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Abstract

Function of the lung is a prerequisite for human survival. Infection of the lung is
therefore a life-threatening iliness. Treatment is constantly losing its effectivity due to
resistance development. Moreover, pathogens developed mechanisms to evade the
immune response, e.g. biofilms. Hence, developing new antibiotic drugs with novel
targets, restoring activity of old drugs or blocking pathogenicity is highly necessary.
These concepts are the basis of this work focused on Pseudomonas aeruginosa (PA)
and Mycobacterium tuberculosis (Mtb) both causing severe pulmonary infections.

The quorum sensing system of PA is a highly sophisticated network using small
molecules for group coordinated release of virulence factors, biofilm formation and
persistence. A key sensor is the Pseudomonas Quinolone Signal (PQS). Blocking the
downstream effects of PQS can be achieved by interference with its receptor (PgsR)
or synthases (e.g. PgsD). Targeting PgsR and PqgsD is a promising goal to lower
pathogenicity, restore antibiotic activity and - immune response while reducing risks

for resistance.

Infections by extreme drug resistant Mtb are on the rise making discovery of novel
anti-mycobacterial agents inevitable. Novel potential targets are cytochrome-P-450
enzymes. CYP125 & CYP121 are two representatives of which the first is essential
during host infection and the latter for bacterial survival. Hence development of

inhibitors for these enzymes is a promising strategy to fill the antibiotic gap.



Zusammenfassung

Die Funktion der Lunge ist essentiell fir unser Uberleben. Daher sind Infektionen
lebensbedrohlich.  Zuséatzlich  verlieren  Antibiotika  aufgrund  steigender
Resistenzentwicklungen ihre Wirkung. Weiterhin haben Pathogene
Schutzmechanismen z.B. Biofilme entwickelt um dem Immunsystem zu entkommen.
Daher ist die Entwicklung neuer-/ Reaktivierung alter Antibiotika oder Blockade der
Pathogenitat duBerst wichtig. Dies ist die Basis dieser Arbeit, welche sich auf die
Bekampfung der Keime Pseudomonas aeruginosa (PA) und Mycobacterium
tuberculosis (Mtb) fokussiert.

Das Quorum Sensing System von PA nutzt kleine Molekile als Regulatoren von
Virulenz Faktoren, Biofilmen und der Persistenz. Ein Molekil ist das Pseudomonas
Quinolone Signal (PQS). Die Blockierung der Effekte von PQS kann einerseits durch
Blockade des Rezeptor PgsR oder durch Hemmung der Synthasen (z.B. PgsD)
erfolgen. Interferenz mit PgsR und PqgsD ist ein vielversprechender Ansatz die
Pathogenitdt von PA zu verringern & die Wirksamkeit von Antibiotika und

Immunzellen wiederherzustellen, bei verringertem Resistenzrisiko.

Infektionen mit resistenten Mtb steigen stetig, was eine Entwicklung neuer Antibiotika
unumganglich macht. Die Inhibierung der essentiellen Cytochrom-P450 Enzyme 125
& 121 ist ein neues Konzept um Mtb zu bekdmpfen. Daher ist die Entwicklung von
Hemmstoffen dieser CYP Enzyme eine vielversprechende Strategie die Antibiotika-
Lucke zu fullen.
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1 Introduction

1.1 Bacterial infections and resistance development

Bacteria are the oldest life-form on earth and without them no higher organisms could
have been evolved. Prime examples of this dependency are humans. Health of e.g.
the skin, the gut as well as the immune system highly depends on a balanced
multispecies flora of bacteria living in total symbiosis with us. However, besides the
positive effects of these microorganisms, there are also other strains that can either
cause minor infections or deadly diseases. Till the discovery of these bacteria in 1673
by Leewenhoeck et al!'l and the concept by Koch!® that these microorganisms are
the origin of the symptoms of infection, a rational search for medicines to fight these
diseases was not possible. Fortunately, in the 1930s the first antibacterial
compounds, the sulfonamides, were introduced into the clinic ultimately leading to the
cure of the bacterial infection which is, till today, an outstanding characteristic of
successful antibiotic treatment. This was the beginning of an era which is today often
referred to as “the golden age of antibiotic drug discovery” as many of these
compounds with different modes of action were found in between 1940 and 1960
(Figure 1). As a result, these agents were rapidly used throughout the globe to fight
bacterial infections. Unfortunately, mankind was not aware of the evolutionary power
of bacteria. Only a few years after the approval and clinical usage, resistance began
to spread making treatment more and more ineffective (Figure 1, red marks). This is
a general trend also observed for antibiotics that were introduced later.
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Figure 1. Approval of a collection of antibiotics for human use (black, depicted above the timeline) and
first appearance of resistance in the clinic against the respective class (red, below the timeling).”



Hence, we have to identify novel drug targets and, discover new sites of action to

develop new drugs against these pathogens.

1.2 Rational strategies in drug discovery

To understand the meaning of the wording “rational drug design” itself, a look into the
dictionary aids to decipher this phrase (from Oxford English Dictionary, Copyright ©
2015 Oxford University Press). Rational: Based on or derived from reason or
reasoning, esp. as opposed to emotion, intuition, instinct, etc. Drug: a natural or
synthetic substance used in the prevention or treatment of disease, a medicine;
(also) a substance that has a physiological effect on a living organism. Design: a plan
or scheme conceived in the mind and intended for subsequent execution; the
preliminary conception of an idea that is to be carried into effect by action; a project.
To sum up and combine these definitions, rational drug design is the reasonable
approach for the structured development of a medicine. Alternatively, one can also
define the process as the development of a small molecule compound interfering with
a critical step in a disease-related pathophysiological process represented by a
molecular target. In terms of function, this could imply intervening at essential
metabolic steps or perturbing of a specific receptor system by stimulation or
inhibition. Furthermore, this molecule should be ideally non-toxic and specific for one

(or more) target(s) to reduce side-effects.

To rationalize the development of a compound towards a drug, there are basically
two major approaches in medicinal chemistry: ligand-based and structure-based
design. These two strategies are outlined in the following chapters.

1.2.1 Ligand-based design

This approach is usually applied when there is no structural information about the
target available or when the target is unknown. The starting point of the drug
optimization process is a compound that can either be a known substrate of the
target or a described ligand.”! The shape and structure of the target’s pocket defines
the position and character of the functional groups of the ligand. The three-
dimensional (3D) arrangement of these hot-spots for ligand-target interaction is
defined as “pharmacophore”.”) An example of a pharmacophore of FDA-approved
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fluoroquinolones is given in Figure 2A. The colored spheres represent a common
functional group feature shared by the compounds (e.g. red sphere as an anionic
feature (F4) placed on the carboxylic acid moiety, Figure 2A). This three-dimensional
model can then be used to search for molecules that fit into the latter blueprint. This
can be achieved by screening an in silico library of millions of compounds leading to
the discovery of novel scaffolds for the inhibition of the fluoroquinolone target. By
derivatization of a compound class and subsequent study of its in vitro and/or in vivo
effects it is possible to directly connect the observed results to the structure of the
molecule. Such a qualitative relationship is referred to as “structure activity
relationship”, in short SAR. An example is given in Figure 2B where distinct structural
prerequisites for e.g. activity or pharmacokinetic properties are directly related to the
residues of the fluoroquinolone core. With such a pattern in hand, medicinal chemists
are able to rationally design inhibitors based on experimental knowledge. For

quantifying these
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I OH
=
R X N
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R
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9 OCH; 5.990 0.27 135 n=9,2=097 SD=0.10,F = 91.05,P = 0.00003

Figure 2. Assembly of different methods for ligand-based desgn pharmacophore modelling based on
a flexible alignment search of fluoroquinolone derivatives (A),”™ structure activity relationship (SAR) of
in vivo properties (B),”"! quantitative structure activity relat|onsh|p (QSAR, here Hansch analysis) of a
subset of fluoroquinolone derivatives correlating in vitro activity with two physicochemical properties:
Hammet constant & and STERIMOL parameter B, (C). The correlation of calculated and empiric ICSO is
striking providing evidence for a quantitative relationship of molecular properties and activity (D). 18l
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effects and making predictions for novel compounds in terms of biological activity, a
“quantitative structure activity relationship” (QSAR) can be set up as mathematical
expression. Figure 2C shows such a 2D QSAR model, a so-called Hansch analysis,™
where steric as well as electronic properties at the phenyl ring of a substituted
fluoroquinolone are correlated with the biological activity expressed as 1/MIC.®!
Moreover, the calculated 1Csy values correlate with the experimentally determined
ones very well, underlining the good predictivity of the model (Figure 2D). With the
resulting equation, medicinal chemists can estimate, which group is the most
reasonable choice to be introduced in order to obtain higher activity. However,
besides those classical approaches, more sophisticated 3D QSAR methods have
been developed as well, including 3D properties (e.g. conformation) of the
compounds. In such a model, every grid point in the 3D matrix around the molecule is
represented by physicochemical properties. This approach is referred to as CoMFA
and relies on extensive in silico calculation times limited by current computer power

and consumption for the respective calculations.!'%

1.2.2 Structure-based design

Making use of 3D protein structures for drug development is, compared to ligand-
based approaches, a relatively novel field introduced in the mid 1980s. Already in the
beginning of the 1990s, first success stories have been published making use of
structural information for drug design."" The first and, today still, the method of
choice to is protein crystallography with subsequent X-ray structure elucidation.
However in the last decade, novel approaches like NMR and Cryo-EM have evolved
accelerating research and elucidation of the new structures. CryoEM has been
proven to be exceptionally useful for poorly crystallizable membrane proteins.!'?
Even in case of unknown protein structures, computational methods became
available allowing creation of a model of the drug target based on a highly identical or
homologous protein with known structure. This method is referred to as homology
modelling and was applied to identify and optimize hits into lead structures.!™
Applying in silico methodology for effective drug optimization is not limited to protein
homology modeling. It can also be used for binding pose prediction, giving the
medicinal chemist the opportunity to examine his ideas for drug development at the
site of action. This process is generally described by the term “docking”.!'* However,



structural information gathered today by X-ray crystallography is, in most cases, still
lacking the understanding of movement and conformational changes in protein
structures, which can be of crucial interest for protein function and by this means for
drug development.l' Nevertheless, computational efforts in the field of molecular
dynamics simulations have been undertaken to close this gap.l'® Based on the
growing information regarding protein structure and co-crystallized ligands, a novel
field has been developed in the past decade to accelerate drug discovery with more
efficient molecules by using smaller libraries: the fragment-based design approach.
The idea is to use compounds small in size (<300 Da) to cover a wide range of
chemical space with a minimum of compounds (normally between 100-1000
fragments) compared to high-throughput screening methods employing millions of
lead-like molecules.!"”! The combination of this approach with X-ray crystallography
had a tremendous impact on the field of medicinal chemistry. Having access to the
co-crystal structure of ligand and target protein, one can basically follow two different
strategies: fragment linking (Figure 3, orange boxes) or fragment growing (Figure 3,
grey boxes). For fragment-linking, at least the structures of two fragments in close
proximity in the binding pocket have to be elucidated to successfully link them to one
structure. This ideally results in a compound that is much more affine because the
entropy terms for translational and rotational energy costs for binding to a protein are

(- e £ )
KD=0-4 mM KD=1-6 mMj KD—OOZ mM

Fragment
Linking

Fragment
Growing

Figure 3. Examples for two strategies in structure-based design for the discovery and optimization of
CYP121 inhibitors: fragment linking (upper scheme, orange, PDB-IDs: 4G45 (green structure), 4G44
(red structure), 4G1X (cyan structure)) and fragment growing (lower scheme, gray, PDB-IDs: 4G47
(green structure), 4KTL (cyan structure)). Activity was subsequently increased by rational enlargement
of the molecule based on overlapping fragments (upper left structures, green and red molecule) or
careful[%tgjgy of the binding-site’s properties and spacing for fragment growing (lower left structure,
green).™



then only accounted once.”? If only one fragment is solved or others are not
accessible via linking, the fragment-growing approach can be applied. Therefore, the
surrounding pocket has to be carefully studied to generate ideas - usually supported
by docking - on how to enlarge the fragment into neighboring cavities to pick up
additional interactions with the target. These strategies were successfully applied in
generation of more hydrophilic and efficient drugs and have become one standard

approach in the past decade.?"

1.3 Pseudomonas aeruginosa

Pseudomonas aeruginosa (PA) is a rod-shaped, ubiquitous, gram-negative,
opportunistic bacterial pathogen that causes severe nosocomial pulmonary
infections, especially in immunocompromised patients.?? Treatment of diseasges in
such patients is heavily complicated by PA’s ability to shield itself against the human
immune system, to inactivate antibiotics, and to remain as a dormant, persisting
bacterium with down-regulated metabolism in the lung.?*?) In chronic PA infections,
lungs drastically lose their functionality, and, finally leading to death of e.g. cystic
fibrosis, COPD or AIDS patients.?*?°! The loss of lung function is connected to PA’s
ability to form biofilms, a heterogeneous hydrogel which is a barrier for the immune
system but also a resistance mechanism against different antibiotics.?®?”! Besides
biofilm-production, PA has an arsenal of numerous virulence factors to harm the
epithelium of the lung and, as a result, manifest at the site of infection.?®=% Thus,
novel therapies to reduce the pathogenicity of PA and to restore the efficiency of
antibiotics as well as host defensive mechanisms is of great importance to maintain

plumonary function and by this means, to increase survival of patients.

1.4 Quorum sensing in Pseudomonas aeruginosa — A novel drug-target

Quorum sensing (QS) is a cell-density-dependent communication system of bacteria
employing small molecule sensors to alter gene expression, coordinate group
behavior and regulate phenotypes in the bacterial community.®" In PA, four
hierarchically organized systems (/as, rhl, igs and pgs) which are interconnected and
dependent on each other, are the key players of the QS network (Figure 4).B"
Regarding druggability of QS per se, it was shown that QS gene mutations or
treatment with QS inhibitors, resulted in strains being heavily impaired in their

virulence and pathogenicity in vitro and in vivo.*? As antibiotic resistance is on the
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rise (see chapter 1.1) QS inhibition is a promising new concept compared to classic
antibiotic treatment because of its non-essentiality for bacterial survival.

Consequently, selection pressure should be low.!!

The class of N-acyl-L-homoserine lactones (BHL and OdDHL) are the chemical
signals of the las and rhl systems which are widespread in Gram-negative bacteria
and also found in PA.** However, the Pseudomonas Quinolone Signal (PQS)
system and the Integrated Quorum Sensing System (IQS) Signal is to present date,
exclusively found in Pseudomonas and, in case of the PQS system, also in
Burkholderia species.* Mutational studies designed to diminish the QS activity in PA
confirmed reduction of virulence and pathogenicity in vivo together with lower risk to
resistance development.*®'Targeting the pgs-systems has several advantages, as
the human beneficial microbiome will be not impaired by a selective approach and if
resistance arises it will not be useful for bacteria other than PA via horizontal gene

transfer
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Figure 4. Schematic presentation of the interplay of the four quorum sensing networks in PA, namely
las (orange), rhl (grey), igs (blue) and pgs (green), their biosynthetic enzyme(s), signaling molecule
structures and corresponding receptors. Arrows indicate activation, blunt-end lines inhibition of the
respective system. The igs receptor still remains elusive.®"!



1.5 Targeting PgsD and PqsR to block pathogenicity of Pseudomonas
aeruginosa
Synthesis of the signaling molecules (HHQ and PQS) of the pgs system starts with
anthranilic acid which is subsequently modified by the synthases of the pgs operon,
namely pgsABCDE (Figure 5).The last oxidation step from HHQ to PQS is catalyzed
by PqgsH, the only required enzyme outside the PQS operon. In addition to their
signaling character, HHQ and PQS have also virulence factor characteristics which
is, for example, interfering with NF-kB function, inhibiting T-cell proliferation, inducing
biofiim formation, and increasing HIF-1a degradation.’¥ Additionally, during
synthesis of HHQ and PQS two products of the biosynthetic intermediates 2-ABACoA
and 2-ABA are spontaneously formed: DHQ and 2-AA. DHQ is known to impair
viability of lung epithelial cells and 2-AA for its ability to induce persister cell formation
and antibiotic tolerance.*®* Therefore, blocking the production of the signaling
molecules HHQ and PQS as well as the two degradation products DHQ and 2-AA is
of high interest in order to reduce pathogenicity and virulence of PA. Interfering with

the key synthase PqgsD being responsible for the synthesis of the intermediate 2-
[37]

ABACOA, one could accomplish the aforementioned goal.
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Figure 5. Representation of PQS biosynthesis and the auto-inductive positive feedback loop
employing PgsR as the transcriptional regulator of the pgsABCDE operon. Activation of PgsR by HHQ
and PQS leads to biofilm formation, virulence factor production and PQS biosynthesis. 2-AA = 2-
aminoacetophenone, 2-ABA = 2-aminobenzoylacetate, 2-ABACoA = 2-aminobenzoylacetyl-
CoenzymeA, AA = anthranilic acid, ACoA = anthraniloyl-CoenzymeA, DHQ = 2,4-dihydroxyquinoline,
HHQ = 2-heptyl-4(1H)-quinolone, MCoA malonyl-CoenzymeA, OCoA = octanoyl-CoenzymeA, PQS
= Pseudomonas Quinolone Signal.*”®



By blocking PgsD’s function none of the latter mentioned signaling and virulence
determining molecules should be produced. Thus, a promising strategy is to develop
PgsD inhibitors. It has been shown previously that inhibitors designed for this
purpose are able to strongly impair signal molecule production and interfere with
biofilm formation.”*'™**! Examples for such PgsD inhibitors are depicted in Figure 6 (5
— 8). However, most of them lack favorable physicochemical properties either for oral
bioavailability or activity in Gram-negative bacteria.**! Thus, compounds addressing
PgsD in cellulo are of high demand. Besides inhibition of biosynthesis, another
strategy to reduce PQS-associated virulence is to antagonize its receptor PgsR, also
known as multiple virulence factor regeulator (MvfR).1**! PgsR was validated in vivo
by a HHQ related small molecule antagonist 1 as well as in vitro by several other
compound classes (2 — 4, Figure 6). By antagonizing PgsR, it is possibile to reduce
the production of one of the major virulence factors of PA: pyocyanin (Figure 5, light
green structure in upper left corner).*®4%5" This redox-active molecule has been
shown to be essential for full virulence of PA. In detail, administration of pyocyanin
causes a cystic fibrosis-like lung, induces mucin production as well as inflammation,
and harms epthilial cells by an increase of reactive oxygen species.[?82%°4
Additionally, PgsR mutant strains of PA showed impaired production of several other
virulence factors and toxins, e.g., hydrogen cyanide, lecA, lecB, and rhamnolipids.*°!
As for the PgsD inhibitors, an antagonism of PgsR also leads to significant reduction
of biofilm volume."*”! Hence, the development of PgsR antagonists is a worthwhile
endeavor to reduce pathogenicity of PA. Ideally, a dual inhibition of both PgsR and
PgsD might lead to a superior compound acting additively or synergistically on

virulence reduction.
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Figure 6. Examples for classes of reported PqsR antagonists gcomfounds 1-4, green background)
and PgsD inhibitors (compounds 5-8, blue background).!*!#2:46:47:4349-55]
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1 Introduction

Regarding drug design, both aforementioned drug discovery strategies can be
applied to these targets, as the crystalstructure of the proteins has been determined
and their natural substrates/ligands have been identified (Figure 7).

Figure 7. X-ray cocrystalstructures of PgsR’s ligand-binding domain with ligand NHQ (green, PDB-ID:
4JVD) and PgsD with its substrate anthraniloyl-CoenzymeA (blue, PDB-ID: 3H77). Binding-site
architectures of both proteins are displayed in the colored boxes each. The surfaces of the binding
sites were colored with regard to the lipophilicity (red = lipophilic, blue = hydrophilic) of the
corresponding amino acids.
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1.6 Chemical synthesis of substituted pyrimidines

Substituted pyrimidines are important scaffolds in many bioactive small molecules
and, moreover, are present in numerous FDA-approved drugs, e.g., aronixil,
buspirone, enazadrem, minoxidil, sulfametoxydiazine (Figure 8). Additionally,
pyrimidine-based compounds have been identified by us to inhibit PgsD (Figure 6,
Cmpd 8).°% Thus, a chemical synthesis to gain access to this desirable motif is highly
interesting for researchers in general and for those working in the field of medicinal
chemistry in particular. In small molecule drug discovery, usually, synthetic routes are
employed which grant fast access to the structure, are cost efficient, highly robust
and ideally allow introduction of a broad range of functional groups or fragments.
These requirements are key criteria for in-time library generation in a combinatorial
chemistry fashion in order to rapidly acquire SAR information. Hence, the
development of methods to accomplish the latter mentioned requirements is an
ambitious aim. A general route for the synthesis of substituted pyrimidines often
starts from the (poly-)chlorinated pyrimidine as precursor. However, these traditional
approaches have several drawbacks, as they can take between several hours and
days of reaction time per step and are restricted to sophisticated laboratory

equipment and cost-intensive chemicals.
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Figure 8. Five examples of pyrimidine-containing FDA-approved drugs for various kinds of diseases.
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Figure 9. Examples for reaction types routinely used by medicinal chemists to decorate the 2-
thiomethylpyrimidine core with different substituents starting from chlorinated precursor 1. Most of the
reactions rely on metal catalysis (e.g., Buchwald-Hartwig) or harsh reaction conditions (e.g., sodium
hydride and/or high temperature).

These include for example, Schlenk lines, dry solvents and expensive and/or toxic
catalysts (Figure 9). These prerequisites make them less attractive for medicinal
chemists. Thus, novel methods are needed that meet the criteria of medicinal
chemistry driven drug discovery and circumvent the limitations of traditional

approaches.

1.7 Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is a rod-shaped, Gram-positive, obligate human
pathogen and causes one of the most deadly diseases worldwide claiming about 1.5
million lives per year in 2014.°°! Mtb primarily infects the lungs through transmission
by aerosol.’®! After arrival in the lung, Mtb is incorporated by phagolytic cells, i.e.,
macrophages or neutrophils.®”! Although many drugs against tuberculosis have been
approved or are at a late stage clinical development, the need for novel strategies is
undisputed.®® A problematic issue of treating Mtb infections arises from the
pathogen’s ability to change from an actively replicating bacillus to a dormant, non-
replicating persister inside the phagosome of human macrophages. In the latter life
cycle, Mtb’s metabolic activity is strongly reduced resulting in increased tolerance to
antibiotics targeting active metabolism (e.g., cell wall synthesis or protein

12



biosynthesis).®® Thus, novel antibiotics are of high demand, which ideally address
targets required for Mtb’s survival in the dormant state. Such a strategy would
presumably reduce treatment time, which is one of the major cost factors, and failure.
Besides the naturally occurring behavior of Mtb to form persister cells, there is a
raising number of extremely drug resistant tuberculosis strains (XDR TB) which does
not respond to any available antibiotic treatment.®® For these reasons, developing
new treatment options with alternate mode of action against tuberculosis is of urgent

need to counter resistance development and prolonged treatment.

1.8 The cytochrome P450 family — enzymatic reaction and types of inhibition

Since their first discovery by Omura in 1962 in liver microsomes, cytochrome P450
(CYP, CY = cytochrome and P = pigment) enzymes have been found in all classes of
living organisms.®"! The name corresponds to the characteristic spectral absorbance
peak at 450 nm when carbon monoxide binds to the reduced ferric-heme in the active
site of the enzyme.!®? The substrate scope of these oxidoreductases can either be
narrow for specific conversions (e.g., CYP11B1) or broad for modification of e.g.
xenobiotics (e.g., CYP3A4).1® The oxidative cycle of CYP enzymes requires electron
transfer involving reductases and ferrodoxins to generate superoxide anions, which

are inserted into a C-H bond of a substrate in a second step (Figure 10).1646°
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Figure 10. Catalytic cycle and mechanism of the OX|dat|on of a generic substrate by P450 enzyme at
the heme iron via the intermediate formation of an O, anion at the iron(lll) center.®**°!



Targeting CYP enzymes in drug discovery was proven to be a success story for
various kinds of diseases (e.g., CYP17 in prostate cancer or CYP19 in breast cancer)
and led to the approval of several drugs such as Abiraterone and Letrozol. Besides
human targets, CYP enzymes also represent interesting structures to be addressed
in bacteria for the discovery of novel antibiotics.®® Based on the unique spectral
characteristics of CYP enzymes, different binding modes can be observed for ligands
interacting with the ferric-heme. A compound that directly coordinates to the iron(ll)
center shifts the so-called Soret-band at 420 nm to higher wavelengths, whereas a
ligand interacting through coordinated water molecule(s), a so-called water-bridge,
induces a shift to lower wavelengths.®”! These two types of ligation are referred to as
type |l (direct interaction) and type | (water-bridged interaction) and can be
distinguished by difference spectroscopy versus non-bound protein (Figure 11). This
information can then be used to determine the Kp of the ligand via titration
experiments while the binding type itself can be exploited for structure-based design

strategies.
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Figure 11. Schematic representations of UV-VIS difference spectra of a type | (A, substrate cYY ,
PDB-ID: 3G5H) and a type Il ligand binding to CYP121 (B, inhibitor of CYP121, PDB-ID: 4G1X).'8!
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1.9 CYP121 and CYP125 as anti-mycobacterial drug targets

The discovery of CYP enzymes for anti-mycobacterial drug discovery started with the
study on azole antifungals for antibacterial properties against Mtb.®®! First, CYP51, a
mycobacterial CYP enzyme closely related to the fungal CYP target of the azoles,
was suspected to be the primary target of these compounds and a X-ray co-crystal
structure with fluconazole was derived.’® However, recent results suggested that
CYP121 might be the more relevant target, as it has been shown to be essential for
growth of Mtb, and in addition, the latter mentioned azoles bind also more strongly to
CYP121 than to CYP51.%"1 Moreover, CYP51 is not essential for mycobacterial
growth in vitro.”? CYP121 catalyzes an unusual C-C bond formation of the C-2
positions of the tyrosine residues of the cyclic-dipeptide cyclo-di-L-tyrosine (cYY) with
high substrate specificity (Figure 12).°®1 Also the exact function of the reaction
product, mycocyclosine or its predecessor for mycobacterial survival is unknown.
However, the vital necessity of the enzyme itself is undisputed.’" Thus, essentiality
and novelty of the target renders CYP121 an excellent starting point for anti-

tuberculosis drug discovery.

