. coli TolC and S. aureus tests were performed in lysogenic
broth (LB) and LB plus ADC Enrichment.

Chemical synthesis and analytical characterization: Chemicals
were purchased from commercial suppliers and used without fur-
ther purification. Column flash chromatography was performed on
silica gel (40-63 pm), and reaction progress was monitored by TLC
on TLC Silica Gel 60 F,s, plates (Merck, Darmstadt, Germany). All
moisture-sensitive reactions were performed under nitrogen at-
mosphere using anhydrous solvents. 'H and '>C NMR spectra were
recorded on Bruker Fourier spectrometers (300 MHz) at ambient
temperature with the chemical shifts recorded as ¢ values in ppm
units by reference to the hydrogenated residues of deuterated sol-
vent as internal standard. Coupling constants (J) are given in Hertz
(Hz), and signal patterns are indicated as follows: s, singlet; d, dou-
blet; dd, doublet of doublets; t, triplet; m, multiplet, br, broad
signal. The purity of the final compounds was >95% measured by
HPLC with UV detection at 254 nm. The SpectraSystem LC system
consisted of a pump, an autosampler, and a UV/Vis detector (Ther-
mofFisher, Dreieich, Germany). Mass spectrometry was performed
on an LC-coupled Surveyor MSQ electrospray mass spectrometer
(ThermoFisher, Dreieich, Germany). The system was operated by
the Xcalibur software package. An RP C,; NUCLEODUR ec 100-5
125x3 mm 5 pm column (Macherey-Nagel GmbH, Diiren, Germa-
ny) was used as the stationary phase. All solvents were HPLC
grade. In a gradient run, the percentage of acetonitrile (containing
0.1% trifluoroacetic acid) was increased from an initial concentra-
tion of 0% at O min to 100% at 15min and kept at 100% for
5 min. The injection volume was 10 pL, and flow rate was set to
800 uLmin '. MS analysis was carried out at a spray voltage of
3800V, a source CID of 10V and a capillary temperature of 350°C.
Spectra were acquired in positive mode from 100 to 1000 m/z. cYY
and mycocyclosin were synthesized as described."*" Experimental
details on modification of cYY and mycocyclosin synthesis and ana-
lytical data can be found in the Supporting Information (SI, sec-
tion 4). The synthesis of library compounds has been described
previously: class 1,52 class 11,7 class IIl,* class IV, class V"
and class VI.*

Protein expression, purification and biotinylation: E. coli K12
BL21 (DE3) cells were transformed with plasmid harboring cyp121
gene (pHAT2/cyp121)."¥ The previously described® enzyme ex-
pression and purification method was slightly modified: His,-
tagged CYP121 (H-CYP121) was expressed in E. coli K12 BL21 and
purified using a single affinity chromatography step. Briefly, E. coli
K12 BL21 cells containing the pHAT2/cyp121 were grown in terrific
broth medium containing 100 pgmL ' ampicillin at 37°C until an
ODy, of approximately 0.8 units was reached, followed by induc-
tion with 0.5 mm IPTG and 0.5 mm d-aminolevulinic acid for 36 h
at 25°C and 200 rpm. The cells were harvested by centrifugation
(5000 rpm, 10 min, 4°C), and the cell pellet was resuspended in
100 mL of binding buffer containing 1% Triton X-100 (50 mm tris-
HCl, 300 mm NaCl, 20 mm imidazole, 10% glycerol, pH 7.2) and
lysed by sonication for a total process time of 2.5 min. Cellular
debris was removed by centrifugation (18500 rpm, 38264xg,
40 min, 4°C), and the supernatant was filtered through a syringe
filter (0.2 pm). The clear lysate was immediately applied to a Ni-
NTA affinity column, washed with binding buffer, and eluted with a
one-step gradient of 500 mm imidazole. The protein containing
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fractions were buffer-exchanged into storage buffer (140 mm NaCl,
10 mm Na,HPO,, 2.7 mm KCl, 1.8 mm KH,PO, and 10% glycerol (v/
v), pH 7.2), using a PD10 column (GE Healthcare, Little Chalfont,
UK) and judged to be pure by SDS-PAGE analysis. Then protein
was stored in aliquots at —80°C in a final concentration of
50 um.?®

Before SPR streptavidin immobilization CYP121 was biotinylated.
For biotinylation, Sulfo-NHS-LC-LC-Biotin (Thermo Science, Wal-
tham, USA) was dissolved in storage buffer (140 mm NaCl, 10 mm
Na,HPO,, 2.7 mm KCl, 1.8 mm KH,PO, and 10% glycerol (v/v)) with
CYP121 in 1:1 molar ratio. The solution was incubated on ice for
2 h and mixed carefully every 30 min. The biotinylated CYP121 was
purified by size exclusion chromatography using the storage buffer
and subsequently stored at —80°C at a final concentration of
10 HM_{@;!

Spectroscopic characterization of enzyme activity: Recombinant
CYP121 from Mycobacterium tuberculosis as well as ferredoxin
Etp1fd (516-618) and ferredoxin reductase Arh1_A18G from the
fission yeast Schizosaccharomyces pombe were expressed and puri-
fied as described previously.***" Functionality of CYP121 and elec-
tron transfer was assayed by the occurrence of the characteristic
absorbance maximum at A~450 nm, related to the reduced, CO-
bound heme complex. The assay was conducted following the
method of Omura and Sato” with slight modifications. CYP121
(2 pm) was reduced through the addition of a few grains of
sodium dithionite or incubation with NADPH (100 um), ferredoxin
Etp1fd (516-618) (40 um), and Arh1_A18G ferredoxin reductase
(2 pm) and divided in two cuvettes to record a baseline. One of
the samples was saturated with carbon monoxide for 60 s and dif-
ference spectra were recorded until the absorbance at 4~450 nm
was constant.

SPR screening: SPR binding studies were performed using a Reich-
ert SR7500DC instrument optical biosensor (Reichert Technologies,
Munich, Germany) and SAD500m sensor chips obtained from
XanTec Bioanalytics. CYP121 was immobilized on a SAD500m
sensor chip at 12°C using standard biotin-streptavidin complexa-
tion. The surface of both channels was quenched by a 3 min injec-
tion of 0.003 mgmL~" biotin. CYP121 was immobilized at densities
between 5000 and 6000 RU for binding studies.

UV/Vis heme P450 binding assay: Optical titration experiments
were performed in 96 well plates (Greiner, Kremsmiinster, Austria;
transparent round bottom). The data were recorded using Tecan
infinite M200Pro Nano Quant (Tecan Groupe Ltd., Ménnedorf, Ger-
many). Absorbance of enzyme and enzyme-inhibitor complex was
measured between 350 and 500 nm in 1 nm steps with 10 flashes.
Compounds were titrated from DMSO stock solutions maintaining
a final DMSO concentration of 1%. CYP121 was used in a concen-
tration of 0.25 um. Data were plotted as optical shift versus ligand
concentration. Equation (1) was used for nonlinear regression of
the resulting dose-response curves employing the Levenberg-Mar-
quardt algorithm of Sigma Plot 12 (Systat Software GmbH, Erkrath,
Germany).

_— )
+ (%)

for which f is the observed difference in absorbance at wave-
lengths 410 nm and 430 nm within the difference spectrum (see
Figure 3) at ligand concentration x. This difference spectrum is ob-
tained by subtracting the pure heme absorption spectrum from
those with ligand present. y, .., refers to the absorbance change at

= Yumin +
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ligand saturation, y,,, is the extrapolated minimal difference in ab-
sorbance; K, refers to the dissociation constant of the CYP121
ligand complex.??

Determination of BCGT MIC;; by OD;, assay: A pre-culture of
BCGT was grown in 7H9 medium supplemented with ADC Enrich-
ment for 10 days. The assay was performed in 48 well plates
(Greiner, Kremsmiinster, Austria). Prior to culture addition, com-
pounds were serially diluted in DMSO to fit a final DMSO concen-
tration of 1%. For compound susceptibility the pre-culture was di-
luted 1:100 with fresh medium (7H9 + ADC enrichment). After
168 h of incubation at 37°C and 80% air moisture, bacterial
growth was measured by determination of ODg,. Absorption data
was recorded on a Polarstar Omega Multidetection Plate Reader
(BMG LABTECH, Ortenberg, Germany). Graphs were plotted with
GraphPad Prism using OneSite Log ICy, model provided by the
software. MICy; was defined as the concentration at which 50
percent of growth was detected in accordance with previous
methods used.* In analogy to ligand efficiency, which relates ac-
tivity of compounds to their number of heavy atoms, a new metric
has been introduced: antibacterial efficiency (AE).®*** This coeffi-
cient was developed for better comparability of antimicrobial com-
pounds differing in molecular weight [Eq. (2)].

MIC
AE=—In (W) (2)

in which AE refers to the antibacterial efficiency, MIC is the minimal
inhibitory concentration, and NHA equals the number of heavy
atoms in a given compound.

Cyp121 in vitro enzyme inhibition assay: The enzyme inhibition
assay was performed in 200 uL PBS buffer pH 7.2. Compounds
were used in a concentration of 100 pm and incubated with 1 pm
CYP121 for 30 minutes at 30 °C. The final DMSO concentration did
not exceed 2%. After incubation the electron transfer system
Arh1_A18G (5 um), Etp1fd (15 um) and NADPH+H™ (200 pm) was
added. The reaction was started with the addition of cYY (50 um)
and stopped after 30 min by addition of 200 uL methanol with in-
ternal standard estrone (1 um final concentration, addition includ-
ed). The characterization of CYP121 activity was conducted by a
UHPLC-MS/MS analysis carried out on a TSQ Quantum Access Max
mass spectrometer equipped with an HESI-Il source and a triple
quadrupole mass detector (Thermo Scientific, Dreieich, Germany).
Compounds were separated on an Accucore RP-MS 150%2.1 mm
2.6 pm column (Thermo Fisher, Waltham, US) by a methanol/water
gradient (from 1.4 min —3.5min 50% methanol to 3.5min
—5.0 min 90% methanol) with a flow of 550 uLmin '. Compounds
were ionized in negative mode by electrospray ionization. loniza-
tion was assisted by a post-column addition of 2 mm ammonia in
methanol with an automated syringe at 1.25 uLmin~'. Monitored
ions were (mother ion [m/z], product ion [m/z], scan time [s], scan
width [m/z], collision energy [V], tube lens offset [V], polarity): my-
cocyclosin: 323.101, 111.100, 0.3, 0.7, 28, negative; CYY: 325.129,
113.043, 0.3, 0.7. 29, negative; internal standard (estrone): 269.153,
145.035, 0.3, 0.7, 42, negative. Samples were injected in a volume
of 25 pL. Xcalibur software was used for data acquisition. For quan-
tification, the ratios of the area under the curve of the educt and
the product were used.

Determination MIC,,, using MABA: The assay for determination
of minimal inhibition concentration against Mtb was performed as
previously described.*”
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MIC,., E.coli TolC and MICg, S.aureus Newman: MIC./MIC,
values were performed for econazole, 1:16, 1:47, 1:48 in E. coli TolC
and S. aureus Newman. A start OD,,, of 0.03 was used in a total
volume of 200 mL in lysogeny broth (LB)+ACD enrichment con-
taining the compounds predissolved in DMSO. Final compound
concentrations were prepared from serial dilutions ranging from
1.56 to 100 pm in duplicates. The maximal DMSO concentration in
the experiment was 1%. The recorded OD,,, values were deter-
mined after addition of the compounds and again after incubation
for 18 h at 37°C and 50 rpm in a 96-well plate (Sarstedt, Nim-
brecht, Germany) using a FLUOStar Omega (BMG Labtech, Orten-
berg, Germany). Given MIC;/MICs, values are means of two inde-
pendent experiments (two different clones) and are defined as
concentrations at which no bacterial growth was detectable.

Human cytotoxicity assay: HEK293 cells (2x10° cells per well)
were seeded in 24-well, flat-bottomed plates (Greiner Bioscience,
Kremsmunster, Austria). Culturing of cells, incubations and OD
measurements were performed as described previously®® with
minor modifications. 24 h after seeding of the cells the incubation
was started by the addition of the compounds from DMSO stock
solutions to a final DMSO concentration of 1%. The living cell mass
was determined 48 h after addition of the compounds and was fol-
lowed by the calculation of LDs, values. The calculation of the LC;,
values was performed by plotting the percent inhibition versus the
concentration of inhibitor on a semi-logarithmic plot. From this,
the molar concentration causing 50% reduction of the living cell
mass was calculated. At least three independent experiments were
performed for each compound.

In silico binding mode of 1:47: In silico studies were performed
with the X-ray co-crystal structure of a type Il inhibitor and CYP121
(PDB ID: 4G44) using MOE software package (Chemical Computing
Group).® Prior to modeling, a pharmacophore model was created,
placing a feature for an interacting metal on the heme iron (ML2,
R=1) and a second feature for a metal ligand (ML, R=1) on the
iron-coordinating nitrogen of the co-crystalized ligand. Both fea-
tures were set to be essential and constrained (Atoms/Projections).
Before energy minimization with LigX the solvent and the ligand
was deleted from the structure. For LigX, an AMBER10:EHT force-
field with the default parameters were used but the solvation
model was changed to R-Field as recommended by the manufac-
turer. For docking experiments the following parameters were
used: Protocols =induced fit, Receptor = Receptor+ Solvent, Site =
Selected Atoms (these consisted of the heme and the surrounding
amino acids in 4.5 A proximity), Pharmacophore =File (as described
above), Ligand=MDB File (Database file with 1:47, energy mini-
mized with MMFF94x), Placement =Pharmacophore, Rescoring 1=
London dG, Refinement =Forcefield, Rescoring 2=GBVI/WSA dG.
30 poses were retained within the placement and refinement step.
The resulting poses were sorted by their E_refine score and the
first (best) pose was selected for further evaluation.

Physicochemical properties: Physicochemical properties were cal-
culated using ACD/Percepta version 2012 (Build 2203, January 29,
2013), ACD/Labs.
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3.2 Chapter B: Structure-Activity Relationship and Mode of Action Studies
Highlight 1-(4-Biphenylylmethyl)-1H-imidazole Derived Small Molecules as
Potent Mycobacterium tuberculosis CYP121 Inhibitors

The following person contributed experimentally to this chapter:

Maria Virginia Gentilini: performed cytotoxicity and intracellular replication experiments with
macrophages.
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Introduction

Tuberculosis is still one of the leading infectious diseases worldwide with around 10 million new
infections and 1.6 million cases of deaths every year.3! The disease gained more and more attention in
the last years due to arising resistances of its pathogen Mycobacterium tuberculosis (Mtb) against
currently applied first-line drugs and its high prevalence in immune deprived patients such as those
infected with HIV 316364 With the sequence of the genome deciphered in 1998 there were a lot of new
possible targets identified.®® However, the cell wall of Mtb is highly complex and forms a wax-like
barrier with partly unknown permeability behavior. This exceptional property impedes the discovery of
new inhibitors as they could possibly fail to reach their target and thus appear biologically inactive.”
One of these identified targets is the Cytochrome-P450 enzyme 121 (CYP121) which was shown to be
essential for the viability of Mth.'’® The gene encoding CYP121 is besides the Mycobacterium
tuberculosis complex only found in some Streptomyces strains with maximum 64 % identity.!** The
elucidation of its function was encouraged by the identification of the role of its neighboring gene in
Mtb which encodes a cyclodityrosin (YY) synthetase.!* CYP121 was subsequently identified to utilize
cYY as substrate and to catalyze its conversion to mycocyclosin via a c-c coupling reaction.'*®> However,
the biological role of substrate and product remain unknown up to now.

McLean et al. identified known antifungal azoles such as econazole or ketoconazole as the first
inhibitors of CYP121.12? Interestingly, the compounds also showed biological activity against Mtb
correlating with their respective affinities to CYP121.11° Furthermore, econazole exhibited activity
against multi-drug resistant Mtb, murine TB in vivo as well as latent TB in vitro and in vivo.!8"-18°

In several subsequent studies fragment-based approaches were employed and small molecules binding
to CYP121 were identified.!?412612¢ Additionally, some substrate analogues were discovered to inhibit
CYP121.1271% However, none of these compounds was shown to exhibit any in vitro activity toward
Mtb (or M. bovis BCG). Recently, we described a screening approach based on a CYP-inhibitor library
which resulted in the identification of the first potent inhibitors of CYP121 with activity against M. bovis
BCG and Mtb.18¢

Based on this breakthrough in the search for potent CYP121 inhibitors we herein employed a screening
of a similarity-oriented library in order to evaluate the possible structural diversity of the hit scaffold
and to identify favorable features for affinity and/or activity. Furthermore, we investigated the ability of
our compounds to inhibit the enzymatic conversion in vitro and their inhibitory effect on M. bovis BCG.
Mode of action studies after addition of the substrate cYY demonstrated the importance of CYP121
inhibition for the antimycobacterial effect of our compounds. Additionally, the influence of several
CYP121 and CYP125 inhibitors on the intracellular replication of M. bovis BCG in macrophages was
evaluated.

Results and Discussion
Library generation and screening results

As a starting point for our screening approach we chose the hit compound 1:47 which was recently
identified in a screening of a diversity oriented CYP-inhibitor library (described in chapter 3.1).18 With
its high affinity to CYP121, biological activity against M. bovis BCG and Mtb as well as its structure,
which offers various optimization possibilities, it serves as an ideal basis for further exploration of the
binding and activity properties of this structural class. The created screening library was composed of
94 compounds which all can be assigned to a general structure scheme derived from 1:47 (Figure 3.2.1).
The imidazole moiety appeared to be essential for the binding to the heme iron of the enzyme and thus
was conserved.'®® Additionally the template consists of a substituted methylene bridge (Figure 3.2.1,
motif C) or a propylene linker which connects the imidazole ring with the middle aromatic moiety
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(Figure 3.2.1, motif B) and a Western part aromatic moiety (Figure 3.2.1, motif A) which is directly
linked to the aforementioned one. The library covered various structural motifs for each of the different
parts ensuring a broad analysis of structure-activity-relationships and offering the possibility to discover
highly potent hits. The structures of all library compounds (L1 to L94) are displayed in the respective
supporting information (chapter 7.1.2, table S1).

The screening library was examined in a UV/Vis heme binding assay regarding affinity toward CYP121
as previously described.*® The compounds were screened at concentrations of 100 uM and 20 uM. For
79 compounds which showed a visible shift of the absorption maximum at concentrations of 20 uM the
binding constant Kp was determined by concentration dependent titration of the enzyme (respective Kp
values are listed in chapter 7.1.2, table S1). All of these binders showed a type-1l binding behavior
(direct iron interaction) identical to 1:47 as expected because of the structural similarity. 38 of the
approved binders (hit rate 40 %) exhibited a binding constant below or equal to 1:47 (Kp =5 uM). The
highest affinity was shown by compounds L89, L16, L78 with Kp values of 0.3, 0.5, 0.6 uM,
respectively. Interestingly, these compounds have the methoxynaphthalene moiety in position A in
common which seems to be particularly favorable for binding.

In parallel to affinity determination the library was analyzed regarding biological activity against M.
bovis BCG in vitro. The compounds were initially tested at a concentration of 100 UM and inhibitors
showing inhibition higher than or equal to 80 % were further examined at 10 uM. For 29 compounds
with inhibition higher than or equal to 60 % at 10 pM MICso values were determined as described
previously. 1:47 (MICso = 4.0 uM) was used as a reference. Ten compounds (hit rate 11 %) showed
better activity than 1:47. Interestingly, the two compounds with a propylene linker (L15 and L21)
exhibited the highest activity (MICso = 1.8 uM and 1.5 puM).

ar AN
Similarity-oriented Focused Library (94 Compounds)

s Nz N/~ )

D¢

5 inj\_“ J

UV/Vis Assay M. bovis BCG Assay
38 Heme Coord. Ky = 5 pM 10 Cmpds. MICs, < 4 pM

Figure 3.2.1: Similarity-guided screening of a focused library. Compounds were selected based on the former
screening hit 1:47 with variations in the three displayed structure motifs. Kp values were determined for 79 positive
hits showing visible shift of absorbance maximum at concentrations <20 pM. MICso values were determined for
29 compounds which showed inhibition >60% at 10 uM.

-
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Chemical Synthesis

Based on the two most potent inhibitors identified in the screening, L15 and L21, compounds with a
novel substituent at the methylene linker were designed. As the ethyl substitution was a promising motif
regarding affinity, it was combined with the double bond feature of the propylene linker resulting in an
ethenyl substituted methylene bridge.

Compounds S1-S10 were prepared according to Scheme 3.2.1 starting with a Suzuki coupling of the
corresponding boronic acid and 4-bromobenzaldehyde or 4-bromo-2-fluorobenzaldehyde, respectively.
For compounds S9 and S10 the protected boronic acids were synthesized beginning with a tert-
butyldimethylsilyl (TBDMS) protection of the hydroxy! function of 4-bromophenol or the amino group
of 5-bromo-1H-indole. The boronic acid function was subsequently introduced by a substitution reaction
with n-butyllithium and triisopropylborate (Scheme 3.2.2). The coupled aldehydes were reduced in a
Grignard reaction with vinyl magnesium bromide to the corresponding alcohols with simultaneous
introduction of the ethenyl substituent. Consequently, the resulting alcohols were converted to the
respective imidazoles through a Syt reaction with carbonyldiimidazole (CDI). The compounds were
obtained as racemates and principally no separation of the enantiomers was performed. For the protected
compounds, the final step was the cleavage of the TBDMS group with tetrabutylammonium fluoride. In
contrast, compound S11, a fluorinated derivative of hit 1:47, was synthesized as described in scheme
3.2.3. The first step, a Snt reaction of 4-bromo-2-fluorobenzylbromide with imidazole, was followed by
a Suzuki coupling of the intermediate with 3,4-methylenedioxyphenylboronic acid resulting in the
desired compound. The respective Kp values of the synthesized derivatives S1-S11 are listed in the table
S3in chapter 7.1.2.

(o] Q = =
(i) (i) (i)
/@\)Lu +R-B(OH), ——= @\)\H — Cr(ou — gf”"h
Br X R X 4 X R X i

§1-88h, §9-810c §1-S8a, §9-510b $1-88, §9-510a
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Scheme 3.2.1: Reagents and conditions: (i) method A: Pd(PPhs)s, Na,CQOs, toluene:EtO:H,0 = 5:3:2, 100 °C, 1-
4 h; (ii) method B: VinylMgBr, THF abs., -15 °C - rt, 1-2 h; (iii) method C: CDI, MeCN, 110 °C, 1-4 h.
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Scheme 3.2.3: Reagents and conditions: (i) imidazole, NaH, 60 °C, 1.5 h; (ii) method A: 3,4-methylene-
dioxyphenylboronic acid, Pd(PPhs)s4, Na,COs, toluene:EtOH:H,0 = 5:3:2, 110 °C, 2.5 h.

Structure-affinity-relationship

Based on the determined binding constants the compounds were analyzed regarding their structural
features in order to identify favorable motifs that contribute positively to affinity. The different parts of
the binding compounds were, as far as possible, considered separately to avoid interference of the
influence of several features.

First of all, the methylene bridge between imidazole ring and aromatic moiety B tolerated various
substituents such as methyl, ethyl, i-propyl, n-butyl, ethenyl or phenyl (L75, L80, L92, L93, S7, L1).
Additionally, a decoration with two methyl (L27) or ethyl (L35) substituents or the exchange with a
propylene linker (L15) was accepted as well. Moreover, the rigidification we recently addressed in our
docking study of 1:47,%% performed by connecting the methylene bridge to the adjacent phenyl moiety
via an ethylene linker, was also possible without loss of affinity (L90). The affinity increased slightly
(around twofold compared to ethyl) for space filling substituents such i-propyl, n-butyl, phenyl or two
ethyl substituents indicating the involvement of hydrophobic interactions. In contrast, a hydroxyethyl
substituent (L13) led to weaker binding compared to its ethyl analogue (L80) which supports the
aforementioned hypothesis.

Compounds with a substituted methylene bridge were evaluated as racemic mixtures. It is known that
very often the two enantiomers show strong differences in binding affinity or activity. However, as seen
in the docking study of 1:47 the binding pocket of CYP121 principally offers space to harbor both
orientations of substituents.’® To confirm this hypothesis the enantiomers were separated for three
exemplarily chosen ethenyl derivatives (chapter 7.1.2, table S4). As expected, only minor differences
could be observed between the two enantiomers of a racemate.

The used library contained compounds with various aromatic ring systems in the middle part (Figure
3.2.1, motif B). According to previous findings compounds with a pyridine ring in this position show
only weak binding.®® A furan ring (L70, Kp = 34 uM) was rather unfavorable compared to an
unsubstituted benzene whereas a thiophene (2,4- or 2,5 connected) led in some cases to similar affinities
(L42, L60), in other cases, however, to weaker affinities (L62, L64). Furthermore, other motives such
as fluorinated benzene, indole, benzothiophene, naphthalene or quinolone (L47, L48, L86, L79, L82)
were tolerated as well with increased affinities (> twofold) for the latter two scaffolds.

32



Additionally, a range of motifs for the Western part aromatic ring (Figure 3.2.1, motif A) was evaluated
including differently substituted phenyls, thiophene and furan rings and bicyclic ring systems such as
benzofuran, benzothiophen, indole and naphthalene. Nearly all of those were tolerated with the
exception of nitrogen containing 6-membered rings (L43, L59). However, some appeared to be
particularly favorable such as the bicyclic moieties with 6-methoxynaphthalene leading to the highest
affinity (L16: Kp = 0.5 uM, L78: Kp = 0.6 uM). Further motifs with increased affinities (Kp < 6 uM)
were electron deprived phenyls such as a meta- and para-difluorinated phenyl (L34) and para-
trifluoromethyl (L44) or para-trifluoromethoxy phenyls (L22). Additionally, motifs with substituents
capable of hydrogen bond formation such as methylthio decorated phenyl or thiophene (L23, L37) as
well as phenyls with a hydroxyl (L87) or a N-acetamide group (L.7) in para position also led to increased
affinities.

Structure-activity-relationship

A good correlation between affinity and activity against M. bovis BCG cannot necessarily be expected
as the antimycobacterial activity is influenced by additional cellular factors such as permeability, efflux
and metabolism. The features of compounds exhibiting high or weak activity were therefore regarded
in detail to identify those which impair biological activity.

It is striking that, apart from the propylene linked structures (L15 and L21), the highly active compounds
are either not substituted at the methylene bridge (L10, L44) or possess a methyl substituent (L73) or a
rigid 5-membered ring structure (L94). Other substituents such as ethyl (L9), ethenyl (S10) or i-propyl
(L92) led only to weak activity. Interestingly, the attempt to combine the properties of the propylene
linker with the ethyl substituent of the methylene bridge via the introduction of an ethenyl substituent
did not lead to the desired highly biologically active compound. In comparison with their non-substituted
analogues, the ethenyl derivatives show a loss in activity while their affinity is similar (compare 1:47
and S11 with S5 and S8).

Concerning the middle aromatic moieties (Figure 3.2.1, motif B), benzene, fluorinated benzene,
thiophene and indole were able to maintain biological activity (L44, L14, L66, L48). Rather unfavorable
were bulky center parts such as naphthalene (L79) and quinolone (L81). Concerning the Western part
aromatic moiety (Figure 3.2.1, motif A) trifluoromethylphenyl (L44) as well as fluorinated phenyls
(L14, L45) were accepted as well as various bicyclic moieties, para-methoxyphenyl (L94) and 2-
methylthio(thiophene) (L76). In contrast, hydroxyl groups significantly impaired activity (L2, S9).
Furthermore, it has to be mentioned that some motifs of the Western part aromatic moiety (haphthalene,
benzothiophene, trifluoromethoxyphenyl, thiomethylphenyl, acetanilide) could not be definitely
classified regarding biological activity as the respective evaluated compounds bear substituents at the
methylene bridge which already impair activity.

Figure 3.2.2 highlights the structural features identified as favorable for affinity and/or activity. In total,
L15 and L21 were the most active compounds identified in this study with MICs, values of 0.7 and
0.5 pg/mL, respectively (Table 3.2.1). The other eight compounds with superior activity to 1:47 (Table
3.2.1) were similarly active with MICso values between 0.8 or 1.2 ug/mL. Noticeably, all these
compounds are not substituted at the methylene bridge except L94 which contains a 5-membered ring
structure. The respective ethyl analogues of L46, L14 and L76 (compounds L18, L20 and L37) showed
similar affinities as their parent compounds but failed to significantly inhibit mycobacterial growth.
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Figure 3.2.2: Structure-affinity/activity-relationships. Favorable features for affinity (Kp) and activity (MICso)
were identified through comparison of similar compounds. Features leading to good affinity are framed in dark
green, blue or red respective to the structure template and oriented to the bottom. In contrast, features related to
good biological activity are framed in light green, blue or red and are oriented to the top. The overlap of these
favorable features is shaded in the respective color.

In contrast, the ethyl analogue of L78, namely L16, was relatively active with a MICs, value of 7.4 uM
(Kp =0.5 uM) similar to the ethenyl analogue S1 (Kp = 0.8 UM, MICsp = 9.7 uM). For these compounds
the discrepancy between Kp and MICso was high and can be associated to the methoxynaphthalene motif
which led to high affinities that were not translated into the expected biological activity. For the ethyl
analogue L16 the activity was probably further reduced by the substituent as observed for similar
compound pairs.

One of the most active compounds was the benzofuran analogue (L10) of compound 1:47 (Table 3.2.1).
L10 showed a slightly higher affinity and activity. Compound L78 resembles the latter two compounds
with thiophene as a bioisosteric substitute for phenyl and its methylthio group replacing a part of the
attached furan motif. The same applies to the methoxyphenyl motif of compound L94. Their affinities
and activities are likewise similar to those of their analogues.

In contrast, the potent compounds L14, L44, L45 and L46 share an electron deprived phenyl ring at the
Western part aromatic motif (Table 3.2.1). Furthermore, L14, L45 and L46 contain a fluorinated
benzene ring at their middle aromatic position. Although the affinities of L45 and L46 are slightly lower
compared to L14 and L44, the activities within this group are similar amongst each other and
comparable to the aforementioned group of compounds.
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Overall, a good a correlation between affinity and activity was observed for twelve compounds (S7,
S11, L10, L47, L48, L49, L60, L66, L75, L90, L91, L94). For 13 compounds a bad correlation was
explained by unfavorable structural features (L8, L9, L16, L19, L41, L77,L78, L79, L84, L89, S1, S2,
S9). For further seven compounds (S3, S4, S5, S6, S8, S10, L12) a correlation was not observed
(MICso > 2xKp) probably due to structural drawbacks that were not identified so far. Further compounds
have to be evaluated to confirm this hypothesis.

Interestingly, eight compounds (L14, L15, L21, L44, L45, L46, L73, L76) showed higher activity than
expected based on their affinities (Kp = 2-3xMICsp). One explanation for this discrepancy is that the Kp
values might be actually lower than determined with our method. For econazole we determined a Kp
value of 2.8 uM, although the Kp value was previously reported to be 0.02 uM.° Apart from that, the
inhibition of other targets cannot be excluded. In this context it is of interest that it was shown that
antifungal azoles bind to others of the 20 CYP enzymes of Mtb.%%!

Table 3.2.1: Kp and MICs values of compounds showing better activity than 1:47.
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Compound K, STD [uM] MIC,, [mg/L] MIC,, [uM]
Econazole 2.8+0.29 2.6 12.7
1:47 5.4+ 1.0 1.4 4.0
L10 29+04 0.9 2.6
L14 6.4+0.9 0.9 2.7
L15 43+0.8 0.7 1.8
L21 59+0.6 0.5 1.5
L44 5.6+0.9 0.8 2.4
L45 12.6+2.0 1.2 3.4
L46 9.242.0 1.0 2.9
L76 6.6 £1.0 1.1 3.2
L78 0.6+0.2 0.8 2.4
L94 4.7+0.8 1.1 3.3

(&l determined previously. 8
Inhibition of cYY conversion in vitro

In order to evaluate the influence of the identified heme binders on the inhibition of CYP121 we used
our in vitro assay consisting of CYP121, two electron transfer proteins (etply and Arhl_A18G),
NADPH as electron donor and an electron regenerating system.!® Under the defined conditions the
substrate cYY was converted to mycocyclosin within approximately 10 minutes (Figure 3.2.3). The
presence of a heme binder is expected to inhibit this enzymatic conversion in a concentration dependent
manner. Indeed, we could observe the anticipated behavior for four exemplarily chosen compounds
(1:47, L10, L15, L21) and the reference econazole. The 1Cso values ranged between 19 and 36 pM in
the presence of 20 UM substrate (chapter 7.1.2, table S5). The ICso values were determined for both,
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substrate depletion and product formation and resulted in similar values (chapter 7.1.2, figure S5).
Compared to the determined binding constants the 1Cso values are significantly higher. This is probably
caused by the high substrate concentration which was necessary for LC-MS/MS analysis.1921% As
expected, there is a correlation between binding affinities of the compounds and their ICs, values. In
contrast, the reference compound econazole has a twofold lower ICso value despite of having a similar
binding constant. An explanation for this finding could be the described inhibitory effect of econazole
on NADPH-dependent reductases and G6P dehydrogenase which are present in the assay.1%41%
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Figure 3.2.3: Influence of L21 on the conversion of cYY to mycocyclosin by CYP121. CYP121 was incubated
with L21, electron transfer system (Arh1, etp1fd), regenerative system (G6P-DH, G6P, MgCl,) and substrate cYY.
The conversion was stopped by the addition of MeOH with ISTD and analyzed via LC-MS/MS. DMSO was used
as control. A: time-dependent concentration of cY'Y for different inhibitor concentrations. The relative inhibition
was calculated via determination of the respective reaction velocity. I1Cs values were determined through non-
linear regression of inhibition vs. log ¢ (B). The error bars represent the standard deviation of at least 2 replicate
measurements.