Another essential mycobacterial CYP enzyme is CYP125, which is involved in the

sidechain oxidation of cholest-3-en-4-one at C-26 (Figure 12) in order to detoxify this

cholesterol-derived metabolite for Mtb.”!
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Figure 12. Schematics of the first steps of cholesterol/cholest-3-en-4-one metabolism by 3pB-
HSD/CYP125 (grey pathway) and the synthesis of mycocyclosine by CYP121 (orange pathway). The
role of mycocyclosine or its precursor is still not elucidated to present date . In contrast , the products
of CYP125 reaction are known to serve as carbon source during adaptation to the site of
infection.!®&7374!
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Cholest-3-en-4-one is primarily generated upon infection of the host, when Mtb faces
a cholesterol-rich environment, e.g., in the phagosome of macrophages./’*
Consequently, the expression of CYP125 is induced and enables survival of Mtb
upon infection of the host. Essentiality of CYP125 could be shown in vitro using a
CYP125 defective strain which was unable to grow on cholesterol or cholest-3-en-4-
one enriched media.l”” But, more importantly, this was also confirmed in vivo by the
use of defective mutants in mouse infection models.”® The biological role of CYP125
makes it an ideal target candidate for the development of anti-infective agents
against Mtb exploiting a novel mode of action. More importantly, regarding selectivity
towards human CYP enzymes, especially hepatic CYPs, none of the two targets has
a high degree of homology. In addition to that, this strategy should not induce cross
resistance with existing, approved Mtb drugs which opens up the possibility of a
combination to increase treatment efficiency against resistant strains of Mtb.

Besides the azole-antifungals (e.g., compounds 14, 16, 19) which, by chance, inhibit
both targets, CYP121 and CYP125 have already attracted the attention of medicinal
chemists and drug developers in order to develop specific inhibitors (Figure 13).
These discovery campaigns were driven by either random screening (compound 13),
ligand-based (compound 20), or structure-guided fragment-based approaches

(compounds 17, 18)_[18,19,77,78]
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Figure 13. Examgles of CYP125 (compounds 13-16, gray) and CYP121 inhibitors (compounds 17-20,
orange [1819 71,77
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1 Introduction

Nevertheless, none of the developed compounds was shown to have cellular activity
on Mtb. Additionally, the reported compounds lack convincing on-target activity, as
they have affinities in the triple to double digit micromolar range. Thus, for target
validation and proof of drugability, further studies showing effects on the bacterium
and in in vivo models are of high demand to rationalize further drug discovery
attempts. As mentioned before, first drug discovery campaigns were based on the
crystal structure of CYP121 (Figure 14, orange). From this approach, several
structures with co-crystallized ligands were derived, making structure-based drug
design even more applicable. Besides those studies, the natural substrate of CYP121

is also known and several different synthetic analogues of cYY were tested for their
[68]

ability to serve as substrates and inhibitors.

Figure 14. X-ray co-crystal structures of CYP121 with natural substrate cYY bound to heme (orange,
PDB-ID: 3G5H) and CYP125 with its substrate cholst-4-en-3-one coordinating the iron (ll) centre of the
heme (gray, PDB-ID: 2X5W). The binding-site architectures of both proteins are displayed in the
colored boxes each. The surfaces of the binding sites were colored with regard to the lipophilicity of
the substrate surrounding amino acids in 6 A proximity.

17



Thus, a ligand-based approach in drug discovery using cYY as a template seems
also plausible. With regard to CYP125, almost the same starting conditions for
rational drug discovery hold true. The substrate and the protein X-ray crystal
structure (Figure 14, grey) is known and fist inhibitors have been published. Thus,
both ligand- and structure-based design are possible which provides, for both targets,
an excellent starting point for medicinal chemists to rationally develop potent but
selective compounds for both enzymes.
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2 Aims of the thesis

Upcoming resistance is a major problem for the treatment of respiratory tract

infections by PA and Mtb. Therefore, in this thesis, two different approaches were

followed to maximize the success of anti-infective drug development. For PA a novel,

innovative concept was chosen: combating pathogenicity without effecting growth to

circumvent resistance development by selection pressure. Regarding Mtb, a classic

antibiotic strategy was followed by targeting an essential process to eradicate the

pathogens at the site of infection. The discovered inhibitors should not show any

cross resistance to existing anti-mycobacterial drugs and hence may counter the

resistance problem in tuberculosis treatment.

Development of PQS quorum sensing inhibitors against PA infections

Identification, biological evaluation and optimization of novel drug-like
inhibitors targeting the PQS cell-to-cell communication system. To accomplish
this goal, previous work by Storz and Lu served as the basis for the
development of inhibitors of PgsD and antagonists of PgsR.[*'*" The herein
developed compounds should have improved physicochemical properties and
biological activities to overcome the limitations of the previously developed
inhibitors and provide more drug-like compounds and further proof for the
drugability of the two targets.

Development of a robust, fast, and economic synthetic route allowing the
introduction of a broad scope of substituents into the identified compound is
essential for library generation and to subsequently derive structure activity
relationship information. Therefore, it was a key objective to develop a robust
and rapid synthetic route for the in-time generation of drug-like compounds to

address the latter requirements in a medicinal chemistry environment.
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Discovery of Cytochrom-P450 inhibitors against Mtb infections

Identification and biological evaluation of first anti-mycobacterial hits against
CYP121 and CYP125 from Mtb was the major goal of this part of the thesis.
To achieve this aim a focused CYP-inhibitor library composed of in-house
available compounds from human CYP projects should be compiled. This
library would then be the basis for a subsequent biophysical screening
procedure for the discovery of first binders to the mycobacterial CYP enzymes.
The most promising inhibitors from this in vitro screening are then prime
candidates for further evaluation in several cellular models (e.g., M. bovis
BCG, Mtb, HEK Cells, HEP Cells) to identify frontrunner compounds with a
promising biological and physicochemical profile. As crystallographic data is
available on both targets, a goal is to predict the binding modes of the front
runner compounds for a structure-guided design approach towards novel anti-
tuberculosis drug candidates.
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3 Results

3.1 Microwave-Assisted Synthesis of 4-Substituted 2-Methylthiopyrimidines

Andreas Thomann, Carsten Bérger, Martin Empting, and Rolf W. Hartmann
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Abstract: Typically, SyAr reactions at 4-chloro-2-methylthiopy-
rimidine are carried out employing DMF and sodium hydride under
inert gas as well as prolonged reaction times. Herein, we describe a
mild and rapid microwave-assisted synthesis to achieve 4-substitut-
ed 2-methylthiopyrimidnes from the corresponding chlorine precur-
sor. Moderate to excellent yields were obtained in a green chemistry
fashion requiring only few minutes of reaction time.

Key words: green chemistry, pyrimidine, combinatorial chemistry,
medicinal chemistry, nucleophilic aromatic substitution

The family of 4-substituted pyrimidines is a prominent
class of chemical scaffolds for the design of kinase mod-
ulators,' inhibitors,> 5-HT,, receptor antagonists,® gas-
tric cytoprotective agents,” inducers of cancer cell
apoptosis,® and derivatives with antiproliferative activity
against melanoma cells.” A well-reported route®* to syn-
thesize these desirable target compounds proceeds via
S\Ar reaction conditions employing 4-chloro-2-methyl-
thiopyrimidine as a commercially available starting mate-
rial. However, in order to decorate the pyrimidine core
with an additional N-heterocycle, relatively harsh condi-
tions using sodium hydride in anhydrous DMF under inert
atmosphere are typically used. Anhydrous DMF is expen-
sive and well-known to be toxic.!°** Furthermore, these
reactions take between several hours and days, making
them less attractive for combinatorial approaches in a me-
dicinal chemistry environment.'?

Additionally, our attempts to generate a benzotriazole de-
rivative (compound 9, Scheme 1) via this route did not
yield the desired product. Thus, we investigated whether
it is possible to broaden the scope of this reaction and to
simplify the synthetic procedure itself. Interestingly, we
observed a direct and clean conversion of a neat 1:1 mix-

Table 1 Conditions Used to Obtain 4-(1-Benzotriazolyl)-2-methyl-
thiopyrimidine

Method Conditions Yield (%)
heating DMF, NaH, 0-90 °C, inert gas, 1 d 0
MW neat, 80 °C, 50 Watt, S min, MW 99
heating neat, 80 °C, 5 min, sealed tube 99
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Scheme 1 Reaction conditions to achieve 4-substituted methyl-

thiopyrimidines

ture of 4-chloro-2-methylthiopyrimidine and 1/H-benzo-
triazole under microwave irradiation (Table 1).

A similar procedure has already been described for the
substitution of chloro-substituted pyridines with benzotri-
azoles to achieve natural product analogues of a-carbo-
lines by Vera-Luque et al.'' However, to the best of our
knowledge, this method has not been reported for 4-chlo-
ro-2-methylthiopyrimidine, yet. Corroborating the results
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published by Vera-Luque et al., we observed that conven-
tional thermal heating is sufficient to drive the reaction to
completion, indicating that here is no ‘microwave ef-
fect’!>3 involved (Table 1). However, the use of micro-
wave irradiation provides a simple and homogenous
energy input into the sample for effective temperature
control and facilitates straightforward automation of the
process. Thus, we conducted all subsequent reactions in
an automated microwave synthesizer demonstrating the
applicability to combinatorial chemistry approaches.

Macroscopically, we observed two stages of the reaction:
(1) The suspension of benzotriazole (white solid) and
4-chloro-2-methylthiopyrimidine turned into a colorless
solution (1 min), with the pyrimidine being the solvent as
well as the reactant. (2) The product precipitates as white
solid (4-5 min, Figure 1).

Figure 1 Stages of the reaction of [/7-benzotriazole and 4-chioro-
2-methylthiopyrimidine over time: 0 min suspension, 1 min clear so-
lution, 5 min white solid (final product)

To further investigate the scope of the method, we chose
1 H-tetrazol as a model for an unstable ring system which
is usually generated starting from an amino-substituted
aryl precursor.'* Interestingly, under these conditions
which include orthoformate and sodium azide in acetic ac-
id,"* we were not able to obtain the desired compound us-
ing 4-amino-2-methylthiopyrimidine (data not shown).
Even employing a reported catalyst'> [ytterbium(IIL)tri-
fluoromethanesulfonate] did not yield the tetrazolyl-sub-
stituted product. Using our developed protocol, however,
we were able to achieve the desired compound 20 in mod-
erate yield, emphasizing robustness of the presented ap-
proach.

Encouraged by these findings, we completed the series of
unsubstituted five-membered N-heterocylces by testing
pyrrol, imidazol, pyrazol, 1,2,3-triazol, and 1,2,4-triazol
as possible reactants. Except for pyrrol, all of these N-pen-
tacycles were successfully attached to the 2-methyl-
thiopyrimidine core (products 15-19). In the case of
1,2,3-triazole a mixture of 1- (18) and 2-substituted (19)
isomers was obtained as reported before.'¢

Finally, we further investigated the regioselectivity of the
reaction using five-substituted benzimidazoles and benzo-
triazoles as coupling partners. As expected, the final prod-
ucts were a mixture of regioisomers (2, 3, 5, 6, 10, 11, 13,
14). The crude product could easily be purified by simple
filtration and washing with methanol. Hence, a mixture of
regioisomers was obtained in moderate to good yields and

Synlett 2014, 25, 935-938
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high purity as indicated by HPLC and NMR analysis (Ta-
ble 2). The lack of regioselectivity can be easily explained
due to the tautomeric nature of benzimidazoles'” and
benzotriazoles'® as well as the above-mentioned 1,2,3-tri-
azoles, leading to different substitution patterns when sub-
stituted at N-1 as shown before.!%2!

In summary, the presented method provides a facile and
rapid access to a variety of 4-N-heterocycle-substituted
2-methylthiopyrimidines. This has been demonstrated for
unsubstituted aromatic systems and heterocycles contain-
ing electron-withdrawing as well as electron-donating
groups. However, the presence of at least two nitrogen
centers within the ring is a prerequisite for a successful
S\Ar reaction at least in the set of tested compounds.
Hence, pyrrols and indols fall outside the scope of this
method (Table 2). This observation might be due to the
lowered basicity of pyrrol and indol as compared to the
other heterocycles used, or the lack of a free electron pair
to carry out the nucleophilic attack.

We have developed a fast, cheap, and environmental
friendly microwave-assisted synthesis to achieve a broad
spectrum of 4-substituted methylthiopyrimidines. The re-
action proceeds without the need for solvents, catalysts,
inert gas conditions, or reactive agents like sodium hy-
dride. Due to these features and a good overall atom econ-
omy at 1:1 stoichiometry this resembles a green-
chemistry-like method. The conditions used enable easy
scale up and are suitable for automated combinatorial
chemistry approaches. Furthermore, the synthesized scaf-
folds are of high interest in medicinal chemistry as they
can routinely be substituted at the 2-position of pyrimi-
dine by simple oxidation of the methylthio group to the
corresponding sulfone,”> which is a well-known leaving
group to couple a variety of nucleophiles such as thiols,
alcohols,” or amines,?* allowing fast generation of mole-
cule libraries.

Experimental Procedure for the Synthesis of Compound 9

1 H-Benzotriazole (119 mg, 1 mmol) was given to 4-chloro-2-me-
thylthiopyrimidne (161 mg,1 mmol) and stirred for 5 min ina CEM
Discover SP microwave oven connected to a CEM Explorer SP 12S
autosampler at 80 °C and 50 W to achieve the corresponding hydro-
chloride salt as a white solid (yield 278 mg, 99%); mp 178 °C. UV-
vis (MeOH): 203, 242, 263, 311 (sh), 320 nm. FTIR: 3097, 2156,
2017, 1893, 1596, 1564, 1552, 1506, 1486, 1463, 1428, 1347, 1324,
1306, 1288, 1242, 1205, 1144, 1121, 1090, 1065, 1039, 1009, 976,
917, 864, 841, 826, 801 cm™'. '"H NMR (300 MHz, CHCl;-d): =
2.82(s,3H),7.55(t,/=8.3Hz | H),7.70 (t, J=8.9 Hz, 1 H), 8.06
(d,J=59Hz,1H),8.18 (d, /=83 Hz, | H),8.57(d,/J=8.3Hz |
H), 8.72 (d,J=5.9 Hz, 1 H), 9.19 (br s, 1 H). 3*C NMR (75 MHz,
CHCl;-d): §=14.3,103.2, 115.6, 116.4, 122.0, 131.6, 135.1, 157.9,
159.3,161.0, 174.1. ESI-MS: 244.1 [M + H]". HRMS: m/z calcd for
[M + H]": 244.06514; found: 244.06501.
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Table 2 Microwave-Assisted Synthesis of 4 Substituted 2-Methylthiopyrimidines®

N-Heterocycle Method Compound number Isolated yield (%)
benzotriazol A 9 99

benzimidazol B 1 99

imidazol B 15 68

pyrazol B 16 65

1,2,3-triazol B 18+19 67 (mixture of regioisomers)®
1,2,4-triazol B 17 72

tetrazol B 20 53

5,6-dimethoxyenzimidazol C 7 60

5,6-dimethylbenzimidazol C 4 37

5,6-dimethylbenzotriazol C 12 48

2-aminobenzimidazol C 8 51

5-chlorobenzimidazol C 13+14 62 (mixture of regioisomers)®
5-methylbenzimidazol C 2+3 55 (mixture of regioisomers)?
S-chlorobenzotriazol C 5+6 71 (mixture of regioisomers)*
5-methylbenzotriazol C 10+ 11 55 (mixture of regioisomers)’
pyrrol B.C 0

indol B,C 0

4 Reagents and conditions: in all methods: 4-chloro-2-methylthiopyrimidine (1 equiv), of N-heterocycle (1 equiv); method A: 80 °C, 50 Wt, 5
min, MW; method B: Et;N (1 mmol), 80 °C, 50 W, 10 min, MW; method C: Et;N (1 mmol), 120 °C, 150 W, 20 min, MW.
®1,2,3-Triazol-1-yl/1,2,3-triazol-2-yl (3:1)

¢ 5-Chloro-benzimidazolyl/6-chloro-benzimidazolyl (4:3)
4 5-Methyl-benzimidazolyl/6-methyl-benzimidazolyl (4:3)
¢ 5-Chloro-henzotriazolyl/6-chloro-benzotriazolyl (1:1)
f5-Methyl-benzotriazolyl/6-methyl-benzotriazolyl (1:1).

Supporting Information for this article is available online at

http://www.thieme-connect.com/ejournals/toc/synlett.

References

M
@

3)

Q)

)

Goldstein, D. M.; Gong, L.; Michoud, C.; Palmer, W. S.;
Sidduri, A. US Patent WO 2008028860 (A1), 2008.

Goulet Joung, L.; Holmes, M. A.; Hunt, J. A.; Mills, S. G.;
Parsons, W. H.; Sinclair, P. J.; Zaller, D. US Patent WO
0100207 (A1), 2001.

Beresis, R. T.; Goulet, J. L.; Hermes, J. D.; Holmes, M. A.;
Hong, X.J.; Hunt, J. A.; Kovacs, E.; Mills, S. G.; Park,
Y.-W.; Ruzek, R. D.; Salowe, S. P.; Sinclair, P. J.; Sonatore,
L. M.; Wong, F.; Woods, A.; Wu, L.; Zaller, D. M. Bioorg.
Med. Chem. Lett. 2009, 19, 5440.

Balitza, A. E.; Bilodeau, M. T.; Coll, K. E.; Hartman, G. D.;
Manley, P. J.; McFall, R. C.; Rickert, K. W.; Rodman, L. D.;
Thomas, K. A. Bioorg. Med. Chem. Lett. 2003, 13, 1673.
Kim,M.-H.; Lee, J.; Jung, K.; Kim, M.; Park, Y.-J.; Ahn, H.;
Kwon, Y.; Hah, J.-M. Bioorg. Med. Chem. 2013, 21, 2271.

© Georg Thieme Verlag Stuttgart - New York

24

(6)

(O]
®

©

(10)
(1

(12)
(13)

(14)
(15)

Borowski, T.; Mokrosz, M. J.; Krol, M.; Broclawik, E.;
Baranowski, T. C.; Strekowski, L. J. Med. Chem. 2000, 43,
1901.

Ikeda, M.; Maruyama, K.; Okabe, S.; Nobuhara, Y.;
Yamada, T. Chem. Pharm. Bull. 1997, 45, 549.

Lukasik, P. M.; Elabar, S.; Lam, F.; Shao, H.; Liu, X_;
Abbas, A. Y.; Wang, S.; Lam, F.; Wang, S. Eur. J. Med.
Chem. 2012, 57, 311.

Chung, J. Y.; Hah, J.-M.; Kim, H.; Lee, J.; Oh, C.-H.; Sim,
T.; Yoo, K. H.; Yu, H. Bioorg. Med. Chem. Lett. 2010, 20,
1573.

(a) Kennedy, G. L. Drug Chem. Toxicol. 1986, 9, 147.

(b) Massmann, W. Brit. J. Ind. Med. 1956, 13, 51.
Vera-Luque, P.; Alajarin, R.; Alvarez-Builla, J.; Vaquero, J.
J. Org. Lett. 2006, 8, 415.

Kappe, C. O. Angew. Chem. Int. Ed. 2004, 43, 6250.

de la Hoz, A. Diaz-Ortiz A. Moreno A. Chem. Soc. Rev.
2005, 164.

Vorobiov, A. N.; Gaponik, P. N.; Petrov, P. T.; Ivashkevich,
O. A. Synthesis 2006, 1307.

Su, W.-K.; Hong, Z.; Shan, W.-G.; Zhang, X.-X. Eur. J.
Org. Chem. 2006, 2723.

Synlett 2014, 25, 935-938



938

A. Thomann et al.

LETTER

(16)

(7
(18)

(19)

Ouali, A.; Taillefer, M.; Xia, N. Angew. Chem. Int. Ed. 2007,
46, 934.

Wright, J. B. Chem. Rev. 1951, 48, 397.

Larinaa, L. I.; Milatab, V. Magn. Reson. Chem. 2009, 47,
142.

Jouvin, K.; Coste, A.; Bayle, A.; Legrand, F.; Karthikeyan,
G.; Tadiparthi, K.; Evano, G. Organometallics 2012, 31,
7933.

Synlett 2014, 25, 935-938

25

(20)
@n
(22)
(23)

24

Bentin, T.; Hamzavi, R.; Salomonsson, J.; Roy, H.; Ibba, M.;
Nielsen, P. E. J. Biol. Chem. 2004, 279, 19839.

Barlin, G. B.; Batterham, T. F. J. Chem. Soc. B 1967, 516.
Hurst, D. T.; Johnson, M. Heterocycles 1985, 23, 611.

He, H.;Jin, C.; Fu, L.; Liang, Y.-J. Eur. J. Med. Chem. 2011,
46, 429.

List, B.; Castello, C. Synlett 2001, 1687.

© Georg Thieme Verlag Stuttgart - New York



3.2 Steering the Azido-Tetrazole Equilibrium of 4-Azidopyrimidines via
Substituent Variation — Implications for Drug Design and Azide-Alkyne
Cycloadditions
Andreas Thomann, Josef Zapp, Michael Hutter, Martin Empting, and Rolf W.

Hartmann

Reproduced with permission from Organic and Biomolecular Chemistry; 2015; 13;
10620-30; DOI: 10.1039/C50B01006C.

Copyright 2015 The Royal Chemical Society.

Publication Il

©N
25 i CLICK!
V[ Xx A
N=N Copper (l)

NN CLICKN MY T X
N AN X

Figure 16. Graphical abstract of publication II.

26



Organic &

Biomolecular Chemistry

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal

@ CrossMark
& click for updates

Cite this: DOI: 10.1039/c50b01006¢

Received 18th May 2015,
Accepted 25th August 2015

DOI: 10.1039/c50b01006c

Steering the azido—tetrazole equilibrium of
4-azidopyrimidines via substituent variation —
implications for drug design and azide—alkyne
cycloadditionsf

A. Thomann,? J. Zapp.,® M. Hutter,© M. Empting*® and R. W. Hartmann*®¢

This paper focuses on an interesting constitutional isomerism called azido—tetrazole equilibrium which is
observed in azido-substituted N-heterocycles. We present a systematic investigation of substituent
effects on the isomer ratio within a 2-substituted 4-azidopyrimidine model scaffold. NMR- and IR-spec-
troscopy as well as X-ray crystallography were employed for thorough analysis and characterization of
synthesized derivatives. On the basis of this data, we demonstrate the possibility to steer this valence tau-
tomerism towards the isomer of choice by means of substituent variation. We show that the tetrazole
form can act as an efficient disquise for the corresponding azido group masking its well known reactivity
in azide—alkyne cycloadditions (ACCs). In copper()-catalyzed AAC reactions, substituent-stabilized tetra-
zoles displayed a highly decreased or even abolished reactivity whereas azides and compounds in the
equilibrium were directly converted. By use of an acid sensitive derivative, we provide, to our knowledge,
the first experimental basis for a possible exploitation of this dynamic isomerism as a pH-dependent
azide-protecting motif for selective SPAAC conjugations in aqueous media. Finally, we demonstrate the
applicability and efficiency of stabilized tetrazolol[1,5-c]pyrimidines for Fragment-Based Drug Design

www.rsc.org/obc

Introduction

Substituted pyrimidines represent important molecular
scaffolds in the fields of biologically active entities," synthetic
chemistry,” coordination chemistry,” and materials science.”
The azide functionality, on the other hand, is a highly useful,
readily reactive, and easily prepared chemical moiety for
bioorthogonal click chemistry,” polymer research,® and medi-
cinal chemistry.”

“Helmholtz Institute for Pharmaceutical Research Saarland (HIPS), Department for
Drug Design and Optimization (DDOP), Campus C2.3, 66123 Saarbriicken, Germany.
E-mail: rolf. hartmann@helmholtz-hzi.de, martin.empting@helmholz-hzi.de
bSaarland University, Department of Pharmaceutical Biology, Campus C2.2, 66123
Saarbriicken, Germany

‘Saarland University, Center for Bioinformatics, Campus E2.1, 66123 Saarbriicken,
Germany

dSaarland University, Department for Pharmaceutical and Medicinal Chemistry,
Campus C2.3, 66123 Saarbriicken, Germany

tElectronic supplementary information (ESI) available: Full experimental
details, molecular modelling, pK, determination, LC-MS kinetic analysis, charac-
terization data including 'H-NMR, *C-NMR, FT-IR, '°N-NMR, X-ray crystallogra-
phy, HRMS are provided. CCDC 1045217-1045219. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c50b01006¢
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(FBDD) in the field of quorum sensing inhibitors.

By the linkage of the azide group at the 2, 4 and/or 6 posi-
tion of pyrimidines, a phenomenon which is referred to as
azido-tetrazole equilibrium, can be observed.®** This consti-
tutional isomerism is characterized by a ring closure of the
azide with ortho-nitrogen of the pyrimidine core, resulting
in the corresponding tetrazole (Scheme 1) and has drawn
enormous attention of NMR- and IR-analysts,®'® synthetic
chemists,"”* researchers in drug discovery,?®*® and scientists
from the field of computational chemistry.?*! In 1979, Kon-
necke et al. provided a detailed analysis of substituent-depen-
dent effects on this valence tautomerism and suggested that
besides solvent and temperature, electronic as well as steric
effects should be considered when investigating the position
of the equilibrium.” They demonstrated that the electron
density at the imino nitrogen ion pair is of particular impor-
tance for driving the ratio of isomers towards the cyclic tetra-
zole form. Although their studies were based on a molecular
scaffold possessing a different substitution pattern, we con-
cluded that this is the parameter of choice to enforce either of
the constitutional states.

In the presented study, we systematically investigated the
possibility to steer the equilibrium towards azide or tetrazole
isomers by variations of the substituents at the 2 position of
4-azidopyrimidine. To facilitate the establishment of a decent

Org. Biomol. Chem.
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Scheme 1 Depiction of azido-tetrazole equilibrium at 2-substituted
4-azidopyrimidines showing defined substituent effects to steer the
equilibrium. Blue substituents fully steer the equilibrium towards the
azide tautomer whereas orange groups steer to the tetrazole isomer.
Residues which show both isomers are colored accordingly. EDG =
electron-donating group, EWG = electron-withdrawing group, and SDG
= sterically demanding group.

relationship between the chemical structure and the position
of the equilibrium, we selected different substituents covering
a wide range of electronic properties and steric demand. To
gather further insight, we conducted density functional theory
calculations including a solvation model using the structures
of synthesized derivatives.>” Such an isomerism should have
an impact on the reactivity of the azide group.>* In order to
study this effect with our scaffold, we conducted model azide-
alkyne cycloaddition (AAC) reactions with selected derivatives
resembling both isomers as well as compounds in thermal
equilibrium. Finally, such small compounds containing stabil-
ized tetrazoles give rise to fragment-like structures which
might be suitable for Fragment-Based Drug Design (FBDD). In
a rational approach, we investigated whether these structural
features could be exploited for FBDD.

Results and discussion
Structure elucidation and substituent effects

The effect of substituents on the azido-tetrazole equilibrium
of 4-azidopyrimidines has been described for a small subset of
a heterogeneously substituted series.®'**? In contrast to more
intensely studied 2-azidopyrimidines'®'"'* this molecular
scaffold displays only one possible cyclization geometry and,
hence, just one tetrazole isomer. Notably, derivatives of 4-sub-
stituted pyrimidines have recently moved into the focus of our
research®® emphasizing their relevance as starting points for
the design and synthesis of biologically active entities. The
occurrence of the described constitutional isomerism in azido-
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pyrimidines added another level of structural complexity and
variability to the compounds which we wanted to investigate
in more detail. To the best of our knowledge, no rational
approach to steer the equilibrium in this system towards the
desired connectivity and, hence, activity by substituent vari-
ation has been described to date. Therefore, we chose nine
functional groups, different in electronic and steric properties,
as substituents at the 2-position to study the effect on the equi-
librium (Schemes 1 and 2).

As shown before, the equilibrium can be directly monitored
by 'H-NMR and ""N-NMR.*1'0315718:3%.36  According  to
'H-NMR spectral data the doublets for the two protons at C-5
and C-6 of the pyrimidine rings are distant to each other for
the azide (Appm = 1.0-1.9) and are closer and downfield
shifted for the tetrazole-form (Appm = 0.2-0.8) (Fig. 14).*'**?

In the case of compound 1, bearing a sulfomethyl-group at
the 2-position, "H- and ">N-NMR spectra provided a signal set
of only one isomer with chemical shifts resembling the mono-
cyclic variant (Fig. 1A, ESI section ILef). This finding was sup-
ported by IR data, as we observed the characteristic absorption
band at 2100 em™' (Fig. 1B).”” Hence, under the conditions
used (ambient temperature, DMSO as the solvent) only the
azide form of compound 1 is detectable.

The complete absence of the tetrazole valence tautomer is
quite notable, as this cyclic isomer is considered to be the
favored low temperature structure in the case of pyridine, pyra-
zine, and pyrimidine cores.*® Both steric as well as electronic
effects induced by the bulky, electron-withdrawing sulfomethyl
moiety might be responsible for this result. To further investi-
gate this, we synthesized compound 2 bearing a sulfoxide,
which possesses a lower steric demand but has almost
equal electron-withdrawing properties (Hammett constants are
Om,some = 0.52 and o so,me = 0.60).>” Interestingly, we observed
a signal subset of very low intensity within the '"H-NMR-spec-
trum belonging to the tetrazole form, while the main isomer
for 2 was showing chemical shifts of the azide (Table 1). This
finding suggests that bulky substituents at the 2 position may
favor the azide. The sulfomethyl group of 1 might cause steric
clashes upon the formation of tetrazole which impairs the
degree of rotational freedom at the substituent site. This
penalty would be less pronounced in the case of sulfoxide 2

Oxone, Q 7

S__N.__Cl N
- X NaNj, DMF ~ ElOAdH,o S NN
U R U \ﬁ N
NF rt,16h . 3n
Oxone, nucleophile, Na,S,0,
EtOAH,0 various solvents EtOH/HCI
rt,3h 60-100°C, 13h reflux, 16 h
]
S N __Ns
Z5 ~ \
i \
N =~ N = HN /
2 48 9

R= NHMe, NMe,,
OMe, OH

Scheme 2 Synthesis of compounds 1-9.

This journal is © The Royal Society of Chemistry 2015



Organic & Biomolecular Chemistry

>

N=N ®N
' 1"
N
2 b s ’ - _S ’ N ] N
N Z1b 1a
2b 2a
an t 1al
2 1 NN
PP
37
3 N 1
2
_A !
T T T T T T 1
9.0 8.5 8.0 75 7.0 65  ppm

B 100 -

§' 80 1 s Cmpd 1
§ 60 — cmpas
4
k] = Cmpd 4
E 91
2
2 20 i
-

0 T T T \

3600 2600 1600 600
Wavenumber [cm*]
1

Fig. 1 Analytical data of compounds 1 (green), 3 (blue) and 4 (red)
allowing for the determination of azide and tetrazole isomers.
"H-NMR (A), IR (B), X-ray crystallography (3 and 4) and modeling of com-
pound 1 (energy optimized using the MM2 semi-empirical method) (C).
IH-NMR chemical shifts for protons at C5 and C6 of tetrazole tautomers
are significantly closer to each other (3: Appm = 0.4, 4: Appm = 0.8)
than the respective signals for azide isomers (1: Appm = 1.5, 3: Appm =
17) (A). **N-NMR chemical shifts (B) and azide-band appearance at
~2100 cm™ in IR (B) support the structural proposals (4 only tetrazole,
3 both isomers, 1 only azide) shown in Table 1. In the crystal form only
tetrazole tautomers were observed as determined by X-ray crystallo-
graphy for compounds 3 and 4 (C).

providing a possible explanation for the presence of the tetra-
zole at detectable levels.

To investigate the effect of electron-donating groups (EDGs)
we introduced thiomethyl (3) and methoxy (7) substituents.
Interestingly, both compounds were in the equilibrium state
whereas the thiomethyl derivative showed more tetrazole char-
acter (Fig. 1A, Table 1, ESI section ILaf). Comparing the
Hammett constants®® of both groups, the methoxy-substituent
(om = 0.15) is less electron donating compared to its thio iso-
stere (o, = 0.12). These results are consistent with the hypo-
thesis that EWGs at the 2-position favor the azide over the

This journal is © The Royal Society of Chemistry 2015
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tetrazole (Table 1). This trend can also be witnessed by com-
paring the IR-spectra as compounds 3 and 7 show weaker
azide bands than 1 (Fig. 1B, ESI section 1I.gF). In addition to
NMR and IR, we performed X-ray structural analysis with
selected compounds that were readily crystallizable (Table 1).
However, even for compound 3 only the tetrazole form was
observed in the elucidated structure (Fig. 1C). This might be a
result of the crystallization procedure favoring those isomers
which pack more densely. Notably, no crystals were obtained
for compounds showing the most pronounced azide character-
istics (1, 2, 6, and 7).

With the aim to further investigate the influence of EDGs,
we decorated the 2-position with a series of substituents pos-
sessing ascending electron-donating properties by the intro-
duction of an amine (8), a methylamine (4) and a
dimethylamine group (6).*° Again we collected 'H-NMR and IR
data for these compounds and, additionally, elucidated the
structure of compound 4 by '’N-NMR and X-ray crystallogra-
phy. We found the equilibrium to be fully shifted towards the
tetrazole in the case of compounds 4 (Fig. 1, Table 1, ESI
section ILef) and 8 (Table 1). Interestingly, dimethyl derivative
6 was found to exist mainly in the azido state as indicated by
'H-NMR and IR analyses (Table 1, ESI section ILa,gt) although
it is the group with the strongest electron-donating properties
within this subset of compounds (4, 6, and 8). As hypothesized
before (in the case of compounds 1 and 2, vide supra), the
space demanding properties of the two methyl groups of com-
pound 6 may force the equilibrium towards the azide. We
found the proton at the amine within the crystal structure of
closely related tetrazole 4 to be in proximity to the neighboring
nitrogen of the tetrazole-ring (Fig. 1C). Upon replacing this
proton by a methyl group in silico (yielding the tetrazolo
isomer of 6), intramolecular steric clashes occur between
the newly introduced group and the tetrazole nitrogen (ESI
section I1.df). These results might explain the shift of the
thermal equilibrium towards the azide form underlining
the impact of steric factors in the likelihood of the cyclic
valence tautomer. The involvement of an intramolecular
hydrogen bond for stabilization of the tetrazole over the
azide-isomer in 4 was ruled out by monitoring of the N-H
shift in CDCl; under DMSO titration as described before
(ESI section 1L.bf).*°

As we were also interested in the thiol and hydroxy deriva-
tives, we synthesized compounds 5 and 9. However, as
reported before,"" these structures could not be obtained as
the free hydroxy or thiol compounds but “trapped” in urea-like
tautomers. For both compounds the equilibrium was fully
shifted towards the tetrazole as indicated by 'H-NMR (Table 1)
and X-ray crystallography (ESI section I.bt). Previous studies
on the structure of 5 were based on its UV spectrum and Fox
et al. could, therefore, only speculate that it might be the tetra-
zole derivative."’ As the structures of 5 and 9 are similar to
2-hydroxypyrimidine, which was reported to be NH acidic (pK,
=2.9),"> we hypothesized that 5 and 9 could also be acids.

To check this hypothesis, we determined pK, values for
compounds 5 and 9. Interestingly, 9 turned out to be even as

Org. Biomol. Chem.
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Table 1 Substitution pattern of compounds 1-9 and the observed effect on the equilibrium determined by *H-NMR in DMSO, IR and X-ray

crystallography

Ccmpd Group Effect® 'H-NMR” IR X-Ray”
1 SO,Me EWG/SDG A Strong azide —

2 SOMe EWG Ky =333 Strong azide —

3 SMe EDG Ky =0.20 Intermediate azide T

4 NHMe EDG T No azide T

5 Carbonyl EDG T Weak azide e

6 NMe, EDG/SDG Ky =10.0 Strong azide —_

7 OMe EDG Ky=1.5 Intermediate azide —

8 NH, EDG T No azide —

9 Thionyl EDG T No azide —

“EDG = electron-donating group, EWG = electron-withdrawing group, and SDG = sterically demanding group. ” A = azide, T = tetrazole, and K =

equilibrium constant.

acidic as acetic acid with a pK, of 4.6. Compound 5 (pK, = 6.8)
is two orders of magnitude less acidic than 9. Furthermore, we
concluded from these findings that the polarization of hydro-
gen at N6 could lead to an increased electron density in the
ring system, resulting in the preference for the tetrazole.

In summary, we have shown that EDGs favor the tetrazole
while electron-withdrawing-groups (EWGs) shift the equili-
brium towards the azide (Scheme 1). However, sterically
demanding substituents may suppress the formation of the
cyclic isomer even with strong EDGs being present.

To further investigate the influence of substituents at the
2-position on the electronic properties and, hence, the stability
of the corresponding constitutional isomers, we performed
hybrid density functional theory (DFT) calculations including
a continuum solvation model. Previous molecular modeling
experiments in this field applied gas-phase DFT calculations
to evaluate azido-pyridines and their tetrazolo analogues in
silico.>®' As mentioned above, solvent effects may signifi-
cantly contribute to the state of the equilibrium.*'° In the
present study, we used the COnductor-like Screening MOdel
(COSMO)  solvation methodology®* as implemented in
NWChem (version 6.1) to predict the contributions of water,
DMSO and CHCI;. This procedure provides a high numerical
efficiency for facilitating fast calculations while retaining
sufficient accuracy especially in solvents with high permittivity
(e.g. water).” For energy optimization we chose the B3LYP/aug-
cc-pVDZ level of theory.

For the accurate computation of similar isomerization
energies in vacuo, Grimme et al. showed that coupled-cluster
methods are most reliable and pointed out some flaws of the
popular B3LYP density functional for the determination of
kinetic and thermodynamic energy terms.** In particular the
transformation of m into ¢ bonds shows substantial errors.*
Likewise, Grimme and co-workers found that only triple-{ basis
sets such as the here applied aug-cc-pVDZ basis set are necessary
for obtaining precise results. On the other hand, the mentioned
drawbacks of the B3LYP functional do not affect the prediction
of molecular structures that are required for subsequent single-
point energy computations, using for example other density
functionals, higher-level methods, or solvent models.
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As a result, our computations suggested that the tetrazole
form is mostly energetically favored except for derivative 1
(Table 2). Hence, the absolute position of the equilibrium
differed from that observed in our NMR and IR experiments.

We attribute the systematic over-estimation of the stability
of the tetrazole form to the fact that hydrogen-bonding and
any other directional interactions with the solvent are not con-
sidered because the solvent is treated as continuum, whereby
its dielectric constant is the decisive parameter. Thus, these
kinds of interactions, which are likely to shift the tautomeric
equilibrium, are beyond the scope of conventional density
functional methods and continuum solvation models.

Nevertheless, several qualitative aspects of the consti-
tutional isomerism could be reproduced in silico quite well.
For example, our experimental data (ESI section IL.b{) and the
literature suggested®'® that less polar solvents favor the azide
form in contrast to polar ones. In the case of compound 1 the
predictions perfectly matched the experimental results with
the azide being the predominant species. Additionally, for 5
and 9 a rather high preference for the cyclic form was pre-
dicted with an energy difference of —8.57 kcal mol™' and
—-10.27 kcal mol™!, respectively. Hence, the calculations

Table 2 Calculated differences in solvation energy obtained by the
COSMO solvent model. Library compounds 1-9 were energetically
minimized at the B3LYP/aug-cc-pVDZ level of theory. Units are given in
kcal mol™?

Water DMSO Chloroform
Cmpd A T A T A T
1 —2.48 0 —-2.14 0.0 — —
2 0 —-1.04 0 —-1.02 0 —0.88
3 0 -5.14 0 —5.88 0 —-4.93
7 0 —-4.16 0 —4.14 0 -3.70
6 0 —-2.96 0 —-3.26 —_ —_
4 0 —-2.96 0 —-3.62 —_ —_
8 0 -5.99 0 -6.77 — —
5 0 —8.57 0 —10.48 — —
9 0 -10.27 0 —8.68 — —

A = azide, T = tetrazole.
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suggest that according to the Boltzmann distribution only one
ppm or less of the compounds exists in the azide form at room
temperature.’® In accordance with that, no signals for the
azide-isomer have been observed for 5 and 9 by NMR charac-
terization (vide supra). For compounds 3 and 7 we observed
both isomers in our experiments. The former favors the tetra-
zole and the latter the azide form under the conditions used
(Table 1). Our computational results, however, suggest that
both forms preferably adopt the cyclic constitution. Neverthe-
less, the calculated energy difference for thiomethyl 3 was
higher than for its methoxy congener 7 which describes the
general trend correctly.

In the case of amines 6, 4, and 8, all derivatives were pre-
dicted to favor the tetrazole form. While primary amine 8 dis-
played the strongest preference for the cyclic isomer in this
subset, the secondary (4) and tertiary (6) variants both yielded
similar values regarding the calculated energy difference.
Experimentally, we determined a ten-fold excess of the azide
form for the latter while the secondary amine was confirmed
to be a tetrazole as predicted. We assume that the observed
discrepancy between computational and experimental results
is caused by a steric effect of the bulky dimethyl functionality
attenuating cyclisation propensity which is not appropriately
accounted for by the DFT method.

For compound 2 only a small difference between the azide
and the tetrazole isomer of about 1 kcal mol™ was predicted
indicating that both forms are suggested to exist in a near
equal ratio with a slight preference for the cyclic one. Our
experiments, however, clearly show a strong shift of the equili-
brium towards the azide. Nevertheless, in comparison with the
other compounds predicted to be tetrazoles (3-9) sulfoxide 2
displays the lowest preference for the cyclic isomer. Hence,
although the overall outcome of our calculations is biased
towards the tetrazole, the general trend is described quite well.

Implications for copper-catalyzed azide-alkyne cycloaddition
(CuAAC)

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) is
the method of choice for the synthesis of 1,4-disubstituted
1,2,3-triazoles and is known to proceed under mild conditions
(e.g. in water at ambient temperature).’” Since its first appear-
ance in the literature in 2002,"® it has had a huge impact in all
fields of synthetic chemistry. Notably, a variety of applications
in the drug design and medicinal chemistry including fast
compound library generation, bioconjugation, or bioisosteric
replacements has been developed in the last decade.

The effects of the constitutional isomerism on triazole for-
mation were investigated for pyridine compounds,'”**** qui-
nazoline derivatives,”® as well as azidopurines.'®?*3%36:50
Furthermore, in a computational study the effect of copper(r)
species (in this case CuCl) on the azido-tetrazole equilibrium
in pyridine and imidazole test systems was investigated.”'
Depending on the scaffold, the coordination of the transition
metal can have a stabilizing effect not only on the tetrazole
isomer (pyridine) but also on the azide form (imidazole).
Hence, a possible shift of the equilibrium under CuAAC con-
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ditions in the pyrimidine system described herein cannot be
excluded.

These results demonstrated that tetrazole formation has a
detrimental effect on the yield of this reaction type. For pyrimi-
dines, especially 2-azidopyrimidines, the impact of the tauto-
merization on CuACC has not been investigated, yet. Only a
few reports about the transformation of 2-azidopyrimidines®
and 4-azidopyrimidines®*~>* into the corresponding triazoles
have been published to date. However, in the aforementioned
studies usage of Huisgen conditions (high temperature, no
catalyst) resulting in a mixture of 1,4- and 1,5-disubstituted
regioisomers (for terminal alkynes) or trisubstituted triazoles
(for internal alkynes) is described. To address the impact of
heat on the equilibrium, we conducted a temperature gradient
'H-NMR experiment and observed a shift from tetrazole to the
azide species for compound 3 (ESI section IL.f{) upon raising
temperature. This is in accordance with the literature as the
azide is described to be the high-temperature species.’ Hence,
Huisgen conditions intrinsically favor the open form directly
facilitating thermal AAC. As ambient temperature is applicable
for routine CuAAC reactions, we expected that the impact of
the tautomerism and the state of the equilibrium would be
more pronounced under these mild conditions. It has been
reported that electronic as well as steric features of substitu-
ents at the azide group may influence the reaction rate of the
CUuAAC reaction.”® We were curious to know how our “stabil-
ized” azide (compound 1), the equilibrium state (compound 3)
and the “stabilized” tetrazole (compounds 4 and 5) behave
in the click reaction. Therefore, we used phenylacetylene,
CuS0,-5H,0, and sodium ascorbate in tertBuOH : water (1:1)
as a model system and monitored the reactions via LC-MS
analysis.

Sulfone-containing compound 1, although being fully
shifted towards the azide, gave lower isolated yield than its
thiomethyl analogue 3. A possible explanation might be the
different electronic properties of both groups which could
influence the azide reactivity (vide supra). Whether the azide
group of 3 is more activated or not, it seems that as long as
there is the open species present in a significant amount, the
CuAAC reaction proceeds (Scheme 3, Table 3).

To corroborate these results, we employed 6 in the same
reaction. Analogous to 1 and 3, compound 6, mainly existing
as azide, was directly convertible to triazole product 14
(Table 3, Scheme 3, ESI section Lat) using a 2% copper(i)
catalyst.

For the stabilized tetrazoles 4 and 5 no product was found
in our LC-MS analysis. Hence, tetrazole formation suppressed
the CuAAC reaction under the used conditions. To increase the
reaction speed and yield, we increased the amount of copper()
catalyst by a factor of ten (Scheme 3, Table 3).

Indeed, we were able to obtain triazole compound 12 using
aminomethyl 4 as an adduct. Interestingly, derivative 5 did not
react even under these conditions indicating that tetrazole for-
mation successfully abolished CuAAC reactivity of this com-
pound (Scheme 3, Table 3). Nevertheless, access to the
carbonyl-derivative decorated with a triazole at the 4-position
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Scheme 3 Model CuACC reaction for the synthesis of triazoles 10-14,
employing phenylacetylene, CuSO, and sodium ascorbate (NaAsc).
Compounds 1, 3 and 6 readily undergo the reaction while compound 4
only reacts upon high catalyst load. Compound 5 remained “unclickable”

under the applied conditions.

Table 3 |solated yields of model CuACC reactions for the synthesis of
triazoles 10-15 employing phenylacetylene, CuSO, and sodium ascor-
bate. Compounds 1, 3 and 6 readily undergo the reaction while com-
pound 4 only reacts upon high catalyst load. Compound 5 remained
“unclickable” under the applied conditions

Compound 2%" 20%"
1 55% —

3 81% —

4 0% 51%
5 0% 0%

6 68% —

“mol% of CuSO,-5H,0.

could be gained through treatment of 10 with sodium hydrox-
ide in a dioxane/water mixture to transform the sulfomethyl
group into the mentioned carbonyl compound.

Implications for strain-promoted azide-alkyne cycloaddition
(SPAAC)

Strain-promoted azide-alkyne cycloaddition has drawn enor-
mous attention of the biological and chemical community
because of its ability to be directly used in cellular systems®
without the need of cytotoxic copper or ruthenium catalysts.

It was described that acidic conditions lead to a ring
opening of the tetrazole shifting the equilibrium towards the
azide.”' To investigate the effect of acidic, basic, and neutral
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conditions on our stabilized tetrazoles we chose compounds 4
and 5 to determine the equilibrium under the influence of
TFA and sodium hydroxide. Under neutral and basic con-
ditions, the compound remained in its tetrazole form. It is
noteworthy that under harsh basic conditions (1 M NaOH) an
additional minor signal set occurred that was due to com-
pound degradation (ESI section IL.ct). As expected, signals of 4
shifted under acidic treatment indicating a ring opening and
formation of the azide. This was confirmed by the appearance
of the characteristic band in the IR spectrum for the hydro-
chloric salt of 4 (Fig. 2A, ESI section I1.g7).

Interestingly, 5 was not convertible to the azide through
TFA treatment. Under neutral and acidic conditions only NMR
signals assigned to the tetrazole form were detected (Fig. 2B).

Motivated by these results, we used compounds 4, 5, and 3
in a pH-dependent SPAAC reaction with dibenzocyclooctyne-
amine to see whether the pH sensitivity of the equilibrium

A e Honm

8.0 7.5 7.0 6.5 6.0 ppm
N
B 2 1 o h?/N
A
2
=N
2 1 N ri N
HA }1
Jt A 2
2 1 N=N
O NN

1 1 1 1 1 1 1

80 75 70 65 60 ppm

Fig. 2 pH dependency of the azido-tetrazole equilibrium of com-
pounds 4 (A, green spectrum D,0, red spectrum D,O + TFA, blue spec-
trum D,O + NaOH) and 5 (B, green spectrum D,O, red spectrum D,0O +
TFA, blue spectrum: D,O + NaOH) monitored by *H-NMR. Results indi-
cate a tetrazole ring opening under acidic treatment of 4 whereas 5
remains as the tetrazole isomer.
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effects reactivity (Scheme 4). As expected, 3 reacted under all
conditions with the SPAAC reagent but with a significantly
higher reaction rate in the acidic environment (Table 4, ESI
section Lht).