Effect of cY'Y on M. bovis BCG growth and CYP121 inhibition

To investigate whether the reduced growth of M. bovis BCG in presence of our compounds was indeed
caused by inhibition of CYP121, we evaluated the growth inhibition effect of 1:47 in presence of cYY.
In the control without inhibitor the growth was significantly accelerated (Figure 3.2.4A). CYP121 was
previously shown to be essential for viability, however, the reason for this was not yet elucidated.'° Our
observation suggests that a potential toxic effect of accumulated cY'Y is rather unlikely and the reaction
product mycocyclosin may be essential for growth. In presence of 1:47 the growth enhancing effect of
cYY was completely blocked at inhibitor concentrations higher than 0.6 UM, whereas at lower
concentration the stimulating effect of cY'Y was partly reduced (Figure 3.2.4B). These findings support
the hypothesis that the binding of our compounds to the heme iron of CYP121 blocking the formation
of mycocyclosin is the main reason for the antimycobacterial activity.
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Figure 3.2.4: Effect of CYP121 substrate cYY on the growth of M. bovis BCG and its inhibition by 1:47. The
addition of 50 UM cY'Y accelerated the growth of M. bovis BCG (B). The resulting growth enhancement of cYY
(A, grey striped bar) can be reversed through the CYP121 inhibitor 1:47 in a concentration-dependent manner
(grey bars) in accordance to its growth inhibiting effect (black bars).

Inhibition of intracellular replication of macrophages

Mtb has the ability to survive and replicate within the macrophages of the host.51% Therefore, we
determined whether our compounds can influence the intracellular replication of M. bovis BCG in
macrophages. The effects of three recently identified CYP121 inhibitors (1:16, 1:48, 1:47)%, two
previously described inhibitors of CYP125 (C36, C23)*" and one dual inhibitor of CYP121 and
CYP125 (C43)%" were evaluated (chapter 7.1.2, table S7). CYP125 is part of the igr operon which was
identified as a key player for intracellular survival of mycobacteria in macrophages.'®® It catalyses the
oxidation of cholest-4-en-3-one as part of the cholesterol detoxification and is in addition to CYP121 a
further promising target for TB treatment.%
First of all, the compounds were evaluated regarding their cytotoxicity toward macrophages. None of
them showed any significant reduction of viability (chapter 7.1.2, figure S6). Regarding
antimycobacterial activity, among the two evaluated CYP125 inhibitors only C23 showed a strong
reduction of intracellular replication (Figure 3.2.5). In contrast, C36 showed only little efficacy. This
marked difference in antimycobacterial activity could be due to impaired permeability of C36. The
compounds have to cross the macrophage cell membrane as well as the mycobacterial cell envelope to
reach their target and the structure differences of the two compounds could cause different permeability.
Furthermore, C23 also binds to CYP121, the selectivity towards CYP125, however, is more than 6-fold
higher.1%
The treatment with CYP121 inhibitors 1:47 and 1:48 significantly reduced the replication of M. bovis
BCG inside macrophages. However, the effect of 1:16 was more pronounced. This finding can be
explained by an additional inhibition of another CYP enzyme present in the mycobacteria. As the
imidazole moiety of the compounds is known to be a typical interaction partner for CYP enzymes,
inhibition of another CYP cannot be excluded.®*
Interestingly, compound C43 could block the intracellular replication comparable to the penicillin-
streptomycin control. C43 binds to CYP121 and CYP125 with similar affinities and its strong effect is
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probably caused by these two activities. Thus, the dual inhibition of the two CYP enzymes shown to
play an important role in viability and persistence is a successful strategy to prevent the proliferation of
the mycobacteria in macrophages.102110.19
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Figure 3.2.5: Effect on intracellular replication in macrophages. Macrophages were infected with M. bovis BCG
and maintained in the presence of selected CYP125 inhibitors C36 and C23, CYP121 inhibitors 1:16, 1:47 and
1:48 or dual inhibitor C43. At 72 h post infection macrophages were plated on agar to determine intracellular CFU.
Penicillin-Streptomycin and DMSO were used as positive and negative controls, respectively. Significance of
results for treated versus untreated cells (DMSO). **p<0.001; ***p<0.0001.

Conclusion

The recently published screening of a CYP-inhibitor library which led to the identification of hit
compound 1:47 with micromolar affinity toward CYP121 and activity against Mtb highlighted CYP121
as a possible target for treatment of Mtb infections.'® We herein presented a continuation of the former
study by the screening of a similarity-oriented library based on the frontrunner compound 1:47.

The screening approach comprised the evaluation of the respective compound class regarding affinity
toward CYP121 and biological activity against M. bovis BCG. 38 compounds (hit rate 40 %) showed
binding constants lower than or equal to 1:47 (Kp = 5 uM) with the same type-1l binding mode
determined in a UV-Vis heme coordination assay. In contrast, the hit rate regarding activity, which was
measured by means of growth inhibition of M. bovis BCG in vitro, was comparatively low (11 %)
emphasizing that further criteria like permeability or stability toward mycobacterial metabolism and
efflux must be met.

Based on the analysis of the structural features for biological activity we enlarged our library by
synthesis of further promising compounds to ensure a comprehensive SAR study. Ten compounds with
an ethenyl substituted methylene linker that differ in their Western part aromatic motifs were synthesized
accompanied by a fluorine analogue of the former hit 1:47.

The quantity of determined binding affinities enabled a broad analysis of structure-affinity-relationships.
This analysis revealed the tolerance of various substituents at the methylene bridge with increased
affinities for hydrophobic space-filling groups. As the library compounds were principally screened as
racemates the enantiomers were separated for three exemplarily chosen ethenyl derivates. The binding
constants revealed only minor differences between the enantiomers and thus a separation was of less
importance. Concerning the middle aromatic motif, a negative influence on affinity could be observed
for pyridine and furan and partly for thiophene. In contrast, benzene, fluorinated phenyl, indole,
benzothiophene, naphthalene or quinolone were accepted with the tendency of increasing affinity for
large moieties indicating that hydrophobic interactions might be involved. For the Western part aromatic
motif, a wide range of different aromatic ring systems was tolerated with highest affinities for
compounds with a 6-methoxynaphthalene motif.

38



Besides the elucidation of the binding mode, we were also interested in the correlation between affinity
and antimycobacterial activity. A direct correlation between these two properties would be a
straightforward way to validate our target. However, there are several limitations that impair this
approach such as the mycobacterial cell wall which has special permeability properties. There are some
models for permeability described in literature though principal rules for the design of compounds with
good penetration properties do not exist.2%2%1 Additionally, other factors such as the mycobacterial
metabolism of the compound or the involvement of efflux pumps could also impede the correlation.
Notably, it was reported that Mtb and M. bovis BCG possess efflux systems which are able to reduce
the intracellular level of econazole in resistant mutants and could possibly also transport other azoles.?%
Based on the results of our screening we were able to identify structural features that impair the
correlation between affinity and activity. First of all, the substituent at the methylene linker has strong
influence on antimycobacterial activity. Only compounds with either no substituent or a methyl or
ethenyl substituent as well as compounds with an interconnecting five-membered ring between linker
and adjacent phenyl ring showed an inhibitory effect on growth. Other substituted compounds did not
show appropriate growth inhibition despite their high affinities. Similar negative effects had bulky
middle parts such as naphthalene or quinolone which is in accordance to previously described
permeability simulation results.?® The Western part aromatic motif tolerated diverse functions with the
exception of hydroxyl groups which also impair a good correlation. Interestingly, some combinations
of “accepted” motifs for the linker substituent and the Western part aromatic motif inexplicably failed
to achieve the expected activity. However, in general there is a correlation for compounds without any
of the identified features that impair the translation of binding potency into antimycobacterial efficacy.
The hit compounds of this screening, which exhibited superior (maximum 2.7-fold) activity to the
former hit 1:47, can be structurally divided into three groups: Firstly, the two most active compounds
(L15 and L21) possess a propylene linker and a rather simple structure with two phenyl rings connected
to each other (the Western part phenyl being fluorinated for L21). The second group (L10, L76, L78,
L94) has a methylene linker, a benzene ring in the middle part and a Western part aromatic ring with an
electron donor function similar to 1:47. Finally, the third group of compounds (L45, L46, L14, L44)
has a non-substituted methylene bridge and an electron deprived Western part aromatic ring caused by
fluorine or fluorine-containing substituents. Overall, the compounds offer the possibility for further
optimization based on the gained insights into structure-activity-relationships.

In order to validate CYP121 as the main target of the described compound class further mode of action
studies were performed. First of all, four exemplarily chosen hit compounds were shown to inhibit the
enzymatic conversion of cY'Y to mycocyclosin in vitro. Furthermore, we evaluated the effect of a potent
CYP121 inhibitor (1:47) on the growth of M. bovis BCG in the presence of cY'Y. In absence of inhibitor
cYY caused a significant growth enhancement of the mycobacteria. However, in presence of 1:47 this
effect was only observed at very low inhibitor concentrations indicating that the conversion to
mycocyclosin is essential for the intensified growth. These results strengthen the hypothesis that
inhibition of CYP121 is the main reason for the antimycobacterial effect of our compounds.

Finally, we were also able to show that compounds targeting CYP121 and/or CYP125 can reduce the
intracellular replication of M. bovis BCG in macrophages. Most promising herein appeared the dual
inhibitor C43 and the CYP121 inhibitor 1:16. Both could block the intracellular proliferation of
mycobacteria although the results indicate a possible involvement of an additional target for the latter
compound. The inhibition of other CYP enzymes cannot be excluded especially since the genome of
Mtb encodes 20 of them which are in general prone to inhibition by azoles.®1% Noticeably, the dual
inhibition of two of these CYP enzymes seems to be a successful strategy to address Mtb infections.

In summary, we described a screening approach for the discovery of CYP121 inhibitors which led to a
deeper understanding of the binding properties of the respective compound class and revealed
possibilities for optimization. Furthermore, we gained insights into structure-activity-relationships,
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highlighted CYP121 inhibition as the main reason for the antimycobacterial activity of our compounds
and introduced the concept of dual CYP inhibition as a promising strategy for the treatment of TB. The
results of this study lay the foundation for the development and optimization of CYP121 inhibitors as
potent drugs against Mtb infections.

Experimental Section

Bacterial strains and growth conditions: Bacterial strains used in this study were Mycobacterium
bovis DSM-43990 (BCGT) and E. coli K12 BL21. Mycobacteria were cultured in Middlebrook 7H9
broth complemented with ADC Enrichment (Middlebrook).

Protein expression and purification: E. coli K12 BL21 (DE3) cells were transformed with plasmid
harboring cyp121 gene (pHAT2/cyp121).1* The enzymes were expressed and purified as described
previously, 186203

UV/Vis heme P450 binding assay: Optical titration experiments were performed and analyzed as
described previously.121:18

Determination of BCG MICsy by ODgoo assay: A pre-culture of M. bovis BCG was grown in 7H9
medium supplemented with ADC Enrichment until ODsoo reached a value of 0.7 and was then used for
susceptibility testing in the following 72 h. The assay was performed in 48 well plates (Greiner,
Kremsmunster, AT). Prior to culture addition, compounds were serially diluted in DMSO to fit a final
DMSO concentration of 1%. For compound susceptibility testing the pre-culture was diluted with fresh
medium (7H9 + ADC enrichment) to a concentration of 1-5 x 10° cfu/mL. After 4 to 6 days of incubation
(until ODsgo of positive control approached its maximum) at 37 °C and 80 % air moisture, bacterial
growth was measured by determination of ODego. Absorption data was recorded on a Fluostar Omega
Multidetection Plate Reader (BMG LABTECH, Ortenberg, DE). The relative inhibition compared to
the positive control was plotted against concentration with GraphPad Prism and MICso values were fitted
using OneSite Log ICso model provided by the software with the following constraints: bottom=0 and
top=100. MICs, was defined as the concentration at which 50 percent of growth was detected in
accordance with previous methods used.?**

Determination of influence of cYY on growth and inhibition of 1:47: The assay was performed as
described above with the following adjustments: The final DMSO concentration was set to 2 % as 1:47
was serially diluted in DMSO and eventually supplied with cY'Y. The readout time point for cultures
supplemented with cY'Y occurred after 3 to 5 days as the addition of cYY induced an earlier onset of
exponential growth phase.

CYP121 in vitro enzyme inhibition assay: The enzyme inhibition assay was performed in 200 pL PBS
buffer pH 7.2. Compounds were used in concentrations of 1.6, 6.3, 25 and 50, 75 or 100 uM dependent
on the respective solubility. The final DMSO concentration was set to 7.5 %. The compounds were
incubated with 0.5 pM CYP121 for 10 minutes at 30 °C. After incubation the electron transfer system
consisting of Arhl_A18G (2.5 uM), Etplfd (7.5 uM) and NADPH+H* (200 uM) as well as a
regeneration system consisting of glucose-6-phosphate (2 mM), glucose-6-phosphate dehydrogenase (1
unit/200 pL) and MgCl; (1 mM) were added. The reaction was started with the addition of cYY (20 uM)
and stopped after 0, 3, 6 and 9 min by addition of 200 uL methanol with internal standard dichloro-cYY
(4 uM final concentration, addition included).

The characterization of CYP121 activity was conducted by a UHPLC-MS/MS analysis carried out on a
TSQ Quantum Access Max mass spectrometer equipped with an ESI-1I source and a triple quadrupole
mass detector (Thermo Scientific, Dreieich, Germany). Compounds were separated on an Accucore RP-
MS 150x2.1 mm 2.6 pum column (Thermo Fisher, Waltham, US) by a methanol/water gradient (from
1.4 min - 3.5 min 50% methanol to 3.5 min - 5.0 min 90% methanol) with a flow of 400 pL/min.
Compounds were ionized in negative mode by electrospray ionization. lonization was assisted by a post-
column addition of 2 mM ammonia in methanol with an automated syringe at 1.25 puL/min. Monitored
ions were (mother ion [m/z], product ion [m/z], scan time [s], scan width [m/z], collision energy [V],
tube lens offset [V], polarity): mycocyclosin: 323.101, 111.100, 0.30, 0.01, 28, 95, negative; CYY:
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325.129, 113.043, 0.3, 0.01. 29, 85, negative; internal standard (diiodo-cYY): 576.878, 126.930, 0.3,
0.01, 43, 77, negative. Samples were injected in a volume of 20 uL. Xcalibur software was used for data
acquisition.

For quantification, the ratios of the area under the curve of the educt and the product were converted to
respective concentrations on the basis of determined calibration curves of mycocyclosin and cYY which
were synthesized as previously described.’®2% The initial velocity vo of the cYY conversion was
determined by linear fit of the respective concentrations of mycocyclosin or cYY over time (0-9 min)
with Microsoft Excel software. The ICso values were calculated using GraphPad Prism by fitting the
relative inhibition of vo versus concentration with the OneSite Log ICso model provided by the software
with the following constraints: bottom=0 and top=100.

Chemical synthesis: Chemical synthesis and analytical characterization: Chemicals were purchased
from commercial suppliers and used without further purification. Column flash chromatography was
performed on silica gel (40—63 pm), and reaction progress was monitored by TLC on TLC Silica Gel
60 Fzs4 plates (Merck, Darmstadt, Germany). All moisture-sensitive reactions were performed under
nitrogen atmosphere using anhydrous solvents. *H and *C NMR spectra were recorded on Bruker
Fourier spectrometers (300 MHz) at ambient temperature with the chemical shifts recorded as 6 values
in ppm units by reference to the hydrogenated residues of deuterated solvent as internal standard.
Coupling constants (J) are given in Hertz (Hz), and signal patterns are indicated as follows: s, singlet;
d, doublet; dd, doublet of doublets; t, triplet; m, multiplet, br, broad signal. The purity of the final
compounds was >95% measured by HPLC with UV detection at 254 nm. The SpectraSystem LC system
consisted of a pump, an autosampler, and a UV/Vis detector (ThermoFisher, Dreieich, Germany). Mass
spectrometry was performed on an LC-coupled Surveyor MSQ electrospray mass spectrometer
(ThermoFisher, Dreieich, Germany). The system was operated by the Xcalibur software. A RP C18
NUCLEODUR ec 100-5 125 x 3 mm 5 um column (Macherey-Nagel GmbH, Diiren, Germany) was
used as the stationary phase. All solvents were HPLC grade. In a gradient run, the percentage of
acetonitrile (containing 0.1 % trifluoroacetic acid) was initially kept constant for 2 min at 30 % and was
consequently increased from 30 % at 2 min to 100 % at 8 min, kept at 100 % for 2 min and finally at
30% for 2 min. The injection volume was 10 pL, and flow rate was set to 700 pL/min. MS analysis was
carried out in ESI ionization mode at a spray voltage of 3800 V, a cone voltage of 55 V and a probe
temperature of 350 °C. Spectra were acquired in positive mode from 100 to 600 m/z.

1. Method A: Suzuki coupling

The aldehyde (1 eq.) and the boronic acid (1.3 eq.) were dissolved in toluene (7.5 mL/mmol) and ethanol
(4.5 mL/mmol). After addition of 2 M Na,COs solution (3 mL/mmol) the mixture was flushed with N
for 10 min. Subsequently, Pd(PPhs). (0.05 eq.) was added and the mixture flushed for further 5 min with
N2. The mixture was heated to 100 °C for 1 to 4h until TLC control showed complete conversion. The
reaction was quenched with water (20 mL) and extracted with ethyl acetate (3 x 20 mL). The combined
organic phases were washed with brine and dried over MgSQO,. The solvent was evaporated under
reduced pressure and the crude product was purified by chromatography on silica gel.

1.1: 4-(6-methoxynaphthalen-2-yl)benzaldehyde (S1b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 6-Methoxy-
2-naphthaleneboronic acid (1.73 mmol; 350 mg). S1b was obtained as a white solid (330 mg, 93 %):
R=0.58 (hexane/EtOAc 8:2); *H NMR (300 MHz, CDCls): §=3.97 (s, 3H), 7.17-7.25 (m, 2H), 7.75 (dd,
J=8.1, 2.2 Hz, 1H), 7.80-7.92 (m, 4H), 7.99 (d, J=8.4 Hz, 2H), 8.05 (d, J=1.5 Hz, 1H), 10.08 ppm (s,
1H); C NMR (75 MHz, CDCls): 6=55.4, 105.6, 119.5, 125.6, 126.4, 127.6, 127.6, 129.0, 129.9, 130.3,
147.2,158.3, 191.9 ppm; LC-MS (ESI): R=9.54 min, m/z: 263.01 [M+H]".

1.2: 3'-chloro-4'-hydroxy-[1,1'-biphenyl]-4-carbaldehyde (S2b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 3-Chloro-4-
hydroxyphenylboronic acid (1.45 mmol; 250 mg). S2b was obtained as a white solid (112 mg, 36 %):
R=0.27 (hexane/EtOAc 8:2); *H NMR (300 MHz, CDCls): 6=5.71 (br. s., 1H), 7.14 (d, J=8.5 Hz, 1H),
7.49 (dd, J=8.5, 2.1 Hz, 1H), 7.64 (d, J=2.1 Hz, 1H), 7.70 (d, J=8.3 Hz, 2H), 7.95 (d, J=8.2 Hz, 2H),
10.06 ppm (s, 1H); **C NMR (75 MHz, CDCls): 6=117.2, 121.0, 127.6, 127.9, 128.2, 130.8, 133.7,
135.5, 145.8, 152.2, 192.2 ppm; LC-MS (ESI): R=7.22 min, m/z: 232.99 [M+H]".
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1.3: 3',4'-dimethoxy-[1,1'-biphenyl]-4-carbaldehyde (S3b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 3,4-
Dimethoxyphenylboronic acid (1.76 mmol; 320 mg). S3b was obtained as a white solid (342 mg,
100 %): R=0.48 (hexane/EtOAc 7:3); *H NMR (300 MHz, CDClds): $=3.86-4.02 (m, 6H), 6.98 (d,
J=8.3 Hz, 1H), 7.15 (d, J=1.9 Hz, 1H), 7.18-7.29 (m, 1H), 7.73 (d, J=8.1 Hz, 2H), 7.90-7.97 (m, 2H),
10.04 ppm (s, 1H); *C NMR (75 MHz, CDCls): 6=56.4, 110.8, 111.9, 120.4, 127.6, 130.7, 132.9, 135.2,
147.4, 149.8, 150.1, 192.2 ppm; LC-MS (ESI): R=7.08 min; m/z: 242.99 [M+H]".

1.4: 4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-carbaldehyde (S4b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 4-Methoxy-
3-methylphenylboronic acid (1.75 mmol; 291 mg). S4b was obtained as a white solid (317 mg, 100 %):
R=0.54 (hexane/EtOAc 9:1); *H NMR (300 MHz, CDCls): 6=2.31 (s, 3H), 3.90 (d, J=1.2 Hz, 3H), 6.94
(d, J=8.1 Hz, 1H), 7.41-7.52 (m, 2H), 7.65-7.77 (m, 2H), 7.87-7.97 (m, 2H), 10.04 ppm (s, 1H); *3C
NMR (75 MHz, CDCls): 6=16.4, 55.4, 110.3, 125.8, 127.0, 127.3, 129.6, 130.3, 131.6, 134.6, 147.0,
158.4, 191.9 ppm; LC-MS (ESI): R=9.04 min, m/z: 227.04 [M+H]".

1.5: 4-(benzo[d][1,3]dioxol-5-yl)benzaldehyde (S5b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 3,4-
methylenedioxyphenylboronic acid (1.75 mmol; 290 mg). S5b was obtained as a white solid (322 mg,
100 %): R=0.66 (hexane/EtOAc 8:2); *H NMR (300 MHz, CDCls): 6=6.04 (s, 2H), 6.92 (dd, J=7.7,0.7
Hz, 1H), 7.10-7.17 (m, 2H), 7.64-7.71 (m, 2H), 7.88-7.97 (m, 2H), 10.04 ppm (s, 1H); *C NMR (75
MHz, CDCls): 6=101.4, 107.6, 108.8, 121.3, 127.3, 130.3, 133.9, 134.9, 146.8, 148.1, 148.4, 191.8 ppm;
LC-MS (ESI): R=8.20 min, m/z: 227.01 [M+H]".

1.6: 3'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-carbaldehyde (S6b):

Synthesized according to method A using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 3-Fluoro-4-
methoxybenzeneboronic acid (1.75 mmol; 297 mg). S6b was obtained as a white solid (289 mg, 93 %):
R=0.46 (hexane/EtOA 8:2); *H NMR (300 MHz, CDCls): 6=3.96 (s, 3H), 7.01-7.13 (m, 1H), 7.34-7.45
(m, 2H), 7.70 (d, J=8.5 Hz, 2H), 7.91-7.99 (m, 2H), 10.05 (s, 1H); *C NMR (75 MHz, CDCls): 6=56.4
(s), 113.7 (d, J=2.2 Hz), 115.0 (d, J=18.6 Hz), 123.1 (d, J=3.7 Hz), 127.1 (s), 130.3 (s), 132.7 (d, J=6.7
Hz), 135.1 (s), 145.6 (d, J=1.5 Hz), 148.1 (d, J=10.4 Hz), 152.6 (d, J=246.6 Hz), 191.8 ppm (s); LC-
MS (ESI): R=8.50 min, m/z: 231.05 [M+H]*.

2. Method B: Grignard reaction

The aldehyde (1.0 eq.) was dissolved in a heat dried flask in dry THF (2 mL/mmol) and cooled to -15
°C in an ice/acetone bath. Vinylmagnesium bromide (1.2 eq., 0.7 M in THF) was added dropwise and
the reaction was stirred for 5 min before letting it warm to room temperature for 1-2 h and TLC showed
complete conversion. The reaction mixture was quenched with saturated NH4CI solution (15 mL) and
extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed with brine and
dried over MgSOa. The solvent was evaporated under reduced pressure and the crude product was
purified by chromatography on silica gel.

2.1: 1-(4-(6-methoxynaphthalen-2-yl)phenyl)prop-2-en-1-ol (S1a):

Synthesized according to method B using 1b (1.14 mmol; 300 mg) and vinylmagnesium bromide (0.7
M in THF; 1.37 mmol; 2.0 mL). Sla was obtained as a yellow solid (201 mg, 61 %): R=0.33
(hexane/EtOACc 8:2); *H NMR (300 MHz, CDCls): 8=3.96 (s, 3H), 5.21-5.32 (m, 2H), 5.43 (dd, J=17.1,
1.3 Hz, 1H), 6.13 (ddd, J=16.9, 10.6, 6.1 Hz, 1H), 7.14-7.22 (m, 2H), 7.50 (d, J=8.1 Hz, 2H), 7.71 (d,
J=8.1 Hz, 3H), 7.77-7.85 (m, 2H), 7.98 ppm (s, 1H); *C NMR (75 MHz, CDCls): =55.8, 75.6, 106.0,
115.7, 119.6, 126.0, 126.4, 127.3, 127.7, 127.8, 130.1, 134.2, 136.4, 140.6, 141.2, 141.8, 158.2 ppm;
LC-MS (ESI): R=8.94 min, m/z: 274.08 [M-OH]".

2.2: 3-chloro-4'-(1-hydroxyallyl)-[1,1'-biphenyl]-4-ol (S2a):

Synthesized according to method B using 2b (0.25 mmol; 60 mg) and vinylmagnesium bromide (0.7 M
in THF; 0.49 mmol; 0.7 mL). S2a was obtained as a yellow solid (44 mg, 67 %): R=0.44
(hexane/EtOAc 7:3); *H NMR (300 MHz, CDCls): $=5.20-5.29 (m, 2H), 5.35-5.44 (m, 1H), 5.60 (br.
s., 1H), 6.09 (ddd, J=16.9, 10.5, 6.1 Hz, 1H), 7.09 (d, J=8.5 Hz, 1H), 7.38-7.47 (m, 3H), 7.49-7.54 (m,
2H), 7.56 ppm (d, J=2.2 Hz, 1H).
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2.3: 1-(3',4'-dimethoxy-[1,1'-biphenyl]-4-yl)prop-2-en-1-ol (S3a):

Synthesized according to method B using 3b (1.24 mmol; 300 mg) and vinylmagnesium bromide (0.7
M in THF; 1.48 mmol; 2.1 mL). S3a was obtained as a yellow solid (230 mg, 69 %): R=0.37
(hexane/EtOACc 7:3); *H NMR (300 MHz, CDCls): 6=3.93 (s, 3H), 3.95 (s, 3H), 5.21-5.29 (m, 2H), 5.40
(d, J=17.1 Hz, 1H), 6.10 (ddd, J=16.9, 10.5, 6.0 Hz, 1H), 6.95 (d, J=8.3 Hz, 1H), 7.09-7.18 (m, 2 H),
7.42-7.46 (m, 2 H), 7.53-7.59 ppm (m, 2 H); *C NMR (75 MHz, CDCls): 6=55.9, 56.0, 75.1, 110.4,
111.5,115.2,119.4, 126.7, 127.0, 133.8, 140.2, 140.6, 141.2, 148.7, 149.2 ppm; LC-MS (ESI): R=6.48
min, m/z: 254.04 [M-OH]".

2.4: 1-(4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-yl)prop-2-en-1-ol (S4a):

Synthesized according to method B using 4b (1.10 mmol; 250 mg) and vinylmagnesium bromide (0.7
M in THF; 1.40 mmol; 2.0 mL). S4a was obtained as a yellow solid (96 mg, 34 %): R=0.26
(hexane/EtOACc 9:1); *H NMR (300 MHz, CDCls): $=2.29 (s, 3H), 3.88 (s, 3H), 5.20-5.29 (m, 2H), 5.40
(d, J=17.0 Hz, 1H), 6.11 (ddd, J=16.8, 10.4, 6.0 Hz, 1H), 6.90 (d, J=8.9 Hz, 1H), 7.37-7.45 (m, 4H),
7.53-7.58 ppm (m, 2H); *C NMR (75 MHz, CDCls): 8= 15.9, 55.0, 74.8, 109.8, 114.7, 124.9, 126.3,
126.5, 126.5, 129.0, 132.5, 139.8, 140.2, 140.4, 157.0 ppm; LC-MS (ESI): R=8.66 min, m/z: 238.09
[M-OH]".

2.5: 1-(4-(benzo[d][1,3]dioxol-5-yl)phenyl)prop-2-en-1-ol (S5a):

Synthesized according to method B using 5b (1.24 mmol; 280 mg) and vinylmagnesium bromide (0.7
M in THF; 1.49 mmol; 2.1 mL). S5a was obtained as a yellow solid (209 mg, 66 %): R=0.48
(hexane/EtOACc 8:2;. 'H NMR (300 MHz, CDCls): = 5.18-5.29 (m, 2H), 5.40 (dd, J=17.1, 1.1 Hz, 1H),
6.10 (ddd, J=16.9, 10.5, 6.1 Hz, 1H), 6.85-6.92 (m, 1H), 7.03-7.10 (m, 2H), 7.43 (d, J=8.1 Hz, 2H), 7.52
ppm (d, J=8.5 Hz, 2H); 3C NMR (75 MHz, CDCls): 6=75.1, 101.1, 107.6, 108.6, 115.2, 120.6, 126.7,
127.0, 135.2, 140.1, 140.4, 141.3, 147.1, 148.1 ppm; LC-MS (ESI): R=7.65 min, m/z: 238.04 [M-OH]".

3. Method C: CDI reaction

The alcohol (1.0 eq.) and 1,1’-carbonyldiimidazole (3.0 eq.) were dissolved in acetonitrile (15
mL/mmol) and heated to reflux for 1-4 h until TLC control showed complete conversion. The reaction
was quenched with water (15 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic
phases were washed with brine and dried over MgSQO,. The solvent was evaporated under reduced
pressure and the crude product was purified by chromatography on silica gel.

3.1 1-(1-(4-(6-methoxynaphthalen-2-yl)phenyl)allyl)-1H-imidazole (S1):

Synthesized according to method C using 1a (100 mg, 0.34 mmol) and CDI (162 mg, 1.0 mmol). S1
was obtained as a light yellow solid (39 mg, 34 %): R=0.19 (EtOAc); *H NMR (300 MHz, CDCls):
0=3.95 (s, 3H), 5.20 (d, J=17.0 Hz, 1H), 5.47 (d, J =10.3 Hz, 1H), 5.85 (d, J=6.3 Hz, 1H), 6.33 (ddd,
J=17.0 Hz, 10.2 Hz, 6.3 Hz, 1H), 6.94 (s, 1H), 7.18 (m, 3H), 7.29 (m, 2H), 7.58 (s, 1H), 7.70 (m, 3H),
7.81 (m, 2H), 7.97 ppm (s, 1H); 3C NMR (75 MHz, CDCls): $=55.8, 63.7, 106.0, 119.0, 119.7, 119.8,
126.1, 126.2, 127.8, 128.1, 128.4, 129.5, 129.9, 130.1, 134.4, 135.8, 136.2, 137.1, 137.3, 141.9, 158.4
ppm; LC-MS (ESI): R=6.77 min, m/z: 341.18 [M+H]*, 237.04 [M-Imidazole]*.