As suggested by the 'H-NMR results, compound 4 readily
reacted in 0.1 M HCI or 0.2% TFA but was almost unreactive
under neutral or basic conditions (0.1 M NaOH) as indicated
by LC-MS experiments. Moreover, stronger acidic conditions
(0.1 M HCI) resulted in a higher reaction rate compared to the
less acidic one (0.2% TFA), suggesting a clear pH dependency

N=N NH;
> W,
X N »
-
| ﬁ
N~ N N
HzN‘\‘{o N
N
N N=
b . W,
e@oRte
@ — N
X_ NN — ’
ANz i
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N
X =S5 (3),NH (4)

pH-sensitive equilibrium

t o N
X = NH.
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N
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N\\ |
N
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N
Y S L
HzN\\\‘(o N
N
1 : = &
| =

+

.
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2T IZ
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Scheme 4 SPAAC of pH-sensitive 4-azidopyrimidines 3, 4, 5 and pH-
non-sensitive 5-azidopyrimidine (15) and dibenzocyclooctyne-amine
under varying pH environments in aqueous media.
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Table 4 LC-MS conversions of model pH dependent SPAAC reactions
employing dibenzylcyclooctyneamine with 3, 4 and 5 after 1.5 hours of
the reaction time in 0.1 M HCl, 0.2% TFA and 0.1 M NaOH in tertBuOH :
water (1:1). 4 showed increased click-reactivity upon decreasing pH
whereas pure azide 15 was equally reactive at pH 1.4 and 7.0 after
3 hours at ambient temperature

HCl,, TFA,, NaOH,, pH pH pH pH
Cmpd 01M 02% 0.1M 7.0 41> 25 149
3 32% 28% 4% o — — B
4 51% 23% 1% — 3% 8%  36%
5 <1% <1% <1% — — — —
15 — — — 77%  — — 77%

“ Aqueous phosphate buffer + tertBuOH (1:1). ” Aqueous acetate buffer
+ tertBUOH (1:1). ©0.01 M HCl, (tertBuOH: H,0, 1:1). ¢ 0.1 M HCl,,
(tertBuOH : H,0, 1: 1), conversions were monitored by LC-UV,5,-MS.

of the reactivity (ESI section L.hf). To confirm this hypothesis,
we monitored the reaction of compound 4 and dibenzocyclo-
octyne-amine under different acidic pH conditions (Fig. 3,
Table 4). These results clearly demonstrate the pH-dependent
acceleration of the reaction when shifting the milieu towards
higher acidity. Finally, compound 5 was only able to undergo
SPAAC in traces in the acidic or neutral environment but
remained unreacted under basic conditions (ESI section Lhf).
However, differences in conversion could potentially also arise
from a protonation leading to altered reactivity of the azide-
group. To evaluate whether low pH has a direct effect on azide
reactivity we synthesized 5-azidopyrimidine (15, Scheme 4, ESI
section L.af). Compound 15 is not able to form a tetrazole and
was used in a SPAAC reaction with dibenzylcyclooctyne-amine
at pH 1.4 and pH 7.0 (Table 4, ESI section L.if). For these two
environments no difference in product formation over time
and the total conversion after 3 hours was found. Hence, a
direct influence of acidic pH on azide reactivity, e.g. via proto-
nation of the pyrimidine core, can be excluded in this case.

8

w
o
1

Conversion [%]
N
o

100
Time [min]

J 1
150 200
Fig. 3 Kinetic analysis of the SPAAC of compound 4 and dibenzocyclo-
octyne-amine at pH 1.5 (@), 2.5 (m) and 4.1 (A) at room temperature.

Conversion was monitored by LC-UV,s4 and products were identified by
mass spectrometry.
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Moreover, these results indicate that the improved reactivity of
4 at low pH mainly depends on tetrazole ring opening. These
results are in good accordance with our data on the “unclick-
ability” of compound 5 in CuAAC reactions (Table 3). More
importantly, our results gathered for compound 4 hint at the
possibility to exploit this tautomerism effect as a pH-depen-
dent atom-economical protection method for the azide group.
This would allow us to regioselectively address different azides
within the same molecule simply by reversibly capping one of
them as a tetrazole via simple pH adjustments. In light of the
fact that CuAAC reactions are routinely carried out in the pres-
ence of a tertiary amino base (e.g. Hiinig’s base)®® a regio-
selective sequence of CuAAC and SPAAC might be achieved.

Implications for fragment-based drug design (FBDD)

FBDD has attracted huge attention in the past decade.’® The
advantages of fragments lie in their low molecular weight and
the possibility to generate high structural diversity by the use
of rather small libraries. In general, all ligands need to over-
come the translational and rotational rigid body entropy
barrier’® to attractively interact with a protein target. As frag-
ment-like compounds possess only a few pharmacophore fea-
tures due to their small size, they are supposed to display near
optimal binding modes to be able to overcompensate the
entropy term of the freely diffusing solute. As a result, frag-
ment-sized binders usually display high ligand efficiencies, a
metric used to evaluate inhibitors with regard to their mole-
cular weight.?” This, in combination with favorable physico-
chemical properties, renders such fragment hits as ideal
starting points for further drug development.*® Several mole-
cular parameters have been defined as guideposts for the
straightforward design of fragment libraries and are usually
referred to as the Astex ‘rule of 3°.>°

With these concepts in mind, we hypothesized that our sub-
stituent-stabilized tetrazolopyrimidines might be suitable can-
didates for FBDD. It is noteworthy that such molecular
scaffolds can be found as substructures in pharmaceutically
relevant entities>**® and they share some similarity with
purine nucleobases present in many biologically active com-
pounds. Coenzyme A (CoA), for example, is a molecule which
incorporates an adenosyl moiety and is involved in many cellu-
lar processes.® It is employed by nature as an acyl carrier to
provide thioester-activated substrates for a large variety of
enzymes. One acetylase that is in the focus of our research and
uses such CoA-linked structures is called PqsD.®"*** It is a bac-
terial signal molecule synthase found in the opportunistic
human pathogen Pseudomonas aeruginosa. PqsD is essential
for the production of the so-called Pseudomonas Quinolone
Signal (PQS).®* This autoinducer is the eponymous molecule
driving the PQS quorum sensing (QS) system - a cell-to-cell
communication apparatus regulating pathogenicity-determin-
ing factors of P. aeruginosa. In this regard, we have shown
before that blocking PqsD by small molecule inhibitors leads
to reduction of biofilm formation rendering this enzyme a
potential novel target for anti-infective agents.®® Both sub-
strates of this enzyme, anthraniloyl-CoA and malonyl-CoA,
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carry the adenosyl moiety.®> Guided by the above-mentioned
rational that our fragments have a high degree of similarity
towards this residue (Fig. 4, Scheme 1), we assumed that these
compounds may bind to PqsD and could potentially inhibit
the enzyme reaction. Indeed, two of our tetrazole fragments (5
and 9) displayed ICs, values in the lower micromolar range
resulting in high ligand efficiencies (Fig. 4B and C). The
optimal starting point for FBDD is a LE score of at least
0.3°*°" whereas our fragments possess LE’s which are at least
two-fold higher than this proposed mark (Fig. 4B and C).

A comparison of the ICsos of 5 and 9 (Fig. 4B and C)
revealed the carbonyl to be slightly advantageous for activity.
Having in mind our working hypothesis that the fragments
might occupy the adenosyl site at the surface of PqsD, we
modeled the fragments into that pocket using the X-ray cocrys-
tal structure of PqsD and anthraniloyl-CoA (PDB-ID: 3H77).

The modeling results suggest that the carbonyl and thionyl
moieties of 5 and 9 form a hydrogen bond with N154 (Fig. 4).
This interaction might be weaker for the thionyl pendant 9
which is known to be a less potent hydrogen bond acceptor.®®
Additionally, the protonated nitrogen of the pyrimidine core
may act as a hydrogen bond donor to T28 (Fig. 4B and C).
With regard to acidic characteristics of 5 and 9 it is also plaus-
ible that the compounds are deprotonated at the nitrogen in
the 6-position and, hence, could interact as hydrogen bond
acceptors for the side chain of T28 like the adenosyl moiety in
the crystal structure. Moreover, the electron-enriched tetrazolo-
pyrimidines could form stronger pi interactions with R153 and

ICso= 15uM
LE= 0.68 kcallHA
LLEsgex= 0.81 kcallHA
clogD; = -0.64
clogP= -0.15

ICso= 9uM
LE= 0.71 kcal/HA
LLE gex= 0.99 kcallHA
clogD; = -2.61
clogP= -1.21

R153 & &

Fig. 4 clog D74, clLogP, ICsps, ligand efficiency indices and predicted
interactions of 9 (B) and 5 (C) in comparison with the natural substrate
anthraniloyl-CoA (A) in the adenosyl-pocket of PgsD (PDB-ID: 3H77).
Both LE®® and LLEsex Were calculated based on ICses. HA = heavy atom
count.
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F32. To derive further SAR (structure-activity relationship)
information regarding the structural prerequisites for activity
we also tested hypoxanthine and adenine for PqsD inhibition.
Although being quite similar to 5 and 9, hypoxanthine showed
only 9% enzyme inhibition at 50 uM while adenine was in-
active at this concentration (see the ESI section 1.gt). These find-
ings underline the values of 5 and 9 as fragment-inhibitors of
PgsD, but also shed light on the tight SAR at the tetrazolo sub-
structure which demonstrates higher potency than the tested
imidazolo congeners.

It is well known that during a drug optimization campaign
compounds tend to become larger and more lipophilic.®®

Therefore, it is of great importance to start from a core
molecule with low cLog P and cLog Dy 4 values. As lipophilicity
is of great importance for solubility and passive diffusion over
the plasma cellular membrane a new metric has been intro-
duced: ligand lipophilicity efficiency (LLE).°” This metric
evaluates compounds not only on their activity and molecular
weight but also on their lipophilicity. Notably, our fragments
perform even better with regard to this novel efficiency index
than in the traditional ligand efficiency rating (Fig. 4B and C).

Accordingly, both metrics suggest that these fragment
inhibitors could be ideal starting points for further FBDD
efforts towards novel drug-like inhibitors of PqsD and, hence,
potential anti-biofilm agents.

Conclusions

In summary, the data presented in this paper provides the
basis for a rational approach towards steering the azido-tetra-
zole equilibrium within 4-azidopyrimidines. By choice of the
substituent at the 2-position either the azide or the tetrazole
isomer can be efficiently stabilized. These findings provided
insights into substituent effects like the electronic and steric
parameters influencing this phenomenon. This information
was used to evaluate azide-based compounds which are readily
“clickable”, “poorly clickable” and “unclickable” in a model
copper-catalyzed click reaction. In additional experiments, we
demonstrated a pH-dependent protecting group characteristic
of the acid-sensitive tetrazole in SPAAC reactions. These results
may motivate the application of azidopyrimidine moieties for
the regio-control of multi-step AAC reactions. Such a strategy
could be exploited for the facile generation of heterovalent bio-
conjugates or may pave the way towards pH-selective labeling
in acidic cellular environments like lysosomes®® as well as cancer-
ous® or inflammatory tissue’® via bioorthogonal click chemistry.

Despite the limitations of the applied solvent model in our
DFT calculations general trends could be described quite well
and experimental data for further optimization of these
models towards better predictive power were provided. Finally,
the analytical results were used for a FBDD approach towards
inhibitors of PgsD, a reported anti-biofilm target. The useful-
ness of these fragments as potential analogues of adenosyl
motifs has been demonstrated and may lead to further frag-
ment-based drug development campaigns.
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Abstract Typically, 4,6-disubstituted 2-thiomethylpyrimidines are syn-
thesized starting from 4,6-dichloro-2-thiomethylpyrimidine or an ami-
no-substituted precursor. However, these reactions take several hours
up to days and require multiple steps. Herein, we report a novel, easy,
and quick-to-prepare synthetic intermediate, namely 2-(methylthio)-
4,6-di(1H-tetrazol-1-yl)pyrimidine, for the synthesis of these interesting
target compounds. The intermediate can be transformed within min-
utes into desired substituted pyrimidines under mild conditions with
moderate to excellent yields. The reaction can be conducted in an auto-
mated microwave system, at room temperature or by conventional
heating. Furthermore, we demonstrate the robustness of the method in
a one-pot procedure.

Keywords tetrazole, pyrimidine, combinatorial chemistry, medicinal
chemistry, nucleophilic aromatic substitution

Tetrazole moieties have drawn increasing attention by
medicinal chemists as they can be exploited for the genera-
tion of bioactive small molecules.! In addition to their de-
sirable physicochemical properties, these azoles display
reasonable metabolic stability and can serve as bioisosteric
replacements of carboxylic acids.? The family of 4,6-disub-
stituted pyrimidines and tetrazolyl-substituted pyrimidines
is a prominent class of chemical scaffolds for the design of
kynurenine-3-monooxygenase inhibitors,># c-Kit modula-
tors,” herbicides,® Bmi-1 inhibitors,” kinase inhibitors,3-1°
cell protective agents,!' antibacterials,'>-4 inhibitors of
NF,B DNA binding,'> and corticotropin releasing hormone
type 1 antagonists.'® One well-reported step for the synthe-
sis of these interesting target compounds proceeds via SyAr
reaction conditions employing 4,6-dichloro-2-methylthio-
pyrimidine as a commercially available starting material.
These conditions generally require reaction times between

several hours and days to couple different nucleophiles to
the 4- and 6-position of pyrimidine.31%!115-17 [nterestingly,
to directly decorate the pyrimidine core with a tetrazole
substituent a novel method can be employed, which has re-
cently been published by us.'® Unfortunately, the developed
protocol using different conditions failed to introduce a
tetrazole moiety into the 6-chloro-N,N-dimethyl-2-(meth-
ylthio)pyrimidin-4-amine scaffold (see Table 1 in Support-
ing Information). We hypothesized that the electron-donat-
ing properties of the dimethylamine substituent in the 6-
position drastically reduced the leaving-group properties of
the chloro substituent at the 4-position. Consequently, we
tried to synthesize 4-chloro-2-(methylthio)-6-(1H-tetrazol-
1-yl)pyrimidine, but to our surprise the major product was
compound 1, substituted with two tetrazoles. NMR analysis
revealed both tetrazoles to be attached in the same regiose-
lectivity to the 2-thiomethylpyrimidine core. However, an
unambiguous clarification of the structure was achieved by
X-ray crystallography. The structure coordinates of com-
pound 1 revealed that the tetrazole substituents were
linked via N1 of the tetrazole scaffold (viz. N3 and N7 in Fig-
ure 1) to the 4- and 6-position of 2-thiomethylpyrimidine
(C4 and C2 in Figure 1).

Moreover, when applying four equivalents of tetrazole
instead of one, the reaction can be completed with almost
quantitative yield (97%) within 10 minutes at 60 °C under
microwave irradiation.’® With regard to product yield, we
could not determine any differences between thermal heat-
ing and microwave conditions (Table 1).

As microwave irradiation ensures a homogeneous and
fast energy input, we consider this procedure the method-
of-choice for facile and rapid generation of intermediate 1
(Scheme 1).

© Georg Thieme Verlag Stuttgart - New York — Synlett 2015, 26, 2606-2610
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N10g4

Figure 1 X-ray crystal structure of 1 revealing the regiochemistry of
attached tetrazol-1-yl substituents; blue = nitrogen, grey = carbon,
yellow = sulfur, white = hydrogen

Table 1 Conditions Used To Obtain 2-(Methylthio)-4,6-di(1H-tetrazol-
1-yl)pyrimidine (1)?

Method Conditions Yield (%)
Heating DMF, 60 °C, Et;N, 1H-tetrazole, 10 min 95
Microwave DMEF, 60 °C, Et;N, 1H-tetrazole, 10 min 97

2 Conditions: 1 equiv of 4,6-dichloro-2-methylthiopyrimidine and 4 equiv
of 1H-tetrazole were employed.

/N:N
NG N N _s
A\ Y ~
Cl N S\ l N
| \\r DMF, 1H-tetrazole 7
N 60 °C, 10 min, MW
N/N7
N/
c N—N
197%

Scheme 1 Reaction conditions to obtain compound 1

Moreover, to investigate the applicability of our novel
synthetic route for automated combinatorial synthesis we
performed all reactions in an automated microwave system
(Tables 2 and 3).

Inspired by a previously observed side reaction, we test-
ed whether compound 1 could be an appropriate precursor
for the synthesis of further 4,6-disubstituted target com-
pounds. Indeed, di-tetrazolyl intermediate 1 could be suc-
cessfully transformed into compound 2 under microwave
irradiation by usage of one equivalent dimethylamine. In
addition to the clean conversion, the reaction only needs 10
minutes for completion and, hence, is much faster than tra-
ditional approaches.81011.15-17 Moreover, due to its acidity,?°
the cleaved tetrazole can be directly removed from the re-
action mixture by simple aqueous workup, making it a con-

venient leaving group. Thus, this method may be easily im-
plemented in automated combinatorial chemistry ap-
proaches.

To test the scope of the reaction, we used different ni-
trogen-, oxygen-, and sulfur-containing nucleophiles
(Scheme 2). For instance, alkyl (2, 3), saturated and unsatu-
rated heterocyclic amines (6-9), benzylamine (5), and un-
substituted amine (4) were successfully attached to the py-
rimidine core yielding the substituted pyrimidines in mod-
erate to excellent yields (Table 2) within minutes.
Preliminary tests with aromatic amines, such as aniline,
showed no conversion and are not suitable to be used in
this reaction.

Sz

-
=

N

Z
Sz

-
=

>—
z—2

N
NYS\ nucleophile N\~ N\\l/s\
| N base, solvent | _N
10 min, MW or r.t.

e

N7
N—N

1 2-20

Scheme 2 Generic reaction scheme for the generation of 6-substitut-
ed 4-(1H-tetrazol-1-yl)-2-thiomethylpyrimidines

The subset of oxygen-containing nucleophiles consisted
of methanol, sodium hydroxide, sodium ethoxide, and phe-
nol. With no exception, all hydroxyderivatives readily react-
ed with 1 to achieve the corresponding 6-substituted 4-
(1H-tetrazol-1-yl)-2-thiomethylpyrimidines (10-13, Table
2). Notably, the methoxy group can be conveniently at-
tached at room temperature under treatment with potassi-
um carbonate in a methanol-THF mixture. 4-Hydroxypy-
rimidine is known to be a very weak acid (pK, = 8.59).%!
Thus, we were curious whether 10 also shows acidic char-
acter and conducted titration experiments to determine its
pK,. Indeed, 10 showed a pK, of 3.17 + 0.05 which is about
five orders of magnitude lower than the unsubstituted 4-
hydroxypyrimidine. A plausible explanation for the in-
crease in acidity could be the electron-withdrawing proper-
ties of the tetrazole and thiomethyl substituent with re-
spective Hammett constants of e, =0.52 and
cSmemthiomethyl =0.1 5_22

To study the reactivity of 1 towards thiols, we used al-
kylmercaptans, benzylmercaptan, and thiophenols as reac-
tants. All sulfur-containing nucleophiles were successfully
introduced into the 2-thiomethylpyrimidine core in good to
excellent yields (13-19, Table 2).

Notably, these results show that 1 is also able to react
with sterically hindered (15, 20), electron-poor (18), and
electron-rich (19) nucleophiles demonstrating that the pro-
cedure can be used in automated robotic systems for one-
pot combinatorial approaches. Furthermore, this protocol is
a convenient approach for the synthesis of 6-substituted
4-(1H-tetrazol-1-yl)-2-thiomethylpyrimidines which we

© Georg Thieme Verlag Stuttgart - New York — Synlett 2015, 26, 2606-2610
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Table 2 Microwave-Assisted Synthesis of 6-Substituted 4-(1H-tetrazol-1-yl)-2-thiomethylpyrimidines 2-20°

Nucleophile Product R Method Yield (%)
dimethylamine 2 NMe, DMF, Et3N, 60 °C 66
methylamine 3 NHMe DMF, Et3N, 60 °C 53
ammonia® 4 NH, DMF, Et3N, 60 °C 60
benzylamine 5 NHBn DMF, Et5N, 60 °C 80
pyrrolidine 6 pyrrolidin-1-yl DMF, Et;N, 60 °C 88
morpholine 7 morpholin-1-yl DMEF, Et5N, 60 °C 95
piperidine 8 piperidin-1-yl DMF, Et3N, 60 °C 94
imidazole 9 imidazol-1-yl DMF, Et3N, 60 °C 63
sodium hydroxide 10 OH THF, H,0, 60 °C 70
methanol (excess) 1 OMe THF, K,CO3, r.t. 85
sodium ethoxide 12 OEt EtOH, r.t. 88
phenol 13 OPh DMF, Et3N, 60 °C 68
ethylmercaptan 14 SEt DMF, K,COs5, r.t. 83
tert-butylmercaptan 15 St-Bu DMF, K,COs5, r.t. 82
benzylthiol 16 SBn DMF, K,COs3, r.t. 79
thiophenol 17 Sph DMF, K,CO3, r.t. 96
4-chlorothiophenol 18 S(4-CICgH,) DMF, K,CO3, r.t. 99
4-methoxythiophenol 19 S(4-MeOCgH,) DMF, K,CO;3, r.t. 84
2-methylthiophenol 20 S(2-MeCgH,) DMF, K,COs, r.t. 85

2 Except noted otherwise, a 1:1 stoichiometry of reactant and compound 1 was used. Reactions were carried out under microwave irradiation for 10 min.
bAsa 7 N solution in MeOH.

could not obtain using a substituted chloro-substituted pre- N=n
. . . \
f.urs)or (compare Table 1 and Table 1 in Supporting Informa N\\/N NYS\ 2-4 equiv nucleophile Rl N\\I/ S
on). |
To investigate whether both tetrazole substituents can ~N 10_*2’35%”50“'/'"\;“2”‘ | N
also be replaced in one pot, we used thiophenol, imidazole, ' N me
and sodium methanolate as representative reactants N7 7
./
(Scheme 3,Table 3). N—N
In all three cases, the corresponding 4,6-homo-disubsti- 1 17, 21-24
tuted 2-thiomethylpyrimidine compounds (21-23) were Scheme 3 Reaction conditions of the one-pot procedure to replace
obtained within 10-20 minutes in near quantitative yields both tetrazole substituents in 1 to obtain 4,6-homo- or 4,6-hetero-
(except 24, vide supra) which underlines the good leaving- disubstituted 2-thiomethylpyrimidines
Table 3 Microwave-Assisted One-Pot Synthesis of 4,6-Disubstituted 2-Thiomethylpyrimidines 17 and 21-24°
Nucleophile (equiv) Product R! R? Method Yield (%)
thiophenol (1) 17° 1H-tetrazol-1-yl SPh DMF, Et3N, 20 min, 60 °C to r.t., ‘one-pot’ 83
methanolate (3) 21 MeO MeO MeOH, 60 °C 96
thiophenol (2) 22 SPh SPh DMF, K,COs3, 10 min, r.t. 95
imidazole (4) 23 imidazol-1-yl imidazol-1-yl DMF, Et;N, 20 min, 80-100 °C 99
benzylamine (1) + thiophenol (1) 24 NBn SPh DMF, Et3N, K,CO3, 20 min, 60-120 °C 31

2Compound 1 was used as a starting material unless otherwise noted. In all reactions 1 equiv of starting material was treated with the equivalents of nucleophile
indicated in brackets.
bFor compound 17, 4,6-dichloro-2-thiomethylpyrimidine was employed as starting material.

© Georg Thieme Verlag Stuttgart - New York — Synlett 2015, 26, 2606-2610
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group properties of the tetrazolyl group (Scheme 3 and Ta-
ble 3).

To study the robustness and broaden its applicability for
combinatorial chemistry and with regard to the good over-
all yields we investigated if the reaction could also be used
as a one-pot sequence to introduce two different substitu-
ents using intermediate 1 as starting material. Consequent-
ly, we used one equivalent of benzylamine and after 10
minutes of reaction time, we added one equivalent of thio-
phenol to replace the remaining tetrazole substituent from
in situ prepared 5. The hetero-4,6-disubstituted product 24
was successfully obtained in this one-pot, two-step reac-
tion (Scheme 3 and Table 3).

To demonstrate the applicability for library synthesis
and with respect to the excellent yield of 1, we speculated
whether the method could be also exploited for another
one-pot procedure which directly starts from the commer-
cially available chlorinated starting material. The idea was
to charge the reaction with a nucleophile after 1 was
formed in situ and apply 10 additional minutes of micro-
wave irradiation to yield the final product. For this reaction,
we chose thiophenol as a model reactant, and as expected,
the two-step one-pot sequence showed complete conver-
sion within 20 minutes, and 17 was isolated in high yield
(Table 3). These model reactions clearly demonstrate the
good leaving-group characteristics of the tetrazole group
(fast to replace by nucleophiles and easy to remove from the
reaction mixture) for SyAr reactions at 2-thiomethylpyrimi-
dine cores. By this means, homo- and hetero-disubstituted
compounds were easily prepared.

In this study, we have discovered a novel synthetic in-
termediate 1 for the rapid synthesis of 4,6-disubstituted 2-
thiomethylpyrimidines which accepts a broad range of nuc-
leophiles under microwave irradiation. Next to the wide
scope of nucleophilic additions, precursor 1 is accessible via
the same route in excellent yields and short time, therefore
enabling one-pot generation of this ditetrazole intermedi-
ate and subsequent coupling of nucleophiles. A further ad-
vantage of our protocol is that the reactions can be carried
out without the need of highly demanding experimental
setups (no inert gas, no reactive reagents, no catalysts) in
automated systems, thus making it an ideal candidate for
chemical library synthesis of biologically relevant scaffolds.
As the 2-position of the pyrimidines synthesized is substi-
tuted with thiomethyl moiety, all of the herein displayed
compounds can be easily further modified towards the sul-
fone by simple oxidation using established general methods
(i.e., oxone,3, MCPBA,?* or hydrogen peroxide®>). In a subse-
quent reaction these 2-methylsulfones might then be react-
ed with various nucleophiles (i.e., amino,?¢ thio,?’ and hy-
droxyl?® derivatives) allowing access to an even broader
chemical diversity.2°
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ABSTRACT: Pseudomonas aeruginosa quorum-sensing (QS)
is a sophisticated network of genome-wide regulation triggered Rescue

in response to population density. A major component is the Biofilm
self-inducing pseudomonas quinolone signal (PQS) QS system Inhibition
that regulates the production of several nonvital virulence- and <
biofilm-related determinants. Hence, QS circuitry is an

attractive target for antivirulence agents with lowered

resistance development potential and a good model to study In Vivo
the concept of polypharmacology in autoloop-regulated Protection
systems per se. Based on the finding that a combination of

PgsR antagonist and PgsD inhibitor synergistically lowers

pyocyanin, we have developed a dual-inhibitor compound of

low molecular weight and high solubility that targets PQS transcriptional regulator (PqsR) and PgsD, a key enzyme in the
biosynthesis of PQS-QS signal molecules (HHQ and PQS). In vitro, this compound markedly reduced virulence factor
production and biofilm formation accompanied by a diminished content of extracellular DNA (eDNA). Additionally,
coadministration with ciprofloxacin increased susceptibility of PA14 to antibiotic treatment under biofilm conditions. Finally,
disruption of pathogenicity mechanisms was also assessed in vivo, with significantly increased survival of challenged larvae in a
Galleria mellonella infection model. Favorable physicochemical properties and effects on virulence/biofilm establish a promising
starting point for further optimization. In particular, the ability to address two targets of the PQS autoinduction cycle at the same
time with a single compound holds great promise in achieving enhanced synergistic cellular effects while potentially lowering
rates of resistance development.

Ciprofloxacin

Virulence Factor
Decrease

P olypharmacology, or addressing two or more disease- above-mentioned intricate systems, self-inducing autoloop
related targets at the same time, has proven to have a cycles can be found. In this study, we describe the concept of
significant impact on the treatment eficacy of, e.g., cancer,"” such a multitarget approach in positively regulated autoloop
bacterial”* and viral infections,” high blood pressure,” asthma,” systems to achieve beneficial and synergistic inhibitory effects
and hormone-related diseases® in clinical setups. These against Pseudomonas aeruginosa (PA) infections. Autoinducing
multitarget effects are in most cases achieved by a combination pathways are widely spread in mammalian,"* plant,'* and
of selective single target agents. Drug combinations can either bacterial kingdoms'® and regulate vital functions in a variety of
act synergistically, whereby the combined effect is greater than organisms.

the sum of their separate responses, or additively, when the As a model system to provide proof of this concept, we chose
resulting activity is the outcome of their combined individual the cell-density-dependent'® Pseudomonas quinolone signal
effects, both of which are shown to have favorable outcomes on quorum-sensing system (PQS-QS) of Pseudomonas aeruginosa,
lowered resistance development in cancer’ and microbial'’ which was intensively studied by us in the past.””'” In PA,

infections.'" Unfortunately, such multidrug cocktails may incur PQS and 2-heptyl-4-quinolone (HHQ) are the natural agonists
several drawbacks, such as undesired drug—drug interactions of PgsR, which is the transcriptional regulator of the pgsABCDE
and increasingly complex dosing schemes resulting in a lesser
compliance of patients to follow the prescribed intake Received: February S, 2016
schedules.'” To reduce those problems, development of Accepted: February 16, 2016
multitarget drugs is a worthwhile endeavor. In many of the
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Figure 1. Schematic representation of the Pseudomonas quinolone signal (PQS) quorum-sensing system, involved in virulence factor production and
biofilm formation. Anthranilate is converted by the pgsABCDE gene products into 2-heptyl-4-quinolone (HHQ), which can be converted
intracellularly into PQS by the action of PqsH. HHQ and PQS are ligands of the Pqs Receptor (PgsR). Simultaneous inhibition of PQS synthesis
(e.g, through PgsD) and interference with the autoloop transcriptional regulator PqsR lead to increased reduction of pathogenicity-associated

biomarkers.

operon (Figure 1).”” This operon harbors the genes encoding
for the synthases responsible for PQS production. Thus, as
soon as PQS and/or HHQ activate PgsR, they induce their
own production and the concentration of signal molecules rises
exponentially (Figure 1).”' Interference experiments, combined
with mutational analysis, revealed PqsR and PgsD to be
attractive drug targets for reducing pathogenicity of PA in
vivo.'”** Thus, PQS-QS displays an ideal and relevant model to
study the concept of polypharmacology in such positive
feedback loops with the possibility to directly transfer the
results herein toward other similarly controlled biological
systems. Furthermore, we directly put the lessons learned from
drug combination experiments to an application for the
straightforward rational design of the first drug-like dual-target
PgsD/R inhibitors. Additionally, an optimized compound was
achieved that shows promising reduction of two major
virulence factors and biofilm inhibition in vitro. Finally, this
optimized dual inhibitor displayed convincing activity in an in
vivo acute PA infection model.

Bl RESULTS AND DISCUSSION

Combination of PqsD Inhibitor and PqsR Antagonist
Prominently Reduces Relevant Marker Pyocyanin
through Synergistic Activity. As proof of principle to assess
the amenability of the PQS-QS system to dual-target inhibition
with improved outcome, we initially investigated the
combinatorial effect of a PgsD inhibitor and a PqsR antagonist
on a QS- defendent PA-exclusive secondary metabolite,
pyocyanin. Pyocyanin is one of PA’s most prominent
virulence factors with distinct roles in acute infection
establishment and biofilm formation. Pyocyanin also substan-
tially contributes to the generation of reactive oxygen species

47

(ROS) by inhibiting the activity of catalase in eukaryotic cells.
ROS is one of pseudomonas’ adaptations to environmental
competition against other microbes and is the cause for its
cytotoxicity toward eukaryotic cells.” As a consequence,
pyocyanin production is linked to increased inflammation,
modulation of iron metabolism, and tissue necrosis.’® Its
important physiological role in diseased states and correlation
with the QS system suggest that by monitoring pyocyanin
levels we may gain relevant insights into the suitability of dual
inhibition that efficiently targets PA virulence.

We cultured P. aeruginosa (PA14) wild type in the presence
of different concentrations of a PgsD inhibitor 1'* and PqsR
antagonist 2,' as a single treatment or combination therapy. As
seen in Figure 2, S00 uM of 1 alone does not influence the
production of pyocyanin, but interestingly, when added in
combination with 15 M of 2, we observed a dose-dependent
decrease in pyocyanin production. Notably, the decrease from
38% (2 alone) to 34%, 23%, and 18% (2 added of 100 M, 300
uM, and S00 uM of 1, respectively) is highly significant at
higher concentrations of 1, corroborating the synergistic activity
of two PQS-QS inhibitors with different modes of action. These
results further demonstrate that a biomarker negative synthase
inhibitor (e.g.,, compound 1) can indirectly increase the potency
of a receptor antagonist (e.g, 2) presumably by decreasing the
natural ligand concentration and thus lowering competition to
the receptor’s binding site. However, when extending the
exposure of PA14 to PgsD inhibitor 1, we observed a slight, yet
significant, reduction of pyocyanin after 48 h of incubation (see
Supporting Information, section IIc). Obviously, a continuous
attenuation of PQS/HHQ production through PgsD inhibition
can result in an antivirulence effect.

DOI:10.1021/acschembio.6b00117
ACS Chem. Biol. XXXX, XXX, XXX-XXX
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NO, OH O O inhibitors. From this search, we found compound 3, which was
O,N o designed as a PgsR antagonist (ICs, = 26 uM) with good

O O | 2 activity on PA’s virulence factor pyocyanin (Figure 3) and a
N CrHys quite similar compound, 4, which was designed to target PqsD

. H (ICq = 1.7 uM) based on SPR screening results recently

PqsD Inhibitor 1 PqsR Antagonist 2 reported by us (Figure 3).” As for 1, compound 4 displayed no
inhibitory activity on pyocyanin even at the maximum soluble

100- concentration.
Although, both compounds are selective for their respective
targets, they share the same molecular scaffold: a pyrimidine
core decorated with a triazole and a sulfone moiety (Figure 3).
Thus, we decided to synthesize compound § and assess its
biological activity, as it represents a simplified molecule
consisting only of the shared structural features. Notably, the
obtained compound § showed inhibition of both targets.
Moreover, in very good accordance to our conceptual studies
(vide supra), compound S showed a stronger reduction of
pyocyanin compared to the equipotent PqsR selective
precursor 3 (Figure 3). These results indicate that the concept
of dual inhibition with combination experiments and the
0- N N observed synergism can be directly combined in one
Qvf‘t‘o\ QQ“ ‘,Q“ Q&\ QQ““\“‘\ Q&\ compound. With regard to ligand lipophilicity efficiency
& & ,‘}5 <& .@Q & ,\‘a‘} & ,@Q (LLE), a metric used in medicinal chemistry to evaluate the
\“'1'\' \"\'\ "x"\'\' activity of a compound based on its molecular weight and

lipophilicity for further drug design, S showed a LLE = 0.56 on

both targets which is above the suggested minimum score of
0.3.” To further improve the potential of 5 based on its LLE,
we decided to modify it via a bioisosteric replacement of C4 at
the triazole substituent. Introducing a nitrogen at this site

504

% Production

Figure 2. Synergistic activity of PgsD inhibitor 1 and PgsR antagonist
2 on pyocyanin inhibition in PA14 wild type. Treatment with 500 xM
of 1 alone did not alter pyocyanin production. However, basal
pyocyanin production under inhibition with 15 #M of 2 is significantly
increased upon combinatorial titrated administration of 1 (100 uM,

300 uM, and S00 uM, respectively), indicative of synergistic activity. yielded the tetrazole congener 6 (Figure 3). To confirm the
All values are relative to a control without inhibitors. Error bars regiochemistry of the introduced tetrazole moiety, we crystal-
represent the standard deviation of three independent experiments (n lized intermediate 6a>° and verified the structure bY X-ray
=3). * = p < 005, ** = p < 0.005. analysis (CCDC-No.: 1432241, Supporting Information,
section Ib.). As expected for the tetrazole substituent,

Application of Concept Study toward the Rational lipophilicity of 6 dropped compared to 5, leading to an
Design of Dual PqsD/R Inhibitors. Having demonstrated increase of the LLE score (PgsR = 0.67; PgsD = 0.66) and
the potential of combining synthase inhibition and receptor better solubility. Notably, activity on PqsR was slightly
antagonism, we searched through our in-house inhibitor library increased, while activity on PqsD was retained, resulting in an

with regard to structural similarity of selective PqsD and PgsR overall IC;, on pyocyanin of 86 uM (Figure 3).

PgsR Antagonist 3
IC5o PgsR =26 pM
PqgsD = 10% inhib. at 50 yM

Pyocyanin: 61% inhib. at 400 uM e -
P ’ " Reduction M 020  Modification N oo
° ) N N NS
N N
NN 0.0 e G
N N S Dual Inhibitor 5§ Dual Inhibitor 6
ICso PgsR =25 uM (LLE =0.58) ICso PgsR =15 uM (LLE =0.67)
N ICso PqsD =23 pM (LLE = 0.58) ICso PgsD =21 M (LLE = 0.66)
PqsD Inhibitor 4 Pyocyanin: 75% inhib. at 400 uM Pyocyanin: 72% inhib. at 400 pM
PgsR = n.i. at 50 yM IC5o = 86 uM

ICso PqsD = 1.7 uM
Pyocyanin: n.i. at 100 pM

Figure 3. Reduction of structurally related PgsR antagonist 3 and PqsD inhibitor 4 to the common molecular core resulting in the first dual-active
compound § (red). In comparison to 3, S shows higher activity on pyocyanin, although being similarly active on PgsR, corroborating the findings of
the combination experiments (Figure 2). Bioisosteric modification (blue) led to dual inhibitor 6 with improved physicochemical properties as shown
by its increased ligand lipophilicity efficiency (LLE).

C DOI:10.1021/acschembio.6b00117
ACS Chem. Biol. XXXX, XXX, XXX—XXX
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Dual Inhibitor Not Only Affects Pyocyanin Production
but Also Modulates the Generation of a Second
Virulence Factor, Pyoverdine (PVD). Pyoverdines are
Pseudomonas’ primary siderophores. These fluorescent signaling
molecules are used by the bacterium in iron scavenging and
metabolism and are closely related to the production of other
virulence factors in acute infections, as well as the correct
architectural construction of biofilms.””*" Since the absence of
PVD in deficient mutants has shown to drastically reduce
infection ability,”> and iron acquisition in vitro is linked to
biofilm formation,” PVD metabolism provides a connection
between acute pathogenicity and biofilm-related severe
infections. The intrinsic relationship of PQS and PVD signaling
pathways in iron metabolism and virulence has been shown to
be mutual: on one hand, PQS induces the expression of genes
involved in the biosynthesis of PVD,** on the other, PvdS, one
of the major regulators in the biosynthesis of PVD, controls the
expression of PqsR.*** Hence, we investigated whether our
PQS dual inhibitor would have a beneficial effect on PVD
inhibition by targeting PQS biosynthesis. We grew PA14 wild-
type cultures in the presence of increasing concentrations of 6
(Figure 4). In accordance with our assumption, 6 was able to

100:

50;

% Production

Figure 4. Effects of compounds 1, 2, and 6 on pyoverdine production.
Compound 6 showed a prominent, significant decrease in pyoverdine
levels in a concentration-dependent manner. At the highest
concentration of 500 uM, pyoverdine production was almost
completely arrested (5% + 8), and halved at the lowest inhibitor
concentration of 100 uM (58% =+ 10). All values are relative to a
control without inhibitors. Error bars represent standard deviation of
three independent experiments (n = 3). * = p < 0.05, ** = p < 0.005.

decrease PVD significantly in all tested concentrations (500 uM
to 100 uM). Production of the siderophore was essentially
blocked at the highest tested concentration of 6, while
compounds 1 and 2 had only moderate or low effects in this
assay (69.7% =+ 1.3 and 92.8% + 8.2, respectively). Thus, dual
inhibitor 6 is not only able to target pyocyanin biosynthesis, but
also addresses PVD production, disrupting iron metabolism,
and virulence factor production, ultimately reducing the
environmental competitive advantage of PA, as well as its
pathogenicity to lower levels that better respond to treatment.
These beneficial cellular effects may contribute to attenuation
of biofilm formation and establishment—a scenario that we
further investigated in our next experiments.

Compound 6 Reduces Biofilm Formation and Re-
stores Antibiotic Efficacy. Biofilms are one of the major
clinically relevant resistance mechanisms of PA against
antibiotic treatment,’” immune responses,m and antimicrobial
petides®” in particular. Thus, reduction of biofilm mass holds
the potential to enable immunological clearance of the
pathogen and restore antibiotic activity, features of undoubtedly
high interest. The development of biofilms is dependent on the
PQS Quorum sensing network, as shown in previous knockout
studies.”’ Recently, we showed that PgsD inhibitor 1 reduces
PA biofilms at high concentrations (reduction of biofilm
volume to 62% at 500 uM)."” Furthermore, antibiofilm
activities have been reported for PqsR antagonists designed
on the basis of the natural ligand HHQ," the biological
precursor of PQS (Figure 1), and we observed a reduction in
biofilm volume by compound 2 to 84.8% + 4.7 at 15 uM (see
supplementary Figure 5). These target-related effects and the
reduction of the biofilm-associated virulence factor PVD (vide
supra) motivated us to test whether our dual target compound
6 was also active on preventing biofilm formation. Indeed, 6
displayed prominent effects on biofilm development with an
IC;, of 100 uM (Figure SA, circles). This is in good accordance
with previously obtained data re§arding biofilm inhibition
targeting either PgsR or PqsD.'”*""*

We concluded that the dual inhibition concept might not
only pronouncedly reduce pyocyanin formation but also result
in stronger inhibition of PA biofilm. To further validate the
target of 6 under biofilm-conditions, we assessed whether the
dual inhibitor is still active on a PqsR deficient mutant strain of
PA. We observed a reduced activity of about 1 log unit of the
ApgsR mutant strain compared to wild type PA. This result, on
the one hand, underlines the target-related activity but also
shows that the compound has an additional target involved in
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Figure 5. Dose-dependent reduction of biofilm in PA14 wild type cultures treated with compound 6 (A). Pronounced reduction of extracellular
DNA (eDNA), polysaccharides (PS), and proteins of the biofilm matrix (Volume) was found at 400 uM of 6 (B). Activity of 1 uM ciprofloxacin
(CIPX) was increased by a combination of the antibiotic with S0 #M of 6 under biofilm conditions (C). Error bars represent standard error of at
least two independent experiments. ns = not significant, **** = p < 0.0001.
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biofilm formation. A biofilm is a heterogeneous matrix
composed of different components, e.g., polysaccharides (PS),
proteins, lipopolysaccharides (LPS), and extracellular DNA
(eDNA).* The latter has been described as responsible for
resistance development against aminoglycoside** and fluoro-
quinolone antibiotics*® as well as increased tolerance against
host defensins.” Moreover, release of eDNA is directly
regulated by the presence of pyocyanin®’ and PQS.** Hence,
we were curious how 6 affects the components of the biofilm
(Figure SB). Our results demonstrate that 6 significantly
inhibited eDNA release under biofilm conditions (7% =+ 2
residual eDNA detected), which is in good accordance with the
previous findings described above. Moreover, we observed a
marked attenuation of PS and protein BF constituents down to
27% + 20 and 25% =+ 13, respectively. As a targeted decrease of
eDNA might lead to higher efficacy of antibiotics on biofilm
cultures of PA, we tested the susceptibility of PA14 against the
fluoroquinolone-based antibiotic ciprofloxacin, the activity of
which has been described to be hindered in the presence of
eDNA.* Under biofilm conditions, no significant inhibition of
PA viability by ciprofloxacin was observed (Figure SC).
However, in combination with 6, which alone had no effect
on the viability of PA, antibiotic activity could be restored
under biofilm conditions that mimic a chronic infection in vitro.
Furthermore, these findings complement published data
regarding the application of PqsR antagonists in acute infection
models.”” Thus, therapy of QSIs in combination with antibiotic
treatment in acute and chronic PA infections holds great
promise for future anti-infective drug discovery focusing on
quorum sensing inhibition.

Compound 6 Reduces Pathogenicity of PA14 in Vivo.
Until today, a variety of in vivo models to assess the
pathogenicity of PA were developed. We chose an animal
infection model employing Galleria mellonella larvae which has
been previously shown to have a high correlation with mouse
PA infection models*’ and was also used by us to validate a
PgsR antagonist in vivo.'" To determine efficacy of our dual-
target compound 6, G. mellonella larvae were inoculated with
the agent in the presence and absence of PA. Interestingly, 6
was able to increase the survival rate of larvae in a dose-
dependent manner with 53% survival at 1.25 nmol and 29%
survival at 0.5 nmol applied dose (Figure 6). The susceptibility
of larvae was described to be 50% if infected by one cell of
PA.*’ Notably, in our experiments one larva was challenged
with 10—13 PA cells, resulting in a very high bacterial load and
hurdle to be taken by an anti-infective treatment. Regarding the
average hemolymph and body weight (450 yL and 450 mg)"’
of each larvae, the most beneficial protective effect was
observed at a dosage of 1.25 nmol, correspondent to a final
in vivo concentration of 2.7 uM or 0.63 mg kg™".

Most interestingly, when assessing toxicity of 6 in G.
mellonella we could show that even a 4 times higher
concentration (5 nmol) than the effective dose was well
tolerated with no observable disparity with PBS control.

B CONCLUSION

In this study, we demonstrated the applicability of dual
synergistic inhibition within the frame of positive feedback
autoloop systems as a novel concept for the development of
quorum sensing inhibitors. We chose the model PQS-QS
system of Pseudomonas aeruginosa to demonstrate that an
enzyme inhibitor 1 can increase the potency of the associated
receptor antagonist 2 regarding virulence factor production.
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Figure 6. Dose-dependent in vivo protective effect of 6 on the survival
of Pseudomonas aeruginosa PAl4-challenged larvae of Galleria
mellonella. Survival rate was significantly higher for treated larvae
(0.5 nmol or 1.25 nmol) compared to the untreated control (0.5 and
1.25 nmol applied doses: p < 0.0001; log-rank test).

Presumably, this beneficial effect is due to lowered signal
molecule levels and, therefore, less competition at the
receptor’s binding site. We successfully exploited this concept
of dual inhibition in a rational design strategy to achieve the
first dual-active inhibitor § targeting the PQS-QS system. This
compound was further improved by bioisosteric replacement,
culminating in inhibitor 6 with an enhanced efficiency/
lipophilicity profile. This compound effectively reduced
pyocyanin and pyoverdine, two major virulence factors of PA,
in a dose-dependent manner without affecting bacterial growth.
Importantly, 6 had a strong effect on PA biofilm assembly and
restored the efficacy of ciprofloxacin, presumably due to
hindrance of eDNA release. Finally, dual inhibitor 6 was also
active in vivo, protecting G. mellonella larvae from lethal PA
infections. Taken together, the presented dual inhibition
strategy holds great potential to effectively interfere with
intricate cellular systems. Via this promising approach, we
achieved an enhanced bioactivity profile through synergistic
action at two points-of-intervention (PqsD and PgsR) within a
positive feedback loop (the PQS-QS system). Hence, this
strategy might be a powerful tool for devising new treatment
options for diseases related to complex or compensatory
metabolic pathways similar to the one investigated in this study.

B METHODS

Pyocyanin Assay. Pyocyanin formation was assessed as previously
described'®***° with minor modifications. A single colony was
removed from agar plates after 16 h of growth at 37 °C and
transferred into 25 mL Erlenmeyer flasks with 10 mL of PPGAS
medium. Following 19 h of aerobic growth with shaking at 200 rpm
and 37 °C, cultures were centrifuged at 7.450g, washed once with 10
mL of fresh PPGAS medium, and resuspended to a final volume of 5
mL. Cultures were then diluted to a final ODy, of 0.02 and distributed
into test tubes in 1.2 mL aliquots. Compounds 1 and 2 were added in
1:100 dilutions with a final DMSO concentration of 1% (v/v). Treated
and untreated cultures were incubated for an additional 17 h under
aerobic conditions as mentioned above. Pyocyanin was extracted by
adding 900 uL of chloroform to 900 4L of overnight culture and
subsequently re-extracted with 250 uL of 0.2 M HCI from the organic
phase. ODg,, was measured in the aqueous phase. Pyocyanin
formation values were normalized to a corresponding ODgy of the
respective sample.
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Pyoverdine Assay. For the analysis of pyoverdine formation,
culture workup and stock solution of compounds 1, 2, and 6 were
performed as described above (Pyocyanin Assay). Treated and
untreated cultures were incubated in 200 yL of PPGAS medium for
8 h under aerobic conditions in black 96-well plates with glass
bottoms.
pyoverdine (fluorescent light units with excitation at 400 + 10 and
emission at 460 + 10) and bacterial growth at ODyg. Inhibition of
pyoverdine was normalized to ODyy, values.

Galleria mellonella Virulence Assay. An infection model of G.
mellonella was used to determine disruption of virulence mechanisms
in vivo as described in the works of Lu et al.'” Treatment conditions of
larvae included (a) sterile PBS solution, (b) PA14 suspension, (c) 0.50
nmol of compound 6 in “b,” and (d) 1.25 nmol of compound 6 in “b.”
For each treatment, data from at least three independent experiments
were combined.