3.2 4'-(1-(1H-imidazol-1-yl)allyl)-3-chloro-[1,1'-biphenyl]-4-ol (S2):

Synthesized according to method C using 2a (64mg, 0.25 mmol) and CDI (121 mg, 0.75 mmol). S2 was
obtained as a yellow oil (24 mg, 31 %): R=0.27 (EtOAc); *H NMR (300 MHz, CDCls): 6=5.18 (d,
J=17.0 Hz, 1H), 5.47 (d, J=10.2 Hz, 1H), 5.82 (d, J=6.2 Hz, 1H), 6.30 (ddd, J=16.9 Hz, 10.4 Hz, 6.3 Hz,
1H), 6.94 (s, 1H), 7.08 (d, J=8.4 Hz, 1H), 7.15 (s, 1H), 7.25 (m, 2H), 7.34 (dd, J= 8.4 Hz, 2.2 Hz, 1H),
7.54 (m, 3H), 7.60 ppm (s, 1H); *C NMR (75 MHz, CDCls): 6=63.4, 116.9, 118.7, 119.6, 121.0, 126.6,
127.2, 127.9, 128.6, 132.9, 135.4, 136.4, 136.5, 140.2, 152.5 ppm; LC-MS (ESI): R=2.46 min, m/z:
311.15 [M+H]*, 243.09 [M-Imidazole]*.

3.3 1-(1-(3',4'-dimethoxy-[1,1'-biphenyl]-4-ylallyl)-1H-imidazole (S3):

Synthesized according to method C using 3a (200 mg, 0.74 mmol) and CDI (360 mg, 2.22 mmol). S3
was obtained as a yellow oil (70 mg, 30 %): R=0.27 (EtOAc); *H NMR (300 MHz, CDCls): 6=3.93 (d,
J=6.89 Hz, 6H), 5.17 (d, J=17.04 Hz, 1H), 5.44 (d, J=10.24 Hz, 1H), 5.81 (d, J=6.24 Hz, 1H), 6.30 (ddd,
J=16.88, 10.36, 6.29 Hz, 1H), 6.90-6.98 (m, 2H), 7.07-7.16 (m, 3H), 7.21-7.28 (m, 2H), 7.53-7.59 ppm
(m, 3H); BC NMR (75 MHz, CDCls): 6=55.9, 63.2, 110.3, 111.5, 118.5, 119.2, 119.4, 127.2, 127.8,
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129.3, 133.1, 135.7, 136.6, 141.2, 148.8, 149.2 ppm; LC-MS (ESI): R=2.04 min, m/z: 253.13 [M-
Imidazole]".

3.4 1-(1-(4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-yl)allyl)-1H-imidazole (S4):

Synthesized according to method C using 4a (95 mg, 0.37 mmol) and CDI (182 mg, 1.1 mmol). S4 was
obtained as a yellow oil (51 mg, 45 %): R=0.33 (EtOAc); *H NMR (300 MHz, CDCls): 6=2.29 (s, 3H),
3.87 (s, 3H), 5.17 (d, J=17.04 Hz, 1H), 5.44 (d, J=10.24 Hz, 1H), 5.81 (d, J=6.33 Hz, 1H), 6.30 (ddd,
J=16.86, 10.34, 6.33 Hz, 1H), 6.86-6.95 (m, 2H), 7.11 (s, 1H), 7.20-7.29 (m, 2H), 7.35-7.43 (m, 2H),
7.53-7.61 ppm (m, 3H); C NMR (75 MHz, CDCls): =16.3, 55.3, 63.2, 110.2, 118.5, 119.1, 125.3,
126.9, 127.1,127.8, 129.2, 129.3, 132.2, 135.8, 136.2, 136.6, 141.2, 157.6 ppm. LC-MS (ESI): R=4.40
min, m/z: 237.18 [M-Imidazole]".

3.5 1-(1-(4-(benzo[d][1,3]dioxol-5-yl)phenyl)allyl)-1H-imidazole (S5):

Synthesized according to method C using 5a (200 mg, 0.79 mmol) and CDI (382 mg, 2.35 mmol). S5
was obtained as a colorless oil (65 mg, 27 %): R=0.26 (EtOAc/MeOH 98:2); 'H NMR (300 MHz,
CDCls): 6=5.17 (d, J=17.23 Hz, 1H), 5.44 (d, J=10.24 Hz, 1H), 5.80 (d, J=6.15 Hz, 1H), 6.00 (s, 2H),
6.29 (ddd, J=16.86, 10.34, 6.33 Hz, 1H), 6.84-6.94 (m, 2H), 7.01-7.13 (m, 3H), 7.22 (d, J=8.10 Hz, 2H),
7.47-7.58 ppm (m, 3H); *C NMR (75 MHz, CDCl3): 6=63.2, 101.2, 107.5, 108.6, 118.5, 119.3, 120.7,
127.3,127.9, 129.4, 134.6, 135.7, 136.7, 136.8, 141.2, 147.4, 148.2 ppm. LC-MS (ESI): R=4.32 min,
m/z: 305.14 [M+H]*, 237.09 [M-Imidazole]*.

4. Method D: TBDMS protection

a) 4-Bromophenol (1.0 eqg.) and imidazole (1.1 eq.) were dissolved in dry CHCI; (3 mL/mmol) before
TBDMS chloride (1.1 eq) was added. The reaction was stirred at room temperature overnight and
guenched with water (30 mL) and 1M HCI (3 mL). The aqueous phase was extracted with CH,Cl (2 x
30 mL) and the combined organic phases were washed with brine and dried over MgSOa. The solvent
was evaporated under reduced pressure and the crude product was purified by chromatography on silica

gel.

4.1: (4-bromophenoxy)(tert-butyl)dimethylsilane (S9e):

Synthesized according to method D a) using 4-Bromophenol (2.89 mmol; 500 mg), imidazole
(3.18 mmol; 216 mg) and TBDMSCI (3.18 mmol; 479 mg). S9e was obtained as a colorless oil (810
mg, 98 %): R=0.89 (hexane/EtOAc 8:2); *H NMR (300 MHz, CDCl3): $=0.19 (s, 6H), 0.99 (s, 9H),
6.70-6.75 (m, 2H), 7.30-7.35 ppm (M, 2H); 3C NMR (75 MHz, CDCls): =-4.5, 18.2, 25.6, 113.6, 121.9,
132.3, 154.9 ppm; LC-MS (ESI): R=11.59 min.

b) NaH (1.2 eq.) was dissolved in acetonitrile (1 mL/mmol) and cooled to 0 °C. 5-Bromo-1H-indole was
dissolved in acetonitrile (1 mL/mmol) and slowly added to the NaH suspension. After stirring for 15
min TBDMS chloride (1.25 eq.) was added and the suspension was let warm to room temperature and
stirred overnight. The reaction was quenched with saturated NH4Cl (10 mL) solution and extracted with
CH.CI; (3 x 20 mL). The combined organic phases were washed with brine and dried over MgSQOa. The
solvent was evaporated under reduced pressure and the crude product was purified by chromatography
on silica gel.

4.2: 5-bromo-1-(tert-butyldimethylsilyl)-1H-indole (S10e):

Synthesized according to method D b) using 5-Bromo-1H-indole (2.55 mmol; 500 mg), NaH
(3.06 mmol; 73.4 mg) and TBDMSCI (3.19 mmol; 480 mg). S10e was obtained as a colorless oil (267
mg, 34 %): R=0.95 (hexane/EtOAc 9:1); *H NMR (300 MHz, CDCls): §=0.60 (s, 6H), 0.92 (s, 9H),
6.56 (d, J=3.2 Hz, 1H), 7.18 (d, J=3.2 Hz, 1H), 7.23 (dd, J=8.8, 2.0 Hz, 1H), 7.38 (d, J=8.8 Hz, 1H),
7.75 ppm (d, J=2.0 Hz, 1H); 3C NMR (75 MHz, CDCl5): 6=-4.0, 19.4, 26.2, 104.3,113.1, 115.1, 123.1,
124.1, 132.2, 133.2, 139.6 ppm; LC-MS (ESI): R=11.40 min, m/z: 312.11 [M+H]".

5. Method E: Boronic acid preparation

The TBDMS protected alcohol or amine (1.0 eq.) was dissolved in dry THF (1 mL/mmol) and cooled
to -78 °C. nBuLi (1.25 eq., 2.5 M in THF) was added dropwise and the solution was stirred for 30 min.
Triisopropylborate (2.5 eq.) was added slowly and the mixture was stirred for further 45 min at -78°C.
After letting the mixture warm to room temperature for 3 h it was quenched with ethyl acetate : 1 M
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HCI =1:1 (10 mL). The organic layer was separated, washed with brine (2 x 10 mL) and dried over
MgSQ.. The solvent was evaporated under reduced pressure and the crude product was washed with
cold hexane followed by warm water and dried under reduced pressure.

5.1: (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (S9d):

Synthesized according to method E using 9e (2.78 mmol; 800 mg), nBuLi (2.5 M in THF; 3.48 mmol;
1.4 mL) and B(OiPr)s (5.56 mmol; 970 mg). S9d was obtained as an orange solid (400 mg, 57 %):
'H NMR (300 MHz, CDCls): 6=0.27 (s, 6H), 1.03 (s, 9H), 6.96 (d, J=8.5 Hz, 2H), 8.12 ppm (d, J=8.5
Hz, 2H); LC-MS (ESI): R=9.03 min.

5.2: (1-(tert-butyldimethylsilyl)-1H-indol-5-yl)boronic acid (S10d):

Synthesized according to method E using 10e (2.58 mmol; 800 mg), nBuL.i (2.5 M in THF; 3.23 mmol;
1.3 mL) and B(OiPr)s3 (5.16 mmol; 1.05 g). S10d was obtained as a white solid (487 mg, 69 %): R~=0.93
(hexane/EtOACc 9:1), *H NMR (300 MHz, CDCls): 6=0.69 (s, 5H), 1.00 (s, 8H), 6.81 (d, J=2.9 Hz, 1H),
7.26-7.30 (m, 1H), 7.69 (d, J=8.4 Hz, 1H), 8.16 (d, J=8.4 Hz, 1H), 8.69 ppm (s, 1H); *C NMR (75
MHz, CDCls): 6=-3.9, 19.6, 26.3, 105.6, 113.4, 128.4, 129.6, 131.2, 131.3, 144.0 ppm; LC-MS (ESI):
R=8.84 min, m/z; 276.18 [M+H]".

6. Method F: TBDMS deprotection

The aldehyde (1.0 eq.) was dissolved in dry THF (9 mL/mmol), tetrabutylammonium fluoride solution
(0.5eq., 1 M in THF) and 0.1 M K;HPQO;, solution (100 puL/mmol, pH 7) were added and the reaction
mixture was stirred overnight. The solvent was evaporated under reduced pressure and the crude product
was purified by chromatography on silica gel.

6.1 5-(4-(1-(1H-imidazol-1-ylallyl)phenyl)-1H-indole (S10):

Synthesized according to method F using 10a (106 mg, 0.25 mmol) and TBAF (0.13 mL 1M sol., 0.13
mmol). S10 was obtained as a light brown solid (57 mg, 76 %): R=0.20 (EtOAc/MeOH 98:2); *H NMR
(300 MHz, CDCls): 6=5.20 (dt, J=17.0, 1.1 Hz, 1H), 5.46 (dt, J=10.2, 1.0 Hz, 1H), 5.83 (d, J=6.2 Hz,
15H), 6.33 (ddd, J=16.9, 10.4, 6.3 Hz, 1H), 6.61-6.64 (m, 1H), 6.94-6.97 (m, 1H), 7.13 (s, 1H), 7.24-
7.30 (m, 3H), 7.41-7.49 (m, 2H), 7.58 (s, 1H), 7.64-7.69 (m, 2H), 7.86 (d, J=0.8 Hz, 1H), 8.38 ppm (br
s, 1H); *C NMR (75 MHz, CDCl3): 6=63.5, 102.9, 111.4, 118.7, 119.2, 119.2, 121.6, 125.1, 127.8,
128.4, 128.9, 132.2, 135.5, 135.8, 135.8, 136.6, 142.9 ppm. LC-MS (ESI): R=3.02 min, m/z: 300.19
[M+H]*, 232.18 [M-Imidazole]*.

6.2 4'-(1-(1H-imidazol-1-yl)allyl)-[1,1'-biphenyl]-4-ol (S9):

Synthesized according to method F using 9a (55 mg, 0.14 mmol) and TBAF (0.07 mL 1M sol., 0.07
mmol). S9 was obtained as a white solid (7.8 mg, 20 %): R=0.19 (EtOAc); H NMR (300 MHz,
CDs0OD): 6=4.59 (s, 1H), 5.18 (dt, J=16.9, 1.3 Hz, 1H), 5.44 (dt, J=10.2, 1.1 Hz, 1H), 6.04 (d, J=6.4 Hz,
1H), 6.42 (ddd, J=16.9, 10.3, 6.4 Hz, 1H), 6.82-6.88 (m, 2H), 7.01 (t, J=1.1 Hz, 1H), 7.10 (t, J=1.3 Hz,
1H), 7.29 (d, J=8.1 Hz, 2H), 7.43-7.49 (m, 2H), 7.55-7.62 (m, 2H), 7.70 ppm (s, 1H); 3C NMR (75
MHz, CD3:0D): 6=64.7, 116.9, 119.5, 120.2, 128.0, 129.2, 129.2, 133.0, 137.7, 138.0, 138.2, 142.8,
158.7 ppm; LC-MS (ESI): R=1.47 min, m/z: 277.09 [M+H]*, 209.09 [M-Imidazole]*.

7. 1-(4-Bromobenzyl)-1H-imidazole (S11a):

NaH (19.5 mmol, 800 mg, 60 % in paraffin oil) was suspended in 3 mL dry DMF. After cooling to 4 °C
a solution of imidazole (15.0 mmol, 1.02 g) in DMF (3 mL) was added dropwise. The solution was
stirred at 4 °C for 1 h. 1-Bromo-4-(bromomethyl)benzene (15.0 mmol, 3.75 g) was dissoved in 5 mL
DMF added dropwise to the reaction mixture which was subsequently warmed to room temperature and
then to 60 °C for 1.5 h. The reaction was quenched with H,O (5 mL) and extracted with ethyl acetate (3
x 15 mL). The combined organic phases were washed with brine, dried over MgSO4 and the solvent
was evaporated under reduced pressure. Remaining DMF was removed by repeated addition of n-
heptane and evaporation under reduced pressure. The crude product was purified by chromatography on
silica gel (EtOAC : petrol ether =9 : 1). The product was obtained as white solid (2.10 g, 59 %): R=0.21
(EtOAcC); *H NMR (500 MHz, DMSO-dg): 6=5.19 (s, 2H), 6.92 (m, 1H), 7.20 (m, 2H), 7.56 (m, 3H),
7.75 ppm (m, 1H); 3C NMR (125 MHz, DMSO-dg): 8=86.2, 157.0, 158.3, 166.3, 167.1, 169.0, 174.8,
174.9 ppm; LC-MS (ESI): R=4.99 min, m/z: 236.9 [M+H]".
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Enantiomer separation and analysis: The enantiomers were separated using a Daicel ChiralPak® IE
column (5 um, 10 x 250 mm) with a preparative HPLC (Thermo Scientific Ultimate 3000, consisting
of Dionex Ultimate 3000 pump, diode array detector and automated fraction collector) monitoring the
absorbance at 254 nm. An isocratic flow of 5 mL/min was applied with the following solvent
composition: Compound S1 and S4: methyl-tert-butyl ether (MtBE):(EtOH + 0.5% ethylendiamine) =
98:2, Compound S5: MtBE:(EtOH + 0.5% ethylendiamine) = 96:4.

Macrophage cytotoxicity and intracellular macrophage replication: Strain and growth conditions:
M. bovis BCG Pasteur strain was grown at 37°C in Middlebrook 7H9 broth (BD Biosciences)
supplemented with 10% Middlebrook OADC enrichment medium (BD Biosciences), 0.002% glycerol
(Roth), and 0.05% Tween 80 (Roth). Midlog phase cultures were harvested, aliquoted, and frozen at -
80°C. Bacteria were prepared from frozen stocks by thawing at 37°C, resuspension in PBS and passage
through a 27G needle. Determination of optical density at 580 nm was done to adjust the amount of the
bacteria required in cell culture medium without antibiotics.

Cells and media: Bone marrow derived macrophages were prepared from femurs and tibiae remove
from C57BL/6 mice using a standard protocol. Briefly, bone marrow cells were cultured for 7 days in
complete RPMI (RPMI 1640 plus Glutamax (Gibco), fetal calf serum 10% (HyClone), 100 U/mL
penicillin and 100 pg/mL streptomycin (Biochrom) and 50 uM R-Mercaptoethanol (Gibco))
supplemented with 10% L929 cell-conditioned medium as a source of murine M-CSF. On day 7, fully
differentiated macrophages were transferred to 96-well plates. Antibiotics were omitted from cell culture
medium 24 hours prior to and during the experiments.

Mycobacteria infection: Macrophages at 200.000 cells/well were seeded on 96 flat well plates (100 pL)
24 hours previous infection in DMEM 10% L929 CM. After 2.5 hours of infection with M. bovis BCG
Pasteur at multiplicity of infection (MOI) 10:1, cells were extensively washed with RPMI to remove
extracellular mycobacteria. Infected macrophages were maintained in cell culture medium at 37°C and
5% CO2 in the presence or absence of the compounds at the indicated concentrations. Penicillin-
Streptomycin and DMSO were used as control at the indicated concentrations.

To monitor the bacterial intracellular survival, cells were lysed with a sterile solution of 0.1% (vol/vol)
Triton X-100 in H,O, and serial dilutions of lysates were rapidly plated on 7H9 agar plates to enumerate
CFU. This procedure was done at 72 hours after compound incubation. Experiments were carried out in
triplicate. Each assay was repeated in at least three independent experiments.

Statistical analysis: Statistical analysis was performed with one-way analysis of variance, followed by
a post hoc Tukey test, using Graph- Pad Prism 5.0 software. The data are represented as means +
standard errors of the means (SEM).

In vitro cytotoxicity assay: In vitro cytotoxicity assays were performed with murine macrophages
generated as mentioned before. Microtiter plates (96 wells) were loaded with at 200.000 cells/well
suspended in 100 uL. of RPMI 1640 plus Glutamax (GIBCO) supplemented with 10% heat inactivated
fetal calf serum 10% (HyClone) and 50 uM R-Mercaptoethanol (Gibco) in presence or absence of the
compounds at the indicated concentrations. Isoniazid, rifampicin and DMSO were used as control at the
indicated concentrations. The plates were incubated for 48 h at 37 °C in 5% CO2. Cell viability was
assessed by measuring using LIVE/DEAD Fixable Aqua Dead Cell Stain Kit by FACS. The data were
analyzed using FlowJo (Treestar). Experiments were carried out in triplicate. Each assay was repeated
in at least three independent experiments.
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3.3 Chapter C: Fragment-based Design of a-substituted Mercaptoacetamides as
Inhibitors of the Virulence Factor LasB from Pseudomonas aeruginosa

The following persons contributed experimentally to this chapter:

Asfandyar Sikandar: purified LasB, performed LasB crystallization experiments and structure
determination.

Katrin Voos: synthesized a-alkylated thiols.

Andreas M. Kany: expressed LasB.
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Introduction

Pseudomonas aeruginosa is a gram-negative bacterium which is ranked by the WHO amongst the most
critical pathogens today.?® The opportunistic bacterium causes around 10 % of hospital acquired
infections and has a high occurrence among immunocompromised and cystic fibrosis patients,30:131.132.134
The development of potent antibiotics is urgently needed due to the lack of efficient therapeutics on the
market,16:140

This task is complicated by the high intrinsic resistance of the pathogen.'#2% P, aeruginosa has an
especially low permeability of the outer membrane preventing the entrance of antibiotics into the cell.2#?
Additionally, its efflux pumps efficiently move undesired antimicrobials out of the cell and its inducible
chromosomal B-lactamases are able to inactivate respective B-lactam antibiotics. 43145207 An additional
difficulty is the rising mutational resistance rate of P. aeruginosa strains.}*14¢ Fluoroquinolone and
aminoglycoside resistance range up to 30 % now.2%.2% Furthermore, resistances against almost all drugs
used for P. aeruginosa infection treatment (for example cephalosporins and carbapenems) as well as
multidrug resistances are described.35140210 These facts emphasize the need for new therapeutic options.
Besides the common strategy to target the bacterial viability a different approach gained more and more
attention lately which is anti-virulence.*>** Virulence factors are common among pathogenic bacteria
and are acting by damaging their host or evading its immune response.*° Virulence factor inhibitors
reduce the bacterial virulence and in this way enable the clearance of the pathogen by either the host
immune system or with the help of antibiotics.***> Although only a few compounds have reached clinical
application yet, many in vitro and in vivo studies support the efficacy of this strategy.*2% Its main
advantage is the reduced selective pressure on the bacteria and thus lower risk for resistance
development.*2

A possible anti-virulence target of P. aeruginosa is the elastase LasB. The extracellular zinc-containing
protease plays a role in the pathogenic invasion of tissues and is thought to be predominantly relevant
during acute infections.17 It has the ability to destroy elastin which is an important component of
lung tissue and blood vessels.'®® Additionally, LasB can degrade fibrin, collagen and surfactant proteins
in the lung and is also involved in the inactivation of human immunoglobulins A and G, cytokines
gamma-interferon and tumor necrosis factor alpha.l®8170.173-175211 A| these properties contribute to a
severe reduction of the host immunity.

As LasB is an interesting anti-virulence target, there are quite a few LasB inhibitors described in
literature up to now: Natural products such as streptomyces metalloproteinase inhibitor from
Streptomyces nigrescens TK-23 (SMPI) and Phosphoramidon,’®1® small peptides containing metal-
chelating motifs such as thiol or hydroxamate groups!’®8 and small synthetic molecules with
hydroxamate, thiol or mercaptoacetamide groups'®5185212 as well as compounds based on tropolone. 8

We recently described a group of mercaptoacetamides as potent LasB inhibitors.'®® The crystal structure
of the most promising compound R36 showed that there are two molecules present in the binding pocket
(Figure 3.3.1). Therefore, these molecules were combined into one benzylamide compound. However,
this approach failed to maintain the potency of the single molecule.’® As the SAR study did not reveal
a promising way to overcome this issue we now applied three different approaches to create potent LasB
inhibitors based on the previous crystallographic data of compound R36.

48



IC,, 6.2 + 0.3 uM

Figure 3.3.1: Binding mode and structure of compound R36.1% The crystal structure revealed the presence of two
molecules inside the binding pocket.

Results and Discussion
Approach 1: N-benzyl mercaptoacetamide class

The first approach of our study was based on the N-benzyl mercaptoacetamide class described
recently.’8 As there is no crystal structure available for this compound class the orientation of the two
aromatic moieties is unknown. Based on molecular modelling starting with R36 the benzyl moiety is
proposed to reach into the lipophilic inner region of the binding pocket. In this case, the dichloro-phenyl
ring would be located near the rather hydrophilic entrance of the pocket and somehow lingering on the
surface of the protein (Figure 3.3.2).

Figure 3.3.2: Molecular modelling of N-benzylamide compound R64 into the binding pocket of LasB. The surface
map represents lipophilic (green) and hydrophilic (magenta) areas of the binding pocket.

As optimization was formerly only performed at the benzyl moiety, we now synthesized three
compounds with variations at the dichloro-phenyl ring. Therefore, we chose the 3-fluorophenyl motif
for the benzylic part as it was part of the most potent compound R64 (ICso 12.6 uM).8 The derivatives
were synthesized as described previously (Scheme 3.3.1).18
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Scheme 3.3.1: Synthesis scheme for N-benzyl mercaptoacetamide compounds. (a) sodium triacetoxyborohydride,
DCM, RT, 20 h; (b) chloroacetyl chloride, acetone, 0°C —r.t., 1.5 h; (c) ammonium thiocyanate, ethanol, 80°C, 2
h; (d) sulfuric acid, acetic acid, 0°C, 30 min.

Table 3.3.1: Synthesized compounds of the benzylamide class and determined ICso values.

Fol

0
R/N\H/\SJ\NHZ
o
Cp. R I1Cso [UM]
Al Ph 246+1.4
A2 3-OCH3s-Ph 13.9+0.8
A3 3-OH-Ph 28.1+14

The removal of the two chloro substituents resulted in a loss of activity by a factor of 2 (Al, 1Cs 24.6
+ 1.4 uM, Table 3.3.1). The same loss of activity was observed for the substitution of the two chloro
substituents with a hydroxyl group in meta position (A3, 1Cs28.1 + 1.4 uM). However, the substitution
with a methoxy group in the same position (A2, ICs 13.9 £ 0.8 uM) led to an activity similar to
compound R64 (ICsp 12.6 £ 0.4 pM).

In total, the loss of the lipophilic character of the phenyl motif causes a decrease in activity. These results
complete the formerly described SAR study and indicate that a further improvement of potency can
probably not be achieved in this compound class. This effect may be caused by the substitution of the
amide hydrogen, which seems to contribute significantly to the activity through beneficial interactions
with amino acid residues in the binding pocket.
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Approach 2: a-Aminomethyl thiol

In the second approach we tried to establish an interaction with a glutamic acid residue (Glul141) that is
located near the catalytic center inside the binding pocket. In order to target this function, we introduced
an amine group which is connected to the a-carbon via a methylene linker (Figure 3.3.3).

Figure 3.3.3: Compound B1 (R-enantiomer) modeled into the binding pocket based on the crystal structure of
compound R36. The surface map represents lipophilic (green) and hydrophilic (magenta) areas of the binding
pocket.

The synthesis started with the addition of phthalimide to 2-chloroacrylonitrile followed by hydrolysis in
concentrated hydrochloric acid (Scheme 3.3.2). The amine function of the product, 2-chloro-3-
aminopropionic acid (racemic mixture) as hydrochloric acid salt, was protected with a BOC group to
enable the following peptide coupling with aniline. A Sn> reaction with potassium thioacetate gave the
thioacetate derivative (racemic mixture) which was deacetylated and deprotected in a final step with
sodium hydroxide in methanol.

(0]
fo) (0] (¢]
A, — ; — -
A Nen — N T H.N OH BocHN OH BocHN N
CN Cl Cl H

cl
S o HCI
BAf Bie B1d Bic
o)
i e O
_° . BocHN/\)LN _fe, HzNﬂ)kN
BocHN N H H
H SAc SH
cl
Bic B1b B1

Scheme 3.3.2: Synthesis scheme of compound BL1. (a) phthalimide, triethylamine, methanol, reflux, 16 h; (b) conc.
HCI, 80°C, 15 h; (c) di-tert-butyldicarbonat, sodium hydroxide, tert-butanol, 0°C — r.t., 16 h; (d) 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid, dimethylaminopyridin, aniline, 0°C — r.t., 16 h; (e) potassium thioacetate,
acetone, r.t., 5 h; (f) sodium hydroxide, H20O, r.t., 30 min; (g) trifluoro acetic acid, r.t. 1h.

The activity determination for compound B1 revealed an ICs, value of 82 £ 4 uM. The relatively poor
potency provokes the assumption that the proposed interaction with Glu141 did not establish. The added
amine function could cause a binding mode that differs from the proposed position in the pocket and
thus prevents this interaction.
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Approach 3: a-Benzylmercaptoacetamide class

As both described approaches did not lead to the desired increase in potency, we started a new attempt
to combine the two molecules of R36 present in the binding pocket.'®® The introduction of the benzyl
function did in this case not occur at the amide nitrogen but at the a-carbon next to the thiol motif
(Scheme 3.3.3).

Synthesis

The synthesis began with the substitution of the amine function of enantiopure phenylalanine (or
derivatives) with chlorine. The reaction proceeds via diazotization and subsequent chlorination resulting
in a retained conformation as a double inversion occurs.?® The a-chloro carboxylic acid was then
coupled with the respective aniline to give the desired amide function. Intermediates containing
hydroxyl groups were protected via reaction with acetic anhydride and the thioacetate function was
introduced via a Sn2 reaction that should result in an inversed conformation. Final deprotection of the
thioacetate under basic conditions yielded the free thiol.

R' R' R' R' R'
a b,c e f
HO NH, HO l NHz (ol R “SAc R “/SH
o} o R o] o] o

X C1e-C9%e
C1f-Cof c1d-cod C1b-C9b C1:R=H, R = H
d C2:R=34-di-Cl, R'=H
C3c,C7c¢,C8¢c C3:R=4-OH,R'=H

C1d, C7d-C9d: R =H C4:R=4-CHy, R =H

C2d: R = 3,4-di-Cl C5:R=4-NOp, R'=H

C3d: R = 4-OH C6:R=4-CHy, R'=H
C1f-C6f: R' = H C4d: R = 4-CH3 C3c: R = 4-OAc C7:R=H, R'=4-OH
C7f, C8f: R' = 4-OH C5d: R = 4-NO; C7¢: R' = 4-OAc C8: R =H, R = 3-NO»4-OH
COf: R' = 4-CH3 C6d: R = 4-CH3 C8c: R’ = 3-NO,-4-OAc C9:R=H, R'=4-CHj

Scheme 3.3.3: Synthesis scheme of a-benzyl compound class. (a) Sodium nitrite, 6N HCI, 0°C - r.t., 16 h; (b)
thionyl chloride, DMF, 70°C, 1h; (c) aniline derivative, DMF, 0°C — r.t., 16 h; (d) triethylamine,
dimethylaminopyridine, dichloromethane, acetic anhydride, 0°C —r.t., 30 min; (e) potassium thioacetate, acetone,
r.t., 5 h; (f) sodium hydroxide, H.O, r.t., 1.5 h.

Although the synthesis route should in principle result in enantiopure compounds (if started with the
respective enantiopure material), we found that our final products were racemic mixtures (chapter 7.1.3,
section 2). An explanation could be that racemization occurs during reaction, work-up or storage of
intermediates or final products. Differences in activity of the enantiomers will be discussed in the
following paragraphs.

Activity against LasB

The introduction of the benzyl moiety at the a-carbon of the dichloro compound resulted in a two-fold
increase in activity (C2) compared to compound R64 (Table 3.3.2). Interestingly, the removal of the
chloro substituents (C1) increased the activity to 1.2 uM. This is the opposite effect as observed for the
N-benzylated compound class. Thus, we expect that the binding modes of these classes differ in the
orientation of the aromatic moieties.

Different substituents were introduced in para position of the phenyl moiety. A nitro group (C5)
maintained the activity similar to the naked phenyl (C1). A slight improvement could be achieved
through a methoxy substitution (C6, 1Cso 0.73 uM). The most potent compounds have either a hydroxyl
(C3, ICs0 0.59 pM) or a methyl substituent (C4, 1Cso 0.48 uM) in para position.

In contrast, the introduction of a hydroxyl substituent in para position of the benzyl group led to a
decrease of activity by a factor of 6. However, an additional nitro substituent in meta position (C8)
increased the activity again to 2.5 uM.
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Furthermore, the introduction of a lipophilic methyl group in the benzyl part decreased the activity by a
factor of 2.5 (C9, ICsy 2.8 UM) compared to the naked reference C1. In total, the three different
modifications in this part of the molecule were all unfavorable.

As the introduction of substituents in the benzyl part is not easy to synthesize, it was not further pursued
in this work. However, an improvement in potency may be achieved through other modifications.

Table 3.3.2: Activities of a-benzylmercaptoacetamides against LasB.

~Re
H
R(N\H/QSH
O
Cp. R; R, |C50 [LJ.M]
Cl Ph Ph 1.2+0.1
C2 3,4-di-CI-Ph Ph 2.7+0.3
C3 4-OH-Ph Ph 0.59 +0.04
C4 4-CHs-Ph Ph 0.48 + 0.04
C5 4-NO,-Ph Ph 0.97+0.1
C6 4-OCHs-Ph Ph 0.73+0.03
Cc7 Ph 4’-OH-Ph 7.3+0.5
C8 Ph 3’-NO;-4’-OH-Ph 25+0.1
C9 Ph 4°-CHs-Ph 2.8+0.3

The differences in activity are not easily explicable but it seems that they are based on a combination of
the electronic effect on the phenyl ring, the size of the substituent and possible interactions of the
substituent itself.

For the phenyl part electron-donating substituents have a positive effect irrespective of their
hydrophilicity (C3, C4, C6). In contrast, electron-withdrawing and simultaneously lipophilic
substituents are unfavorable (C2). However, an electron-withdrawing but polar substituent is neutral
(C5).

For the benzylic part electron-donating substituents (both lipophilic and hydrophilic) are unfavorable
(C7, C9). As the introduction of a nitro substituent (C8) improved the activity compared to C7, the
introduction of electron-withdrawing substituents might be beneficial but has to be further elucidated.

Comparison with a-alkylated derivatives

We also tested compounds with different alkyl substituents at the a-carbon for their activity against
LasB. These compounds bear an acetyl substituent in para position of the phenyl moiety which was less
favorable in the non-substituted mercaptoacetamide series (Compound R1, ICso = 73.1 + 2.5 uM*®),
However, as described above the effect of aromatic substituents can change upon the introduction of a
substituent at the a-carbon. Thus, we will neglect the influence of the acetyl group in the following
discussion (Table 3.3.3).