Biofilm Assay. Commonly used crystal violet (CV) assay
procedures” ~** were adapted for determination of biofilm mass.
For the cultivation of biofilm in 96-well plates, the protocol described
by Frei et al>® was slightly modified by replacement of the medium

This allowed for the simultaneous measurements of

and the Pseudomonas strain used. The experiment was performed using
the P. aeruginosa PAl4 strain (including ApgsR mutant, kindly
provided by S. Hiussler) and M63 medium.”* CV staining was used to
detect compound effects on the overall biofilm biomass. The impact
on eDNA was assessed by incubation of biofilm with propidium iodine
solution (0.05 mg mL™") for 3 h and detection of specific florescence
at 620 nm after a thorough washing step with 18MQ H,0.”
Polysaccharide levels in biofilm were specified by congo red staining
described by Ghafoor et al.*® For this purpose, a 20 mg mL™" congo
red solution was incubated with the matured biofilm for 3 h, followed
by a washing step with water and the concentration measurement at
490 nm. For the detection of protein levels, Bradford reagent was
diluted 1:5 (Roti-Quant, Carl Roth) and incubated with the washed
biofilm for 5 min.”” Next, 18MQ H20 was used to remove unbound
dye. The amount of proteins was determined by absorbance
measurement at 595 nm. To investigate the killing efficacy of
ciprofloxacin in combination with QS inhibitor on biofilm-encapsu-
lated bacteria, biofilm was grown under the same conditions used for
CV assay. At first, biofilm growth was initiated under QS inhibitor
treatment (S0 #M) or DMSO control. After washing steps, matured
biofilm was incubated with 4 g mL™" ciprofloxacin dissolved in M63
medium and grown for a further 24 h. Viability of bacteria in the
biofilm was determined by BacTiter-Glo Assay using black plates.”®
Chemical Synthesis and Analytical Characterization. NMR
spectra were recorded on an Avance AV 300 or a Bruker DRX 500.
The residual proton, 'H, or carbon, "*C, resonances of the >99%
deuterated solvents were used for internal reference of all spectra
acquired (CDCI3 'H 7.260 ppm, "*C 77.16 ppm; DMSO-d,, 'H 2.500
ppm, C 39.52 ppm). Electrospray ionization (ESI) mass spectrom-
etry and LC-UV purity determination were recorded with a Surveyor
LC system MSQ electrospray mass spectrometer (ThermoFisher) LC-
MS couple and acetonitrile/water gradient in positive mode (+), if not
indicated otherwise. Then, 1% TFA was added if necessary.
Compound 6 was analyzed using a setup produced by Waters
Corporation containing a 2767 Sample Manager, a 2545 binary
gradient pump, a 2998 PDA detector, and a 3100 electron spray mass
spectrometer. Water containing 0.1% formic acid and acetonitrile
containing 0.1% formic acid were used as solvents for the analysis. A
Waters X-Bridge column (C18, 150 X 4.6 mm, S #M) has been used
with a flow of 1 mL min~!
acetonitrile to 95% acid containing acetonitrile. All final compounds
were of >95% purity. Unless otherwise stated, all reagents used were

starting with 10% acid containing

purchased from commercial vendors and used without further
purification.
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Drug-resistant Pseudomonas aeruginosa (PA) strains are on the
rise, making treatment with current antibiotics ineffective.
Hence, circumventing resistance or restoring the activity of an-
tibiotics by novel approaches is of high demand. Targeting the
Pseudomonas quinolone signal quorum sensing (PQS-QS)
system is an intriguing strategy to abolish PA pathogenicity
without affecting the viability of the pathogen. Herein we
report the structure-activity relationships of 2-sulfonylpyrimi-
dines, which were previously identified as dual-target inhibitors

Introduction

Bacterial resistance is one of the major challenges in drug dis-
covery today, as increasingly more pathogens develop strat-
egies to evade therapy and immune responses. Recently, the
most challenging bacteria have been referred to as the ESKAPE
pathogens: Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumanii, Pseudomonas aeru-
ginosa, and Enterobacter spp." They can “escape” antibiotic
treatment through intrinsic tolerance and/or acquired multi-
drug resistance. Therefore, novel drug targets and new modes
of action need to be discovered to provide a basis for the ra-
tional development of novel anti-infective agents.
Pseudomonas aeruginosa (PA) is a ubiquitously present
Gram-negative opportunistic bacterium that predominantly in-
fects immunocompromised patients suffering from cystic fibro-
sis,® burn wounds™ or HIV®' To establish an infection, PA has
developed various virulence factors that damage epithelial
cells® and impair the immune system.”” In addition, the patho-
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of the PQS receptor PgsR and the PQS synthase PgsD. The SAR
elucidation was guided by a combined approach using ligand
efficiency and ligand lipophilicity efficiency to select the most
promising compounds. In addition, the most effective inhibi-
tors were rationally modified by the guidance of QSAR using
Hansch analyses. Finally, these inhibitors showed the capacity
to decrease biofilm mass and extracellular DNA, which are im-
portant determinants for antibiotic resistance.

gen is able to embed itself into a heterogeneous hydrogel-like
structure known as a biofilm.®! This matrix consists of various
components such as extracellular DNA (eDNA), polysaccha-
rides, and proteins which have been shown to be important
concealing the pathogen from host defense mechanisms® and
antibiotics."” In particular, eDNA has recently been discussed
as one major factor that prevents the antibiotic activity of ami-
noglycosides and fluoroquinolones,"*'¥ which are the first
choice to be combined with p-lactam antibiotics in the treat-
ment of PA infections. Moreover, eDNA is heavily involved in
resistance against antimicrobial peptides of the host’s innate
immune system.['>'¥

Therefore, agents that decrease biofilm and eDNA hold
great potential not only to restore antibiotic efficacy, but also
to enable the human immune system to clear the infection.
Biofilm formation and eDNA release are both controlled by
cell-density-dependent communication systems in PA."” This
inter-bacterial signaling network uses small molecules to sense
the presence of other bacteria and is referred to as quorum
sensing (QS). importantly, interference with QS does not affect
the viability of PA."® Hence, the disturbance of QS is a new ap-
proach, which has been shown to decrease pathogenicity
in vivo with a lower potential for resistance development by
circumventing selection pressure."”® One PA-specific QS signal
is the Pseudomonas quinolone signal (PQS), which is a 2-alkyl-
quinolone that regulates the production of virulence factors
and biofilms.'”? Addressing the PQS-QS system has the
advantage of not interfering with the QS systems of other
bacteria (e.g., targeting the widespread las and rhl systems)?"
that are essential to human health (i.e., the gut microbiome);
therefore, such a strategy should minimize potential side ef-
fects.
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PQS is produced by the synthases of the pgsA-E operon and
PgsH.?2 After the concentration of PQS reaches a certain
threshold, the transcriptional regulator PgsR, also referred to as
MVfR, is activated and induces the production of virulence fac-
tors like pyocyanin®®® and biofilm®¥ formation, and drives for-
ward the expression of the pgsA-E operon in a positive feed-
back auto-loop mechanism (Figure 1).*%*! Moreover, PQS-defi-
cient mutants were shown to have strongly decreased patho-
genicity in nematode models.”® These biological studies pro-
vided the basis for drug discovery campaigns targeting the
synthases of PQS#-? and its receptor.'®33 The first discov-
ered inhibitors showed anti-virulence as well as anti-biofilm ac-
tivity and were effective in vivo.'#2%3"

Inhibition

2-ABACOA

Figure 1. Schematic representation of the Pseudomonas quinolone signal
quorum sensing system (PQS-QS). Interference with the PQS/HHQ receptor
PgsR and a synthase (PqsD), critical for PQS and HHQ production, leads to
more highly efficient attenuation of PA pathogenicity than single-target ap-
proaches.”’” AA =anthranilic acid, 2-ABACoA = 2-aminobenzoy! acetate coen-
zyme A, HHQ = 2-heptyl-4-hydroxyquinoline, PQS = Pseudomonas quinolone
signal.

We recently published a study on the rational discovery of
the first dual-active compounds that simultaneously target
PQS synthase (PgsD) and PqsR.” The most effective com-
pounds from this study, 1 and 2, were found to be active
against virulence factor production (pyocyanin, pyoverdine),

CHEM|!:> CHEM
Full Papers

but also showed pronounced activity against biofilm formation
and eDNA release in cellular assays using Pseudomonas aerugi-
nosa PA14. Furthermore, we found that interference with PQS-
QS and eDNA release increased the activity of ciprofloxacin
under biofilm conditions. Additionally, we could decrease the
pathogenicity of PA in an invivo model by treating Galleria
mellonella larvae with compound 1. These promising results
encouraged us to further modify the structure of 1 toward
higher activity for its respective targets.

Herein we report the exploration of the chemical space of
compounds 1 and 2, as well as the quantitative structure-ac-
tivity relationship (QSAR) through a Hansch analysis.®? Inspired
by insilico flexible alignments with a substrate of PqsD (p3-ke-
todecanoic acid)®® and the natural ligand of PgsR (HHQ)*
compounds were designed under the guidance of ligand effi-
ciency (LE) and ligand lipophilicity efficiency Astex (LLExy)
scores.®” The latter metric is exceptionally useful during the
drug development process, as it not only evaluates compound
activities based on molecular weight, but also on lipophilicity.
Hence, this guidepost helps medicinal chemists circumvent the
pitfall of an activity increase being based solely on a gain in
hydrophobicity.* A combination of both metrics and rational
design strategies led to the discovery of potent, ligand-effi-
cient and drug-like inhibitors of biofilm formation and eDNA
release.

Results and Discussion

The synthesis of compounds listed in Table 1 was carried out
by either S\Ar, cycloaddition of sodium azide, or Suzuki cou-
pling and subsequent oxidation of the thioether. Triazole com-
pounds listed in Table 2 were accessed by standard copper(l)-
mediated azide-alkyne click reactions followed by oxidation.
Tetrazole derivatives 23-26 could be obtained by a micro-
wave-assisted SyAr method coupled with an oxidation step.
Dual inhibitors in Table 4 below were synthesized by replacing
the sulfomethyl group of 1 or 2 by the corresponding thiol re-
actant and subsequent treatment with Oxone® (Scheme 1).
Using the initial hits 1 and 2 as starting points, we wanted
to further improve the activity of the compounds by structural
modifications. In a first step, we explored the chemical space

Table 1. Inhibition of PqsD and PqsR by compounds 1-9 and calculated LE and LLE,; for the respective target.
RV
RS N\ N PqsD PqgsR
\E/Y qs qgs!
N
Compd R' ICso [M] LE/LLE,; [kcal/HA] 1Cso [um] LE/LLE [kcal/HA]
12 tetrazol-1-yl 2142 0.44/0.66 1543 0.45/0.67
212 1,2,3-triazol-1-yl 23+1 0.43/0.58 25+8 0.43/0.58
3 tetrazol-5-yl >50;35%+15 - >200; 11%+9 -
4 1,2,4-triazol-1-yl >25;21%+8 - 25+3 0.43/0.61
5 pyrazol-1-yl >50;41%+3 - 175+39 0.35/0.45
6 imidazol-1-yl 50+7 0.40/0.54 75+26 0.38/0.52
7 thiophen-3-yl >50;3%+1 - >200;33%+0 -
8 benzimidazol-1-yl 33+6 0.33/0.39 146+ 34 0.28/0.34
9 benzotriazol-1-yl 17+4 0.35/0.41 107+25 0.29/0.35
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NANE . 10 XN s, _ 0 ol N s 1@ % "\ © Rzﬁ/N %
d T 2. (b) | \\N( \Qj: 2.0 LY L\r o
P P
22 22b z 10b 10: R%= cyclopentylmethanol 16: R?= cyclopropyl
11: R?= cyclohexylmethanol 17: R2= phenyl
Z=H(1a) or Cl (23a) 12: R?= phenylmethanol 18: R?= 3-methylphenyl
,N:f‘\‘ 0,/ ,N:f\\l 13: R2= hydroxymethyl 19: R?= 4-methylphenyl
NN NS O NN NS _0 N-N 0,0 14 R’ dimethylmethanol  20: R?= 4-fiuorophenyl
Y 2.(b) g ) N, N N UNE 15 R%= tert-butyl 21: R2= 4-methoxyphenyl
N ZN U L\I/ 20 H N
_N
NHAc NH, 3
24 24a
N=
N=N 0.0 N L N h\l oL
NN N Y 1.0) NANCNSS 1. @) 1.0 N s
S Y Y X SR
\Ef” 2.0 N 2.0 () L
R3 N 1. (m) 1: R'= tetrazol-1-yl 27: X= CH, R*= isopropy! 36: X= CH, R*= phenyl
) N » 2.(n) 2: R'=1,2,3-triazol-1-yl 28: X= CH, R*= tert-buty! 37: X= N, R*= pheny!
23: R%= N-methylamine N—N 3.(0) 4: R'=1,2 4-triazol-1-yl 29: X= CH, R*= ethyl 38: X= N, R%= 4-chlorophenyl
25: R%= N-benzylamine 23b — 00 5: R'= pyrazol-1-yl 30: X= CH, R*= propyl 39: X= N, R*= 4-methoxyphenyl
26: R*= phenoxy s A N Y 6: R'= imidazol-1-yl 31: X= CH, R*= butyl 40: X= N, R%= 4-fluorophenyl
| Y 8: R'= benzimidazol-1-yl 32: X= CH, R*= pentyl 41: X= N, R*= 3-fluorophenyl
=N 9: R'= benzotriazol-1-y 33: X= CH, R*= hexyl 42: X= N, R*= 3-chlorophenyl
7 34: X= CH, R*= heptyl 43: X= N, R*= 3-methoxypheny!

35: X= CH, R*= CH,CH,COOCH; 44: X= N, R*= 3 4-dichlorophenyl

Scheme 1. Synthesis of compounds 1-44: a) 1a, N-heterocycle, TEA, DMF, microwave ;™ b) thioether, Oxone® or mCPBA, EtOAc/H,0 or CH,Cl,; ¢} 1 or 2, thiol,
DMF, —20°C; d) 1a, NaN;, DMF;"® e) 10b, tBuOH/H,0, CuSO,, sodium ascorbate;? f) 1a, TMS-acetylene, TEA, Cul, (PPh,),PdCl,, 60°C then TBAF/THF; g) 22b,
benzylazide, tBUOH/H,0, CuSO,, sodium ascorbate; h) 23 a, 1H-tetrazole, TEA, DMF, microwave;"® i) 23b, TEA, DMF, microwave;"® j) 1a, HI then CuCN, pyri-
dine, reflux; k) 3b, NaN;, NH,Cl, DMF, 80 °C; |) 24 a, (Ac0),0, reflux; m) 1a, TMS-Br, MeCN, 40°C; n) 7 a, H,0,, ammonium molybdate tetrahydrate, EtOH, 0°C;

0) 7b, Pd,dba,, PCy,, K;PO,, 3-thiopheneboronic acid, dioxane/H,0, 100 °C.

at the 4-position of pyrimidine and introduced several hetero-
cycles (Scheme 1, Table 1). Regarding tetrazole substitution,
compound 3, a regioisomer of 1, was only weakly active on
PgsD and almost inactive on PgsR. This might arise either from
the acidic character of the tetrazole, resulting in a negative
charge (when deprotonated) or from the hydrogen bond
donor properties (when protonated). These presumably un-
compensated hydrogen bonds and/or ionic interactions might
therefore be the root cause for the activity decrease due to de-
solvation penalties.**3”) With regard to other pentacycles (4-6)
of the subset, azoles lacking a nitrogen atom at the 3-position
(4 and 5) were less active on both targets than compounds
1 and 2, while only 4 was equally active against PgsR. Interest-
ingly, when switching from azoles to thiophene (7), activity
was strongly impaired on both targets. In a next step, we en-
larged the azole motif and introduced benzimidazole 8 and
benzotriazole 9. In comparison with 1, we observed a loss of
activity on PgsR for both compounds, whereas activity on
PgsD could be maintained.

Analysis of ligand efficiency and ligand lipophilicity efficiency
of this subset (LE and LLE;) still rendered compounds 1 and 2
to be the most promising scaffolds. Consequently, for all sub-
sequent structure modifications, either triazole 2 or tetrazole
1 served as the core structure. Therefore, we introduced sub-
stituents at the 4-position of the triazolyl substituent of 2
(Table 2). Compound 10, which we recently reported as a pure
PgsR antagonist, is almost equally active on PgsR as 2.7 Re-
garding its structure and activity, the hydroxy functionality of
10 does not seem to be beneficial for antagonism on PgsR,
but is at least tolerated. This observation is quite unusual, as
the introduction of non-interacting hydrophilic groups (e.g.,
hydroxy, amino) can lead to decreased activity due to desolva-
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tion penalties.®*3) Thus, for physicochemical reasons we kept
the hydroxy group and varied substituents at the methylene
unit. Enlargement of cyclopentyl (10) to cyclohexyl (11) result-
ed in a decrease of activity on PgsR without any beneficial
effect on PqsD. Introduction of phenyl (12) increased activity
on PgsD but was not very well tolerated by PqsR. Thus, we de-
cided to decrease the substituent size toward an unsubstituted
hydroxy (13) and dimethyl-substituted derivative (14). Regard-
ing PgsD, we could observe no restoration of activity upon de-
creasing size while keeping the hydroxy functionality in place
(compare 2 with 10-14). For PgsR we maintained activity rela-
tive to 2. Next, the hydroxy group was exchanged for a methyl
function (15), yielding a compound similar in size to 14 but
lacking the issue of desolvation penalties (see above). The de-
creased activity of 15 on PqsR revealed the hydroxy group to
be beneficial over methyl. For PgsD, a slight increase in activity
(compare 14 and 15) was observed, implying that the hydro-
philicity might be more detrimental for activity than steric
demand. From this series we concluded that the hydroxy func-
tion does not impair activity on PqsR, but improves LLE,; due
to its hydrophilicity (compare 2 and 13). Although we could
not increase activity on both targets relative to 2, knowledge
of the hydroxy group being in principal tolerated by PqsR
could be valuable information for later-stage drug develop-
ment if solubility or lipophilicity issues might arise. To further
explore the applicability of a fragment-growing strategy start-
ing at the 4-position of the triazole of 2, we broadened the
scope of substituents and introduced cyclopropyl (16) and
phenyl groups (17). Although 16 did not show increased activi-
ty on both targets, 17 was about five times more active than
its parent compound 2 regarding inhibition of PgsD. Hence, 17
was the most promising hit from this series, with ligand effi-
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Table 2. Inhibition of PqsD and PgsR by compounds 10-22 and calculated LE and LLE,; for the respective target.
N=N
RZ \\//
‘Q/N \|/ PqsD PgsR
_N
Compd R? 1Cs [uM] LE/LLE,; [kcal/HA] ICs [uM] LE/LLE,; (kcal/HA]
OH
10? w >50; 12%+2 - 2649 0.30/0.39
OH
1 O)y >50; 14%+ 4 - ~50; 539%+12 0.27/0.34
OH
12 ~50;52%+ 1 0.27/0.37 <50; 74%+16 0.27/0.37
OH
13 S/ >50;24%+5 - 22+4 0.38/0.62
OH
14 >|§' >50; 15%3 - 27412 0.34/0.51
15 ﬂy >50; 44%+ 2 - >50; 40%-3
16 A{;’ 29+5 0.35/0.44 25+8 0.36/0.44
17 @Y 4+03 0.36/0.41 <200; 66%+8 -
18 /©Y >10;35%+8 - >10; 18%+10 -
19 m >10;33%+3 - >10;21%+6 -
F
20 \©V >10;41%+1 - >10;30%+13 -
_0
21 >25;37%+0 - >50;0%+0 -
N—
Y
= NS
Y >50;8%+7 - >50; 22%+3 -
_N
22

ciencies in the preferable range of 0.3 kcal per heavy atom
(HA) regarding activity on PqsD.®¥ Consequently, we substitut-
ed the phenyl ring with a methyl group at the 3- and 4-posi-
tions to further explore the size of the binding pocket. Besides
the dramatic decrease in solubility (Supporting Information),
from 200 um determined for 17 to 10 um for 18 and 19, the
potency was also decreased on PqgsD. Additionally, only weak
antagonism of PgsR was found for these compounds. Hence,
we decided to introduce less hydrophobic substituents. The in-
troduction of fluorine into the 4-position of phenyl (20) de-
creased solubility without increasing activity. For the methoxy
substituent (21), we found a less dramatic loss in solubility

ChemMedChem 2016, 11,1-13 www.chemmedchem.org
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(50 um) but lower potency than 17 on both targets. To investi-
gate whether a more flexible moiety increases solubility and
activity, we introduced a benzyl substituent. As copper(l)-medi-
ated cycloaddition of benzylacetylene and 10b (Scheme 1)
was not successful, we decided to bioisosterically replace the
1,2,3-triazol-1-yl with 1,2,3-triazol-5-yl regarding the bonding
to the 4-position of pyrimidine (22). Unfortunately, activity
dropped toward PqsD and PgsR as well as solubility. Regarding
activity and solubility, we conclude that an introduction of this
subset of functional groups is not beneficial for the develop-
ment of an efficient drug-like compound. Thus, further modifi-
cations of the structure of 1 were carried out at the 6-position

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Inhibition of PqsD and PqsR by compounds 23-26 and calculated LE and LLE,; for the respective target.
N=
N N N/
NN S
PqsD PgsR
& . .
R3
Compd R? 1Cs, [uM] LE/LLE,; [kcal/HA] ICs, [um] LE/LLE,; [kcal/HA]
23 /ny >50;0%+0 - >50;23%+6 -
H
N
24 }"{ ~50; 50% +11 0.32/0.51 ~50;,49%+4 0.32/0.51
(0]
25 ©\/H?‘, >50;36%+8 - >50;27%+4 -
%Y
26 ©/ 3.2+0.0 0.35/0.43 ~50;48%+0 0.27/0.36
of pyrimidine. We chose four substituents differing in size and
A

functionality to be introduced (Table 3). For N-methylamine
(23) we found an almost complete loss of activity on both tar-
gets. The same was true for acetylamide (24). The enlarged
flexible hydrophobic residue benzylamine (25) was also neither
tolerated by PgsR nor PgsD. Introduction of phenoxy to the 6-
position of pyrimidine (26) lead to an increase in potency on
PgsD by about fourfold relative to 1 with an IC, value of
3.2 um, but for PgsR a decrease was observed. Regarding
ligand efficiencies, 26 is below the minimum LE score of 0.3
for PgsR, rendering this compound a suboptimal choice for fur-
ther optimization. To derive a rational basis for further modifi-
cations to the structure of 2 we conducted flexible alignment
experiments of 2 with the described substrate (-ketodecanoic
acid) of PgsD and the natural ligand (HHQ) of PgsR (Figure 2).
In detail, the (1,2,3-triazol-1-yl)pyrimidine part of 2 matches the
quinolone core of HHQ, and the pyrimidine N1 atom of 2 over-
laps with N1 of PgsR’s ligand HHQ. For (3-ketodecanoic acid we
observed a very good match of both hydrogen bond acceptor
features of the carboxylic acid moiety with N1 and N2 of the
pyrimidine of 2. Furthermore, the ketone in the B-position of
PgsD’s substrate overlaps perfectly with an oxygen atom of
the sulfone group of 2. Thus, both alignments suggested the
sulfomethyl group to be an ideal starting point for the intro-
duction of an enlarged alkyl chain being potentially beneficial
for activity on both targets. To investigate the steric dimen-
sions of the pocket we synthesized compounds bearing iso-
propyl (27) and tert-butyl (28) at R* (Table 4). For these com-
pounds a loss in activity was observed on both targets. These
results shed light on the architecture of the binding sites of
PgsD and PqsR, as bulky substituents at R* are not tolerated.
Thus, we decided to synthesize unbranched derivatives with
chain lengths ranging from 1 to 7 carbons (2, 29-34). Notably,
we achieved an increase in activity regarding PqgsD inhibition
when increasing chain length combined only slight losses in
PgsR antagonism. Interestingly, a pronounced potency increase
on PgsD was observed at a minimum chain length of 4 (com-
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o O

B-ketodecanoic acid

4-hydroxy-2-heptylquinolone (HHQ)

Figure 2. Best-scored flexible alignment (MOE 2014.09) of HHQ (green car-
bons, B) and 2 (grey carbons, B). Based on these results, an alignment of
PqsD’s artificial substrate 3-ketodecanoic acid (green carbons, A) and 2 (grey
carbons, A) was obtained, resulting in a related arrangement, providing

a starting point for ligand-based optimization.

pare 29-31 with 2), but activity leveled out at IC5,=1.7 um re-
garding hexyl (33) and heptyl (34). To investigate the relation-
ship of the length of the alkyl chain and activity on PqsD we
correlated both parameters and retrieved a Hansch equation
of sigmoidal shape (Figure 3B). The function showed a very
high correlation of experimental versus calculated plCy, values
(r=0.9984, Figure 3Q).

Regarding this correlation, the hexyl chain seems to be of
ideal length to fill the hydrophobic channel possibly occupied
by PgsD’s substrate 3-ketodecanoic acid being in good agree-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4. Inhibition of PqsD and PqsR by compounds 27-44 and calculated LE and LLE; for the respective target.
N=
X’\ h‘:l N O\\S//o
N~ ~pd
U R PqsD PqsR
ZN
Compd R* X ICso [um] LE/LLE,; [kcal/HA] 1Cso [um] LE/LLE,; [kcal/HA]
27 iPr CH >50; 23%+7 ~ ~50;49%+ 13 0.35/0.49
28 tBu CH >50; 27%+0 - >50;24%+ 10 -
29 Et CH 26+1 0.40/0.52 14+2 0.42/0.54
30 nPr CH 19+3 0.39/0.47 1945 0.39/0.47
31 nBu CH 99+15 0.39/0.43 30+15 0.35/0.40
32 nPent CH 29+05 0.41/0.41 >50;31%+0 -
33 nHex CH 1.7+00 0.40/0.38 ~50; 47 %+ 22 0.30/0.28
347 nHept CH 17+04 0.38/0.34 >50;17%+2 -
(o}
35 \OJ\/Y CH 14+1 0.34/0.47 1847 0.33/0.46
36 Ph CH 18401 0.40/0.44 30+£17 0.32/0.35
37 Ph N 17402 0.40/0.49 16+5 0.34/0.42
38 4-CI-Ph N 0.9+0.1 0.40/0.44 <50; 74%+3 0.29/0.36
39 4-OMe-Ph N 25406 0.36/0.44 > 50; 42% + 31 -
40 4-F-Ph N 20+03 0.38/0.47 21412 0.31/0.40
4 3-F-Ph N 0.7+0.1 0.41/0.49 26+5 0.31/0.38
42 3-Cl-Ph N 0.6+0.1 0.41/0.45 1745 0.32/0.35
43 3-OMe-Ph N 16400 0.37/0.44 > 50; 43%+ 27 -
44 3,4-di-Cl-Ph N 0.4+0.1 0.41/0.41 24+5 0.29/0.30
ment with the flexible alignment (Figure 2 A). The IC;, toward
A N_:N PgsR was ~50 um for 33, but only residual activity was found
\ O\\ ,/o when heptyl was introduced (34). Interestingly, relationships
\ N N\ S\[v}/ between alkyl chain length and activity were also observed for
| \|/ 0-6 PQS and HHQ derivatives published by Hodgkinson, Lu, and
_N llangovan corroborating our findings.®"
B 6.0- Regarding ligand efficiency metrics, compound 33 was still
above the suggested score of 0.3 on both targets, with the
5.5- LLE,; value for PgsR being the exception (0.28). Thus, we intro-
1133 duced an ester functionality into the alkyl chain to achieve
3‘ 5.0 pIC, = 5.773—+““ a more hydrophilic compound, thereby increasing LLE,; (35).
& — +107 7 Interestingly, activity was restored on PqsR, but was impaired
4.5 ;'___7 on PgsD. With regard to lipophilicity, represented by the LLE,;
score, we could improve the compound’s properties, making it

4.0 e —————— more efficient than its alkyl congener (compare 32 and 35).
1 2 3 4 5 6 7 8 | . . d wheth ti bstit
Alkyl chain length / N n a next step, we investigated whether aromatic substitu-
C 6.s5- ents are tolerated at R*. Thus, we introduced phenyl to 1 and
2 at R% The resulting compounds (36 and 37) showed in-
creased activity on PqsD and no loss of activity on PgsR. inter-
5.5 estingly, 37 had a better performance than 36 regarding activi-
ty on PgsR and LLE,: Hence, we chose 37 for further modifica-

tions at the phenyl ring. To rationalize the choice of substitu-

Calculated pIC
o
o

4.5- ;-:(2/'9984 ents to be introduced, we followed the Topliss scheme and in-
troduced methoxy and chlorine to the 4-position.*? Activity

"c4.o 45 50 55 60 65 increased for the introduction of chlorine (38) and dropped for
Experimental pICs, methoxy (39) regarding PqsD, highlighting the importance of

electronic properties for potency. To investigate this relation-

Figure 3. Hansch analysis of alkyl-substituted compounds 2 and 29-34 (A) ship, we synthesized compounds 40-43. For these compounds

covering chain lengths from 1 to 7 carbon atoms. Carbon atom count of the X . .
alkyl chain and the biological activity on PqsD showed a very high degree of a general trend could be observed: electron-withdrawing

correlation, resulting in a sigmoidal shape function (B), which was also true groups (EWGs) increase potency, while electron-donating
for the plot of calculated versus experimentally determined pICs, values (C). groups (EDGs) result in decreased potency. Thus, we synthe-
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sized 44 bearing two chlorine atoms at positions 2 and 4 of
the sulfophenyl substituent. Corroborating our hypothesis, we
achieved higher potency on PgsD with ICso=0.4 um. To further
rationalize our observation we set up a Hansch equation corre-
lating o Hammet parameters“” of the substituents (Figure 4B)
with the corresponding biological activities (Figure 4C). The re-
sulting equation showed very good correlation between the
parameter and the biological activity; moreover, the predicta-
bility of the model could be verified by plotting calculated
versus observed plCs, values (r=0.9574, Figure 4D). The plot
of plCs, versus lipophilic parameters 7 and cLogP showed
a lower degree of correlation (r=0.8416 and 0.8348), rendering
the electronic parameter to be the variable of choice for QSAR
(Supporting Information).