The substitution with two methyl groups at the a-position led to a poorly active compound (C10). In
contrast, the activity increased from i-propyl (C11) to ethyl (C12) to propyl (C13) (31 > 21 > 4.5 uM).
These results suggest that a linear growth in a-position increases potency. This is in accordance with the
results of the a-benzylated mercaptoacetamides which can be regarded as an extension of these a-
alkylated derivatives.
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Table 3.3.3: ICsp values of a-alkylated thiol compounds.
R

H
N
m}\SH
AT
o]

Cp. R I1Cso [UM]
C10 2 X CHs > 500 uM
Cl1 i-propyl 31+3uM
C12 ethyl 21+ 2 uM
C13 propyl 45+04 uM

Activity of enantiomers

To elucidate whether the configuration of the stereocenter has an influence on activity we separated the
enantiomers (E1 and E2, labelled respective to their elution order from the chiral column) for compounds
C1 and C2 and examined them independently. Indeed, we observed a difference in activity between the
configurations (Table 3.3.4). For both, the E2 enantiomer was more active (by factor 4 or 2 respectively).
In order to ensure that no racemization occurs during our assays we examined the enantiomer stability
in methanol and aqueous buffer. The CD spectra were stable within one hour indicating that
racemization does not occur during this period. (chapter 7.1.3, section 3).

Table 3.3.4: Activity of the pure enantiomers for C1 and C2.
Cp. ICso [UM]
El 4807
C1 E2 1.0+£0.1
Rac 12+0.1
El 5.2%0.6
C2 E2 20+04
Rac 2.7%£0.3

Crystal structure

Compound C1 was cocrystallized with LasB in order to evaluate the binding mode of this novel class
of inhibitors. The crystal structure of the complex was solved in a resolution of 1.7 A in the P1211 space
group (Figure 3.3.4A) using the LasB apo structure (PDB-ID 1EZM) as a search model. Interestingly,
the orientation of C1 is very similar to the one proposed by molecular modelling based on the crystal
structure of R36 (Figure 3.3.4B). Detailed crystallographic data are given in chapter 7.1.3 part 4.

As described for other thiol inhibitors, the sulfur atom displaces the water molecule as the fourth zinc
ligand (sulfur-zinc distance 2.4 A) in addition to His140, His 144 and Glu 164, which typically
coordinate the zinc ion of LasB. The carbonyl oxygen of C1 forms a bond with Arg198 while the benzyl
side chain occupies the S2’ binding pocket.
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Figure 3.3.4: A: Crystal structure of C1 with LasB. B: Proposed binding mode of C1 (R-enantiomer), derived
through molecular modelling based on crystal structure of R36. The surface map represents lipophilic (green) and
hydrophilic (magenta) areas of the binding pocket.

The phenyl part of C1 is placed near the entrance of the binding pocket, next to the protein surface but
without any specific interaction. The differences in activity that we observed for substitutions at this
part of the molecule (Table 3.3.2) are possibly caused by different affinities of the aromatic ring or the
substituents to the protein surface.

On the other hand, the benzyl part of C1 is orientated inside the inner region of the binding pocket and
is surrounded more closely by amino acid residues and the protein backbone. Thus, the introduction of
substituents should in principle lead to more significant changes in activity.

Indeed, the introduction of a hydroxyl group in para position of the benzyl part (C3) instead of the
phenyl part (C7) caused a more than 10-fold decrease of activity (Table 3.3.2). Unfortunately, none of
our derivatizations at the benzyl part led to an increase in activity. However, the introduction of different
substituents at the benzyl part may lead to the establishment of a beneficial interaction and is thus a
promising strategy to create more active inhibitors.

Interestingly, we only found the (R)-conformation of C1 in the crystal structure although the racemic
mixture was used for cocrystallisation. This indicates that the (R)-enantiomer is probably the more affine
and thus more active one and represents the E2 enantiomer in Table 3.3.4. However, it can be seen in
the binding mode of C1 that the benzyl group could in principle also be orientated in the (S)-
configuration without causing great deviations in the overall orientation of the molecule explaining the
similar activities of the enantiomers.

Additionally, it is described that for some inhibitors the protein undergoes hinge bending upon binding
for example with phosphoramidon.*®* However, for the N-aryl mercaptoacetamide R36, which was the
starting point of this study, an open conformation (similar to the one without inhibitor) was observed.'#
Interestingly, the crystal structure of LasB with C1 is neither completely open nor closed but can be
described as half-closed.

Selectivity

The inhibition of other zinc-containing enzymes is described frequently for LasB inhibitors and poses a
serious difficulty in the development of selective compounds. Especially the inhibition of human targets
such as metalloproteases should be avoided. We tested three derivatives (C1, C3 and C4) for their
selectivity against MMPs and the off-target ADAM17 (Table 3.3.5).

The selectivity of the compounds is high regarding the MMPs but relatively low for ADAM17 with ICso
values of 2.2 and 2.3 puM for C1 and C3 respectively. However, optimization strategies in order to
increase selectivity are still necessary to create a drug which is closer to a possible application in humans.
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Table 3.3.5: Selectivity of C1 and C3 against off-targets. (n.d. = not determined)
Residual activity [%6]

conc. [M] c1 Cc3 C4
MMP-1 100 91+2 92+6 97 +2
MMP-2 100 91+9 99+ 6 No inh.

MMP-3 100 No inh. No inh. n.d.
MMP-7 100 99+2 No inh. 9%6+1
MMP-8 100 66 + 14 814 96 + 10
MMP-14 100 92+1 No inh. No inh.

IC50
ADAMLY 2201 uM 2314 uM n.d.
Cytotoxicity

C1l and C3 were not cytotoxic against the cell lines HepG2, HEK293 and A549 (Table 3.3.6).
Additionally, the inhibitory effect against P. aeruginosa PA14 was evaluated in order to exclude an
antibacterial effect of our compounds. This is important as we aim to target virulence and not viability
of the bacteria. LDso values on PA14 were greater than 100 uM for both compounds.

Table 3.3.6: Cytotoxicity data and PA14 inhibition of C1 and C3.

C1 C3
HepG2 LDsgy > 100 pM > 100 uM
HEK293 LDsyo > 100 uM > 100 uM
A549 LDsp > 100 puM > 100 uM
MIC PA14 > 100 uM > 100 uM

Conclusion

In this study we applied three different ligand-based approaches based on the formerly discovered thiol
inhibitor R36. In the first approach three further derivatives of the N-benzyl mercaptoacetamides class
were synthesized. In contrast to the study of Kany et al. the derivations were focused on the phenyl part
of the structure instead of the benzyl part. ¥ However, the I1Cso values did not show any improvement
in activity compared to formerly evaluated derivatives.

In the second approach an a-aminomethyl substituent was introduced next to the thiol motif of R36 in
order to achieve a beneficial interaction with the Glu141 residue inside the binding pocket. However,
compound B1 only showed an 1Cs, value of 82 uM suggesting that the desired interaction could not be
established with this motif.

In the third approach the benzyl substituent was not introduced at the nitrogen atom as for the N-benzy!l
mercaptoacetamide class (as for R64) but in a-position to the thiol.

As compound C1 did show an increased activity of 1.2 uM a small library was generated to evaluate
the SAR of this novel class. In total 9 compounds were synthesized and the best compound C4 showed
an activity of 0.48 uM which reflects a 13-fold improvement compared to compound R36. The SAR
was extended with the evaluation of some a-alkyl substituted derivatives which showed increasing
activities the more their structure resembled the benzyl motif.

The separation and evaluation of the enantiomers of the a-benzylated mercaptoacetamides revealed a
slightly higher activity for one enantiomer. As the determination of the crystal structure of C1 showed
only the (R)-configuration we propose that this is the more active enantiomer. The crystal structure did
additionally reveal a half-closed conformation of the protein.
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Interestingly, the orientation of C1 in the binding pocket is in accordance with the model generated
based on the crystal structure of compound R36. With the help of the new crystal structure and the
conclusions of the SAR, it may now be possible to introduce favorable substitution patterns for the
benzyl part in order to further increase activity.

Together with their good selectivity against human off-targets the compounds of the a-benzyl
mercaptoacetamide class represent a promising starting point for the development of an effective drug
against Pseudomonas aeruginosa.

Experimental

General Chemistry: All reagents were used from commercial suppliers without further purification.
Procedures were not optimized regarding yield. NMR spectra were recorded on a Bruker Fourier 500
(500 MHz) spectrometer. Chemical shifts are given in parts per million (ppm) and referenced against
the residual proton, 1H, or carbon, 13C, resonances of the >99% deuterated solvents as internal
reference. Coupling constants (J) are given in Hertz. Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad and combinations of these)
coupling constants and integration. Mass spectrometry was performed on a SpectraSystems-MSQ
LCMS system (Thermo Fisher, Dreieich, Germany). Flash chromatography was performed using the
automated flash chromatography system CombiFlash Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped
with RediSepRf silica columns (Axel Semrau, Sprockhével Germany) or Chromabond Flash C18
columns (Macherey-Nagel, Duren, Germany). Purity of synthesized compounds was determined by
LCMS using the area percentage method on the UV trace recorded at a wavelength of 254 nm and found
to be >95%.

Synthesis

N-benzylmercaptoacetamides were synthesized as described previously.!8

Alc was prepared according to literature using aniline (250 mg, 2.68 mmol), 3-fluorobenzaldehyde (399
mg, 3.22mmol), acetic acid (17 pL, 0.27 mmol) and sodium triacetoxy borhydride (966 mg, 4.56 mmol).
The obtained yellow oil (721 mg) was used without further purification. MS (ESI*) m/z 202.19 (M+H)*.

Alb was prepared according to literature using Alc (720 mg), chloroacetyl chloride (301 pL, 3.80
mmol). The crude product was purified using automated flash chromatography (petroleum ether:ethyl
acetate = 100:0 to 0:100). The product was obtained as yellow oil (440 mg). MS (ESI") m/z 278.11
(M+H)*.

Al was prepared according to literature using Alb (440mg, 1.58 mmol) and ammonium thiocyanate
(133 mg, 1.74 mmol). The crude product was purified using automated flash chromatography in reversed
phase mode (water:acetonitrile (each with 0.1% formic acid) = 30:70 to 0:100). The product was
obtained as light yellow solid (278 mg, 32 % over 3 steps). *H NMR (500 MHz, DMSO-d6) & = 3.51
(br.s.,2H),4.88(s,2H), 7.00-7.08 (m, 3H), 7.26 (d, J=7.3 Hz, 2 H), 7.29 - 7.36 (m, 2 H), 7.37 - 7.43
(m, 2 H), 7.44 - 7.77 (m, 2 H). C NMR (126 MHz, DMSO-d6) & = 32.8, 52.1, 113.9 (d, J=21 Hz),
114.4 (d, J=21 Hz), 123.8, 128.0, 128.1, 129.6, 130.2, 130.3, 140.3 (d, J=6 Hz), 141.7, 162.1 (d, J=244
Hz), 166.1, 168.0. MS (ESI*) m/z 319.18 (M+H)".

A2c was prepared according to literature using m-anisidine (250 mg, 2.03 mmol), 3-fluorobenzaldehyde
(302 mg, 2.44 mmol), acetic acid (12.5 pL, 0.2 mmol) and sodium triacetoxy borhydride (731 mg, 3.45
mmol). The obtained brown oil (680 mg) was used without further purification. MS (ESI*) m/z 232.14
(M+H)*.

A2b was prepared according to literature using A2c (680 mg), chloroacetyl chloride (226 pL, 2.8 mmol).
The crude product was purified using automated flash chromatography (petroleum ether:ethyl acetate =
100:0 to 0:100). The product was obtained as yellow oil (680 mg). MS (ESI*) m/z 308.15 (M+H)".
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A2 was prepared according to literature using A2b (680 mg, 2.21 mmol) and ammonium thiocyanate
(185 mg, 2.43 mmol). The crude product was purified using automated flash chromatography in reversed
phase mode (water:acetonitrile (each with 0.1% formic acid) = 30:70 to 0:100). The product was
obtained as yellow solid (1.37 mg, 67 % over 3 steps). *H NMR (500 MHz, DMSO-d6) § = 3.33 (s, 3
H), 3.55 (br. s., 2 H), 4.87 (s, 2 H), 6.78 - 6.94 (m, 3 H), 7.01 - 7.08 (m, 3 H), 7.25 - 7.37 (m, 2 H), 7.40
-7.80 (m, 2 H). *C NMR (126 MHz, DMS0O-d6) § =32.8, 51.9, 55.2, 113.5, 113.9 (d, J=20 Hz), 114.0,
114.4 (d, J=21 Hz), 120.1, 123.8, 130.2, 130.2, 140.4 (d, J=6 Hz), 142.8, 159.8, 162.1 (d, J=240 Hz),
166.1, 167.9. MS (ESI*) m/z 349.21 (M+H)*.

A3c was prepared according to literature using 3-aminophenol (250 mg, 2.30 mmol), 3-
fluorobenzaldehyde (342 mg, 2.76 mmol), acetic acid (14 pL, 0.23 mmol) and sodium triacetoxy
borhydride (829 mg, 3.91 mmol). The obtained orange-brown oil (549 mg) was used without further
purification. MS (ESI*) m/z 218.15 (M+H)".

A3b was prepared according to literature using A3c (549 mg, 2.53 mmol), chloroacetyl chloride (281
ML, 3.54 mmol). The crude product was purified using automated flash chromatography (petroleum
ether:ethyl acetate = 100:0 to 0:100). The product was obtained as orange-brown oil (615 mg). MS
(ESI*) m/z 294.11 (M+H)*.

A3 was prepared according to literature using A3b (615 mg, 2.10 mmol) and ammonium thiocyanate
(175 mg, 2.30 mmol). The crude product was purified using automated flash chromatography in reversed
phase mode (water:acetonitrile (each with 0.1% formic acid) = 30:70 to 100:0). The product was
obtained as white solid (193 mg, 25 % over 3 steps). *H NMR (500 MHz, DMSO-d6) & = 3.54 (s, 2 H),
4.82 (s, 2 H), 6.62 (t, J=2.1 Hz, 1 H), 6.67 (d, J=7.8 Hz, 1 H), 6.73 (d, J=8.1 Hz, 1 H), 7.01 - 7.09 (m, 3
H), 7.18 (t, J=8.0 Hz, 1 H), 7.33 (q, J=7.5 Hz, 1 H), 7.37 - 7.81 (m, 2 H), 9.72 (s, 1 H). *C NMR (126
MHz, DMSO-d6) 6 = 32.7, 52.0 (br. s.), 113.8 (d, J=22 Hz), 114.3 (d, J=23 Hz), 114.8, 115.1, 118.5,
123.7,130.2, 130.2, 140.5 (d, J=7 Hz), 142.8, 158.1, 162.1 (d, J=238 Hz), 166.1, 167.9. MS (ESI*) m/z
335.19 (M+H)*.

B1f: Phthalimide (1.0 g, 6.8 mmol, 1.0 eq) and triethylamine (0.5 mL, 3.4 mmol, 0.5 eq) were dissolved
in methanol (8 mL) under nitrogen atmosphere. Chloroacrylonoitrile (1.08 mL, 13.6 mmol, 2.0 eq) was
added and the mixture was heated to reflux for 16 hours. The solvent was removed under reduced
pressure and the crude was purified via automated flash chromatography (hexane:ethyl acetate = 100:0
to 0:100). The product was obtained as white solid (737 mg, 46 %). *H NMR (500 MHz, DMSO-ds) &
=4.17 (dd, J=14.5, 6.4 Hz, 1 H), 4.24 (dd, J=14.8, 6.6 Hz, 1 H), 5.51 (t, J=6.5 Hz, 1 H), 7.90 (dd, J=5.6,
3.4 Hz, 2 H), 7.96 (dd, J=5.5, 3.1 Hz, 2 H).

Ble: B1f (300 mg, 1.28 mmol, 1.0 eq) was dissolved in 10 mL concentrated hydrochloric acid and
heated to reflux for 15 h. The mixture was cooled to room temperature and the precipitate was removed
by filtration. The solvent of the filtrate was removed under reduced pressure and a yellow solid was
obtained. The crude was washed with acetone and dried to obtain a white solid (200 mg, 100 %) which
was used without further purification. *H NMR (500 MHz, METHANOL-d,) & = 3.44 (dd, J=13.9, 7.5
Hz, 1 H), 3.55 (dd, J=13.7, 4.7 Hz, 1 H), 4.75 (dd, J=7.3, 4.6 Hz, 1 H).

B1d: Ble (100 mg, 0.63 mmol, 1.0 eq) was dissolved in 4 mL tert-butanol and 2 mL 1M aqueous sodium
hydroxide solution and cooled to 0°C. Di-tert-butyl dicarbonate was added and the mixture was stirred
at room temperature overnight. Tert-butanol was removed under reduced pressure and the remaining
suspension was diluted with 1M hydrochloric acid to pH < 3. The mixture was extracted three times
with ethyl acetate. The combined organic extracts was washed with brine and dried over sodium sulfate.
The crude product was obtained as colorless oil (124 mg, 88 %) and used without further purification.

Blc: B1d (58 mg, 0.26 mmol, 1.0 eq) and aniline (32 pL, 0.35 mmol, 1.35 eq) were dissolved in dry

dichloromethane (5 mL) and cooled to 0°C. Dimethylamino pyridine (6.4 mg, 0.05 mmol, 0.2 eq) was

added and the mixture was stirred for 15 min. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid (75 mg,

0.39 mmol, 1.5 eq) was suspended in dichloromethane and added slowly. The mixture was stirred at
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room temperature for 16 h and then washed three times with 1M hydrochloric acid and once with brine.
The solution was dried over sodium sulfate and the solvent was removed under reduced pressure. The
product was obtained as light brown solid (123 mg) and used without further purification. *H NMR (500
MHz, CHLOROFORM-d) 6 = 1.44 (s, 9 H), 1.47 (s, 9 H), 3.76 - 3.81 (m, 2 H), 4.55 (t, J=5.9 Hz, 1 H),
7.18 (t, J=7.8 Hz, 1 H), 7.36 (t, J=7.9 Hz, 2 H), 7.55 (d, J=8.1 Hz, 2 H), 8.15 (br. s., 1 H). MS (ESI*)
m/z 299.17 (M+H)*.

Blb: Blc (222 mg, 0.74 mmol, 1.0 eq) was dissolved in 5 mL acetone under argon atmosphere.
Potassium thioacetate (127 mg, 1.10 mmol, 1.5 eq) was added and the mixture was stirred for 6 h. The
reaction was quenched with water and extracted 3 times with ethyl acetate. The combined organic
extracts were washed with brine and dried over sodium sulfate. The solvent was removed under reduced
pressure to obtain the crude product as yellow oil. Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (152
mg, 60 %). *H NMR (500 MHz, CHLOROFORM-d) 6 = 1.45 (s, 9 H), 2.45 (s, 3 H), 3.61 - 3.67 (m, 1
H), 4.34 (dd, J=7.2, 49 Hz, 1 H), 5.26 - 5.34 (m, 1 H), 7.13 (t, J=7.4 Hz, 1 H), 7.33 (t, J=7.9 Hz, 2 H),
7.51 (d, J=8.1 Hz, 2 H), 8.30 (br. s., 1 H). MS (ESI*) m/z 339.23 (M+H)".

B1: B1lb (152 mg, 0.45 mmol, 1.0 eq) was dissolved in 9 mL methanol under nitrogen atmosphere. 1M
aqueous sodium hydroxide solution (500 pL, 0.50 mmol, 1.11 eq) was added dropwise and the solution
was stirred for 30 min at room temperature. Trifluoroacetic acid (173 pL, 2.25 mmol, 5.0 eq) was added
and the mixture was stirred for 10 min. Methanol was removed under reduced pressure. The residue was
dissolved in 2.5 mL dichloromethane and trifluoroacetic acid (693 uL, 9.0 mmol, 20.0 eq) was added.
After 40 min the reagents were removed under a nitrogen stream and the residue was dried under reduced
pressure. Purification was done via automated flash chromatography (hexane:ethyl acetate = 100:0 to
0:100). The product was obtained as white solid (30 mg, 34 %). *H NMR (500 MHz, Acetone-d6) § =
3.88 (dd, J=12.4, 6.6 Hz, 1 H), 4.12 (dd, J=12.5, 4.0 Hz, 1 H), 4.55 (dd, J=6.3, 4.2 Hz, 1 H), 5.73 (br.
s., 4 H), 7.10 (t, J=7.4 Hz, 1 H), 7.32 (t, J=7.8 Hz, 2 H), 7.65 (d, J=8.1 Hz, 2 H), 9.56 (br. s., 1 H). 1*C
NMR (126 MHz, Acetone-d6) 6 = 50.3, 51.62, 120.4, 124.9, 129.8, 139.7, 170.6.

General procedure A:

Amino acid (1.0 eq) was dissolved in 6N hydrochloric acid (2 mL/mmol or until mostly dissolved) under
nitrogen atmosphere and cooled to -5°C. Sodium nitrite (1.5 to 2.5 eq) was dissolved in water (0.3
mL/mmaol amino acid) and added slowly dropwise. The mixture was stirred overnight while warming to
room temperature. The reaction mixture was extracted three times with dichloromethane. The combined
organic extracts were washed with brine and dried over sodium sulfate. The solvent was removed under
reduced pressure to obtain the crude product.

Cle was prepared according to general procedure A using L-phenylalanine (1000 mg, 6.0 mmol) and
sodium nitrite (1460 mg, 21.2 mmol). The crude product was obtained as light yellow oil (1050 mg) and
used without further purification. 'H NMR (CHLOROFORM-d) § = 3.21 (dd, J=14.1, 7.9 Hz, 1 H), 3.42
(dd, J=14.0, 6.7 Hz, 1 H), 4.51 (dd, J=7.8, 6.9 Hz, 1 H), 7.24 - 7.37 (m, 5 H). MS (ESI") m/z 183.25 (M-
H)", 147.23 (M-H-HCI)".

C7e was prepared according to general procedure A using L-tyrosine (500 mg, 2.76 mmol) and sodium
nitrite (286 mg, 4.10 mmol). The crude product was purified using automated flash chromatography
(petroleum ether:ethyl acetate = 100:0 to 0:100). The product was obtained in a mixture as light yellow
oil (385 mg) and used without further purification. *H NMR (CHLOROFORM-d) & = 3.14 (dd, J=14.1,
7.2 Hz, 1 H),3.27-3.35 (m, 1 H), 4.44 (t, J=7.3 Hz, 1 H), 6.77 (m, 2 H), 7.10 (m, 2 H). MS (ESI") m/z
199.22 (M-H)", 163.20 (M-H-HCI).

C8e was prepared according to general procedure A using L-tyrosine (500 mg, 2.76 mmol) and sodium
nitrite (665 mg, 3.5 mmol). The crude product was purified using automated flash chromatography
(petroleum ether:ethyl acetate = 100:0 to 0:100). The product was obtained in a mixture as brown oil
(344 mg) and used without further purification. 'H NMR (CHLOROFORM-d) & = 3.22 (dd, J=14.4, 7.9
Hz, 1 H), 3.39 (dd, J=14.4, 6.2 Hz, 1 H), 4.49 (dd, J=7.5, 6.4 Hz, 1 H), 7.14 (d, J=8.7 Hz, 1 H), 7.50
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(dd, J=8.5, 2.1 Hz, 1 H), 8.02 (d, J=2.0 Hz, 1 H), 10.53 (br s, 1 H). MS (ESI") m/z 244.19 (M-H)", 208.22
(M-H-HClIY-

C9e was prepared according to general procedure A using 4-methyl-DL-phenylalanine (200 mg, 1.12
mmol) and sodium nitrite (192 mg, 2.79 mmol). The crude product was obtained as yellow oil (206 mg)
and used without further purification. MS (ESI") m/z 197.15 (M-H)", 161.15 (M-H-HCI)".

General procedure B:

The acid (1.0 eq), thionyl chloride (2.0 eq) and a few drops of dimethylformamide were heated to 70 °C
for 1h. The cooled mixture was added dropwise to a cooled solution (0°C) of aniline (1.1 eq) in
dimethylformamide (ImL/mmol). The mixture was stirred over night at room temperature. The reaction
was quenched with water and extracted three times with ethyl acetate. Combined organic extracts were
washed with brine and dried over sodium sulfate. The solvent was removed under reduced pressure to
obtain the crude product.

C1d was prepared according to general procedure B using Cle (934 mg), thionyl chloride (734 uL, 10.1
mmol) and aniline (507 pL, 5.56 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (404 mg). *H NMR
(DMSO-de) 6 = 3.13 (dd, J=13.9, 7.8 Hz, 1 H), 3.41 (dd, J=13.8, 7.2 Hz, 1 H), 4.76 (t, J=7.5 Hz, 1 H),
7.04-7.11(m,1H),7.19-727 (m,1H),7.28-7.38(m,6H),7.52-7.60(m,2H),7.95(s,1H). MS
(ESI*) m/z 260.08 (M+H)".

C2d was prepared according to general procedure B using Cle (350 mg, 1.90 mmol), thionyl chloride
(275 pL, 3.8 mmol) and 3,4-dichloroaniline (339 mg, 2.1 mmol). Purification was done via automated
flash chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid
(388 mg). MS (ESI*) m/z 330.09 (M+H)".

C3d was prepared according to general procedure B using Cle (300 mg, 1.62 mmol), thionyl chloride
(239 L, 3.25 mmol) and 4-aminophenol (195 mg, 1.79 mmol). Purification was done via automated
flash chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid
(264 mg). *H NMR (acetone) 6 = 3.16 (dd, J=13.8, 7.2 Hz, 1 H), 3.47 (dd, J=13.7, 7.3 Hz, 1 H), 4.65 (t,
J=7.3 Hz, 1 H), 6.76 (d, J=8.8 Hz, 2 H), 7.20 - 7.24 (m, 1 H), 7.26 - 7.33 (m, 4 H), 7.41 (d, J=8.8 Hz, 2
H), 8.24 (s, 1 H), 9.19 (br s, 1 H). MS (ESI*) m/z 276.00 (M+H)*.

C4d was prepared according to general procedure B using Cle (200 mg, 1.08 mmol), thionyl chloride
(157 pL, 2.17 mmol) and p-toluidine (128 mg, 1.19 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (198
mg). *H NMR (CHLOROFORM-d) & = 2.34 (s, 3 H), 3.31 (dd, J=14.3, 7.8 Hz, 1 H), 3.54 (dd, J=14.3,
4.4 Hz, 1 H), 4.68 (dd, J=7.8, 4.4 Hz, 1 H), 7.15 (d, J=8.2 Hz, 2 H), 7.26 - 7.37 (m, 7 H), 8.02 (br s, 1
H).

C5d was prepared according to general procedure B using Cle (200 mg, 1.08 mmol), thionyl chloride
(157 pL, 2.17 mmol) and 4-nitroaniline (164 mg, 1.19 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained in a 6:4 mixture
with educt as yellow oil (198 mg). *H NMR (CHLOROFORM-d) & = 3.34 (dd, J=14.3, 7.5 Hz, 1 H),
3.53(dd, J=14.3,4.6 Hz, 1 H), 4.73 (dd, J=7.5,4.6 Hz, 1 H), 7.24 - 7.36 (m, 5 H), 7.65 - 7.70 (m, 2 H),
8.21-8.26 (m, 2 H), 8.33 (br s, 1 H). MS (ESI*) m/z 305.11 (M+H)".

C6d was prepared according to general procedure B using Cle (200 mg, 1.08 mmol), thionyl chloride
(157 pL, 2.17 mmol) and p-anisidine (147 mg, 1.19 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained in a 6:4 mixture
with educt as green solid (234 mg). *H NMR (CHLOROFORM-d) & = 3.32 (dd, J=14.3, 7.6 Hz, 1 H),
3.52 (dd, J=14.3, 4.4 Hz, 1 H), 3.81 (s, 3 H), 4.71 (dd, J=7.8, 4.4 Hz, 1 H), 6.86 - 6.90 (m, 2 H), 7.24 -
7.38 (m, 7 H), 8.01 (br s, 1 H). MS (ESI*) m/z 290.04 (M+H)".
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C7d was prepared according to general procedure B using C7e (283 mg, 1.4 mmol), thionyl chloride
(205 uL, 2.8 mmol) and aniline (142 pL, 1.55 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow oil (194
mg, 50 %). *H NMR (acetone) & = 3.08 (dd, J=13.9, 6.9 Hz, 1 H), 3.39 (dd, J=13.9, 7.8 Hz, 1 H), 4.61
(t, )=7.3 Hz, 1 H), 6.75 (d, J=8.4 Hz, 2 H), 7.09 (t, J=7.0 Hz, 1 H), 7.14 (d, J=8.4 Hz, 2 H), 7.30 (t,
J=7.8 Hz, 2 H), 7.62 (d, J=8.1 Hz, 2 H), 8.22 (s, 1 H), 9.36 (br s, 1 H). 3C NMR (acetone) & = 40.9,
60.9, 116.2, 120.6, 125.0, 128.4, 129.7, 131.5, 139.5, 157.4, 167.4. MS (ESI*) m/z 276.08 (M+H)*.

C8d was prepared according to general procedure B using C8e (300 mg, 1.22 mmol), thionyl chloride
(218 pL, 3.0 mmol) and aniline (150 pL, 1.65 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (189
mg, 48 %). 'H NMR (CHLOROFORM-d) & = 3.39 (dd, J=14.6, 7.5 Hz, 1 H), 3.50 (dd, J=14.6, 4.7 Hz,
1 H), 4.69 (dd, J=7.4, 4.3 Hz, 1 H), 7.12 (d, J=8.7 Hz, 1 H), 7.19 (t, J=7.9 Hz, 1 H), 7.37 (t, J=7.9 Hz,
2 H), 7.49 (d, J=7.8 Hz, 2 H), 7.52 (dd, J=8.5, 2.1 Hz, 1 H), 8.07 (d, J=2.1 Hz, 1 H), 8.15 (br s, 1H),
10.54 (s, 1 H). °C NMR (CHLOROFORM-d) & = 39.6, 60.8, 119.9, 120.0, 125.2, 125.7, 127.9, 128.9,
133.1, 136.2, 138.8, 154.0, 165.1. MS (ESI*) m/z 321.16 (M+H)*.

C9ad was prepared according to general procedure B using C8e (335 mg, 1.68 mmol), thionyl chloride
(244 pL, 3.36 mmol) and aniline (196 uL, 1.85 mmol). Purification was done via automated flash
chromatography (hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (169
mg, 37 %). *H NMR (CHLOROFORM-d) & = 2.34 (s, 3 H), 3.28 (dd, J=14.3, 7.8 Hz, 1 H), 3.50 (dd,
J=14.3, 4.4 Hz, 1 H), 4.67 (dd, J=7.8, 4.4 Hz, 1 H), 7.11 - 7.20 (m, 6 H), 7.36 (t, J=7.8 Hz, 2 H), 7.49
(brd, J=8.2 Hz, 2 H), 8.07 (br s, 1 H). ®*C NMR (CHLOROFORM-d) & = 20.8, 40.8, 61.8, 120.0, 124.9,
128.8, 128.9, 129.3, 132.5, 136.5, 136.7, 166.0. MS (ESI*) m/z 274.04 (M+H)*.

General procedure C:

The amide (1.0 eq), triethylamine (2.0 eq) and dimethylaminopyridine (0.03 eq) were dissolved in
dichloromethane (5mL/mmol) and cooled to 0°C. Acetic anhydride (2.0 eq) was added dropwise. The
solution was warmed to room temperature and stirred for 30 min. The reaction was quenched with
dichloromethane, washed with brine and dried over sodium sulfate. The solvent was removed under
reduced pressure to obtain the crude product.

C3c was prepared according to general procedure C using C3d (264 mg, 0.96 mmol), trimethylamine
(266 pL, 1.92 mmol), dimethylaminopyridine (3.5 mg, 0.03 mmol) and acetic anhydride (181 L, 1.92
mmol). Purification of the crude was done via automated flash chromatography (hexane:ethyl acetate =
100:0 to 0:100). The product was obtained as yellow solid (300 mg, 94 %). 'H NMR (acetone) § = 2.23
(s, 7 H), 3.19 (dd, J=13.8, 7.2 Hz, 2 H), 3.50 (dd, J=13.9, 7.5 Hz, 3 H), 4.70 (t, J=7.3 Hz, 2 H), 7.07 (d,
J=8.9 Hz, 5 H), 7.23 (s, 2 H), 7.28 (br d, J=5.3 Hz, 2 H), 7.30 (s, 2 H), 7.31 (br d, J=2.1 Hz, 5 H), 7.64
(d, J=8.9 Hz, 4 H), 9.48 (br s, 1 H). *C NMR (acetone) § = 21.0, 41.5, 60.6, 121.4, 123.0, 123.9, 127.9,
129.4, 130.4, 131.0, 136.9, 137.8, 148.2, 167.3, 169.8. MS (ESI*) m/z 318.07 (M+H)*.