A N—
/=N 0 0
N \ \\ 7/
NN S A
| \|/ | 5
_N Z
B Compound R (4]
37 H 0.00
38 4-F 0.06
39 4-Cl 0.23
40 4-OMe -0.27
41 3-F 0.34
42 3-Cl 0.37
43 3-OMe 0.12
44 3,4-di-Cl 0.60
C 170
6.54
(§ 6.0
=t pIC, =5.775+1.025%¢5
.
5.5 r=0.9575
n=8
5.0 T T 1
-0.5 0.0 0.5 1.0
Hammet parameter o
D
3 6.54
Q
o
2
%; 6.0
(&} r=0.9574
n=8
55 T T
5.5 6.0 6.5

Experimental pICs,

Figure 4. Hansch analysis of compounds 37-44 (A) substituted with

a phenyl group functionalized with EWGs and EDGs (B). The Hammet param-
eter and biological activity versus PqsD showed a very high degree of corre-
lation, resulting in a linear function (C). Very good predictivity of the model
was found by correlating calculated versus experimentally determined plICs,
values (D).
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Compound 44, as well as most derivatives from this subset,
are almost as active on PqsR as 1 (Table 3). Notably, LE/LLE,;
metrics calculated for compound 44 are in the desirable range
for both targets. The PQS-QS is largely involved in the regula-
tion of biofilm formation and eDNA release, which are two
highly relevant biological determinants for PA resistance to an-
tibiotics and immune response. To test whether our com-
pounds are able to decrease the production of biofilm and
eDNA, we conducted experiments using Pseudomonas aerugi-
nosa PA14"*" Storz et al. have shown that the relationship be-
tween in vitro potency and in cellulo effectivity is highly de-
pendent on structural modifications and cannot be easily ex-
plained by focusing only on physicochemical properties.””
Thus, we chose compounds 33 and 44, both with promising
activity invitro, but reflecting a larger chemical space and
tested them at a concentration of 100 um for their ability to
decrease biofilm formation and eDNA release by PA14. Indeed,
both compounds significantly decreased biofilm volume and

eDNA production (Figure 5) without impairing bacterial
100+
80+
R
§ 601
G40,
a
20+
= & & &
N N
& & & 8
33 1

Figure 5. Effect of compounds 1, 33, and 44 at 100 M on Pseudomonas aer-
uginosa PA14 biofilm formation (Biofilm) and release of extracellular DNA
(eDNA) versus 1% DMSO solvent control, which was set to 100 %.

growth. Although less potent at the targets, compound 33
was slightly more efficient in decreasing biofilm and eDNA
than 44. In addition, 33 showed similar inhibition of the two
pathogenicity traits as compound 1, suggesting that the im-
proved PqsD efficacy compensates the losses of PqsR antago-
nism (Figure 5). One possible explanation might be differences
in permeation through the Gram-negative cell envelope or in-
teraction with the biofilm matrix. Therefore, the concentration
of drug in the media might be higher than inside the cell, re-
sulting in lower amounts of drug at the site of action. To cor-
roborate these findings, we investigated whether 44 can inhib-
it pyocyanin production (see Supporting Information), a PQS-
dependent virulence factor. Indeed, compound 44 showed
lower efficacy (14% at 100 pm) than compound 1 (ICj,=
86 um) in a cellular assay which supports our latter hypothesis.
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Conclusions

In this study, we report the ligand-based design and structural
modification of dual-inhibitor compounds targeting two key
players in the Pseudomonas aeruginosa virulence and biofilm
machinery, namely PgsD and PgsR. Based on flexible alignment
approaches and subsequent Hansch analyses we were able to
discover potent and ligand-efficient PqsD inhibitors while
keeping activity on the secondary target PqsR. The two investi-
gated candidates from these approaches displayed a strong
decrease in biofilm mass and eDNA release, two major causes
of antibiotic treatment failure, as well as reduced host immune
clearance. However, increasing activity on both targets at the
same time is a difficult task. Nevertheless, we were successful
in identifying hotspots at the ligands’ structure, facilitating op-
timization toward one target (PqsD) while keeping activity on
the second (PgsR). In general, polypharmacology is an intrigu-
ing approach to combat bacterial strains highly resistant to ex-
isting antibiotics, as multitarget drugs lower the potential of
drug-drug interactions relative to combination strategies.
Therefore, the compounds reported herein are promising can-
didates for further in vivo studies using, for example, an acute
arthropod infection model.

Experimental Section
Determination of ligand efficiency (LE) and ligand lipophilicity effi-

ciency Astex (LLE,;) were carried out with Equations (1)-(11):

4G
LE = 7=

—R*T*In(ICsx)
HAC

R* T * In(10) * pICs,
HAC

1.4 % pICy,
HAC

AG" = 4G — 4G,

LE ~

LE =~

LE =~

AG" ~ R*T*In(10)*(pICs, — LogP)

AG"

R*T*In(10) * (pICsy — LogP)
HAC

LLE; ~ 0.11 —

P T* * _
LLE, ~0.11— R* T *In(10) * (LogP — pICs,)

HAC
N — 147 (LogP — plCs,) 10
LLE,; ~ 0.11 — HAC (10)
LogP — plCs,
~ *» 7 R 1
LLE,; ~0.11+ 1.4 AC (1)

in which HAC=heavy atom count.

The calculation of LE by Equations (1)-(4) was based on the find-
ings of Shulz."? The calculation of LLE, with Equations (5)-(8) was
based on the work of Mortenson and Murray used for the calcula-
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tion plCs-derived LLEy values by Equations (9)-(11), published by
Thomann et al.?>%

Synthesis and analytical characterization. NMR spectra were re-
corded on a Bruker Avance AV300 or a Bruker DRX500. The residual
'H or 3C resonances of the >99% deuterated solvents were used
for internal reference of all spectra acquired (CDCl;: 'H 7.260 ppm,
3C 77.16 ppm; [DJDMSO: 'H 2.500 ppm, “C 39.52 ppm). Electro-
spray ionization (ESI) mass spectrometric data were recorded
with either a Surveyor LC system MSQ electrospray mass spectrom-
eter LC-MS couple (ThermoFisher, Dreieich, Germany) using an
MeCN/H,0 gradient in positive mode (+), if not otherwise indicat-
ed 0.1% TFA was added if necessary, or by a Waters instrument
containing a 2767 sample manager, a 2545 binary gradient pump,
a 2998 PDA detector, and a 3100 electrospray mass spectrometer
by use of an MeCN/H,0O gradient in positive mode (+); if not indi-
cated otherwise 0.1% formic acid was added if necessary. Purity of
final compounds was determined by the UV, trace of the LC
chromatogram. Compounds 1, 2, 10, 34, 10a, and 23a were syn-
thesized as previously described.'®** Analytical and experimental
details of intermediates can be found in the Supporting Informa-
tion.

General procedure (b) for the oxidation of thioethers. Thioether
(1 equiv) was dissolved in EtOAc and an aqueous solution of
Oxone® (3 equiv) was added. The biphasic mixture was stirred vig-
orously at room temperature until TLC showed completion. The
final products were purified as indicated.

2-(methylsulfonyl)-4-(1H-tetrazol-5-yl)pyrimidine (3). Compound
1a (1 equiv) was suspended in 28% hydriodic acid and stirred at
room temperature for 16 h. The suspension was extracted using
CH,Cl,, washed with sat. NaHCO;,, and dried over Na,SO,. Solvent
was removed under reduced pressure to give 3a as a yellow oil
(yield 98%). The crude product was dissolved in pyridine and cop-
per(l) cyanide was added (1.1 equiv). The mixture was held at
reflux for 4 h and then acidified with 2m HCIl. The aqueous layer
was extracted with EtOAc. The organic layer was dried over
Na,SO,, filtered over a pad of silica and solvent was removed
under reduced pressure to give 3b as a brown oil (yield 99%). 3b
(1 equiv), NaN; (1.4 equiv), NH,CI (1.4 equiv) were dissolved in DMF
and stirred at 80°C under an inert atmosphere for 23 h. The reac-
tion was acidified to pH 1 using 1M HCl and the aqueous layer
was extracted with EtOAc. The organic layer was dried over Na,SO,
and the solvent was removed under reduced pressure to give 3¢
as a white solid (pure, 74%). 3 was synthesized according to gener-
al procedure b using 3c. The mixture was extracted with EtOAc
and solvent was removed under reduced pressure to give 3 as
a white solid (28%). 'H NMR ([DgJDMSO, 300 MHz): =3.5 (s, 3H),
85 (d, J=5.1Hz, 1H), 93ppm (d, J=51Hz, 1H); “CNMR
([DIDMSO, 126 MHz): 6=39.1, 1215, 1535, 1547, 161.1,
165.9 ppm; ESI-MS(+): m/z 226.7 [M+H]*; purity 99%.

General procedure for the synthesis of 4, 5, 6, 8 and 9. The com-
pounds were synthesized as previously described for 1.%’ First the
N-heterocycle (1 equiv) was quickly added to 1a (1 equiv) followed
by Et;N (1 equiv). The mixture was stirred in a microwave for 10-
20 min at 60-120°C. Except if otherwise noted, thioethers (4a-6a,
8a and 9a) were oxidized according to procedure b.

2-(methylsulfonyl)-4-(1H-1,2,4-triazol-1-yl)pyrimidine (4). Com-
pound 4a (1equiv) was oxidized using mCPBA (2.25 equiv) in
CH,Cl, at 0°C. The crude product was purified by flash chromatog-
raphy (EtOAc/hexane, 2:1) to give a white solid (39%). 'H NMR
(CDCl;, 500 MHz): 6=3.41 (s, 4H), 8.08 (d, J/=5.7 Hz, 1H), 8.19 (s,
1H), 9.02 (d, J=54Hz, 1H), 9.33 ppm (s, TH); *CNMR (CDCl,,
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126 MHz): § =39.2, 1120, 143.1, 154.5, 156.3, 161.0, 165.8 ppm; ESI-
MS(+): m/z 226.0 [M+H]™; purity 96 %.

2-(methylsulfonyl)-4-(1H-pyrazol-1-yl)pyrimidine (5). Compound
5a (1 equiv) was oxidized using mCPBA (2.25 equiv) in CH,Cl, at
0°C. The crude product was purified by flash chromatography
(EtOAc/hexane, 1:1) to give a white solid (65%). 'HNMR (CDCl,,
500 MHz): 6 =3.40 ppm (s, 4H) 6.57 (dd, /=28, 1.6 Hz, 1H) 7.85
(dd, J=1.6, 0.6 Hz, 1H), 8.11 (d, /=5.4 Hz, TH); 8.66 (dd, /=238,
0.6 Hz, 1H), 8.87 ppm (d, J=5.4 Hz, 1H); ®C NMR (CDCl;, 126 MHz):
0=39.1, 110.3, 111.3, 128.5, 145.2, 158.2, 159.6, 165.6 ppm; ESI-
MS(+): m/z 225.0 [M+H]™; purity 99%.

4-(1H-imidazol-1-yl)-2-(methylsulfonyl)pyrimidine (6). Compound
6a (1 equiv) was oxidized using mCPBA (2.25 equiv) in CH.Cl, at
0°C. The crude product was purified by flash chromatography
(EtOAc/MeOH, 9:1) to give a white solid (36%). "H NMR (CD;0D,
500 MHz): 6 =3.45 (s, 3H), 7.24 (s, 1H), 8.03 (d, J/=5.8 Hz, 1H), 8.08
(s, TH), 8.80 (s, 1H), 9.05 ppm (d, J=5.5 Hz, 1H); *C NMR (CD;0D,
126 MHz): 6 =39.5, 113.1, 118.0, 132.0, 157.6, 162.4, 167.3 ppm; ESI-
MS(+): m/z 225.0 [M+H]™; purity 99 %.

2-(methylsulfonyl)-4-(thiophen-3-yl)pyrimidine (7). To a mixture
of 7b (1 equiv) and PCy; (0.09 equiv) in dioxane was given Pd,dba,
(0.03 equiv), K;POunq (2equiv) and 3-thiopheneboronic acid
(1.2 equiv). The reaction was stirred in a sealed tube for 1h at
100°C. The reaction was extracted three times with EtOAc and the
solvent was removed under reduced pressure. The crude product
was purified by preparative HPLC to give a white solid (22%).
'H NMR (CD;0D, 300 MH2): 6=3.43 (s, 3H), 7.61 (dd, J=5.0, 3.0 Hz,
1H), 787 (d, J=6.1Hz, 1H), 8.04 (d, J=5.4Hz, TH), 854 (d, J=
3.0 Hz, 1H), 8.90 ppm (d, J=5.2 Hz, 1H); *C NMR (CD,0D, 75 MHz):
0=39.4, 120.5, 127.3, 128.9, 131.1, 139.6, 160.4, 162.9, 167.5 ppm;
ESI-MS(+): m/z 241.0 [M+H]*; purity 96 %.

1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-benzo[dlimidazole  (8).
The crude product was purified by flash chromatography (EtOAc/
MeOH, 98:2) to give a white solid (61%). '"HNMR ([D;JDMSO,
300 MHz): 6=3.52 (s, 3H), 7.35-7.57 (m, 2H), 7.82 (d, /=79 Hz,
1H), 837 (d, J/=5.8Hz, 1H), 857 (d, J/=8.2Hz, 1H), 9.16 (d, J=
59Hz, 1H), 9.27 ppm (s, TH); *C NMR ([DJDMSO, 75 MHz): 6 =
112.6, 115.7, 120.3, 124.6, 125.2, 131.2, 1425, 144.4, 157.1, 160.3,
165.3 ppm; ESI-MS(+): m/z 274.8 [M+H]*; purity 96 %.

1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-benzol[d][1,2,3]triazole
(9). Purified by flash chromatography (EtOAc/hexane, 9:1) to give
a white solid (99%). 'H NMR (CDCls, 300 MHz): 6 =3.47 (s, 3H), 7.58
(t, J=84Hz, 1H), 7.77 (t, /=84 Hz, 1H), 820 (d, J=83Hz, 1H),
8.50 (d, J=5.7Hz, 1H), 8.75 (d, J=8.3 Hz, 1H), 9.04 ppm (d, J=
5.7 Hz, 1H); *CNMR (CDCl;, 126 MHz): 6 =39.4, 112.4, 115.3, 120.5,
126.5, 130.9, 131.1, 147.0, 158.5, 159.7, 165.8 ppm; ESI-MS(+): m/z
338.8 [M+ MeCN +Nal*; purity 95%.

General procedure (d) for the synthesis of 11-21. The com-
pounds were synthesized using the same procedure as reported
for compound 10.”) 10a (1 equiv) was quickly dissolved in tBuOH/
H,O (1:1) and the alkyne (1 equiv), CuSO, (0.02 equiv) and sodium
ascorbate (0.1 equiv) was added and stirred at room temperature
for 16 h.

cyclohexyl(1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-1,2,3-triazol-

4-yl)methanol (11). The crude product was purified by flash chro-
matography (EtOAc/hexane, 7:3) to give a white solid (48%).
'H NMR ([Dg]DMSO, 300 MHz):  =1.21-2.10 (m, 11H), 3.47-3.67 (m,
3H), 517 (s, 1H), 8.42 (d, J=5.5Hz, 1H), 8.81 (s, TH), 9.26 ppm (d,
J=5.5Hz, 1H); *CNMR (75 MHz, [DgDMSO): 6 =22.0, 25.6, 37.9,
39.5, 68.5, 113.2, 119.2, 155.9, 158.3, 162.5, 165.9 ppm; purity 96 %.
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(1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-1,2,3-triazol-4-yl)(phe-
nyl)methanol (12). The crude product was purified by flash chro-
matography (EtOAc/hexane, 6:4) to give a white solid (54%).
'H NMR (CDCl;, 300 MHz): §=3.11 (d, J/=3.6 Hz, TH), 3.40 (s, 3H),
6.13 (d, J/=2.61 Hz, 1H), 7.30-7.44 (m, 3H), 7.45-7.54 (m, 2H), 8.36
(d, J=56Hz, 1H), 855 (s, 1H), 9.03ppm (d, J=55Hz, 1H);
BCNMR (CDCl;, 75 MHz): 6=39.2, 69.3, 112.5, 119.3, 126.4, 128.5,
128.9, 141.1, 152.9, 156.4, 160.7, 166.1 ppm; ESI-MS(+): m/z 332.1
[M+H]"; purity 99%.

(1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-1,2,3-triazol-4-yl)metha-
nol (13). The crude product was purified by extraction with EtOAc
to yield a white solid (74%). '"H NMR (CDCl,, 300 MHz): 0 =2.40
(brs, TH) 3.32-3.53 (s, 3H), 4.94 (s, 2H), 8.39 (d, J=5.5Hz, 1H),
873 (s, TH), 9.08 ppm (d, J=55Hz, TH); CNMR ([DJDMSO,
75 MHz): 6=39.7, 55.1, 113.2, 121.0, 150.5, 155.8, 162.6, 165.9 ppm;
ESI-MS(+): m/z=256.1 [M+H]™"; purity 99%.

2-(1-(2-(methylsulfonyl)pyrimidin-4-yl)-1H-1,2,3-triazol-4-yl)pro-
pan-2-ol (14). The crude product was purified by flash chromatog-
raphy (EtOAc/hexane, 8:2) to yield a colorless oil (45%). 'TH NMR
(CDCl,, 300 MHz): 6 =1.72 (s, 6H), 2.20-2.80 (brs, 1H), 3.44 (s, 3H),
838 (d, /=549 Hz, 1H), 862 (s, 1H), 9.05 ppm (d, J=5.49 Hz, 1H);
BCNMR (CDCl;, 75 MHz): 6=30.3, 39.2, 68.6, 117.4, 112.5, 156.5,
157.3, 160.7, 166.2 ppm; ESI-MS(+): m/z 284.0 [M+H]*; purity
99 %.

4-(4-(tert-butyl)-1H-1,2,3-triazol-1-yl)-2-(methylsulfonyl) pyrimi-
dine (15). The crude product was purified by flash chromatogra-
phy (EtOAc/hexane, 7:3) to yield a white solid (22%). 'H NMR
(CDCl;, 300 MHz): =1.44 (s, 9H), 3.44 (s, 3H), 8.37 (d, J/=5.6 Hz,
1H), 839 (s, TH), 9.01 ppm (d, J=5.5Hz, 1H); *CNMR (CDCl,,
75 MHz): 6=30.0, 30.0, 31.0, 39.2, 1124, 116.6, 156.6, 159.5, 160.3,
166.2 ppm; ESI-MS(+): m/z 282.0 [M +H]™*; purity 99%.

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)-2-(methylsulfonyl)pyrimi-
dine (16). The crude product was filtered over a pad of Celite®/
silica to yield a white solid (83%). 'H NMR (CDCl,, 300 MH2): 6 =
0.81-1.01 (m, 2H), 1.02-1.16 (m, 2H), 1.96-2.21 (m, 1H), 3.42 (s,
3H), 834 (d, J=5.5Hz, 1H), 837 (s, TH), 9.01 ppm (d, J=5.49 Hz,
1H); *C NMR (CDCl;, 75 MHz): 6 =6.6, 8.2, 39.2, 112.3, 117.3, 152.3,
156.3, 160.4, 166.1 ppm; ESI-MS(+): m/z 266.0 [M+H]*; purity
99%.

2-(methylsulfonyl)-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrimidine
(17). The crude product was filtered over a pad of Celite®/silica to
yield an off-white solid (87%). '"H NMR ([DgDMSO, 300 MHz): 6 =
3.60 (s, 3H), 743 (t, J=7.1Hz, 1H), 7.52 (t, J=7.0 Hz, 2H), 8.09 (d,
J=84Hz, 2H), 847 (d, J=5.6Hz, 1H), 929 (d, /=56 Hz, 1H),
960 ppm (s, 1H); *CNMR ([D¢]DMSO, 75 MHz): 6=39.5, 1134,
119.3, 126.3, 129.4, 129.5, 129.7, 148.4, 155.8, 162.6, 165.9 ppm; ESI-
MS(+): m/z 302.0 [M+H]*; purity 99 %.

2-(methylsulfonyl)-4-(4-(m-tolyl)-1H-1,2,3-triazol-1-yl) pyrimidine
(18). The crude product was filtered over a pad of Celite®/silica to
yield a white solid (62%). 'H NMR (CDCl,, 300 MHz): 6=2.45 (s,
3H), 346 (s, 3H), 7.21 (d, J=7.6 Hz, 1H), 7.39 (t, J=7.6 Hz, 7H),
7.75 (d, J/=7.7 Hz, TH), 7.80 (s, TH), 8.43 (d, J=5.5 Hz, TH), 8.90 (s,
1H), 9.06 ppm (d, J=5.5Hz, 1H); *CNMR (CDCl,, 75 MHz): 6=
21.4,21.4, 39.3, 112.5, 116.9, 123.3, 126.8, 128.8, 129.0, 130.1, 138.9,
149.4, 156.4, 160.6, 166.2 ppm; ESI-MS(+): m/z 316.0 [M+H]";
purity 99 %.

2-(methylsulfonyl)-4-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)pyrimidine

(19). The crude product was filtered over a pad of Celite®/silica to
yield a white solid (61%). 'H NMR (CDCl;, 300 MHz): 6=2.43 (s,
3H), 3.46 (s, 3H), 7.32 (d, J=8.01 Hz, 2H), 7.86 (d, J=8.2 Hz, 2H),
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843 (d, J=5.5Hz, 1H), 887 (s, 1H), 9.06 ppm (d, J=5.6 Hz, TH);
BCNMR ([DgIDMSO, 126 MHz): 6=21.4, 39.2, 112.5, 116.5, 126.1,
129.8, 139.4, 149.3, 156.4, 160.5, 166.2 ppm; ESI-MS(+): m/z 316.0
[M+HI"; purity 99%.

4-(4-(4-fluorophenyl)-1H-1,2,3-triazol-1-yl)-2-(methylsulfonyl)pyr-
imidine (20). The crude product was filtered over a pad of Celite®/
silica to yield a white solid (40%). '"H NMR (CDCl,, 300 MHz): =
3.46 (s, 3H), 7.20 (t, /=8.6 Hz, 2H), 7.93 (d, /=5.3Hz, 1H), 7.96 (d,
J=5.4Hz, 1H), 843 (d, J/=5.5Hz, 1H), 8.88 (s, TH), 9.07 ppm (d,
J=55Hz, TH); "CNMR (CDCl, 75MHz): 6=39.2, 112.5, 116.4,
116.8, 125.1, 1280, 128.1, 1484, 156.4, 160.6, 161.7, 164.9,
166.3 ppm; ESI-MS(+): m/z 319.8 [M+H]*; purity 99%.

4-(4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)-2-(methylsulfonyl)-
pyrimidine (21). The crude product was filtered over a pad of
Celite®/silica to yield a white solid (60%). 'H NMR ([DsJDMSO,
300 MHz): 6=3.59 (s, 3H), 3.83 (s, 3H), 7.09 (d, /=8.9 Hz, 2H), 8.02
(d, J=8.8Hz, 2H), 847 (d, J/=55Hz, 1H), 9.28 (d, J/=5.6 Hz, 1H),
9.50 ppm (s, 1H); *CNMR ([DgDMSO, 126 MHz): 6=39.0, 55.2,

1128, 1145, 117.7, 121.7, 127.2, 1479, 1554, 159.8, 162.0,
165.3 ppm; ESI-MS(+): m/z 331.8 [M+H]"*; purity 96 %.
4-ethynyl-2-(methylthio)pyrimidine  (22b). Compound 1a

(1 equiv) was dissolved in DMF and NEt; (3 equiv), TMS-acetylene
(2 equiv), (PPh;),PdCl, (0.03 equiv), and Cul (0.1 equiv) were added.
The reaction was stirred under inert atmosphere for 2 h at 50°C.
Brine was added and the aqueous layer was extracted with EtOAc.
The combined organic layers were dried over Na,SO, and the sol-
vent was removed under reduced pressure. The crude material
was purified by flash chromatography (EtOAc/petroleum ether,
2:98) to yield 22a as a colorless 0il.* The TMS-protected product
was deprotected with 1.1 equiv of TBAF-:3H,0 in THF for 2 h at
room temperature. The reaction was filtered over a pad of silica
and solvent was removed under reduced pressure to yield 22b as
a white solid in quantitative yield. '"H NMR (CDCl;, 500 MHz): 6 =
2.57 (s, 3H), 3.34 (s, 1H), 7.06 (d, J=5.0 Hz, 1H), 8.51 ppm (d, J=
4.7 Hz, 1H); *CNMR (CDCl;, 126 MHz): 6 =14.1, 80.7, 81.4, 1187,
149.8, 157.2, 173.4 ppm.