C7c was prepared according to general procedure C using C7d (180 mg, 0.65 mmol), trimethylamine
(180 pL, 1.30 mmol), dimethylaminopyridine (2.4 mg, 0.02 mmol) and acetic anhydride (123 pL, 1.30
mmol). Purification of the crude was done via automated flash chromatography (hexane:ethyl acetate =
100:0 to 0:100). The product was obtained as white solid (114 mg, 55 %). *H NMR (acetone) 5 = 2.23
(s, 10 H), 3.20 (dd, J=13.9, 7.3 Hz, 4 H), 3.50 (dd, J=13.9, 7.3 Hz, 4 H), 4.71 (t, J=7.3 Hz, 4 H), 7.05
(d, J=8.4 Hz, 8 H), 7.08 - 7.13 (m, 5 H), 7.31 (t, J=7.9 Hz, 8 H), 7.35 (d, J=8.4 Hz, 8 H), 7.62 (br d,
J=7.9 Hz, 7 H), 9.44 (br s, 1 H). 3C NMR (acetone) & = 21.0, 40.8, 60.6, 120.7, 122.7, 125.1, 129.7,
131.4,135.2, 139.5, 151.1, 167.3, 169.7. MS (ESI*) m/z 318.07 (M+H)".

C8c was prepared according to general procedure C using C8d (189 mg, 0.59 mmol), trimethylamine

(164 pL, 1.18 mmol), dimethylaminopyridine (2.0 mg, 0.02 mmol) and acetic anhydride (112 pL, 1.18

mmol). Purification of the crude was done via automated flash chromatography (hexane:ethyl acetate =

100:0 to 0:100). The product was obtained as yellow solid (200 mg, 93 %). 'H NMR (acetone) § = 2.31

(s, 3H), 3.37 (dd, J=14.1, 7.9 Hz, 1 H), 3.63 (dd, J=14.1, 6.6 Hz, 1 H), 4.84 (t, J=7.2 Hz, 1 H), 7.11 (t,

J=7.4Hz, 1 H),7.32(t,J=7.9 Hz, 2 H), 7.36 (d, J=8.2 Hz, 1 H), 7.62 (d, J=8.2 Hz, 2 H), 7.77 (dd, J=8.4,
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2.0 Hz, 1 H), 8.15 (d, J=2.0 Hz, 1 H), 9.50 (br s, 1 H). *C NMR (acetone) & = 20.8, 40.2, 60.1, 120.7,
125.2,126.2, 127.3, 129.8, 130.6, 137.3, 139.3, 142.7, 143.8, 166.9, 169.1.

General Procedure D:

The amide (1.0eq) was dissolved under argon atmosphere in acetone (5SmL/mmol). 1.5 eq of potassium
thioacetate was added and the reaction was stirred for 2-6 h (TLC control) at room temperature. The
reaction was quenched with water and extracted 3 times with ethyl acetate. Combined organic extracts
were washed with brine and dried over sodium sulfate. The solvent was removed under reduced pressure
to obtain the crude product.

C1b was prepared according to general procedure D using C1d (242 mg, 0.93 mmol) and potassium
thioacetate (118 mg, 1.12 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as colorless oil (127 mg, 46 %). 'H
NMR (CHLOROFORM-d) 6 = 1.59 (s, 3 H), 2.38 (s, 3 H), 3.01 (dd, J=14.1, 7.1 Hz, 1 H), 3.46 (dd,
J=14.1, 8.5 Hz, 1 H), 4.30 (t, J=7.7 Hz, 1 H), 7.07 - 7.12 (m, 1 H), 7.22 - 7.33 (m, 6H), 7.46 (d, J=8.2
Hz, 2 H), 7.96 (br s, 1 H). *C NMR (CHLOROFORM-d) & = 30.4, 35.7, 48.5, 119.8, 124.4, 127.0,
128.6, 128.9, 129.2, 137.6, 137.6, 168.3, 197.3. MS (ESI*) m/z 300.17 (M+H)*, 258.10 (M-Ac+2H)*.

C2b was prepared according to general procedure D using C2d (388 mg, 1.18 mmol) and potassium
thioacetate (202 mg, 1.77 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as colorless oil (361 mg, 83 %). MS
(ESI*) m/z 369.11 (M+H)*, 327.11 (M-Ac+2H)".

C3b was prepared according to general procedure D using C3c (280 mg, 0.88 mmol) and potassium
thioacetate (151 mg, 1.32 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (244 mg, 77 %). *H
NMR (acetone) 6 = 2.22 (s, 3 H), 2.34 (s, 3 H), 2.95 (dd, J=13.6, 6.0 Hz, 1 H), 3.35 (dd, J=13.6, 9.3 Hz,
1 H), 4.41 (dd, J=9.3, 6.0 Hz, 1 H), 7.03 (d, J=8.9 Hz, 2 H), 7.18 - 7.22 (m, 1 H), 7.24 - 7.30 (m, 3 H),
7.58 (d, J=8.8 Hz, 2 H), 9.32 (br s, 1 H). MS (ESI*) m/z 358.13 (M+H)*, 282.03 (M-HSAc+H)*.

C4b was prepared according to general procedure D using C4d (190 mg, 0.69 mmol) and potassium
thioacetate (119 mg, 1.04 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (156 mg, 72 %). H
NMR (500 MHz, CHLOROFORM-d) & = 2.31 (s, 3 H), 2.37 (s, 3 H), 3.01 (dd, J=14.0, 7.0 Hz, 1 H),
3.45 (dd, J=14.2, 8.4 Hz, 1 H), 4.26 - 4.32 (m, 1 H), 7.10 (d, J=8.2 Hz, 2 H), 7.22 - 7.36 (m, 8 H), 7.87
(d, J=11.9 Hz, 1 H). *C NMR (CHLOROFORM-d) & = 20.8, 30.4, 35.8, 48.5, 119.8, 127.0, 128.6,
129.2,129.4, 134.1, 135.0, 137.6, 168.1, 197.2. MS (ESI*) m/z 314.10 (M+H)*, 272.04 (M-Ac+2H)".

C5b was prepared according to general procedure D using C5d (190 mg, 0.78 mmol) and potassium
thioacetate (134 mg, 1.17 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow oil (127 mg, 47 %). ‘H
NMR (500 MHz, CHLOROFORM-d) 6 =2.41 (s, 3 H), 3.01 (dd, J=14.2, 7.0 Hz, 1 H), 3.46 (dd, J=14.2,
8.5 Hz, 1 H), 4.31 (dd, J=8.5, 7.1 Hz, 1 H), 7.23 - 7.28 (m, 4 H), 7.29 - 7.33 (m, 2 H), 7.61 - 7.66 (m, 2
H), 8.15 - 8.21 (m, 2 H), 8.45 (br. s., 1 H). 3C NMR (CHLOROFORM-d) 6 = 30.2, 35.0, 48.1, 119.0,
124.8, 126.9, 128.4, 128.9, 136.8, 143.1, 143.4, 168.6, 197.9. MS (ESI*) m/z 345.11 (M+H)*, 303.03
(M-Ac+2H)*.

C6b was prepared according to general procedure D using C6d (230mg, 0.95 mmol) and potassium
thioacetate (162 mg, 1.42 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow solid (126 mg, 40 %). *H
NMR (500 MHz, CHLOROFORM-d) 8 =2.38 (s, 3 H), 3.01 (dd, J=14.1, 7.1 Hz, 1 H), 3.44 (dd, J=14.0,
8.4Hz,1H),3.79 (s, 3H),4.28 (dd, J=8.4, 7.2 Hz, 1 H), 6.81 - 6.86 (m, 2 H), 7.23 - 7.33 (m, 8 H), 7.34
-7.37(m, 2 H), 7.81 (br.s., 1 H). *C NMR (CHLOROFORM-d) § = 30.7, 36.1, 48.7, 55.7,114.3, 121.8,
127.2, 128.8, 129.5, 130.9, 137.9, 156.7, 168.3, 197.4. MS (ESI*) m/z 330.08 (M+H)*, 288.08 (M-
Ac+2H)".
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C7b was prepared according to general procedure D using C7c¢ (130 mg, 0.41 mmol) and potassium
thioacetate (70 mg, 0.61 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow oil (125 mg, 87 %). H
NMR (CHLOROFORM-d) & = 2.29 (s, 3 H), 2.39 (s, 3 H), 2.99 (dd, J=14.2, 7.0 Hz, 1 H), 3.45 (dd,
J=14.2,8.5 Hz, 1 H), 4.25 - 4.29 (m, 1 H), 7.02 (d, J=8.4 Hz, 2 H), 7.11 (br d, J=7.3 Hz, 1 H), 7.26 -
7.33 (m, 5 H), 7.46 (d, J=7.9 Hz, 2 H), 7.97 (s, 1 H). MS (ESI*) m/z 358.10.08 (M+H)*, 316.10 (M-
Ac+2H)".

C8b was prepared according to general procedure D using C8c (185 mg, 0.51 mmol) and potassium
thioacetate (87 mg, 0.76 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow oil (166 mg, 81 %). H
NMR (acetone) 6 = 2.30 (s, 3 H), 2.35 (s, 3 H), 3.12 (dd, J=13.7, 6.4 Hz, 1 H), 3.50 (dd, J=13.8, 8.8 Hz,
1 H), 4,51 (dd, J=8.7, 6.6 Hz, 1 H), 7.07 (t, J=7.4 Hz, 1 H), 7.28 (t, J=7.9 Hz, 2 H), 7.32 (d, J=8.4 Hz,
1 H), 7.56 (d, J=8.2 Hz, 2 H), 7.71 (dd, J=8.2, 1.8 Hz, 1 H), 8.09 (d, J=1.7 Hz, 1 H), 9.36 (br s, 1 H).
13C NMR (acetone) & = 20.7, 38.0, 49.8, 120.5, 124.9, 126.1, 127.1, 129.7, 137.0, 138.5, 139.6, 142.6,
143.6, 168.5, 169.1, 194.8.

C9b was prepared according to general procedure D using C9d (169 mg, 0.62 mmol) and potassium
thioacetate (106 mg, 0.93 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as yellow oil (122 mg, 63 %). ‘H
NMR (CHLOROFORM-d) & = 2.32 (s, 3 H), 2.38 (s, 3 H), 2.97 (dd, J=14.2, 7.2 Hz, 1 H), 3.41 (dd,
J=14.1, 8.3 Hz, 1 H), 4.28 (dd, J=8.3, 7.2 Hz, 1 H), 7.09 - 7.13 (m, 3 H), 7.14 - 7.18 (m, 2 H), 7.28 -
7.32(m, 2 H), 7.44 - 7.48 (m, 2 H), 7.96 (br s, 1 H). *C NMR (CHLOROFORM-d) 6 = 21.1, 30.4, 35.3,
48.6, 119.8, 124.4, 129.0, 129.1, 129.3, 134.5, 136.6, 137.7, 168.4, 197.4. MS (ESI*) m/z 314.10
(M+H)*, 272.03 (M-Ac+2H)".

General procedure E:

The thioacetate (1.0 eq) was dissolved in methanol (5 mL/mmol) under argon atmosphere and 2M
aqueous solution of sodium hydroxide (2.0 eq) was added. The reaction was stirred 1h at room
temperature before quenching with 1M hydrochloric acid. Reaction was extracted 3 times ethyl acetate.
Combined organic extracts were washed with brine and dried over sodium sulfate. The solvent was
removed under reduced pressure to obtain the crude product.

C1 was prepared according to general procedure E using C1b (127 mg, 0.42 mmol) and 2M sodium
hydroxide solution (420 pL, 0.84 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (46 mg, 43 %). 'H
NMR (500 MHz, CHLOROFORM-d) 8 = 2.11 (d, J=8.9 Hz, 1 H), 3.24 (dd, J=13.8, 6.8 Hz, 1 H), 3.38
(dd, J=13.8, 6.5 Hz, 1 H), 3.72 (dd, J=14.8, 6.6 Hz, 1 H), 7.14 (t, J=7.6 Hz, 1 H), 7.23 - 7.29 (m, 4 H),
7.29 -7.36 (m, 4 H), 7.46 (d, J=8.1 Hz, 2 H), 8.02 (br. s., 1 H). *C NMR (126 MHz, CHLOROFORM-
d) 6 =41.5,45.9, 120.0, 124.8, 127.1, 128.6, 129.0, 129.4, 137.2, 137.3, 169.5. MS (ESI*) m/z 258.09
(M+H)*.

C2 was prepared according to general procedure E using C2b (361 mg, 0.98 mmol) and 2M sodium
hydroxide solution (980 pL, 1.96 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (138 mg, 43 %). H
NMR (500 MHz, CHLOROFORM-d) 6 = 2.11 (d, J=9.0 Hz, 1 H), 3.25 (dd, J=13.9, 6.7 Hz, 1 H), 3.34
(dd, J=14.3, 6.6 Hz, 1 H), 3.72 (dd, J=15.3, 6.9 Hz, 1 H), 7.22 (d, J=7.2 Hz, 2 H), 7.25 - 7.28 (m, 1 H),
7.31 (dd, J=14.6, 6.9 Hz, 3 H), 7.37 (d, J=8.7 Hz, 1 H), 7.71 (d, J=2.0 Hz, 1 H), 8.06 (br. s., 1 H). 3C
NMR (126 MHz, CHLOROFORM-d) 6 = 41.3, 45.7, 119.1, 121.6, 127.3, 128.0, 128.7, 129.4, 130.5,
132.9, 136.6, 137.0, 169.7. MS (ESI*) m/z 326.24 & 328.02 (M+H)* (Cl isotopes).

C3 was prepared according to general procedure E using C3b (240 mg, 0.67 mmol) and 2M sodium

hydroxide solution (1050 pL, 2.1 mmol). Purification was done via automated flash chromatography

(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (68 mg, 37 %). 'H

NMR (500 MHz, Acetone-d6) & = 2.50 (d, J=9.5 Hz, 1 H), 2.99 (dd, J=13.6, 6.3 Hz, 1 H), 3.32 (dd,

J=13.5, 8.8 Hz, 1 H), 3.70 (td, J=8.9, 6.5 Hz, 1 H), 6.75 (d, J=9.3 Hz, 2 H), 7.19 (dt, J=5.8, 2.8 Hz, 1 H),
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7.26 (d, J=2.3 Hz, 2 H), 7.27 (s, 2 H), 7.38 (d, J=8.8 Hz, 2 H), 8.22 (s, 1 H), 9.05 (br. s., 1 H). *°C NMR
(126 MHz, Acetone-d6) 8 = 43.3, 45.2, 116.0, 122.1, 127.5, 129.2, 130.1, 132.1, 139.9, 154.8, 170.7.
MS (ESI*) m/z 274.01 (M+H)*.

C4 was prepared according to general procedure E using C4b (100 mg, 0.32 mmol) and 2M sodium
hydroxide solution (320 pL, 0.64 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (58 mg, 67 %). *H
NMR (500 MHz, CHLOROFORM-d) & = 2.10 (d, J=8.9 Hz, 1 H), 2.33 (s, 3 H), 3.24 (dd, J=13.0, 6.4
Hz, 1 H), 3.37 (dd, J=14.0, 6.4 Hz, 1 H), 3.70 (dt, J=8.8, 6.7 Hz, 1 H), 7.13 (d, J=8.4 Hz, 2 H), 7.23 -
7.28 (m, 5 H), 7.29 - 7.36 (m, 4 H), 7.94 (br. s., 1 H). **C NMR (126 MHz, CHLOROFORM-d) § =
20.9, 41.5, 45.8, 120.1, 127.1, 128.6, 129.5, 129.5, 134.5, 134.7, 137.4, 169.4. MS (ESI*) m/z 272.03
(M+H)*.

C5 was prepared according to general procedure E using C5b (95 mg, 0.28 mmol) and 2M sodium
hydroxide solution (280 pL, 0.56 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as colorless oil (52 mg, 61 %). 'H
NMR (500 MHz, CHLOROFORM-d) 8 = 2.15 (d, J=9.0 Hz, 1 H), 3.28 (dd, J=13.9, 6.9 Hz, 1 H), 3.37
(dd, J=13.9, 6.4 Hz, 1 H), 3.77 (dt, J=9.1, 6.6 Hz, 1 H), 7.22 - 7.25 (m, 2 H), 7.27 - 7.34 (m, 3 H), 7.64
-7.69 (m, 2 H), 8.20 - 8.24 (m, 2 H), 8.35 (br. s., 1 H). *C NMR (126 MHz, CHLOROFORM-d) & =
41.5,46.1,119.5,125.3,127.6, 129.0, 129.6, 137.1, 143.2, 144.2, 170.3. MS (ESI*) m/z 303.06 (M+H)*.

C6 was prepared according to general procedure E using C6b (95 mg, 0.29mmol) and 2M sodium
hydroxide solution (290 pL, 0.58 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (45 mg, 54 %). 'H
NMR (500 MHz, CHLOROFORM-d) & = 2.10 (d, J=8.9 Hz, 1 H), 3.24 (dd, J=14.0, 6.4 Hz, 1 H), 3.36
(dd, J=13.7, 6.7 Hz, 1 H), 3.70 (dt, J=8.9, 6.6 Hz, 1 H), 3.80 (s, 3 H), 6.84 - 6.89 (m, 2 H), 7.23 - 7.28
(m, 4 H), 7.31 (d, J=7.5 Hz, 2 H), 7.33 - 7.37 (m, 2 H), 7.90 (br. s., 1 H). 3C NMR (126 MHz,
CHLOROFORM-d) 6 =41.8, 46.0, 55.7, 114.4, 122.2, 127.4, 128.8, 129.7, 130.5, 137.6, 157.0, 169.6.
MS (ESI*) m/z 288.05 (M+H)*.

C7 was prepared according to general procedure E using C7b (120 mg, 0.34 mmol) and 2M sodium
hydroxide solution (340 pL, 0.68 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (41 mg, 44 %). 'H
NMR (500 MHz, Acetone-d6) 4 = 2.48 (br. s., 1 H), 2.91 (dd, J=13.7, 6.1 Hz, 1 H), 3.24 (dd, J=13.7,
8.9 Hz, 1 H), 3.67 (dd, J=8.7, 6.1 Hz, 1 H), 6.72 (d, J=8.4 Hz, 2 H), 7.05 (t, J=7.3 Hz, 1 H), 7.09 (d,
J=8.4 Hz, 2 H), 7.27 (t, J=7.9 Hz, 2 H), 7.59 (d, J=8.2 Hz, 2 H), 8.16 (br. s., 1 H), 9.21 (br. s., 1 H). 1*C
NMR (126 MHz, Acetone- d6) § = 42.5, 45.6, 116.0, 120.3, 124.5, 129.6, 130.4, 131.1, 140.1, 157.1,
171.5. MS (ESI*) m/z 274.01 (M+H)".

C8 was prepared according to general procedure E using C8b (160mg, 0.40 mmol) and 2M sodium
hydroxide solution (600 uL, 1.2 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as light green solid (70 mg, 50 %).
'H NMR (500 MHz, Acetone-d6) & = 2.60 (d, J=9.8 Hz, 1 H), 3.07 (dd, J=13.8, 6.6 Hz, 1 H), 3.36 (dd,
J=13.7, 8.4 Hz, 1 H), 3.79 (ddd, J=8.9, 7.0 Hz, 1 H), 7.06 (t, J=7.3 Hz, 1 H), 7.12 (d, J=8.5 Hz, 1 H),
7.28 (t, J=7.9 Hz, 2 H), 7.58 (d, J=8.1 Hz, 2 H), 7.63 (dd, J=8.5, 2.1 Hz, 1 H), 8.06 (d, J=2.0 Hz, 1 H),
9.33 (br. s., 1 H), 10.33 (s, 1 H). *C NMR (126 MHz, Acetone-d6) & = 41.5, 45.0, 120.4, 120.6, 124.7,
126.2,129.7, 132.2, 134.8, 139.7, 139.9, 154.3, 171.0. MS (ESI*) m/z 319.04 (M+H)*.

C9 was prepared according to general procedure E using C9b (90 mg, 0.29 mmol) and 2M sodium
hydroxide solution (290 pL, 0.58 mmol). Purification was done via automated flash chromatography
(hexane:ethyl acetate = 100:0 to 0:100). The product was obtained as white solid (55 mg, 70 %). *H
NMR (500 MHz, CHLOROFORM-d) & = 2.09 (d, J=8.9 Hz, 1 H), 2.33 (s, 3 H), 3.21 (dd, J=13.8, 6.8
Hz, 1 H), 3.33 (dd, J=13.9, 6.7 Hz, 1 H), 3.70 (dt, J=8.6, 6.7 Hz, 1 H), 7.09 - 7.17 (m, 5 H), 7.34 (t,
J=7.9 Hz, 2 H), 7.48 (br d, J=7.8 Hz, 2 H), 8.03 (br s, 1 H). 3C NMR (CHLOROFORM-d) & = 21.1,
41.0,46.0, 120.0, 124.7,129.0, 129.3, 129.3, 134.1, 136.8, 137.3, 169.6. MS (ESI*) m/z 272.02 (M+H)*.
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Enantiomer separation: The enantiomers were separated using a Daicel ChiralPak® IE column (5 pum,
10 x 250 mm) with a preparative HPLC (Thermo Scientific Ultimate 3000, consisting of Dionex
Ultimate 3000 pump, diode array detector and automated fraction collector) monitoring the absorbance
at 254 nm. An isocratic flow of 5 mL/min was applied with the following solvent composition:
Compound C1: hexane:methyl-tert-butyl ether (MtBE) = 55:45, Compound C2: hexane:MtBE = 65:35.

Characterization of Enantiomers: A JASCO J-1500 CD spectrometer was used for sample analysis,
employing a 1 cm quartz cuvette. Instrument conditions were as follows: temperature 25°C, bandwidth
of 2 nm, wavelength range of 280-210 or 280-230 nm (dependent on compound absorbance), data pitch
of 1 nm, scanning speed of 50 nm/min, and two-scan accumulation (averaged at end).

LC-MS Based Stability Assay: The stability assay was performed as described previously with slight
modifications?*: The UV254 chromatogram of 20 uM thiol compound in buffer (50 mM Tris pH 7.2,
2.5 mM CaCl2) in presence of 20 uM caffeine as internal standard was measured. Injections were
performed every 6.5 minutes during 120 minutes in total. Compounds and ISTD were dissolved in
MeOH and diluted in assay buffer, giving a final volume of 2000 uL with a methanol concentration of
10% (v/v). The solution of internal standard in assay buffer was incubated at 22.5°C for at least 10 min
before adding thiols. Measurements were started directly after compound addition.

Expression and Purification of LasB was done as described previously.'#

In vitro Inhibition Assay was performed as described previously.1®

Human MMP Inhibition Assay was performed as described previously.*

ADAM17 Inhibition Assay was performed as described previously.?

Cytotoxicity Assay was performed as described previously for HepG2 and HEK 293185216

X-Ray Crystallography: LasB was expressed and purified as described previously.'® The protein was
concentrated to 12 mg/ml and mixed with inhibitor C1 at a final concentration of 1 mM. Complex
crystals were obtained in 0.1 M sodium acetate pH 4.6, and 15 % (w/v) PEG 20,000. Crystal were
cryoprotected in glycerol, and diffraction data was collected from single crystals at 100 K at beamline
ID30A-3 (ESRF) at a wavelength of 0.967 A. Data was processed using Xia2?'” or XDS?'® and the
structure solved using PHASER?® Molecular Replacement with Pseudomonas aeruginosa elastase
(PDB ID 1EZM) as a search model. The models were manually rebuilt with COOT??° and refined using
PHENIX?% and Refmac5%%2.

Molecular Modelling was performed as described previously.1®

65



3.4 Chapter D: Tackling Pseudomonas aeruginosa Virulence by a Hydroxamic
Acid-Based LasB Inhibitor?®

Andreas M. Kany, Asfandyar Sikandar, Samir Yahiaoui, Jorg Haupenthal, Isabell Walter,
Martin Empting, Jesko Kéhnke, and Rolf W. Hartmann

Reprinted with permission from ACS Chemical Biology 2018 13 (9), 2449-2455, DOI:
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ABSTRACT: In search of novel antibiotics to combat the
challenging spread of resistant pathogens, bacterial proteases
represent promising targets for pathoblocker development. A
common motif for protease inhibitors is the hydroxamic acid
function, yet this group has often been related to unspecific
inhibition of various metalloproteases. In this work, the
inhibition of LasB, a harmful zinc metalloprotease secreted by
Pseudomonas aeruginosa, through a hydroxamate derivative is
described. The present inhibitor was developed based on a
recently reported, highly selective thiol scaffold. Using X-ray
crystallography, the lack of inhibition of a range of human

L 37 activity

matrix metalloproteases could be attributed to a distinct binding mode sparing the S1” pocket. The inhibitor was shown to
restore the effect of the antimicrobial peptide LL-37, decrease the formation of P. aeruginosa biofilm and, for the first time for a
LasB inhibitor, reduce the release of extracellular DNA. Hence, it is capable of disrupting several important bacterial resistance
mechanisms. These results highlight the potential of protease inhibitors to fight bacterial infections and point out the possibility

to achieve selective inhibition even with a strong zinc anchor.

Proteases have proven to be attractive targets for the
treatment of various diseases, including infections." While
antiviral protease inhibitors are in clinical use for the treatment
of e.g. HIV or HCV, no bacterial protease inhibitors have been
approved as anti-infective drugs yet.”* However, to combat the
spread of antibiotic resistance, new :mtxbactenal agents with
novel modes of action are urgently needed.*”® This applies
especially for Gram-negative pathogens which are challenging
to treat as their cell wall is difficult to permeate.” The
development of pathoblockers which target bacterial virulence
rather than killing bacteria is of growing interest in anti-
infective drug discovery due to the reduced selection pressure
such a strategy is supposed to have.””'” In, thls context,
bacterial proteases represent attractive targets.””'* Notably,
the only FDA-approved antivirulence drugs are immunoglo-
bulins that target secreted virulence factors, highlighting the
potential of extracellular targets to circumvent cell wall
permeation problems.” The highly problematic Gram-negative
pathogen Pseudomonas aeruginosa has been assigned critical
priority by the WHO and urgently requires novel treatment
options because of increasing resistance.'>'® P. aeruginosa 1:
responsible for fatal lung infections in cystic fibrosis patients.'

Among its numerous virulence factors representing potential
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drug targets,'”''%7%" the zinc—metalloprotease elastase

(LasB) is of specific interest, given its extracellular location.”!
LasB substantially contributes to disease progression in P.
aeruginosa infected individuals by facilitating host invasion and
immune evasion.” It was for example found to degrade and
thereby inactivate the endogenous antimicrobial peptide
(AMP) LL-37.*" Furthermore, LasB was reported to be
involved in the formation of P. aeruginosa biofilms either by
periplasmic activation of nucleoside diphosphate kinase
(NDK) requlred for alginate synthesis’® or by upregulation
of rhamnolipids.”® The aggregation of bacteria in the biofilm
matrix seriously impedes successful antibiotic treatment and
blocks host defense mechanisms.”**”

Several thiol-based inhibitors with promising activity on
LasB have been described.”™** A class of N-aryl mercaptoa-
cetamides turned out to be particularly attractive because these
thiols display high selectivity against a range of human matrix

metalloproteinases (MMPs).**** Thiol-containing compounds
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are in clinical use for the treatment of various diseases.

However, a disadvantage of this class compared to other zinc-
chelating inhibitors is the possible oxidation to the respective
disulfides, resulting in inactivation of the compounds.”’

In this study, we describe the synthetic replacement of the
sulfhydryl function of LasB inhibitor 1** (ICsy: 6.6 + 0.3 M)
by zinc-binding groups insensitive to oxidation (Figure 1).

H H H H
v o o W o il
o (o] o7 oH o O o
3-4 5-7 8

X = OH, OMe, NHOH

Figure 1. Structures of lead LasB inhibitor 1 and compounds 3-8
synthesized in this article.

Among the compounds tested, a hydroxamic acid derivative
was found to inhibit LasB in the low micromolar range as well.
Hydroxamates have been reported as LasB inhibitors, but the
described compounds lack selectivity against human
MMPs.***? In contrast, the inhibitor described in this work
maintained the remarkable selectivity of thiol 1 against human
MMPs, despite a binding mode equivalent to described
hydroxamate—MMP complexes. The new compound was
further able to reduce biofilm formation and eDNA release
by P. aeruginosa and to restore the antimicrobial effect of LL-
37.

B RESULTS AND DISCUSSION

Synthesis of Novel Compounds 3—8. Among the variety
of chemically diverse zinc binding groups in literature, ™’ we
focused on hydroxyl, carboxyl, and hydroxamate functions. By
introduction of these relatively small zinc chelating groups,
drastic changes in the size of the thiol function of 1 were
avoided to allow the inhibitor backbone to preserve the
previously observed binding mode.”” Carboxylic acid deriva-
tives 3, 4, and 6 were obtained either by reacting aniline 2 with
succinic/maleic anhydride or via hydrolysis of methylester
intermediate S. Similarly, 7 was synthesized by reacting 5 with

hydroxylamine (Schemes 1A and B). As an isosteric
modification we further synthesized the alcohol derivative of
1, compound 8, using glycolic acid in a neat reaction (Scheme
1C).

Identification of Compound 7 as a Promising LasB
Inhibitor. Using a FRET-based inhibition assay,*' it turned
out that replacement of the thiol function of 1 by a hydroxy
group led to a complete loss of activity when tested at 600 M
(8). Compounds bearing a carboxylic acid in y- (3, 4) or in /-
position (6) to the carbonyl group were also inactive. Contrary
to that, the activity was maintained for the f-hydroxamic acid
derivative 7, displaying an ICsg of 17.4 + 0.8 uM and a K; ,,, of
12.3 + 0.6 uM. This is slightly less active compared to the free
thiol analogue 1; however, the oxidation issue was resolved by
replacing the thiol by a hydroxamic acid function.

Binding Mode of 7 to LasB. To rationalize whether the
minor difference in activity compared to 1 was due to a
different binding mode, the X-ray cocrystal structure of the
LasB-7 complex was solved. The complex crystallized in space
group P2,2,2, and crystals diffracted to 2.1 A resolution
(Figure 2A). The structure was solved by molecular
replacement using the published LasB structure (PDB ID
1EZM) as a search model. Full details of the data collection
and refinement statistics can be found in Supplementary Table
1. Hydroxamate 7 was found to be orientated toward the
primed binding site of the protease. As expected, the active site
zinc atom is coordinated by both the carbonyl oxygen and the
hydroxamide oxygen of 7, leading to a distorted trigonal-
bipyramidal geometry. The carbonyl oxygen further undergoes
a weaker interaction with His223 (3.5 A). Additionally, the
hydroxamide oxygen forms a hydrogen bond with the adjacent
Glul41 (2.5 A), while the amide nitrogen interacts with the
carbonyl group of Alal13 (3.0 A). These observations are in
excellent accordance with the reported binding of hydroxamate
functions to MMP-7,"> MMP-3*’ or to thermolysin."*
Inhibitor binding to thermolysin-like proteases like LasB was
described to lead to a closure of the binding pocket due to
hinge-bending motion.* Intriguingly, thiol 1 has recently been
discovered by us to keep the active site cleft in an open
conformation due to the unexpected binding of two molecules
to the primed binding site (Supplementary Figure $1).** In
contrast, only one molecule of the hydroxamate binds to the

Scheme 1. Synthesis of 3—8“

A . Clj@\ 5
ol BELas et 4
)
cl NH, b cl o O OH
2 0
cl N7
H
. 4 d gl R K
cl . cl 5 @ N N OH
& .
cl NH, cl NMO/ &
2 A g L& o ‘\ o o
AL o
c c c H H
0, 20 7
cl NH, c H’K/OH
2 8

“Reagents and conditions: (a) succinic anhydride, dioxane, 70 °C, 6 h; (b) maleic anhydride, dioxane, 70 °C, 6 h; (c) methyl malonyl chloride,
Et;N, DCM, RT, 4 h; (d) NaOH, THF, RT, 24 h; (e) H,NOH, DIPEA, MeOH, 8 h reflux, 16 h RT; (f) glycolic acid, 130°C, 24 h.
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A

Figure 2. (A) Structure of LasB in complex with 7. Cartoon representations of LasB (cyan) in complex with 7 (black). The difference electron
density (F, — F,) contoured to 3¢ with phases calculated from a model that was refined in the absence of 7 is shown as a blue isomesh. The active-
site zinc ion is shown as gray, and the calcium ion is shown as a green sphere. Residues involved in binding of 7 are shown as sticks, and their
interactions depicted as yellow dashed lines. Zinc-liganding distances are 2.1 A (OH) and 2.4 A (NH). (B) Overlay of LasB (cyan) in complex with
7 (gray) and MMP-3/-7 (green) occupied by hydroxamate inhibitors 9 and 10 (brown, PDB codes 4G9L/IMMQ). Zinc ligands are highlighted.

protease, which undergoes the characteristic hinge-bending.
Unlike the zinc-chelating thiol, the hydroxamate directly
interacts with the edge strand via a hydrogen bond with the
main chain oxygen of Alall13. This interaction presumably
promotes closure of the active site cleft, which is hampered in
case of thiol 1 by the second molecule interacting with Asn112.
Due to the twisted orientation of the aromatic core of 7
compared to 1, a previously observed bidentate hydrogen bond
with Argl98 in the S1' binding site is not possible. This
observation could explain the slightly weaker activity of the
hydroxamate compared to the thiol.

Selectivity against Six MMPs and ADAM-17. Strong
zinc chelating groups such as hydroxamic acids can be the
reason for poor selectivity against further metalloproteases,
when compound binding is driven more by the chelating
moiety than by the rest of the molecule.*® In fact, the lack of
selectivity against MMP antitargets has been one reason for the
failure of various hydroxamate-based MMP inhibitors in
clinical trials.*”** Considering the high similarity in zinc
chelation by 7 and the hydroxamates in MMP-3 or MMP-7, it
was investigated whether the previously demonstrated
selectivity of N-aryl mercaptoacetamides toward six human
MMPs**** could be maintained. Fortunately, 7 did not inhibit
these MMPs comprising members with differing depth of the
S1’ binding site,” including MMP-3 and -7 (Table 1). By
contrast, the unselective inhibitor Batimastat™ (Supplementary
Figure S2) inhibited all tested enzymes in the low nanomolar
range.

This of course prompted the question why, despite
comparable interactions of the hydroxamate function, LasB
was inhibited but MMP-7 was not. Logically, the selectivity

Table 1. Residual Activity of Six MMPs and ADAM-17 in
the Presence of 100 #M 7 and ICq, Values of Batimastat®**

7 residual activity at 100 #M (%)  Batimastat ICo (nM)

MMP-1 919 2201
MMP-2 873 1.8 £ 0.1
MMP-3 84 +5 5.6 =09
MMP-7 98 + 3 7.0 0.2
MMP-8 73+6 0.7 £ 0.2
MMP-14 98 + 4 28 +£02
ADAM-17 38+ 12 ND

ADAM-17 61 + 23% ND

“Means and SD of at least two independent measurements are
displayed. *: test at 25 M. ND: not determined.
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might be related to differences in the positioning of the
inhibitor backbone in the pocket. To investigate this, published
X-ray structures of MMPs in complex with hydroxamates were
overlaid with the LasB-7 complex. The shallow S1’ pocket of
MMP-7 is occupied by an isobutyl moiety of inhibitor 9** and
the deep S1’ pocket of MMP-3 by an aromatic core of
inhibitor 10" (for inhibitor structures, see Supplementary
Figure S3). In contrast, the core of 7 does not bind to the
respective pocket of LasB (Figure 2B). The ability to bind the
S1" pocket of the respective MMP is a common feature of
reported hydroxamate-based MMP inhibitors, which can also
be the cause for a lack of selectivity."”*" Consequently, the
high selectivity against various MMPs with differing depth of
the S1’ binding pocket might be explained by an inability of 7
to bind to this site of the protease. ADAMs (A disintegrin and
metalloproteinase), a class of zinc-dependent proteases playing
essential roles in muscle development, cell migration, or
shedding, display additional antitargets for the presented LasB
inhibitor. In this context, an in vitro inhibition assay toward
ADAM-17 revealed that 7 exerted moderate inhibitory effects
(Table 1). Consequently, further optimization regarding
selectivity toward this antitarget is needed. Still, the promising
selectivity toward a range of MMPs makes 7 an attractive
starting point for LasB inhibitor development.

Cytotoxicity Assays. In addition to selectivity, it was also
investigated whether the cytotoxicity of 7 toward human cell
lines was as low as described for thiol 1.>* This was of specific
interest because cytotoxic properties are a known drawback of
hydroxamates.”> Notably, 7 had only low effects on the
viability of HEP G2 cells, comparable to thiol 1 and rifampicin
(Figure 3). The effect on HEK293 cells was more pronounced
at the tested concentrations, which might be related to the
inhibition of antitargets such as ADAM-17. For comparison,
residual enzyme activities in the LasB in vitro assay are listed
for each inhibitor concentration in Supplementary Table S2.

Selectivity against HDACs. Considering the cytotoxic
effects of 7 against HEP G2 cells, it was investigated whether
this observation could furthermore be related to inhibition of
histone deacetylases (HDACs).”> These zinc-dependent
enzymes are involved in the epigenetic regulation of cell
proliferation and differentiation.”® Given that HDACs are
known to be inhibited by hydroxamic acids such as vorinostat
or trichostatin A,*® assessing a potential inhibitory effect of
hydroxamate 7 was of special interest. Figure 4 shows that 7
does not exert any inhibitory effect on HDAC3 and HDACS,
while these enzymes are efficiently inhibited by the positive

DOI: 10.1021/acschembio.8b00257
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Figure 3. Cytotoxicity of 1, 7, and two reference compounds toward
HEP G2 and HEK293 cells (values for 1 are taken from ref 32).
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Figure 4. Residual activity of selected HDAC enzymes in the presence
of 100 M 7.

control trichostatin A (Supplementary Figure S2). The
observed selectivity against these additional antitargets could
be explained by the absence of a long linker separating the zinc
chelating function from the aromatic core, as it is typical for
hydroxamate-based HDAC inhibitors.”*

Restoration of LL-37 Antibacterial Activity against P.
aeruginosa PA14. LL-37 is an a-helical human cathelicidin
peptide which shows increased prevalence in cystic fibrosis
patients.”” Its effectiveness against P. aeruginosa is considerably
reduced as it is susceptible toward cleavage by LasB.”> To
assess a potential restoration effect of 7 on the activity of LL-
37, a bacterial growth assay with PA14 and LL-37 in presence/
absence of 7 was performed (Figure 5). The antibacterial effect
of LL-37 alone was only minor at 25 ug/mL (p = 0.0211).
However, when combined with the LasB inhibitor, it recovered
its ability to reduce bacterial growth in a dose-dependent way.
Significant reduction of the ODyg, was observed starting from a
hydroxamate concentration of 62.5 uM (p = 0.0047). At high
concentrations, 7 itself slightly inhibited PA14 growth, yet to a
much lower extent than in combination with LL-37 (p =
0.0255 at 250 #M 7). These findings highlight the potential of
LasB inhibitor 7 to restore a host defense mechanism which is
otherwise hampered by LasB.

Biofilm Volume and eDNA Reduction. The biofilm
matrix, a key element of P. aeruginosa resistance, ™ is composed
of extracellular polysaccharides, lipids, proteins and, impor-
tantly, extracellular DNA (eDNA).”**? Inhibition of LasB was
shown to inhibit biofilm formation.”® Therefore, it was of great
interest to investigate whether treatment of PA14 cultures with
7 would result in reduced biofilm formation as well. Indeed,
the hydroxamate caused a concentration-dependent reduction

2452

70

ODgog
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Figure 5. Growth of PA14 cultures incubated with 7 in absence
(blue) and presence (red) of 25 pg/mL LL-37. Means and SD of
three independent measurements are depicted. * = p < 0.05, ** = p <
0,01, #¥#% = p < 0.0001.

of eDNA release (Figure 6A) and of the overall biofilm volume
(Figure 6B). Because significant inhibition was observed at
concentrations lower than 250 uM, these effects can be
attributed to the on-target activity of the compound and are
not due to a reduction of bacterial growth or lysis of cells.
Hence, LasB inhibitor 7 has demonstrated important
pathoblocker activity. It is able to interfere with crucial factors
leading to bacterial resistance of P. aeruginosa toward
antibiotics and host defense molecules.””*” To the best of
our knowledge, no direct correlation between LasB inhibition
and a reduction of eDNA release has been reported to date.
Regarding the two mechanisms discussed in literature, the
reduced biofilm formation is either due to a reduced NDK-
mediated alginate synthesis24 or rhamolipid-mediated syn-
thesis.”® Which of these mechanisms inhibitor 7 interferes with
cannot be concluded. Yet, these findings could hint at the
capacity of 7 to permeate at least the outer membrane of the
Gram-negative cell wall, as far as an inhibition of periplasmic
NDK** is concerned.

B CONCLUSION

Based on our recent findings that N-aryl mercaptoacetamides
are promising highly selective inhibitors of the virulence factor
LasB from P. aeruginosa, the lead inhibitor was modified by
changing the zinc-chelating moiety to a hydroxamate. Using X-
ray crystallography, it was shown that similar to the thiol
analogue 1, hydroxamate 7 occupied the primed binding site.
Contrary to our recent observations for 1, only one inhibitor
molecule was bound to the protease, which could undergo the
characteristic hinge-bending motion resulting in a closed
conformation of the enzyme. This was attributed to the ability
of the inhibitor to interact with catalytic zinc and the edge
strand alike. Despite the high similarity of zinc binding to
hydroxamates inhibiting MMP-7, inhibitor 7 was unexpectedly
able to maintain the remarkable selectivity of 1 toward a range
of MMPs. This could be rationalized by the fact that the S1’
pocket was not occupied by 7, unlike that observed for MMP
inhibitors. These findings show that despite the selectivity
issues related to hydroxamic acids, selectivity can indeed be
achieved by sparing the S1” pocket. Because cytotoxic effects
toward mammalian cell lines were observed, the activity of 7
was investigated regarding other antitargets, revealing a
moderate inhibition of ADAM-17 and high selectivity against
HDACS3 and 8. Consequently, there will be a special focus on
selectivity and cytotoxicity during future compound optimiza-

DOI: 10.1021/acschembio.8b00257
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* = p < 0.0001.

tion. Below an antibacterial concentration of 250 uM, LasB
was efficiently inhibited in vitro. This inhibition could be
translated into more complex, cellular assays, highlighting this
compound as a promising antivirulence agent. After reduction
of their pathogenicity by such an agent, bacteria are supposed
be cleared by host defense mechanisms or with the help of
conventional antibiotics.'”"" In this context, our results
highlight a direct restoration effect of the antibacterial activity
of the host defense peptide AMP LL-37 in vitro. Indirectly, the
activity of host defense mechanisms might be further improved
by the inhibition of biofilm formation and eDNA release also
observed for 7. The same holds true for the effectiveness of
conventional antibiotics, which is seriously hampered by
bacterial biofilms. Overall, these findings show hydroxamate
7 to be an interesting lead, which could pave the way for the
rational development of selective protease inhibitors as
potential new antibiotics.

B METHODS

Chemistry. All reagents were used from commercial suppliers
without further purification. Procedures were not optimized regarding
yield. NMR spectra were recorded on a Bruker Fourier 300 (300
MHz) spectrometer. Chemical shifts are given in parts per million
(ppm) and referenced against the residual proton, 'H, or carbon, *C,
resonances of the >99% deuterated solvents as internal reference.
Coupling constants () are given in Hertz. Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, m = multiplet, br = broad and combinations of these) coupling
constants and integration. Mass spectrometry was performed on a
SpectraSystems-MSQ_LCMS system (Thermo Fisher). Flash
chromatography was performed on silica gel 60 M, 0.04—0.063 mm
(Machery-Nagel) or using the automated flash chromatography
system CombiFlash Rf+ (Teledyne Isco) equipped with RediSepRf
silica columns (Axel Semrau) or Chromabond Flash C18 columns
(Macherey-Nagel). Purity of compounds synthesized by us was
determined by LCMS using the area percentage method on the UV
trace recorded at a wavelength of 254 nm and found to be >95%.

Expression and Purification of LasB. LasB was expressed and
purified as described previously.””

In vitro Inhibition Assays. The LasB in vitro inhibition assay and
the MMP assay were performed as described previously.” The LasB
concentration that was used in the assay was 0.3 nM. The K,, value for
LasB was determined to be 363.0 uM.

ADAM Inhibition Assay. ADAM-17 (TACE) Inhibitor Screening
Assay Kit was purchased from Sigma-Aldrich. The assay was
performed according to the guidelines of the manufacturer.
Fluorescence signals were measured in a CLARIOstar plate reader
(BMG Labtech).

HDAC Inhibition Assay. HDAC3 and HDACS inhibitor
screening kits were purchased from Sigma-Aldrich. The assay was
performed according to the guidelines of the manufacturer.
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Fluorescence signals were measured in a CLARIOstar plate reader
(BMG Labtech).

Cytotoxicity Assays. Hep G2 or HEK293 cells (2 X 10° cells per
well) were seeded in 24-well, flat-bottomed plates. Culturing of cells,
incubations, and OD measurements were performed as described
previously”’ with small modifications. Twenty-four hours after
seeding the cells, the incubation was started by the addition of
compounds in a final DMSO concentration of 1%. The living cell
mass was determined after 48 h. At least three independent
measurements were performed for each compound.

X-ray Crystallography and Image Preparation. LasB was
concentrated to 10—12 mg mL™" and mixed with inhibitor 7 at a final
concentration of 1 mM. Complex crystals were grown by the sitting
drop method using a reservoir solution containing 1.8 M AMSO, and
0.1 M Tris-Cl, pH 8.8. Crystals were cryoprotected in glycerol, and
diffraction data was collected from single crystals at 100 K at beamline
1D29 (ESRF) at a wavelength of 1.738 A. Data was processed using
Xia2,”” and the structure was solved using PHASER8” molecular
replacement with Pseudomonas aeruginosa LasB (PAE, PDB ID
1EZM) as a search model. The solution was manually rebuilt with
COOT* and refined using PHENIX™ and Refmacs.”® The final
refined structure of LasB in complex with compound 7 was deposited
in the Protein Data Bank (PDB) as entry 6FZX. Structural
superimposition of complex structures of human MMPs (1IMMQ_
and 4G9L) and LasB (6FZX) was achieved through alignment of
residues 201-205 of 4GIL (corresponds to residues 140—144 of
IMMQ) using the align atoms algorithm of YASARA structure
(YASARA Biosciences GmbH).”” Image was rendered using PovRay
(http://www.povray.org/).

Bacterial Growth Assay. The assay was performed in 96 well
plates (Greiner) with a final volume of 200 yL. LL-37 was purchased
from AnaSpec (Fremont) and diluted to a final concentration of 25 g
mL~" from 125 pg mL™' stocks in 18MQ H,O. Prior to culture
addition 7 was serially diluted in DMSO. A preculture of PA14 was
adjusted to the final start ODgy, 0.02 in lysogeny broth medium. All
samples contained 1% DMSO and 40% of 18MQ H,0. ODgy, was
measured using a FLUOstar Omega (BMG Labtech) after inoculation
and after incubation for 16.5 h at 37 °C with 200 rpm. Given ODyg,
values were obtained after subtraction of the respective start ODggg
and represent three independent measurements with at least two
replicates each. One-way ANOVA was performed using GraphPad
Prism 6 software.

Biofilm and eDNA Assays. The assays were performed as
described previously.”*
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4 Final Discussion

The targets addressed in this thesis are Mycobacterium tuberculosis (Mtb) and Pseudomonas
aeruginosa. Both pathogens can cause severe infections which may lead to death. They
additionally share the main focus of infection which is the lung.

Mtb causes tuberculosis which is among the top 10 causes of death worldwide. The disease is
spread during the active form of pulmonary tuberculosis and its incidence is especially high
among HIV patients. Unfortunately, the pathogen possesses a range of characteristics that
hamper treatment such as its unique, barely permeable cell envelope or its propensity for the
formation of persister cells. The bacteria can survive in this dormant state for years or decades
inside the host and eventually reactivate the infection.

P. aeruginosa is a gram-negative nosocomial pathogen that is responsible for around 10 % of
all hospital acquired infections. It is especially common and threatful for cystic fibrosis patients.
Similar to Mtb it has developed mechanisms to evade the human immune response and drug
treatment such as the formation of biofilms.

For both pathogens, resistances are on the rise and the occurrence of MDR and XDR strains is
increasing. Thus, the need for new anti-infective drugs is high and urgent. Due to the existing
resistances it is especially promising to exploit novel targets or utilize different strategies such

as anti-virulence approaches.

4.1 CYP121

This thesis contains two chapters related to the identification of new CYP121 inhibitors. In the
first part (chapter 3.1), a CYP inhibitor library was screened via SPR in order to identify
CYP121 binders. The specific heme binding of the identified hits was confirmed with an UV-
Vis based assay. The confirmed heme binders were evaluated regarding inhibition of
mycobacterial growth on M. bovis BCG and Mtb. The frontrunner compound was further
evaluated regarding cytotoxicity against human cell lines, antibacterial activity and selectivity
towards human CYPs. An in vitro assay was set up to prove the inhibition of the reaction
catalyzed by CYP121. Additionally, molecular modelling studies revealed a possible binding
mode.

The second part of the CYP121 project (chapter 3.2) comprised the screening of a library which
was based on the former identified hit compound of chapter 3.1. The simultaneous evaluation
of affinity towards CYP121 and activity against M. bovis BCG revealed an interesting SAR and
structural requirements for antimycobacterial activity. Additionally, the in vitro assay was

optimized in order to quantify the enzymatic inhibition. Furthermore, the effect of substrate
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addition on growth inhibition as well as the inhibition of intracellular replication in
macrophages was evaluated.
Several aspects of both chapters will be discussed in the following paragraphs.

4.1.1 Biological Function

CYP121 is one of the 20 CYP enzymes of Mtb and was shown to be essential for viability.
Cytochrome P450 enzymes are typical anti-fungal targets and are additionally targeted in
diseases that are related to the human steroidogenic pathway. However, as the number of CYPs
in Mtb is relatively high and most of them are unique, they appear to be an attractive drug target.
CYP121 was shown to catalyse the reaction of cyclo-(L-Tyr-L-Tyr) to mycocyclosin which
involves the C-C coupling of two aromatic carbon atoms.!*® The role of both, substrate and
product are so far unknown.

The substrate cYY is produced by a cyclodipeptide synthase (CDPS) whose gene is located in
an operon with the one encoding CYP121.114115 The CDPSs use aminoacyl-tRNAs as substrates
to form the diketopiperazines. Besides the cY'Y synthase from Mtb there are 10 other CDPSs
characterized so far, however, with different substrate specificities. These are from the species
Streptomyces noursei, Bacillus subtilis, Bacillus licheniformis, Bacillus thuringiensis,
Photorhabdus luminescens, Staphylococcus haemolyticus, Corynebacterium jeikeium,
Actinosynnema mirum, Nocardiopsis dassonvillei and Nematostella vectensis. The resulting
products are cLL, cFL, cFY, cWW and cWX (X representing L, F, Y or M). 1411 For some
of these CDPs a modifying enzyme has been identified which catalyzes a,B-dehydrogenation,
oxidation of the diketopiperazine ring or N-methylation.!2119

Biological properties have been described for three natural products resulting from this
pathway: albonoursin has antibacterial activity, pulcherriminic acid chelates iron and nocazines
are antibacterial and cytotoxic (Figure 4.1.1, compounds 4, 1 and 3).2232%

However, most of the known diketopiperazines are not synthesized via the CDPS pathway but
by nonribosomal peptide synthetases (NRPS) which use free amino acids as substrates.??® The
variety of synthesized DKPs is massive and for some of them biological functions have been
assigned such as antifungal, antibacterial, antiviral or antitumor properties.'?® One
representative, which resembles the CDPS derived DKPs, is thaxtomin A, a bacterial
phytotoxin produced by Streptomyces scabies (Figure 4.1.1, compound 2).%?’

However, besides mycocyclosin there has been no other DKP described that contains a C-C
aryl bond. But similar biaryl scaffolds are part of several natural products such as vancomycin
(and related glycopeptides), arylomycin, flaviolin or HPQ melanin. Interestingly, all these

biaryl bonds are formed by CYP enzymes.??822° Similar to mycocyclosin, the C-C bond of the
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antibacterial compound arylomycin is formed in ortho position to hydroxyl substituents (Figure
4.1.1, compound 5).%°

Despite all this knowledge and similarities, the biological function of cY'Y and mycocyclosin
as well as the meaning of cY'Y synthase and CYP121 remain unknown so far. Until now, it can
only be speculated whether mycocyclosin is further modified to a final product or whether it is

itself biologically active.
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Figure 4.1.1: 1: Pulcherriminic acid, 2: Thaxtomin A, 3: Nocazine A, 4: Albonoursin, 5: Arylomycin A2.

4.1.2 Library Screening
Based on the finding that antifungal azoles such as econazole, miconazole and fluconazole bind
to CYP121, a screening of compounds from our in-house library against CYP121 was started.
The library for the first screening was composed of 139 compounds that were originally
designed as inhibitors for CYP17, CYP19, CYP11B1 and CYP11B2. The advantage of this
approach is that synthetic availability and drug likeness are ensured. Obviously, the activity
against the original targets should be low to ensure good selectivity. The library compounds
were selected in order to achieve a great diversity despite their given similarities. All
compounds contained a heme coordinating motif such as imidazole, pyridine or pyridazine.
The screening method used was SPR which detects the binding of a compound to the protein.
However, the binding event does not necessarily take place in the binding pocket. The hit rate
was quite high (44 compounds, 32 %) which is reasonable concerning the selection of
compounds. A hit compound was defined according to its response in relation to econazole
(R/Reconazote > 0.5). The hits were further evaluated in a more specific UV-Vis heme binding
assay designed for CYP enzymes.
The screening described in chapter 3.2 was based on the results of chapter 3.1. The structure of
the identified frontrunner compound (1:47) was used as a template for the compilation of the
second similarity-oriented library. The in-house library was scanned for compounds which fit
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to this motif and 94 compounds were selected. This time SPR was not applied as we expected
almost all compounds to bind to CYP121. In order to compare the affinity, we used the UV-
Vis heme binding assay and tested our compounds at concentrations of 100 and 20 uM. For
compounds that showed a visible shift at 20 uM the affinity was quantified by determination of
the Kp value. Compounds which showed the same or higher affinity as 1:47 (Kp =5 uM) were
defined as hits resulting in a hit rate of 38 %. This rate is again relatively high which was
expected due to the high similarity to 1:47.

Besides determination of affinity, this screening approach (chapter 3.2) compiled the evaluation
of antimycobacterial activity. The compounds were tested against M. bovis BCG at a
concentration of 100 uM and compounds with inhibition greater 80 % were tested at a
concentration of 10 uM. The MICso was determined for compounds that showed inhibition of
60 % or higher at 10 uM. Ten compounds showed the same or higher activity than 1:47 resulting
in a hit rate of 11 %. The lower hit rate achieved with this screening method is reasonable due
to the complex environment in the cellular assay. Several factors may prevent the access of the
compounds to their target such as permeability, efflux or metabolism.

4.1.3 Binding Mode

The binding mode of compounds interacting with CYP enzymes can be determined via the
analysis of the UV-Vis spectra of inhibitor-enzyme complex in comparison to pure enzyme.
The spectrum of CYP121 showed an absorption maximum at 417 nm. This indicates that the
iron of the enzyme is predominantly in low-spin state. If the enzyme is completely in high-spin
state the absorption maximum appears at 390 nm. In contrast, the maximum appears at 420 nm
if the enzyme is completely in low-spin state.!?

A type | binder is defined as a compound that shifts the absorption maximum to lower
wavelengths. The difference spectrum will show a peak at 385-390 nm and a trough at 420
nm.2% This shift is based on the electronic transition of the heme iron to the high-spin state and
is typically caused by compounds that form a bond to the iron via a water-bridge.

On the other hand, type Il binders cause a shift of the absorption maximum to higher wavelength
resulting in a difference spectrum with a trough at 390 nm and a peak at 430 nm.>3 This is
typically caused by a direct coordination of the heme-iron and its transition to the low-spin
state.

The titration of CYP121 with its substrate cYY resulted in a typical substrate like type I
behaviour.!'® In contrast, the hits identified in both CYP121 studies (chapter 3.1 and 3.2)
showed all a type Il binding behavior. Thus, the binding is proposed to involve a coordination

of the imidazole nitrogen to the heme-iron.
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Interestingly, Seward et al. have shown (by co-crystallization and other experiments) that
fluconazole, which causes a type Il shift in the UV-Vis spectrum, coordinates to the CYP121
heme iron via a water molecule.*?® However, they observed a direct imidazole-iron coordination
in a small proportion of their crystals. This direct interaction involves a slight displacement of
the helix | which is located above the heme (see chapter 1.2.3). Due to this structural feature
the indirect coordination via a water molecule seems to be energetically more favorable. In
preliminary crystallization experiments with some of our hit compounds we have also seen this

type of indirect coordination for our CYP121 inhibitors.

4.1.4 Affinity vs. Activity
The first CYP121 screening (chapter 3.1) revealed that among the selected library only
imidazole containing compounds were good CYP121 binders. Additionally, the best binders all

contained a biaryl motif (Table 4.1.1).
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Table 4.1.1: Selected compounds from chapter 3.1.

Cl
e O Yoo
T e 4 Yoo
Cl

|
econazole I:1 1:15 I:1

6 1:30
PN
DN BN ONQ/N ON\\\\/N
J g .y 8¢
1:32 1:33 1:47 1:48
Cmpd. SPR Haem KD MlCBCGT MlCMgb
[R/Rpos] [uM] [uM] [uM]

Eco 1 3 14 110
I1:1 0.4 >100 >100
1:15 0.3 34 41 -
1:16 1.2 1 5 6
1:30 14 11 11 48
1:32 1.1 14 30 41
1:33 0.1 >100 >100 -
1:47 0.6 5 1 1
1:48 0.6 5 7 12

Interestingly, the substitution of imidazole with benzimidazole (1:33) resulted in an inactive
compound. A similar effect was observed upon the substitution of the of phenyl with pyridine
in the middle part of the molecule (1:1). However, the subset of compounds was too small to
analyze correlations between affinity and activity.

In the second chapter concerning CYP121 (chapter 3.2) the applied screening approach enabled
the analysis of structure-affinity and structure-activity relationships. A range of structural
features that contribute beneficially to affinity were identified. For example, bulky substituent
at the methylene linker were favorable as well as naphthalene moieties in the middle or outer
aromatic part.

Interestingly, a lot of compounds showed high affinity to the enzyme but failed to translate this
into in vitro activity. Through a detailed analysis several features were identified that seem to
hinder a transfer of affinity into activity. For example, a bulky middle part, hydroxy substituents
at the western part aromatic motif or bulky substituents at the methylene linker seemed to impair
in vitro activity.

Due to the complexity of the cellular system there exist several possible reasons for this poor
affinity-activity relationship. First of all, the special cell envelope of Mtb (and M. bovis BCG
respectively) could hinder the access of the compounds to their target. There are some simulated
permeability models but overall the required parameters for penetration of the mycobacterial

cell wall are unknown.?%%20t Additionally, it was described that there is an efflux system which
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is strongly upregulated upon exposure to azole drugs.??? A third component is the mycobacterial
metabolism that could inactivate the CYP121 inhibitors.

Furthermore, an additional factor that has to be taken in account is the high number of CYP
enzymes present in Mtb. As imidazole is a common heme-coordinating motif, it is in principal
possible that other CYP enzymes are additionally inhibited. Thus, the growth inhibiting effect
may be caused by the simultaneous inhibition of several CYP enzymes. However, as CYP121
is essential for viability and we have proven that our compounds effectively inhibit its
enzymatic function, the inhibition of CYP121 is probably the main reason for the biological

activity.

4.1.5 Mode of action studies

To underline the significance of CYP121 inhibition regarding antimycobacterial activity the
activity of 1:47 against E. coli and S. aureus was assessed. In contrast to econazole which
showed inhibition at higher concentrations, no inhibition was observed for 1:47.

Additionally, the prove that the compounds do not only bind to the heme iron but also
significantly inhibit the reaction catalyzed by CYP121 would be a strong indication for the
relation of affinity and antimycobacterial activity. Hence, a functional assay was set up with
the help of an artificial electron transfer system which consisted of a ferredoxin and a ferredoxin
reductase from Schizosaccharomyces pombe. Furthermore, mycocyclosin and cYY were
synthesized and a LS-MS/MS method for detection of the analytes was established. Through
optimization of assay composition and procedure it was possible to quantify the inhibition
(chapter 3.2).

The determined ICso values were in good correlation with the affinity, however, they were
higher (~ factor 4) than the respective Kp values. As the ICso value is strongly dependent on the
relation of substrate to inhibitor concentration, this discrepancy is caused by the assay
composition. % Due to the detection limit it was not possible to further optimize the individual
concentrations in order to approximate the ’true’ ICso value. Despite this limitation, we could
prove that our compounds significantly inhibit the conversion of cYY to mycocyclosin.

In order to further underline the significance of CYP121 inhibition for in vitro activity, the
influence of cYY on growth inhibition was determined (chapter 3.2). Interestingly, cYY
accelerated the growth of M. bovis BCG significantly. This growth promoting effect did not
occur in presence of the CYP121 inhibitor 1:47. Only at low inhibitor concentrations the effect
was visible in a (inhibitor) concentration-dependent manner. This is an additional indication

that CYP121 inhibition is the main cause for the antimycobacterial activity of our compounds.
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4.1.6 Intracellular Replication in Macrophages

A characteristic of Mtb is that upon infection the mycobacteria can survive and replicate inside
macrophages. To achieve this, the bacteria have developed special mechanisms to avoid their
destruction by macrophages. They reside inside phagosomes (inside macrophages) and prevent
the fusion of these phagosomes with lysosomes which would be necessary for their
elimination.®21%® The uptake of mycobacteria into the macrophages has been linked to the
presence of cholesterol 5234 Furthermore, the survival of mycobacteria inside macrophages has
been linked to an operon that contains the CYP enzyme CYP125 which catalyzes an essential
step in the detoxification of cholesterol.1981%

Similar to the CYP121 screening approach, our group has evaluated a CYP library regarding
binding to CYP125 and could identify some hit compounds.t®’ Interestingly, there were some
compounds among these hits that did also bind to CYP121.

As an additional prove for the efficacy of our compounds, we decided to evaluate whether the
inhibition of CYP125 or CYP121 or both enzymes has an effect on the intracellular survival
inside macrophages (chapter 3.2). Two CYP125 inhibitors, three CYP121 inhibitor and one
dual inhibitor were tested. The strongest effects had one of the CYP121 inhibitors and the dual
inhibitor. The effective reduction of intracellular replication indicates that the inhibition of

mycobacterial CYP enzymes is a promising and effective treatment strategy.
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4.2 LasB

Chapter 3.3. and 3.4 are devoted to the development of new inhibitors targeting LasB from
Pseudomonas aeruginosa. In a recently published study of our group, a screening approach led
to the identification of N-aryl mercaptoacetamides as potent LasB inhibitors. 8

Chapter 3.3 describes three optimization approaches beginning with the hits of this former
study. Based on molecular modelling, possible inhibitors were designed, synthesized and
evaluated regarding activity against LasB. An a-benzyl mercaptoacetamide compound showed
increased activity compared to the original N-aryl mercaptoacetamides. The synthesis and
evaluation of a small library resulted in a hit compound with activity in the nanomolar range
and good selectivity against other metallo proteases. Additionally, co-crystallization with LasB
led to the elucidation of the binding mode.

Chapter 3.4 describes an optimization approach based on the exchange of the zinc coordinating
thiol group. Several possible zinc binding groups were introduced into the N-aryl
mercaptoacetamide hit compound. The respective hydroxamic acid was identified as potent
LasB inhibitor and showed good selectivity over human MMPs. The binding mode was
determined via co-crystallization and several cellular experiments proved the efficacy of LasB

inhibition.

4.2.1 Structure-based Approaches

The approaches described in chapter 3.3 and 3.4 are based on the recently determined co-crystal
structure of LasB with compound R36 (ICso = 6.6 uM).1® Surprisingly, the crystal structure
revealed the presence of two molecules inside the binding pocket. Based on this finding, Kany
et al. developed the idea to combine both molecules into one novel inhibitor scaffold. However,
the synthesized N-benzyl mercaptoacetamides (R64 (ICso = 12.6 uM) and derivatives) were
less active than the original N-aryl mercaptoacetamides (R36 and derivatives).

Chapter 3.3 describes three new structure-based approaches for the optimization of these
fragment-like thiols. The first approach was based on the results of the N-benzylated
mercaptoacetamide class of R64.18% The molecular modelling of this compound suggested that
the di-chloro phenyl ring is placed on the rather hydrophilic entrance region of the binding
pocket. Hence, we evaluated whether the removal of the chloro substituents or the substitution
with more polar groups (3-OH or 3-OCHzs) would increase activity. However, the activities
were similar to the formerly evaluated derivatives and the approach was not further pursued.
In the second approach, the idea was to initiate the formation of a further interaction between
inhibitor and protein. The amino acid residue of Glu141 was chosen as possible interaction
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partner. According to molecular modelling based on R364, the substitution of the a-position
with an aminomethyl group seemed to enable an interaction with Glul41l. However, the
synthesized compound B1 did show only moderate activity (ICso = 82 uM) towards LasB
suggesting that the proposed interaction did not take place.

In the third approach, the starting point was the combination of both molecules of compound
R36 which are present in the co-crystal structure. As Kany et al. proposed that the free amide
nitrogen is important for binding to LasB and should not be blocked by a substituent, this time
the benzyl group was not introduced at the nitrogen but instead in a-position to the thiol group.
According to the proposed binding mode of this new class of compounds, the introduction of
substituents at the benzyl ring could lead to additional interactions with the protein (Figure
4.2.1). The synthesis and evaluation of the first compound C1 (ICsp = 1.2 uM) revealed a
significant increase in activity compared to thiol R36 and thus provoked the synthesis of a small

library of a-benzylated mercaptoacetamides.

Figure 4.2.1: Molecular modelling: Possible interaction of 3-OH-substitueted (S)-a-benzyl mercaptoacetamide
with LasB. The surface map represents lipophilic (green) and hydrophilic (magenta) areas of the binding pocket.

4.2.2 Binding Mode

As mentioned before, two molecules of R36 (ICso = 6.6 M) were present in the co-crystal, one
coordinating the zinc ion (R36), the other one occupying the lipophilic S1° pocket (R368).1%
The former (R36”) was used for molecular modelling and will also be utilized for the following
comparisons.

Approach 3 resulted in a novel class of LasB inhibitors (C1-C9) with increased activity
compared to the N-aryl mercaptoacetamide class of R36. The co-crystallization of C1 (ICso =
1.2 uM) with LasB was successful and revealed that C1 did indeed bind as proposed by
molecular modelling. There were only minor deviations from the binding mode of R36” (Figure

4.2.2A). The binding mode of hydroxamate compound 7 (ICso = 17.4 puM) is also similar to
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R36% and C1 with minor deviations due to the bidentate ligation of the zinc ion (Figure 4.2.2B).
Additionally, upon inhibition by compound 7, the protein undergoes hinge bending resulting in
a closed conformation of the binding pocket. For R364 this closure of the binding pocket was

not observed and is probably impaired due to the binding of a second molecule (R36B). In

contrast, we observed a partly closed binding pocket in the cocrystal structure of C1.

His140

Figure 4.2.2: A: Binding Mode of C1 and R36. B: Binding Mode of Hydroxamate 7. The surface map represents
lipophilic (green) and hydrophilic (magenta) areas of the binding pocket.

4.2.3 SAR

In the study of Kany et al. compound R36 (ICso = 6.6 M) was the most active derivative of
the N-aryl mercaptoacetamide series (Figure 4.2.3, compound class 1). 29 derivatives (thiols
and thioacetates) were analyzed in total: 3 showed activities of 5 — 10 uM, 11 compounds of 10
— 20 pM, 7 compounds of 20 — 50 uM, 8 compounds of 50 — 130 uM. The SAR was not very
sharp but showed a preference for nonpolar substituents especially for halogens. In contrast,

polar, hydrogen bond accepting substituents were less favorable. 1%
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Figure 4.2.3: 1: N-aryl mercaptoacetamide, 2: N-benzyl mercaptoacetamide, 3: a-benzyl mercaptoacetamide

The study also described the evaluation of 12 derivatives of the N-benzyl mercaptoacetamide
class (Figure 4.2.3, compound class 2). All of these shared the di-cloro motif for the N-aryl part
and differed in the substitution pattern of the N-benzyl part. The ICso values ranged between
12.6 and 27.4 UM except for one derivative which was less active (ICso of 54.5 uM). The results
indicate that the true binding mode of this compound class probably differs from the one
proposed via molecular modelling.

For the three derivatives synthesized in chapter 3.3 the di-chloro N-aryl motif was exchanged
to phenyl (A1), 3-OCHs-phenyl (A2) or 3-OH-phenyl (A3). However, activities were similar
to the di-chloro derivatives (ICso = 13.9 uM, 24.6 uM, 28.1 uM) supporting the hypothesis of
a different binding mode.

The a-benzylated mercaptoacetamides described in chapter 3.3 (C1-C9) showed that a shift of
the benzyl group from the amide nitrogen to the a-carbon significantly increases activity (Figure
4.2.3, compound class 3). Additionally, the difference in activity between the derivatives
supported the proposed binding mode which was confirmed via co-crystallization of C1 with
LasB.

Interestingly, the SAR of this class differs from the one observed for the N-aryl
mercaptoacetamide series. The 3,4-di-chloro substitution was less favorable (ICso = 2.7 uM)
compared to the plain phenyl (ICso = 1.2 uM). In contrast, the introduction of polar substituents
in para position (OH, OCHjs, NO>) increased activity (ICso = 0.59 uM, 0.73 puM, 0.97 uM,
respectively). Interestingly, a methyl substituent in para position led to the most active
compound (ICso = 0.48 uM). Eventually, the SAR of the N-aryl mercaptoacetamides was biased

through the binding of two molecules.

4.2.4 Selectivity & Cytotoxicity

Selectivity is a crucial part in the development of potential drugs. In the case of protease
inhibitors, multiple off-targets are known to be present in the human body.?®>%%" Lacking
selectivity has been reported for various MMP inhibitors.?®-24 To evaluate the selectivity of

our inhibitors they have been tested for inhibition of several human MMPs that differ in the
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depth of their S1° subpockets: MMP1 and MMP7 (shallow), MMP3 and MMP 14 (deep),
MMP2 and MMP8 (intermediate).?!

The N-benzyl mercaptoacetamides (compounds C1, C3 and C4, chapter 3.3) and the
hydroxamic acid based LasB inhibitor (compound 7, chapter 3.4) showed high selectivity over
all tested MMPs similar to their related N-aryl mercaptoacetamides.'®® The high selectivity of
compound 7 over MMPs was proposed to be related to its inability to occupy the S1’ subpocket
(chapter 3.4). However, the N-benzyl mercaptoacetamides do occupy this subpocket and still
show high selectivity. Thus, the selectivity may be caused by other properties.

Unfortunately, the N-benzyl mercaptoacetamide C1 showed strong inhibition of the anti-target
ADAML17. The hydroxamic acid 7 showed intermediate inhibition of ADAM17. Hence, further
optimization strategies have to be applied to increase selectivity in order to enable a possible
future application as a drug.

The cytotoxicity was evaluated toward human cell lines Hep G2 and HEK293. Compound 7
showed a significant reduction of viability for HEK293 (chapter 3.4). This was proposed to be
related to the inhibition of anti-targets such as ADAM17. However, for C1 & C3 no
cytotoxicity could be observed (LDso > 100 uM) although they did show strong inhibition of
ADAML17. The cytotoxicity of compound 7 is probably caused by other properties of the
hydroxamic acid derivative.

4.2.5 Cellular Activity

To underline the relevance of LasB inhibition, the effect of hydroxamic acid based inhibitor 7
(chapter 3.4) on two significant cellular processes of P. aeruginosa PA14 was evaluated. First,
compound 7 could restore the antibacterial activity of LL37 against PA14. LL37 is an a-helical
human cathelicidin peptide which has antibacterial properties. This protein is produced as a
host defense mechanism against bacteria and was shown to be degraded by LasB.?12%
Additionally, we showed that compound 7 reduced the eDNA release and biofilm formation of
PA14.

Furthermore, in the formerly mentioned study of Kany et al. compound R36 significantly
increased the survival of PA14 infected Galleria mellonella.'®® The effect of the structurally
related a-benzyl mercaptoacetamides (chapter 3.3) on G. mellonella is currently under
investigation.

Overall, these findings prove that our compounds do not only inhibit LasB but have significant

in vitro and in vivo effects on P. aeruginosa.
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4.3 Conclusion and Outlook

The aim of this thesis was the identification of potent inhibitors targeting CYP121 from Mtb
and LasB from P. aeruginosa. Indeed, effective inhibitors were identified for both targets
through different approaches.

For CYP121, novel inhibitors with significant antimycobacterial activity were found through a
screening approach. Mode of action and cellular studies confirmed the efficacy of the identified
hit compounds and highlighted CYP121 as an important target for the development of new
drugs against TB.

As mentioned in the discussion (chapter 4.1.3), the group was working on co-crystal structures
of CYP121 with some hit compounds in order to provide information for further optimization
strategies. In the meantime, the cocrystal structures were solved for three hit compounds with
different linker scaffolds. All three derivatives show a similar binding mode with a water-
mediated coordination of the heme iron by the imidazole nitrogen.

For LasB various structure-based approaches were used to design novel inhibitors. The best
synthesized compounds showed in vitro activity up to the nanomolar range and significant
cellular effects on P. aeruginosa’s virulence.

The SAR and co-crystal structure of the a-benzyl mercaptoacetamide class yielded promising
information for further optimization. Additionally, the compounds are currently under
evaluation in a Galleria mellonella in vivo infection model.

In total, this thesis yielded promising results for two anti-infective targets and will hopefully

pave the way for the development of new drugs against Mtb and P. aeruginosa.
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1. Chemical synthesis cYY and Mycocyclosin:

1.1 Synthesis of cyclo-di-L-tyrosine (cYY)

cyclo-di-L-thyrosine (cYY):

CYY was synthesized as previously described.

OH

HO

cYY was synthesized as previously described.™ Spectral data is in accordance with the previously

published results:™

4 NMR (300 MHz, DMSO-ds) 6 9.19 (s, 1H), 7.75 (d, J = 2.6 Hz, 1H), 7.05 — 6.78 (m, 2H), 6.78 — 6.55 (m,
2H), 3.85 (s, 1H), 2.54 (dd, J = 4.6 Hz, 1H), 2.11 (dd, J = 13.7, 6.5 Hz, 1H); **C NMR (75 MHz, DMSO) &
166.7, 156.5, 131.2, 127.0, 115.5, 56.2, 39.3; ESI-MS(+) = m/z 327.1 [M+H]".

1.2 Synthesis of mycocyclosine

Mycocyclosine:

OH OH
U
NH
HN
0]

Mycocyclosine was synthesized as previously described.™? Spectral data is in accordance with the

previously published results:"

H NMR (300 MHz, DMSO-d¢) & 7.98 (s, 1H), 6.84 (dd, J = 2.51, 7.9 Hz, 1H), 6.62 (d, J = 8.1 Hz, 1H), 6.58 (d,
J=2.4Hz, 1H), 4.32 (d, J = 4.8 Hz, 1H), 3.46 (d, J = 15.7 Hz, 1H), 2.64 (dd, J = 5.73, 15.6 Hz, 1H).
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2. SDS-PAGE of His-tagged CYP121

Figure S1. SDS-PAGE of Ni-NTA purified heterologous expressed CYP121. The band corresponds to a
molecular mass of > 46000 Da which is in good accordance with the calculated protein mass of 43256 Da.
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3. Activity of CYP121/ CO Spectra
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Figure S2. UV-VIS carbonmonoxide difference spectra (COD) of CYP121 after treatment with sodium
sulfide and carbonmonoxide. The characteristic band at ~420 nm shows CO coordination to the reduced

iron-heme.
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Figure S3. UV-VIS carbonmonoxide difference spectra (COD) of CYP121 after incubation with reductase
Arh1_A18G and ferrodoxin Etp1fd (516-618) followed by carbonmonoxide treatment. The characteristic
band at ~420 nm shows co coordination to the reduced iron-heme
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4. LC-MS analysis of in vitro CYP121 enzyme reaction and effect of 1:47

RT: 0.00-6.01
RT. 4.06 NL: 1.36E7
AA 81048741 TICF: - CESISRM
Ims2269.153
144.685-145.385,
182.652-183.352) MS
ICIS Reaction_3
RT:130 INL: 2215
AK 1405903 ITIC F: - ¢ESI SRM
ms2323.121
110.750-111.450,
[210.615-211.315) MS
ICIS Reaction_3
RT:195 NL 4.37E6
100 AX 25725336 INCF: - cESI SRM
Ims2 325,129
903 RT 321 112.693-113.393
218 657-219.357] MS
BO: A AT ICIS Reaction_3
2 703
2
2 603
S 3
2 503 RT{ 94 RT:359 RT:413
2 ,iB Aa) pas1 AA 13176 AA 8698
]
& 303
203
103 RT:128
Co3 076 AA6ADS 256 202 341 378 421 460 512 546 576
e o e R R AR
00 05 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Figure S4. LC-MS/MS quantification of CYP121 enzyme reaction: internal standard estrone tz = 4.05 min
(A); mycocyclosin tg = 1.30 min (B); cYY tg = 1.95 min (C).
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RT: 0.00-6.01

k RT1.20
35 AR 1378726

Re alice Abundance
I

30
Time (min)

Figure S5. LC-MS/MS based quantification of CYP121 in vitro enzyme reaction product mycocyclosin with
addition of 1:47 (100 uM, lower chromatogram) and without the presence of the inhibitor (upper
chromatogram).
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5. Surface Plasmon Resonance Sensogram of econazole and I:16

20

response / RU —

---« blank

— Eco

~= |16

time /s —»

Figure S6. Representative example for SPR binding curve of econazole (Eco, bold line) and 1:16 (dashed
line) to CYP121 injected from 100 uM sample in comparison to blank (dotted line).
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6. Screening overview

Table S1. Overview of the results of SPR screening, Heme binding assay, BCG and Mtb growth
inhibition and MIC determination

BCGT

Cmpd [R/S: Ros] ;Z:;ea KHe[m:/;] Inhibition @ MICycqr MiCyyy,
P * D LK 100 |J~M [%] [HM] [MM]
I:1 0.4 N 10
1:2 0
1:3 0.1
1:4 0.2
I:5 0.1
1:6 0.1
1:7 0.5
1:8 0.5
1:9 0
1:10 0
1:11 0.6 N
1:12 0.4
1:13 0
1:14 0.2
1:15 0.3 Y (T-1I) 34 87 41
1:16 1.2 Y (T-1I) 1 78 5 6
1:17 1.9 Y (T-I) 3 65 38
1:18 0.1
1:19 0
1:20 0.4
1:21 0.1
1:22 0.1
1:23 0.1
1:24 0.3
1:25 0.5
1:26 0.1
1:27 1.0 Y (T-II) weak
1:28 0.3
1:29 0.4
1:30 1.4 Y (T-1) 11 94 11 48
1:31 15 N
1:32 1.1 Y (T-1) 14 85 30 41
1:33 0.1 N 0
1:34 0.7 Y (T-11) 29 25
1:35 0.5
1:36 0.1
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1:37 0.2

1:38 0.2

1:39 0.1

1:40 0.3

1:41 0.1

1:42 0.1

1:43 0.2

1:44 0.2

1:45 0.5

1:46 0.1

1:47 0.6 Y (T-1) 5 87 1

1:48 0.8 Y (T-I) 5 88 12

1:1 0.3

1:2 0.3

11:3 0.5

1:4 0.2

11:5 0.2

11:6 0.1

1:7 0.0

11:8 0.3

11:9 0.2

11:10 0.1

1:11 0.3

11:12 0.2

11:13 0.1

11:14 0.5 N

11:15 0.1

11:16 0.2

11:17 0.2

11:18 0.2

11:19 0.2

11:20 1.3 Y (T-1) 9 48

11:21 0.7 Y (T-11) 31

11:22 0.2

11:23 0.6 N

11:24 0.1

11:25 0.2

11:26 0.8 Y (T-1) 16

11:27 0.9 Y (T-Il) 20

11:28 0.9 Y (T-I1) 19

11:29 0.7 Y (T-11) 62

11:30 0.8 Y (T-11) weak

11:31 0.6 Y (T-II) weak

11:32 0.7 Y (T-1I) weak
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11:33 0.3

11:34 0.7 Y (T-11) 12 0
11:35 1.0. Y (T-11) weak

11:36 0.9 Y (T-I1) 16

1:37_ 1.4 Y (T-1) 50

11:38 1.2 Y (T-11) weak

11:39 1.4 N

11:40 0.7 Y (T-I1) 27

11:41 0.9 Y (T-I1) 13 7
11:42 0.2

Hni:1 0.3

11:2 0.4

n:3 1.7 Y (T-1) weak 20
1:4 1.7 N 20
1I:5 0.5

11:6 0.3

1:7 1.8 N 18
n:s 1.4 Y (T-11) weak 5
111:9 0.6 Y (T-I) weak

111:10 0.4

Hi:11 0.3

1:12 0.2

1:13 0.1

1:14 0.3

11:15 0.4

111:16 0.2

1:17 0.2

111:18 0.4

111:19 0.4

111:20 0.2

11:21 0.3

v:1 0.2

1V:2 0.1

Iv:3 0.1

Iv:4 0.3

IV:5 0.1 N

IV:6 0.5

1V:7 0.6 N

IvV:8 0.5

IvV:9 0.4

IV:10 0.5 60
v:11 0.9 Y (T-1) weak

v:12 0.9 N

v:13 0.8 Y (T-1) 62




V:l 0.0

V:2 0.3

V:3 0.2

V:4 0.1

V:5 0.2

V:6 0.1

V:7 0.3

V:8 0.8 N

V:9 0.8 N

Vi:l 0.6 N 50
Vi:2 1.2 N

Vi:3 1.5 N

Vi:4 1.3 N

VI:5 0.4

VI:6 1.3 N

Eco® 1.0 Y (T-11) 3 71 14 113
cYY® Y (T-) 12

’n= no, y= yes, T- = type | binding profile, T-1l = type Il binding profile, ® Eco = econazole, cYY =
cyclo-di-L-tyrosine
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7. Kp determination by UV-VIS Heme coordination assay

A 1:48 B 1:47

00030 0,008
00028 0,004 1 G
oo K=53uM |, || e Ko= 5.4 pM | & *
S oot . /. 5 ;/,
‘g 0,0010 4 Y & o ; o
5] T T ¢ 5] 4
& oooos | T 4 < o001 { 11
117 ; .
0,0000 { | 1 4 e Tk B
= 0,000 4
20,0008 |
0000 - 200 v
X ' o 100 X 1 " 100
conc. log [uM] conc. log [uM]
C 1:16 D Econazol
0008 ¢
0008
o004 {
T T T 0004 4 v
o | Kp=13uM 1+ el Kg=2.7uM [ 41
i 0.002 A - 5 | >
8 L g '
2 ol .t < ) )
o000 1 wl Tt t
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o1 ' 1 2001 v
01 ' »
conc. log (M) conc. log [uM]

Figure S7. Determination of Ky's by titration of 1:48 (A), 1:47 (B), 1:16 (C) and econazole (D) and
monitoring the difference between the absorption at 430 nm minus absorption at 410 nm In the
presence of CYP121. Graphs were plotted with SigmaPlot using Marquardt-Levenberg algorithm.
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8. Protein Blast of Mtb H37Rv CYP121 (Rv2276) and M. bovis BCG Pasteur
CYP121 (BCG_2293)

Range 1: 1 to 396 Graphics
Score Expect Method Identities Positives Gaps
800 bits(2066) 0.0 Compositional matrix adjust. 396/396(100%) 396/396(100%) 0/396{0%)

Query 1 MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAWLVSSYALCTQVLEDRRF 6@
MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAWLVSSYALCTQVLEDRRF
Sbjct 1 MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAWLVSSYALCTQVLEDRRF 6@

Query 61  SMKETAAAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL 12@
SMKETARAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL
Sbjct 61  SMKETAAAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL 120

Query 121 LDNLITEGAPADLRMNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI 188
LDNLITEGAPADLRMNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI
Sbjct 121 LDNLITEGAPADLRNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI 180

Query 181 NWDRDIEYMAGILENPNITTGLMGELSRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS 248
NWDRDIEYMAGILENPNITTGLMGEL SRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS
Sbjct 181 NWDRDIEYMAGILENPNITTGLMGELSRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS 240

Query 241 FLTTALISLIQRPQLRNLLHEKPELIPAGVEELLRINLSFADGLPRLATADIQVGDVLVR 388
FLTTALISLIQRPQLRNLLHEKPEL IPAGVEEL LRINLSFADGLPRLATADIQVGDVLVR
Sbjct 241 FLTTALISLIQRPQLRNLLHEKPELIPAGVEELLRINLSFADGLPRLATADIQVGDVLYR 380
Query 381 KGELVLVLLEGANFDPEHFPNPGSIELDRPNPTSHLAFGRGQHFCPGSALGRRHAQIGIE 360
KGELVLVLLEGANFDPEHFPNPGS LELDRPNPT SHLAF GRGOHF CPGSAL GRRHAQIGLE
Shjct 381 KGELVLVLLEGANFDPEHFPNPGSIELDRPNATSHLAFGAGQHFCPGSALGRRHAQIGIE 360
Query 361 ALLKKMPGVDLAVPIDQLVWRTRFQRRIPERLPVLW 396

ALLKKMPGVDLAVPIDQLVWRTRFQRRIPERLPVLW
Sbjct 361 ALLKKMPGVDLAVPIDQLVWRTRFQRRIPERLPVLW 396

Figure S8. Results of the Protein Blast of Mtb CYP121 (upper sequence) and BCGT CYP121 (lower
sequence) showing 100% amino acid identity between both proteins.
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9. MICgcer determination against Mycobacterium bovis

A Econazole
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MICgeor=27 +4
80+ L
9
= g0 °
€ L]
% 40
2
5}
204
o0
0 T T T T T |
2 A 0 1 2 3 4
Log Inhibitor [uM]
c 1:16
100
MICgegr=5+2
80
9
= 60
£
s
3 404
2
G
20
0
2 -1 0 1 2 3 4

Log Inhibitor [uM]

Growth [%]

O

Growth [%]

1:15
100+
MICgcor=41+1
804
60 .
404
204
2 4 0 1 2 3 4
Log Inhibitor [uM]
1:30
100+
MICgeer=11+2
80
60+
404

]
(=]
1

=]

Log Inhibitor [uM]

Figure S9. Growth inhibition of BCG versus control (%) of econazole (A), 1:15 (B), 1:16 (C), 1:30 (D) of
concentrations ranging from 100-1.56 uM of the respective compounds. Endpoint optical density was
measured at 600 nm. MICgcsr Were determined by GraphPad Prismn using OneSite Log ICs, model

provided by the software.
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Figure S$10. Growth inhibition of BCG versus control (%) of 1:32 (A), 1:47 (B), 1:48 (C) of concentrations
ranging from 100-1.56 pM of the respective compounds. Endpoint optical density was measured at 600
nm. MICgesr were determined by GraphPad Prismn using OneSite Log ICs, model provided by the

software.
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10. Calculation of antimicrobial efficiency

Antibacterial Ef fici ! (MIC)
ntibacterial Ef ficiency = —In NTA
Table S2. Antimicrobial efficiencym of 1:16, 1:30, 1:32, 1:47, 1:48, econazole, isoniazide and rifampicine

calculated for effects on Mycobacterium tuberculosis.

Cmpd. MIC [mg/L] MW NHA? Antibacterial Efficiency
1:16 1.90 310 24 0.26
1:30 11.20 234 18 0.25
1:32 9.60 234 18 0.26
1:47 0.30 278 21 0.39
1:48 3.50 292 22 0.26
Eco 4.20 382 23 0.24
INH® 0.05 137 10 0.99
Rif* 0.11 823 57 0.16

*NHA = number of heavy atoms, INH = isoniazide,"¥ Rif = rifampicine.m
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11. Toxicity assessment against human cancer cell lines HEK293 and HepG2

Sl Table 3. Toxicity data against human cancer cell lines HEK293 and HepG2 of 1:47, 1:16 and econazole

(Eco).
Compounds LD, HEK293 SD LDso HEK293 LDs, HepG2 SD LDs, HepG2
[1M] [mg/L] [1M] [mg/L]
1:47 66.9 53 18.6 47.5 8.1 17.1
1:116 19.6 3.8 6.1 121 2.8 389
Eco 15.6 3.8 6.0 11.8 4.3 3.1
517
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12. MIC against Escherichia coli and Staphylococcus aureus in comparison to
growth inhibition against Mycobacterium bovis BCG

A Econazole B
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H £
2
S 401 ]
(6] (6]
20 %
s CO—
0 T T 4
1 0 1 2 E,
Log Inhibitor [uM] Log Inhibitor [uM]

Figure S11. Comparison of growth inhibition of econazole (A), 1:16 (B), 1:47 (C) and 1:48 (D) against M.
bovis (A, ¢ = 1.56 - 100 uM), E. Coli (v, ¢ = 3.125 - 100 puM), S. aureus (e, c = 3.125 - 100uM) of
concentrations ranging from 100-0.725 uM of the respective compounds. Endpoint optical density was
measured at 600 nm. Graphs were plotted with GraphPad Prismn using OneSite Log ICs, model provided
by the software.
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13. Physicochemical data:
1:16

(?j ACD/Labs

= ACD/LogP Classic Module Report

ACD/Labs

Date: February 17, 2015 2:47 AM

Software name and version: ACD/Percepta 14.0.0 (Buid 2203)
Compound name:
Structure:

e B ’ 3 5
N~ % NN
L) W oy
LW —= —42
Caleulated LogP: 526 +- 0,35
ACD/Labs ACD/LogP Classic Module Report
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LogP Calculation Protocol:
Increments of the functional groups:
1.-1,86 {experimental value), atom{s) number: 8, 11, 8
Increments of the Carben atoms:
+0,53 (experimental value), stom(s) number: 7
+0,37 (expermental value), atom(s) number: 10
+0,37 (expermental value), stom(s) number: 12
-0.08 {experimental value), atom{s) number: 1
-0.08 |experimental value), atom|s) number: 5
-0.08 {experimental value). atom{s) number: 4
-0,08 {experimental value), atom{s) number: 18
0. -0.08 (experimental value). atom{s) number: 13
10. 40,37 (experimental value), atom(s) number- 3
11. 40,37 (experimental value), atom(s) number: 2
12 +0,37 (experimental value), atom{s) number: &
13. 40,37 (experimental value), atom(s) number: 21
14 40,37 (experimental value), atom(s) number: 20
15. 40,37 (experimental value), atom(s) number: 15
18. 40,37 (experimental value), atom(s) number: 14
17. 40,37 (experimental value), atom(s) number: 23
18. 40,37 (experimental value), atom(s) number: 22
18. +0,37 (experimental valus), atom(s) number: 17
20. 40,37 (experimental value), atom{s) number: 18
21. 40,37 (experimental value), atom(s) number: 24
22 40,37 (experimental value), atom(s) number 18
Interactions through aromatic system:
8-0 +0.20 {experimental value). atom{s) number: 10, 4, 8. 5, 13
Interactions through aliphatic system:
1-5 +0.28 {experimental value). atom({s) number: 1, 7, 8
Increments of the ring interactions
| of the ring i ions
of the ring i ions

©ND;hw N

ACD/Labs
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1:47

(?7 ACD/Labs
| g7

> ACD/LogP Classic Module Report

ACD/Labs

Date: February 17, 2015 2:50 AM

Software name and version: ACD/Percepta 14.0.0 (Budd 2203)
Compound name:
Structure:

Calculated LogP: 3,08 +- 0,37

ACD/Lsbs

ACDILogP Classic Module Report
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LogP Calculation Protocol:
Increments of the functional groups:

1. +0.43 (experimental value), atom(s) number: 20, 21, 18

2_-1.86 (experimental value), atom{s) number: 8, 11, 8
Increments of the Carbon atoms:

3. +0,52 (expenmental value), atom(s) number. 7

4_+0,37 (expermental value}), atom(s) number: 10

5. +#0,37 (experimental value), atom(s) number: 12

6. +0.08 (experimental value), atom(s) number: 18

7. +0,08 (experimental value), stom(s) number: 13

B. -0,08 (experimental value), atom{s) number: 1

8. -0.08 (experimental value}. atom{s) number: 13

10. -0.08 {experimental value). atom{s) number: &

11. +0,37 (experimental value), atom(s) number: 14

12. 40,37 (experimental value), atom(s) number: 17

13. +0,37 (experimental value), atom(s) number: 3

14. +0.37 (experimental value), atom(s) number: 2

15. +0,37 (experimental value), atom(s) number: 15

16. +0,37 (experimental value), atom(s) number: 5

17. +0,37 (experimental value), atom(s) number: £
Interactions through aromatic system:

1-10 0,00 (approximated value], atom(s) number: 18, 18, 14, 13, &
Interactions through afiphatic system:

2-3 +0.28 (experimental value), atom(s) number: 1, 7, 8
Ir of the ring i i
Ir of the ring i

ACD/Labs
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Econazole

"

ACDI/Labs
ACD/Labs

ACD/LogP Classic Module Report
Date: February 17, 2015 10:15 AM

Software name and version: ACD/Percepta 14.0.0 (Buid 2203)
Compound name: Econazole
Structure:

Caleulated LogP: 532 +- 0,55

ACDvLabs

ACDvLogP Classic Module Report
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LogP Calculation Protocol:
Increments of the functional groups:
1. -1.88 (expenmental value). atom{s) number: 2, 4, 1
+1,04 (experimental value), atom(s) number: 22
+1.04 (expenmental value), atom(s) number: 23
+1,04 (expermental value), atom(s) number: 24
-1.80 (expermental value). atom{s) number: 8
Increments of the Carbon atoms:
8. +0,53 (expermental value), atom(s ) number: 15
7. 40,53 (experimental value), atom(s) number: 8
8. -0.02 (experimental value), atom(s) number: 7
8. +0,37 (expermental value), atom(s) number: 3
10. +0.37 (experimental value), atom(s) number: 5
11.-0.08 (experimental value). atom({s) number: 10
12. -0.08 (experimental value), atom{s) number: 14
13. -0,08 {experimental value), atom{s) number: 21
14_-0,08 (expermental value), atom(s) number: 8
15. -0.08 (experimental value), atom{s) number: 16
18. +0,37 (experimental value), atom(s) number: 12
17. +0.37 (experimental value), atom(s) number: 13
18. +0,37 (experimental value), atom(s) number: 20
18. +0,37 (experimental value), atom(s) number: 19
20. +0,37 (experimental value), atom(s) number: 11
21. 40,37 (experimental value), atom(s) number: 13
22 +0,37 (experimental valus), atom(s) number: 17
Interactions through aromatic system:
2-3 +0.01 (experimental value), atom(s) number: 22, 10, 12, 14, 23
Interactions through afiphatic system:
14-15 -0,05 (experimental value), atom(s) number: 16, 15, 8, 7, @
1-14 -0,01 (experimental value), atom(s) number- @, 7. 6, 1
1-5 +0.64 (experimental value), atom{s) number: 1, 8, 7. 8
5-14 +0.65 (experimental value). atom(s) number: @, 7, 8
5-15 +0.65 (experimental value), atom(s) number: 16, 15, 8
1-15 0,10 {approximated value), atom{s} number: 16, 15, 8, 7, 6, 1

o)

O bW

Referenced data:

ACDLabs
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1:48

(%? ACD/Labs
\_iat//

> ACD/LogP Classic Module Report

e

ACD/Labs

Date: February 17, 2015 10:03 AM

Software name and version: ACD/Percepta 14.0.0 (Buld 2203)
Compound name:
Structure:

Calculated LogP: 263 + 028

ACDVLabs

ACDVLogP Classic Module Report
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LogP Calculation Protocol:
Increments of the functional groups:
1.-1,86 (experimental value). atom{s) number: 8, 11, 8
2. -0.55 (experimental value). atom{s) number: 18
3. -0.55 (experimental value), atom{s) number: 21
Increments of the Carbon atoms:
4. +0,58 (expenmental value), atom(s) number: 20
5. 40,58 (expenmental value}, atom(s) number: 22
8. +0.53 (expenmental value), atom(s) number: 7
7. +0,37 (expenmental value), atom(s) number: 10
8. +0,37 (experimental value), atom(s) number: 12
9. +0,08 (expenmental value), atom(s) number: 17
10. +0.,08 (experimental value), atom(s ) number: 18
11.-0,08 {sxperimental value), atom{s) number: 1
12.-0,08 (experimental value), atom{s) number: 13
13. -0.08 {experimental value), atom{s) number: &
14_ 40,37 (experimental value), atom(s) number: 15
15. 40,37 (experimental value), atom(s ) number: 18
18. +0,37 (experimental value), atom(s) number: 3
17. 40,37 (experimental value), atom(s) number: 2
18. 40,37 (experimental value), atom(s) number: 14
18. 40,37 (experimental value), atom(s) number 5
20. +0,37 (experimental value), atom(s) number: 4
Interactions through aromatic system:
3-13 -0,10 (experimental value), atom(s) number: 8, 13. 14, 16, 18, 21
2-13 -0.15 (experimental value), atom(s) number- &, 13. 15. 17, 18
2-3-D,08 (experimental value), atom(s) number- 18, 17, 18, 21
Interactions through aliphatic system:
2-3 +0.20 (experimental value), atom{s) number: 21, 22, 20, 19
1-11 #0.28 (experimental value). atom{s) number: 1, 7, 8
l of the ring i i
of the ring i

ACD/Labs
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7.1.2 Supporting Information for Chapter 3.2

1. Screening Overview: Kp and MICs values

Table S1: Determined Kp values with standard deviation and MICsp values against M. bovis BCG

Compound Structure Kp = STD [uM] MICso [UM]
o
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NN
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S
N
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2. Chemical Synthesis

2.1. Method A: Suzuki coupling

2.1.1: 4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-carbaldehyde (S4b): Synthesized according to method A
using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 4-Methoxy-3-methylphenylboronic acid
(1.75 mmol; 291 mg). Yield: 317 mg (100 %) of a white solid. Rf= 0.54 (hexane : EtOAc =9 : 1). H-
NMR (300 MHz, CHLOROFORM-ds): & (ppm) = 2.31 (s, 3 H); 3.90 (d, J=1.2 Hz, 3 H); 6.94 (d, J=8.1
Hz, 1 H); 7.41 - 7.52 (m, 2 H); 7.65 - 7.77 (m, 2 H); 7.87 - 7.97 (m, 2 H); 10.04 (s, 1 H). *C-NMR (300
MHz, CHLOROFORM-ds): & (ppm) = 16.4; 55.4; 110.3; 125.8; 127.0; 127.3; 129.6; 130.3; 131.6;
134.6; 147.0; 158.4; 191.9. LC-MS (ESI): Rt =9.04 min; m/z = 227.04 [M+H]".

2.1.2: 4-(benzo[d][1,3]dioxol-5-yl)benzaldehyde (S5b): Synthesized according to method A using 4-
bromobenzaldehyde (1.35 mmol; 250 mg) and 3,4-methylenedioxyphenylboronic acid (1.75 mmol; 290
mg). Yield: 322 mg (100 %) of a white solid. R¢= 0.66 (hexane : EtOAc = 8 : 2). *H-NMR (300 MHz,
CHLOROFORM-ds3): 8 (ppm) = 6.04 (s, 2 H); 6.92 (dd, J=7.7, 0.7 Hz, 1 H); 7.10 - 7.17 (m, 2 H); 7.64
-7.71(m, 2 H); 7.88 - 7.97 (m, 2 H); 10.04 (s, 1 H). *C-NMR (300 MHz, CHLOROFORM-ds): & (ppm)
=101.4; 107.6; 108.8; 121.3; 127.3; 130.3; 133.9; 134.9; 146.8; 148.1; 148.4; 191.8. LC-MS (ESI): R;
=8.20 min; m/z = 227.01 [M+H]".

2.1.3: 3'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-carbaldehyde (S6b): Synthesized according to method A
using 4-bromobenzaldehyde (1.35 mmol; 250 mg) and 3-Fluoro-4-methoxybenzeneboronic acid
(1.75 mmol; 297 mg). Yield: 289 mg (93 %) of a white solid. R¢= 0.46 (hexane : EtOAc = 8 : 2). 'H-
NMR (300 MHz, CHLOROFORM-d3): 6 (ppm) = 3.96 (s, 3 H); 7.01 - 7.13 (m, 1 H); 7.34 - 7.45 (m, 2
H); 7.70 (d, J=8.5 Hz, 2 H); 7.91 - 7.99 (m, 2 H); 10.05 (s, 1 H). *C-NMR (300 MHz, CHLOROFORM-
ds): & (ppm) =56.4 (s); 113.7 (d, J=2.2 Hz); 115.0 (d, J=18.6 Hz); 123.1 (d, J=3.7 Hz); 127.1 (s); 130.3
(s); 132.7 (d, J=6.7 Hz); 135.1 (s); 145.6 (d, J=1.5 Hz); 148.1 (d, J=10.4 Hz); 152.6 (d, J=246.6 Hz);
191.8 (s). LC-MS (ESI): R = 8.50 min; m/z = 231.05 [M+H]".

2.1.4: 4'-formyl-[1,1'-biphenyl]-4-carbonitrile (S7b): Synthesized according to method A using 4-
bromobenzaldehyde (1.35 mmol; 250 mg) and 4-Cyanophenylboronic acid (1.75 mmol; 257 mg). Yield:
263 mg (94 %) of a white solid. Rf = 0.78 (hexane : EtOAc = 7 : 3). 'H-NMR (300 MHz,
CHLOROFORM-ds): & (ppm) = 7.70 - 7.83 (m, 6 H); 7.97 - 8.05 (m, 2 H); 10.10 (s, 1 H). 3C-NMR
(300 MHz, CHLOROFORM-d3): & (ppm) = 112.2; 118.5; 127.9; 128.0; 130.4; 132.8; 136.1; 144.1;
144.9; 191.6. LC-MS (ESI): R = 8.39 min; m/z = 415.28 [2M+H]*.

2.1.5: 4-(benzo[d][1,3]dioxol-5-yl)-2-fluorobenzaldehyde (S8b): Synthesized according to method A
using 4-bromo-2-fluorobenzaldehyde (1.35 mmol; 274 mg) and 3,4-methylenedioxyphenyl boronic acid
(1.75 mmol; 290 mg). Yield: 311 mg (94 %) of a white-yellow solid. R¢= 0.47 (hexane : EtOAc =95 :
5). 'H-NMR (300 MHz, CHLOROFORM-d3): & (ppm) = 6.05 (s, 2 H); 6.92 (d, J=8.1 Hz, 1 H); 7.07 -
7.15 (m, 2 H); 7.32 (dd, J=11.8, 1.6 Hz, 1 H); 7.43 (dd, J=8.1, 1.0 Hz, 1 H); 7.87 - 7.94 (m, 1 H); 10.37
(s, 1 H). *C-NMR (300 MHz, CHLOROFORM-ds): & (ppm) = 101.6 (s); 107.4 (s); 108.9 (s); 114.3 (d,
J=22.35 Hz); 121.3 (s); 122.4 (d, J=8.9 Hz); 122.9 (d, J=2.9 Hz); 129.1 (d, J=2.9 Hz); 132.7 (d, J=2.2
Hz); 148.5 (s); 148.6 (s); 149.3 (d, J=8.9 Hz); 164.9 (d, J=257.8 Hz); 186.7 (d, J=5.9 Hz). LC-MS (ESI):
R: = 8.38 min; m/z = 244.98 [M+H]".

2.2 Method B: Grignard reaction

2.2.1: 1-(3'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-yl)prop-2-en-1-ol (S6a): Synthesized according to
method B using S6b (1.17 mmol; 270 mg) and vinylmagnesium bromide (0.7 M in THF; 1.40 mmol;
2.0 mL). Yield: 182 mg (60 %) of a yellow solid. Rf= 0.29 (hexane : EtOAc = 8 : 2). 'H-NMR (300
MHz, CHLOROFORM-d3): 6 (ppm) = 3.94 (s, 3 H); 5.21 - 5.29 (m, 2 H); 5.40 (d, J=17.0 Hz, 1 H); 6.09
(ddd, J=16.8, 10.4, 6.0 Hz, 1 H); 7.00 - 7.07 (m, 1 H); 7.29 - 7.37 (m, 2 H); 7.42 - 7.47 (m, 2 H); 7.50 -
7.57 (m, 2 H). ¥C-NMR (300 MHz, CHLOROFORM-d3): & (ppm) = 56.4 (s); 75.09 (s); 113.7 (d, J=2.2
Hz); 114.7 (d, J=19.4 Hz); 115.3 (s); 122.6 (d, J=3.0 Hz); 126.8 (s); 126.9 (s); 134.0 (d, J=6.0 Hz);
139.2 (d, J=1.5 Hz); 140.1 (s); 141.6 (s); 147.1 (d, J=10.4 Hz); 152.6 (d, J=244.4 Hz). LC-MS (ESI): R;
=7.21 min; m/z = 241.14 [M-OH]".
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2.2.2: 4'-(1-hydroxyallyl)-[1,1'-biphenyl]-4-carbonitrile (S7a): Synthesized according to method B
using S7b (1.21 mmol; 250 mg) and vinylmagnesium bromide (0.7 M in THF; 1.45 mmol; 2.1 mL).
Yield: 168 mg (59 %) of a yellow solid. R¢= 0.27 (hexane : EtOAc = 8 : 2). *H-NMR (300 MHz,
CHLOROFORM-d3): 6 (ppm) =5.22 - 5.32 (m, 2 H); 5.41 (d, J=17.0 Hz, 1 H); 6.08 (ddd, J=16.9, 10.4,
6.1 Hz, 1 H); 7.51 (d, J=8.2 Hz, 2 H); 7.60 (d, J=8.2 Hz, 2 H); 7.71 (dd, J=15.1, 8.2 Hz, 4 H). 3C-NMR
(300 MHz, CHLOROFORM-d3): 6 (ppm) = 75.0; 110.9; 115.6; 118.9; 127.0; 127.4; 127.7; 132.6; 138.5;
140.0; 143.1; 145.3. LC-MS (ESI): R = 7.10 min; m/z = 218.15 [M-OH]".

2.2.3: 1-(4-(benzo[d][1,3]dioxol-5-yI)-2-fluorophenyl)prop-2-en-1-ol (S8a): Synthesized according to
method B using S8b (1.23 mmol; 300 mg) and vinylmagnesium bromide (0.7 M in THF; 1.47 mmol,
2.1 mL). Yield: 127 mg (38 %) of a yellow solid. R¢= 0.38 (hexane : EtOAc = 85 : 15). 'H-NMR (300
MHz, CHLOROFORM-ds): & (ppm) = 2.14 (br. s., 1 H); 5.24 (d, J=10.3 Hz, 1 H); 5.40 (dd, J=17.1, 0.6
Hz, 1 H); 5.55 (d, J=5.3 Hz, 1 H); 6.05 - 6.18 (m, 1 H); 6.85 - 6.92 (m, 1 H); 7.01 - 7.08 (m, 2 H); 7.20
(dd, J=11.6, 1.7 Hz, 1 H); 7.31 (dd, J=8.0, 1.7 Hz, 1 H); 7.43 - 7.52 (m, 1 H). *C-NMR (300 MHz,
CHLOROFORM-ds3): 6 (ppm) = 69.1 (s); 101.3 (s); 107.5 (s); 108.6 (s); 113.7 (d, J=23.1 Hz); 115.4 (s);
120.6 (s); 122.6 (d, J=3.0 Hz); 127.7 - 128.3 (m); 133.9 (d, J=2.2 Hz); 138.8 (s); 142.4 (d, J=8.2 Hz);
147.5 (s); 148.2 (s); 160.2 (d, J=248.1 Hz).

2.2.4: 1-(4'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-4-yl)prop-2-en-1-ol  (S9b): Synthesized
according to method B using S9c (1.14 mmol; 357 mg) and vinylmagnesium bromide (0.7 M in THF;
1.37 mmol; 2.0 mL). Yield: 47 mg (47 %) of a yellow oil. R¢= 0.32 (hexane : EtOAc =9 : 1). *H-NMR
(300 MHz, CHLOROFORM-d3): & (ppm) = 0.21 - 0.26 (m, 6 H); 0.98 - 1.03 (m, 9 H); 5.21 - 5.28 (m,
2 H); 5.40 (dt, J=17.1, 1.4 Hz, 1 H); 6.10 (ddd, J=17.1, 10.3, 6.0 Hz, 1 H); 6.88 - 6.94 (m, 2 H); 7.40 -
7.48 (m, 4 H); 7.53 - 7.58 (m, 2 H). 3C-NMR (300 MHz, CHLOROFORM-ds): & (ppm) = -4.4; 18.2;
25.7;75.2; 115.2; 120.3; 126.7; 126.9; 128.0; 133.8; 140.2; 140.5; 140.9; 155.3.

2.2.5: 1-(4-(1-(tert-butyldimethylsilyl)-1H-indol-5-yl)phenyl)prop-2-en-1-ol  (S10b): Synthesized
according to method B using S10c (1.18 mmol; 397 mg) and vinylmagnesium bromide (0.7 M in THF;
1.42 mmol; 2.0 mL). Yield: 302 mg (70 %) of a yellow oil. R¢= 0.43 (hexane : EtOAc = 8 : 2). 'H-NMR
(300 MHz, CHLOROFORM-d3): & (ppm) = 0.63 (d, J=1.1 Hz, 6 H); 0.96 (s, 9 H); 5.19 - 5.31 (m, 2 H);
5.42 (dd, J=17.1, 1.4 Hz, 1 H); 6.06 - 6.20 (m, 1 H); 6.67 (d, J=3.2 Hz, 1 H); 7.20 - 7.24 (m, 1 H); 7.37
-7.49 (m, 3 H); 7.57 (d, J=8.6 Hz, 1 H); 7.66 (d, J=7.5 Hz, 2 H); 7.84 (5, 1 H). LC-MS (ESI): R;=10.82
min; m/z = 346.27 [M-OH]".

2.3 Method C: CDI reaction

2.3.1 1-(1-(3'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-yl)allyl)-1H-imidazole (S6): Synthesized according
to method C using S6a (160 mg, 0.62 mmol) and CDI (301 mg, 1.86 mmol). Yield: 44 mg (23 %) of a
colorless oil. Rt = 0.44 (EtOAc : MeOH =98 : 2). *H-NMR (300 MHz, CHLOROFORM-ds): [ppm] =
3.94 (s, 3 H) 5.19 (d, J=17.04 Hz, 1 H) 5.47 (d, J=10.24 Hz, 1 H) 5.84 (d, J=6.24 Hz, 1 H) 6.31 (ddd,
J=16.86, 10.34, 6.33 Hz, 1 H) 6.93 (s, 1 H) 7.00 - 7.09 (m, 1 H) 7.13 (s, 1 H) 7.22 - 7.38 (m, 4 H) 7.54
(d, J=8.20 Hz, 2 H) 7.61 (s, 1 H). *C-NMR (75 MHz, CHLOROFORM-ds): [ppm] = 56.3 (s), 63.3 (s),
113.7 (d, J=2.24 Hz), 114.7 (d, J=18.63 Hz), 118.6 (s), 119.5 (s), 122.6 (d, J=2.9 Hz), 127.2 (s), 127.9
(s), 129.0 (s), 133.3 (d, J=5.9 Hz), 135.5 (s), 136.6 (S), 136.9 (s), 139.9 (s), 147.3 (d, J=11.2 Hz), 152.6
(d, J=248.1 Hz). LC-MS (ESI): Ry = 2.73 min, m/z = 309.18 [M+H]*, 241.14 [M-Imidazole]*.

2.3.2 4'-(1-(1H-imidazol-1-yl)allyl)-[1,1'-biphenyl]-4-carbonitrile (S7): Synthesized according to
method C using S7a (150 mg, 0.64 mmol) and CDI (310 mg, 1.92 mmol). Yield: 22 mg (34 %) of an
orange oil. Rf = 0.22 (100% EtOAc). *H-NMR (300 MHz, CHLOROFORM-ds): 3[ppm] = 5.20 (dd,
J=17.00, 0.61 Hz, 1 H) 5.48 (d, J=10.24 Hz, 1 H) 5.85 (d, J=6.24 Hz, 1 H) 6.31 (ddd, J=16.90, 10.38,
6.33 Hz, 1 H) 6.93 (s, 1 H) 7.12 (s, 1 H) 7.30 (d, J=8.38 Hz, 2 H) 7.54 - 7.63 (m, 3 H) 7.64 - 7.78 (m, 4
H). 3C-NMR (75 MHz, CHLOROFORM-ds): 8[ppm] = 63.1, 111.3, 118.5, 118.7, 119.8, 127.7, 127.8,
128.2, 129.5, 132.7, 135.35, 136.6, 138.8, 139.4, 144.7. LC-MS (ESI): Ry = 7.70 min, m/z = 286.08
[M+H]*, 218.01 [M-Imidazole]".

2.3.3  1-(1-(4-(benzo[d][1,3]dioxol-5-yI)-2-fluorophenyl)allyl)-1H-imidazole  (S8):  Synthesized
according to method C using S8a (125 mg, 0.46 mmol) and CDI (224 mg, 1.38 mmol). Yield: 43 mg
(29 %) of a colorless oil. Rf = 0.39 (100% EtOAc). *H-NMR (300 MHz, METHANOL-d): 8[ppm] =
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5.16 (d, J=16.86 Hz, 1 H) 5.43 - 5.51 (m, 1 H) 5.99 (s, 2 H) 6.31 (d, J=6.05 Hz, 1 H) 6.36 - 6.50 (m, 1
H) 6.87 - 6.93 (m, 1 H) 7.02 (t, J=1.12 Hz, 1 H) 7.10 - 7.16 (m, 3 H) 7.27 - 7.40 (m, 2 H) 7.40 - 7.46
(m, 1 H) 7.74 (s, 1 H). ®C-NMR (75 MHz, METHANOL-d4): 8[ppm] = 58.7 (d, J=2.9 Hz), 102.9 (s),
108.4 (s), 109.8 (s), 115.0 (d, J=22.4 Hz), 119.8 (s), 120.3 (5), 122.0 (5), 124.1 (d, J=2.9 Hz), 125.4 (d,
J=14.2 Hz), 129.1 (s), 130.5 (d, J=3.7 Hz), 134.7 (d, J=1.5 Hz), 136.2 (s), 138.0 (s), 145.3 (d, J=8.2
Hz), 149.5 (s), 150.0 (s), 163.8 (). LC-MS (ESI): R; = 2.95 min, m/z = 323.12 [M+H]*, 254.99 [M-
Imidazole]*.

2.3.4 1-(1-(4'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-4-yl)allyl)-1H-imidazole (S9a):
Synthesized according to method C using S9b (175 mg, 0.51 mmol) and CDI (249 mg, 1.53 mmol).
Yield: 58 mg (29 %) of a colorless oil. Rf=0.31 (100% EtOAc). *H-NMR (300 MHz, CHLOROFORM-
ds): 8[ppm] = 0.24 (s, 6 H); 1.01 (s, 9 H) 5.18 (d, J=17.0 Hz, 1 H); 5.45 (d, J=10.2 Hz, 1 H); 5.81 (d,
J=6.3 Hz, 1 H); 6.31 (ddd, J=16.9, 10.4, 6.3 Hz, 1 H); 6.88 - 6.94 (m, 3 H); 7.11 (s, 1 H); 7.24 (d, J=8.4
Hz, 2 H); 7.43 - 7.48 (m, 2 H); 7.53 - 7.58 (m, 3 H).

3.10 5-(4-(1-(1H-imidazol-1-yl)allyl)phenyl)-1-(tert-butyldimethylsilyl)-1H-indole (S10a):

Synthesized according to method C using S10b (302 mg, 0.83 mmol) and CDI (404 mg, 2.49 mmol).
Yield: 106 mg (31 %) of a yellow oil. Rf = 0.31 (100% EtOAC).

3. Synthesized Compounds: Kp and MICs values

Table S3: Determined Kp values with standard deviation and MICs values against M. bovis BCG

Compound Ko+ STD [uUM]  MICs [UM]
S1 0.8+0.8 9.7
S2 83+17 49.9
S3 213+1.1 >100
sS4 58+05 17.3
S5 6.7+0.6 20.0
S6 7.1£0.7 145
S7 100+1.4 9.2
S8 42+0.3 >30
S9 7205 >50
S10 35+04 41.0
S11 59+05 5.8
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4. Enantiomer Separation and affinities of enantiomers
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Figure S4: Chromatograms of enantiomer separation with a chiral column and used solvent composition.

Table S4: Determined Kp values for the separated enantiomers.

Ko [UM]
Rac. El E2
S1 0.8 0.9 0.7
S4 5.8 6.1 2.6
S5 6.7 9.6 4.6
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5. In vitro inhibiton of cYY conversion: ICs, values

Table S5: ICs values for reference compound econazole, hit compound 1:47 and the identified potent
inhibitors L10, L21 and L15.

1Cy, [UM]
Compound  Product Substrate
formation depletion
Econazole 11 8
1:47 36 34
L10 23 19
L21 24 21
L15 26 21

6. Cytotoxicity toward Macrophages

Bm C36 [0 C43 B 48 [ Rifampin [ DMSO
100 - B C23 B 16 1 1:47 Bl Isoniazid
'-I "Il --l ™ ™
80+ —1Hrre R b e B ol ===
=
“5 60
E 40
=
20
0 cagr eogg “o8r ©088 ©98% 088 “98% 988 ©9&3

Compounds (uM)

Figure S6: Cytotoxicity toward macrophages at compound concentrations of 50, 25, 12.5 and 6 uM after 48 h.
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7. Intracellular Replication in Macrophages: Affinities toward CYP121 and CYP125

Table S7: Affinities toward CYP121 and CYP125 of compounds evaluated against intracellular replication in
macrophages.'86.1%7

Ko CYP121  KpCYP125
[UM] [uUM]

C36 : N >100 1.3+0.7

Compound Structure

C23 \ 7.2+05 15+0.6
F o/\/©

g -
C43 o 8.8+3.0 131409
1:16 OIS, 1.3+04 no SPR
response

1:48 ONQN 53+0.6 Not tested
. S+ 0. ot teste
(3
SR
1:47 <0)/‘ '~/ 54+1.0 Not tested
o)
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7.1.3 Supporting Information for Chapter 3.3

1. 1Cs Determination
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4. Crystallographic Data

Table 1. Data collection and refinement statistics.

Compound C1

33.62 - 1.65(1.709 - 1.65)
Resolution range

P1211
Space group

39.428 92.603 40.771 90 114.058 90
Unit cell

60992 (6122)
Total reflections

30874 (3072)
Unique reflections

2.0(2.0)
Multiplicity

92.45 (96.48)
Completeness (%)

18.09 (5.02)
Mean I/sigma(l)

0.03211 (0.15)

R-merge
0.2019 (0.2131)
R-work
0.2176 (0.2399)
R-free
2717
Number of non-hydrogen atoms
2291
macromolecules
38
ligands
388
solvent
298
Protein residues
0.003
RMS(bonds)
0.60
RMS(angles)
95.95
Ramachandran favored (%)
3.72
Ramachandran allowed (%)
0.34
Ramachandran outliers (%)
0.86
Rotamer outliers (%)
3.17
Clashscore
19.54
Average B-factor
17.47
macromolecules
37.30
ligands
30.02
solvent

Statistics for the highest-resolution shell are shown in parentheses.
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7.1.4 Supporting Information for Chapter 3.4

SUPPORTING INFORMATION TO THE PUBLICATION
Tackling Pseudomonas aeruginosa Virulence by a Hydroxamic Acid Based
LasB Inhibitor
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¥ Workgroup Structural Biology of Biosynthetic Enzymes, Helmholtz Institute for Pharmaceutical
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1 Supporting Tables and Figures

LasB-7

Resolution range

61.26 -2.1(2.175 -2.1)

Space group

P2121:21

Unit cell

43.7 53.0 122.5 90 90 90

Total reflections

88777

Unique reflections

16581 (1575)

Multiplicity 53054
Completeness (%) 95.88 (93.64)
Mean Isigma(l) 4.3(1.9)
R-merge 0.257 (0.689)
R-work 0.1828 (0.2210)
R-free 0.2102 (0.3084)
Number of non-hydrogen atoms 2641

macromolecules 2317

ligands 29

solvent 295
Protein residues 300
RMS(bonds) 0.004
RMS(angles) 0.94
Ramachandran favored (%) 95.27
Ramachandran allowed (%) 4.39
Ramachandran outliers (%) 0.34
Rotamer outliers (%) 0.00
Clashscore 2.00
Average B-factor 17.59

macromolecules 16.44

ligands 2471

solvent 2592

Statistics for the highest-resolution shell are shown in parentheses.
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Table S2. Residual LasB activity at each tested concentration of 7 in the in vitro inhibition assay. Mean and SD of four
independent measurements are shown.

7 [uM] 350 175 87.5 4375 2188 1094 547 273 1,37 0,68
Ref.id.‘t‘a' 0+ 93+ 169+ 309+ 459+ 623+ 746+ 824+ 877+ 931z
“[“,/‘G’i ¥y 2.0 2.8 27 3.6 52 6.6 75 9.6 9.9 8.0

Figure S1. (A) Binding of the hydroxamate compound 7 leads to a closed conformation of the LasB active site. (B) In
contrast, binding of the recently reported thiol inhibitor of LasB (1) arrests the enzyme in an open conformation. LasB is
shown as a cyan surface representation, the active-site Zinc ion as a grey sphere and ligand molecules as grey/black sticks.

Figure S2. Structure of MMP inhibitor Batimastat' (A) and HDAC inhibitor Trichostatin A® (B).

0 ~o
H
HN N o)
0 N-OH
/ H 0=8=00
! N\)LH,OH
9 10

Figure $3. Structures of published hydroxamate-based MMP-7 inhibitor 9* and MMP-3 inhibitor 10.*
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2 Synthesis

4-((3,4-dichlorophenyl)amino )-4-oxobutanoic acid (3). 3,4-dichloroaniline (160 mg, 0.99 mmol) was
placed in a crimp vial and dissolved in 5 mL of dioxane at 70°C. Succinic anhydride (105 mg, 1.05
mmol) was added. The reaction was stirred at 70°C for 6 hours. Hydrochloric acid (2 M, 2 mL) was
added and the aqueous phase was extracted with ethyl acetate, washed with brine and dried over
magnesium sulfate and concentrated under reduced pressure. The crude was purified using automated
flash chromatography (reversed-phase: acetonitrile + 0.1% formic acid:water + 0.1% formic acid
15:85 to 65:35) to yield the title compound as a white powder (152 mg, 59%). 'H NMR (300 MHz,
DMSO-ds) & ppm 2.37 - 2.49 (m, 4 H), 7.36 - 7.44 (dd, /= 8.8, 2.3 Hz, | H), 7.48 (d, / = 8.8 Hz, 1 H),
7.93 (d, J =22 Hz, 1 H), 10.21 (s, 1 H), 11.57 - 12.75 (br. s, 2 H); *C NMR (75 MHz, DMSO-d¢) &
ppm 28.6, 31.1, 118.9, 120.1, 124.3, 130.6, 131.0, 139.3, 170.7, 173.7; MS (ESI") m/z 262 (M+H)"

(Z)-4-((3,4-dichlorophenyl))amino)-4-oxobut-2-enoic acid (4). 3.4-dichloroaniline (170 mg, 1.05
mmol) was placed in a crimp vial and dissolved in 5 mL of dioxane at 70°C. Maleic anhydride (103
mg, 1.05 mmol) was added. The reaction was stirred at 70°C for 6 hours. Filtration of the formed
precipitate gave the title compound as a white powder (151 mg, 55%). 'H NMR (300 MHz, DMSO-dy)
3 ppm 632 (d, J=11.9 Hz, 1 H), 6.48 (d, J = 11.9 Hz, 1 H), 7.50 (dd, J = 8.9, 2.4 Hz, 1 H), 7.59 (d, J
=8.8 Hz, 1 H), 8.01 (d, J = 2.3 Hz, 1 H), 10.6 (s, 1 H), 12.76 — 13.04 (br s., 1 H); *C NMR (75 MHz,
DMSO-de) & ppm 119.4, 120.5, 125.1, 130.1, 130.7, 131.0, 131.6, 138.8, 163.7, 166.8; MS (ESI")
m/z 260 (M+H)*

Methyl-3-((3,4-dichlorophenyl)amino)-3-oxopropanoate (5). 3,4-dichloroaniline (500 mg, 3.1 mmol)
was dissolved in 10 mL of dichloromethane under cooling on ice. Triethylamine (850 pL, 6.2 mmol)
were added, followed stepwise by methyl malonyl chloride (520 uL, 4.9 mmol). The mixture was
warmed to room temperature and stirred for 4 hours. The organic phase was washed with saturated
ammonium bicarbonate solution. The crude was purified automated flash chromatography (petroleum
ether:ethyl acetate 80:20 to 5:95) to yield the title compound as a white powder (548 mg, 67%). 'H
NMR (300 MHz, DMSO-dg) 6 ppm 3.49 (s, 2 H), 3.66 (s, 3 H), 7.45 (dd, J = 8.9, 2.4 Hz, 1 H), 7.58
(d, J=8.8 Hz, 1 H), 7.96 (d, J = 2.4 Hz, 1 H), 10.49 (s, 1 H); °C NMR (75 MHz, DMSO-d) & ppm
43.5,52.0, 119.1, 120.3, 125.0, 130.8, 131.0, 138.8, 164.5, 167.8; MS (EST") m/z 262 (M+H)*

3-((3,4-dichlorophenyl)amino)-3-oxopropanoic acid (6). 5 (150 mg, 0.57 mmol) was dissolved in 4
mL of tetrahydrofurane. Sodium hydroxide solution (2 M, 570 uL) was added, followed stepwise by
1.43 mL of water. The mixture was stirred at room temperature for 24 hours. The aqueous phase was
extracted with diethyl ether. After addition of 5 mL of water, the aqueous phase was extracted with
ethyl acetate, dried over magnesium sulfate and concentrated under reduced pressure to yield the title
compound as a white powder (115 mg, 81%). 'H NMR (300 MHz, DMSO-dg) & ppm 3.36 (s, 2 H),
7.46 (dd, J =8.9,2.4 Hz, 1 H), 7.58 (d, / = 8.8 Hz, 1 H), 7.98 (d, / = 2.3 Hz, 1 H), 10.43 (s, 1 H),
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12.48 - 12.94 (br. s, 1 H); *C NMR (75 MHz, DMSO-ds) & ppm 44.0, 119.1, 120.2, 124.8, 130.8,
131.0, 139.0, 165.1, 168.9; MS (ESI") m/z 248 (M+H)"

N'-(3,4-dichlorophenyl)-N°-hydroxymalonamide (7). Hydroxylamine hydrochloride (106 mg, 1.52
mmol) was dissolved in 10 mL of methanol. N,N-Diisopropylethylamine (280 ul, 1.68 mmol) was
added. The mixture was stirred at room temperature for 30 minutes. 5 (100 mg, 0.84 mmol) was added
and the reaction refluxed for 8 hours, followed by 16 hours at room temperature. The mixture was
acidified with hydrochloric acid until pH 1 and extracted with ethyl acetate. The organic phase was
washed with brine, dried over magnesium sulfate and concentrated under reduced pressure. The crude
was purified using automated flash chromatography (reversed-phase: acetonitrile + 0.1% formic
acid:water + 0.1% formic acid 20:80 to 100:0) to yield the title compound as a white powder (27 mg,
27%). "H NMR (300 MHz, DMSO-d) & ppm 3.12 (s, 2 H), 7.48 (dd, J = 8.9, 2.4 Hz, | H), 7.57 (d, J =
8.9 Hz, 1 H), 7.98 (d, J = 2.3 Hz, 1 H), 8.99 (s, 1 H), 10.42 (s, 1 H), 10.62 (s, 1 H); *C NMR (75
MHz, DMSO-de) & ppm 44.5, 119.6, 120.7, 125.3, 131.3, 131.5, 139.5, 165.6, 169.4; MS (ESI")
m/z 263 (M+H)"

N-(3,4-dichlorophenyl)-2-hydroxyacetamide (8). 3,4-dichloroaniline (200 mg, 1.23 mmol) and
glycolic acid (94 mg, 1.24 mmol) were placed in a crimp vial. The vial was sealed and heated to
130°C for 24 hours. The crude was purified using flash chromatography (petroleum ether:ethyl acetate
70:30 to 60:40) to yield the title compound as a white powder (156 mg, 58%). 'H NMR (300 MHz,
DMSO-de) & ppm 4.00 (s, 2 H) 5.50 - 6.00 (br. s, 1 H) 7.56 (d, /= 8.9 Hz, 1 H) 7.70 (dd, J = 8.8, 2.5
Hz, 1 H) 8.11 (d, J = 2.4 Hz, 1 H) 9.76 — 10.23 (br. s, | H); °C NMR (75 MHz, DMSO-ds) & ppm
61.9, 119.7, 120.8, 124.8, 130.5, 130.8, 138.7, 171.5; MS (ESI") m/z 220 (M+H)*
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6th International HIPS Symposium, June 2016, Saarbrticken, Germany
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7th International HIPS Symposium, June 2017, Saarbriicken, Germany
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