4-(1-benzyl-1H-1,2,3-triazol-4-yl)-2-(methylsulfonyl)pyrimidine
(22). Compound 22b (1 equiv) was dissolved in tBuOH/H,O (1:1)
and benzylazide™ (1 equiv), sodium ascorbate (0.1 equiv), and
CuSO, (0.02 equiv) were added. The mixture was stirred at room
temperature for 16 h and then extracted with EtOAc. The com-
bined organic layers were dried over Na,SO, and purified by flash
chromatography (EtOAc/hexane, 3:7) to yield 22c as a white solid
(60%). 22¢ was oxidized using procedure b, and 22 was purified
by flash chromatography (EtOAc/hexane, 1:1) to give a white solid
(53%). "H NMR (CDCls, 300 MHz): 6 =3.36 (s, 3H), 5.62 (s, 2H), 7.28-
749 (m, 5H), 8.25-8.40 (m, 2H), 890 ppm (d, J=5.2Hz, 1H);
BC NMR (CDCl;, 75 MHz): 6 =39.1, 54.7, 118.7, 125.1, 128.3, 129.2,
129.3, 133.6, 145.1, 158.7, 159.3, 166.1 ppm; ESI-MS(+): m/z 268
[M+H]*; purity 99 %.

N-(2-(methylsulfonyl)-6-(1H-tetrazol-1-yl) pyrimidin-4-yl)aceta-
mide (24). Compound 24a"® was dissolved in acetic anhydride
and stirred for 2 h at 140°C. Solvent was removed under reduced
pressure and the crude material was purified by flash chromatogra-
phy (EtOAc/hexane, 7:3) to yield 24b as a white solid (47 %). 24b
was oxidized using procedure b. The crude material was purified
by flash chromatography (EtOAc/hexane+ formic acid, 7:3+ 0.1 %)
to give 24 as a white solid (70%). 'H NMR ([DgDMSO, 300 MHz):
0=2.24 (s, 3H), 3.54 (s, 3H), 8.80 (s, 1H), 10.46 (s, 1H), 11.98 ppm
(s, TH); CNMR ([DJDMSO, 75 MHz): 6 =24.2, 24.4, 100.0, 142.2,
154.0, 161.4, 164.8, 171.6 ppm; purity 96 %.
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General procedure for the synthesis of 23, 25, 26. Synthesis of
the thioethers was reported before."! Oxidation was carried out
following procedure b.

N-methyl-2-(methylsulfonyl)-6-(1H-tetrazol-1-yl)pyrimidin-4-
amine (23). Purified by flash chromatography (EtOAc/hexane, 8:2)
to yield a white solid (58%). 'H NMR ([DsJDMSO, 300 MHz): 6=
2.78-3.16 (m, 3H), 3.41-3.54 (m, 3H), 6.97-7.32 (m, 1H), 8.55-9.06
(m, 1H), 10.06-10.45 ppm (m, 1H) (rotamers); B3C NMR ([Dg]DMSO,
75 MHz): 6=28.1, 96.3, 142.5, 151.2, 165.2, 165.8, 166.5 ppm; ESI-
MS(+): m/z 227.8 [M—N, +H]*; purity 95 %.

N-benzyl-2-(methylsulfonyl)-6-(1H-tetrazol-1-yl)pyrimidin-4-

amine (25). The crude product was purified by flash chromatogra-
phy (EtOAc/hexane, 1:1) to yield a white solid (37%). 'H NMR
([DgIDMSO, 300 MHz): 6 =3.40 (s, 3H), 4.69 (d, J=5.7 Hz, 2H), 7.27
(s, TH), 7.33-7.45 (m, 5H), 9.22 (t, J=5.7 Hz, 1H), 10.23 ppm (s, 1H)
(rotamers); *CNMR ([DgJDMSO,126 MHz): 6=44.2, 95.7, 127.1,
127.3, 127.8, 1285, 128.7, 137.9, 142.0, 151.1, 164.1, 165.9 ppm;
ESI-MS(+): m/z 331.9 [M+H]*, 303.9 [M—N,+H]*; purity 99%.

2-(methylsulfonyl)-4-phenoxy-6-(1H-tetrazol-1-yl)pyrimidine (26).
The crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (38%). '"H NMR (CDCl;, 300 MHz):
0=3.19 (s, 3H), 7.22 (d, J=8.1 Hz, 2H), 7.38 (t, J=7.5 Hz, 1H), 7.51
(t, J=7.5Hz, 2H), 7.71 (s, 1H), 9.65 ppm (s, 1H) *CNMR (CDCl,
75 MHz): § =38.7, 99.1, 99.2, 120.9, 127.2, 130.3, 140.8, 151.4, 155.5,
166.2, 172.4 ppm; purity 95%.

General procedure for the synthesis of 27-44. The compounds
were synthesized using the same route as reported for compound
34,2 1 (1 equiv for 37 a-44a), or 2 (1 equiv for compounds 27 a-
36a) was quickly dissolved in DMF and K,CO, (3 equiv) was added.
The mixture was cooled to —20°C and the thiol (1 equiv) was
added at once. The reaction was allowed to continue until TLC
showed full conversion. Resulting thioethers were oxidized using
procedure b.

2-(isopropylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (27). The
crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (63%). '"H NMR (CDCl, 300 MHz):
0=1.54 (s, 9H), 7.92 (d, J=1.3 Hz, 1H), 841 (d, J=5.4Hz, 1H), 8.73
(d, J=13Hz, 1H), 9.16 ppm (d, J=5.4Hz, 1H); *CNMR (CDCl;,
75 MHz): 6=23.9, 61.2, 112.3, 121.8, 135.2, 156.1, 160.9, 164.6 ppm;
ESI-MS(+): m/z 254.0 [M+H]™; purity 95%.

2-(tert-butylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (28). The
crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (54%). 'H NMR (CDCl,, 300 MHz):
0=147 (d, J=6.9Hz, 6H), 401 (spt, J=69Hz, 1H), 792 (d, J=
14Hz, 1H), 841 (d, J=55Hz, 1H), 875 (d, J=14Hz, 1H),
9.11 ppm (d, J=5.5Hz, 1H); CNMR (CDCl; 75MHz): 6=15.,
51.6, 112.5, 121.9, 135.2, 156.4, 160.9, 165.3 ppm; ESI-MS(+): m/z
268.0 [M+H]*; purity 95 %.

2-(ethylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine  (29). The
crude product was purified by flash chromatography (EtOAc/
hexane, 8:2) to yield a white solid (73 %). '"H NMR (CDCl;, 300 MHz):
0=149 (t, J=7.5Hz, 3H), 3.63 (g, J=7.5Hz, 2H), 792 (d, J=
13Hz, 1H), 842 (d, J=55Hz, 1H), 875 (d, J=13Hz, 1H),
9.09 ppm (d, J=5.5 Hz, 1H); *C NMR (CDCl;, 75 MHz): 6 =6.9, 45.9,
112.6, 121.9, 135.2, 156.5, 160.9, 165.7 ppm; ESI-MS(+): m/z 240.0
[M+H]"; purity 95%.

2-(propylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine  (30). The
crude product was purified by flash chromatography (EtOAc/
hexane, 3:7) to yield a white solid (88%). '"H NMR (CDCl;; 300 MHz):

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0=1.00-1.21 (m, 3H), 1.80-2.07 (m, 2H), 3.49-3.66 (m, 2H), 7.92
(d, J=13Hz 1H), 841 (d, J=5.5Hz, 1H), 8.75 (d, /=13 Hz, TH),
9.09 ppm (d, J=5.5Hz, 1H); *CNMR (CDCl,, 75MHz): 6=13.2,
16.0, 53.0, 112.6, 121.9, 135.2, 156.4, 160.9, 166.0 ppm; ESI-MS(+):
m/z 254.0 [M+H]™; purity 97.0%.

2-(butylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine  (31). The
crude product was purified by flash chromatography (EtOAc/
hexane, 8:2) to yield a white solid (76 %). 'H NMR (CDCl;, 300 MHz):
0=0.98 (t, J=7.4Hz, 3H), 1.54 (dq, J=14.9, 7.4 Hz, 2H), 1.83-1.97
(m, 2H), 3.40-3.76 (m, 2H), 7.92 (d, J=13Hz, 1H), 841 (d, J=
5.5Hz, 1H), 875 (d, J=1.4Hz, 1H), 9.09 ppm (d, J=5.4Hz, TH);
BCNMR (CDCl,, 75 MHz): 6=13.5, 21.7, 24.0, 51.1, 112.6, 121.9,
135.2, 156.4, 160.9, 166.0 ppm; purity 99%.

2-(pentylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine  (32). The
crude product was purified by flash chromatography (EtOAc/
hexane, 4:6) to yield a white solid (79%). 'H NMR (CDCl;, 300 MHz):
0=0.78-1.04 (m, 3H), 1.25-1.57 (m, 4H), 1.92 (quin, J=7.7 Hz,
2H), 3.51-3.72 (m, 2H), 7.92 (d, J=0.8 Hz, 1H), 841 (d, /=55 Hz,
1H), 8.65-8.83 (m, 1H), 9.09 ppm (d, J=5.5Hz, 1H); CNMR
(CDCl;, 75 MHz): 6=13.6, 21.7, 22.1, 30.5, 51.3, 112.5, 121.9, 135.2,
156.4, 160.8, 165.9 ppm; ESI-MS(+): m/z 282.0 [M+H]"; purity
96 %.

2-(hexylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (33). Purified
by flash chromatography (EtOAc/hexane, 1:9) to yield a white solid
(71%). '"H NMR (CDCl;, 300 MHz): 6=0.89 (t, J=7.2 Hz, 3H), 1.26-
1.41 (m, 4H), 1.50 (quin, J=7.8 Hz, 2H), 1.91 (quin, J=7.5 Hz, 2H),
3.58 (t, J=8.0Hz 2H), 7.92 (d, J/=1.0Hz, 1H), 841 (d, J=5.5 Hz,
1H), 8.75 (d, J/=1.3 Hz, TH), 9.09 ppm (d, J=5.5 Hz, 1H); *C NMR
(CDCl;, 75 MHz): 6=13.9, 22.0, 22.2, 28.1, 31.1, 51.3, 1125, 121.9,
135.2, 1564, 160.8, 166.0 ppm; ESI-MS(+): m/z 296.0 [M+H]*;
Purity 99 %.

2-((4-(1H-1,2,3-triazol-1-yl)pyrimidin-2-yl)sulfonyl)ethyl acetate
(35). The crude product was purified by flash chromatography
(EtOAc/hexane, 1:1) to yield a white solid (42%). '"H NMR (CDCl,,
300 MHz): 6=3.00 (t, J=7.5 Hz, 2H), 3.71 (s, 3H), 3.94 (t, /=73 Hz,
2H), 792 (d, J=13Hz, 1H), 842 (d, J/=55Hz 1H), 875 (d, J=
1.3 Hz, 1H), 9.09 ppm (d, J=5.5 Hz, TH); *C NMR (CDCl;, 75 MHz):

0=27.5, 46.9, 524, 1128, 1219, 1353, 1564, 160.9, 165.5,
170.4 ppm; ESI-MS(+): m/z 298.0 [M+H]*; purity 95 %.
2-(phenylsulfonyl)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (36). The

crude product was purified by flash chromatography (EtOAc/
hexane, 6:4) to yield a white solid (23%). '"H NMR (CDCl;, 300 MHz):
0=7.59 (t, J=7.2Hz, 2H), 769 (t, J=7.2Hz, 1H), TH), 8.01 (s, 2H),
8.13 (d, J=5.5Hz), 8.22 (d, J=7.5Hz, 2H), 897 ppm (d, /=54 Hz,
1H); ®C NMR (CDCl;, 75 MHz): 6=111.8, 129.2, 129.9, 134.4, 137.3,
139.1, 157.4, 160.5, 167.0 ppm; ESI-MS(+): m/z 288.0 [M+H]*;
purity 99 %.

2-(phenylsulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine (37). The crude
product was purified by flash chromatography (EtOAc/hexane, 1:1)
to yield a white solid (91%). '"H NMR (CDCl;, 300 MHz): 6 =7.64 (t,
J=8.1Hz, 2H), 7.75 (t, J=7.4 Hz, 1H), 8.15 (d, J=8.5 Hz, 2H), 8.21
(d, J=54Hz, 1H), 9.15 (d, J=54Hz, 1H), 9.58 ppm (s, TH);
BCNMR (CDCl;, 75MHz): 6=112.5, 129.4, 129.9, 135.0, 136.4,
140.5, 154.0, 1623, 167.2 ppm; ESI-MS(+): m/z 261 [M—N,+H]*;
purity 99 %.

2-((4-chlorophenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine  (38).
The crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (58%). '"H NMR (CDCl;, 300 MHz):
0=7.62 (dt, J=8.8, 2.3 Hz, 2H), 8.09 (dt, /=8.8, 2.3 Hz, 2H), 8.23
(d, J=5.4Hz, 1H), 913 (d, J=54Hz, TH), 9.62ppm (s, TH);
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BCNMR (CDCl;, 126 MHz): 6=166.9, 162.2, 154.1, 142.0, 140.5,
135.0, 131.3, 129.8, 112.7 ppm; purity 99 %.

2-((4-methoxyphenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine
(39). The crude product was purified by flash chromatography
(EtOAc/hexane, 1:1) to yield a white solid (90%). 'H NMR (CDCl,,
300 MHz): 6=3.90 (s, 3H), 6.98-7.14 (m, 2H), 7.98-8.12 (m, 2H),
8.18 (d, J=5.4Hz, 1H), 9.14 (d, J=5.4Hz, 1H), 9.61 ppm (s, 1H);
C NMR (CDCly, 126 MHz): 0 =55.8, 112.3, 114.8, 127.4, 132.2, 140.5,
154.0, 162.2, 164.9, 167.6 ppm; ESI-MS(+): m/z 2852 [M+H]";
purity 98 %.

2-((4-fluorophenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine  (40).
The crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (74%). '"H NMR (CDCl;, 300 MHz):
0=7.27-7.40 (m, 2H), 8.04-8.28 (m, 3H), 9.14 (d, J=5.4Hz, 1H),
9.63 ppm (s, TH); *C NMR (CDCl;, 75 MHz): 6 =112.7, 116.9, 132.3,
132.9, 140.5, 154.1, 162.2, 166.8, 167.1 ppm; ESI-MS(+): m/z 279.0
[M—N, +HI1*; purity 99 %.

2-((3-fluorophenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine  (41).
The crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (52%). 'H NMR (CDCl;, 300 MHz):
0=745 (tdd, /=83, 83, 2.5, 1.0Hz, 1H), 7.64 (td, J=8.1, 5.2 Hz,
1H), 7.85 (ddd, J=7.7, 1.9 Hz, 1H), 7.95 (ddd, J=7.8, 1.0 Hz, 1H),
8.25 (d, J=5.5Hz, 1H), 9.16 (d, J=5.4Hz, 1H), 9.63 ppm (s, TH);
3C NMR (CDCl;, 75 MHz): 6=166.7, 162.3, 162.5, 154.1, 140.5,
138.4, 131.2, 125.7, 1223, 117.2, 112.8 ppm; ESI-MS(+): m/z 279.0
[M—N, +H]*; purity 99%.

2-((3-chlorophenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine  (42).
The crude product was purified by flash chromatography (EtOAc/
hexane, 1:1) to yield a white solid (39%). '"H NMR (CDCl,, 300 MHz):
0=7.59 (t, J=7.8 Hz, 1H), 7.71 (ddd, J=1.0, 2.1, 80 Hz, 1H), 8.04
(ddd, J=1.0, 1.8, 7.8 Hz, 1H), 8.13 (t, J=19Hz, 1H), 824 (d, J=
54Hz, TH), 9.15 (d, J=54Hz, 1H), 9.62ppm (s, 1H); *CNMR
(CDCly, 126 MHz): 6=113.5, 128.6, 130.5, 131.3, 135.8, 136.4, 180.7,
138.8, 141.2, 154.8, 163.0, 167.4 ppm; purity 99%.

2-((3-methoxyphenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine
(43). The crude product was purified by flash chromatography
(EtOAc/hexane, 1:1) to yield a white solid (75%). '"H NMR (CDCl,,
300 MHz): 6=3.89 (s, 3H), 7.19-7.27 (m, 1H), 7.53 (t, J=8.1 Hz,
1H), 7.59-7.67 (m, 1H), 7.73 (dt, J=7.7, 1.2 Hz, 1H), 821 d, J=
54 Hz, 1H), 9.15 (d, J=54Hz, 1H), 9.60 ppm (s, TH); *CNMR
(CDCl;, 75 MHz): 6=55.9, 112.6, 114.2, 121.5, 122.1, 130.5, 137.5,
140.6, 154.1, 160.2, 162.3, 167.2 ppm; ESI-MS(+): m/z 285.2 [M+
H]*; purity 99%.

2-((3,4-dichlorophenyl)sulfonyl)-4-(1H-tetrazol-1-yl)pyrimidine
(44). The crude product was purified by flash chromatography
(EtOAc/hexane, 1:1) to yield a white solid (36%). 'HNMR
([DgDMSO, 300 MHz): 0 =7.94-8.04 (m, 1H), 8.06-8.17 (m, 1H),
8.28 (d, J=2.0Hz, 1H), 840 (d, J/=5.5Hz, 1H), 9.31 (d, J=5.5Hz,
TH), 1034 ppm (s, 1H); *CNMR ([DJDMSO, 75 MHz): 6=130.1,
1316, 1325, 1332, 137.2, 139.0, 143.0, 1546, 163.0,
163.5, 165.5 ppm; ESI-MS(+): m/z 3319 [M—N,+H]*, 303.9
[M—2N,+H]™"; purity 99%.
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3 Results

3.6 Biophysical Screening of a Focused Library for the Discovery of Novel
Anti-mycobacterials Targeting CYP121

Chapter VI

Mycobacterial
CYP Selectivity
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Figure 20. Graphical abstract of chapter VI.
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Abstract: The appearance of multi-drug resistance (MDR) combined with a generally
complicated long-term treatment hamper the therapy of Mycobacterium tuberculosis
(Mtb) infections. Therefore, the development of novel antimycobacterial agents with
new modes of action is urgently required. CYP121 was shown to be a promising
novel target for inhibition of mycobacterial growth. However, besides the identification
of azole antifungals as molecules that interfere with this system, not many efforts
have been made to develop new inhibitors. In this study, we describe the rational
discovery of new CYP121 inhibitors by a systematic screening based on biophysical
and microbiological methods. Best hits originating from only one structural class gave
first information about molecular motifs required for binding and activity. The initial
screening procedure was followed by mode of action studies and further biological
characterizations. The results demonstrate a superior antimycobacterial efficacy and
a reduced toxicity profile of our frontrunner compound compared to the reference
econazole. Due to its low molecular weight, promising biological profile and
advantageous physicochemical properties this compound displays an excellent

starting point for further rational optimization.

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 multi-drug-resistant (MDR) and extensively-drug-resistant
(XDR) Mtb.!"! Additionally, alarming reports have been published describing totally-
drug-resistant Mtb (TDR-TB).! Moreover, tuberculosis still requires long-term
treatment leading to an increased probability for non-compliance which impairs the
therapeutic outcome.®®! Hence, there is an urgent need for new antimycobacterial
agents with novel modes of action which in 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 exhibits an unusual high number of twenty P450
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enzymes in contrast to other bacteria. Further studies have revealed some of them to
be essential for viability, survival and/or pathogenicity.'® Out of these, CYP121 was
shown to be essential for bacterial growth by an in vitro knock out study.l”! Moreover,
the deficient strain could be revived by a complementary plasmid.’® The first
evidence of CYP121 function in Mtb was derived from its gene position which is
located in an operon harboring two enzymes involved in the formation of cyclo-di-I-
tyrosine (cYY).®! In vitro studies provided proof, that CYP121 catalyzes the reaction
of cYY to mycocyclosin with high substrate specificity.®'® The role of its substrate
and product in the cellular setting remains to be elucidated. However, the variety of
biological functions of diketopiperazines is well described e.g. as quorum sensing
signals."! Thus, besides development of antimycobacterials targeting CYP121, a
small selective molecule with in cellulo efficiency may help to understand the precise
function of CYP121.

Despite the fact that CYP121 is a potential target for Mtb treatment only little efforts
have been undertaken to identify potent inhibitors. Hudson et al. published several
compounds designed for selective CYP121 binding and inhibition. However, none of
them were shown to be effective against Mtb.['? Fonveille et al. described a CYP121
inhibitory effect of cYY derivatives without data on bacterial growth."®'®! Regarding
compounds with cellular activity, it was shown that azole antifungals bind tightly to
CYP121 and exhibit 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 display a valuable reference for antimycobacterial CYP inhibitors.['*~'!

The essential role of CYP121 for Mtb survival and our expertise in developing potent
and selective human steroidogenic CYP enzyme inhibitors, motivated us to identify
novel CYP121 inhibitors with increased efficiency and improved properties compared
to the azole antifungals.”® Potential antimycobacterial activity could provide further
evidence of target validity, drugability and stimulate development of respective
inhibitors towards new therapeutic agents bearing the potential to treat MDR and
XDR Mtb infections. For these reasons, we established a screening strategy based
on in vitro and cell-based assays (Scheme VI 1). By the use of a small highly diverse
library composed of our CYP-inhibitors, we could identify a CYP121 inhibitor with
increased antimycobacterial potency compared to positive control econazole. This
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Diversity oriented CYP-Inhibitor Library
(139 Compounds)

SPR - Screening
(44 Binders R/R;,s > 0.5)

UV/Vis Assay
(8 Haem Coord. Kp < 15 uM)

M. bovis BCG Assay
(3 Cmpds. MIC5, < 10 mg/L)

o

One CYP 121 inhibitor with

M. tuberculosis MICq; < 1 mg/L

Scheme VI 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/Ryes > 0.5). This resulted in 44 positives.
From this preselection, eight compounds coordinated iron-heme with a Kp < 15 uM. These compounds
were tested against BCGT and three showed a MICgcgr < 10 mg/L. Finally, one compound was highly
active on Mtb with a MICyy, < 1 mg/L.

compound possesses desirable physicochemical properties, low toxicity towards
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). The screening library is composed of six different scaffolds
to ensure a broad structural diversity (Figure VI 1). Additionally, known
pharmacological profiles,
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Classes of the CYP-Inhibitor Library
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Figure VI 1. Classes of the library used for screening against CYP121 with their respective number of
representatives stated in brackets. The structures represent the core scaffold of the compound where
R is a substituent, X represent the position of either nitrogen or CH, and [], the alkyl chain length of n
methylene units.

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 reported 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 increased the protein yield by
about 10-fold.?"! The purity of the enzyme was determined by SDS-PAGE (Supp.
Data, section 2, Figure S1). To ensure active protein conformation we conducted
enzymatic 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 reduction
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Figure VI 2. SPR screening results: compounds plotted versus their R/Ryos values. Econazole (100
pUM) was used as a positive control and its SPR response was set to 1 (Ryes). The compounds were
tested at a concentration of 100 uM and their response (R) was divided through the response of
positive control (R/Rges). Hit compounds possess R/Rg values > 0.5 (horizontal solid grey line).
Vertical dashed lines separate the six classes.

(Supp. Data, section 3, Figure S2 and S3). Using the same experimental 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 heterologous electron transfer
system for CYP121. Additionally, utilizing the latter system, we could show
conversion of cYY to mycocyclosin proving enzymatic activity of CYP121 (Supp.
Data, section 4, Figure S4 and S5).

For SPR immobilization of the protein we used the biotin-streptavidin interaction.®!
Prior to immobilization we conjugated a biotin tag to CYP121. To confirm applicability
of the SPR method, we determined a response curve of econazole to the target
protein (Supp. Data, section 5, Figure S6).[”? The SPR signal of econazole, measured
in response units (RU), was set to one (Rpos). The binding event of library compounds
(R) was referenced to the positive control and declared as R/Rpos. We defined R/Rpos
> 0.5 as the threshold for hits from SPR screening procedure. Using this approach,
we identified 44 binders out of 139 compounds with representatives from all of the six

72



classes (Figure VI 2). Notably, we found 17 compounds with higher responses than

econazole (Supp. Data, section 6, Table S1).

Binding mode and affinity characterization via UV/Vis heme binding assay. The
44 SPR binders were investigated for their ability to interact with the iron(ll)-heme by
monitoring the shift of the characteristic absorbance band at 416 nm of CYP121
(Figure VI 3).1""@ |n addition to the 44 SPR hits, we also took two weak SPR binders
into consideration (I:1 and 1:33, R/Rpos < 0.5) to conduct 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 Kp = 0.02 pM.I"! However, we observed a Kp of
3 uM. This discrepancy could be due to a difference 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. Compounds 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-interaction) binding. 30
compounds showed a type Il shift while none showed type | binding behavior. The
latter compounds appear in class |, Il, lll and IV indicating that the catalytic center

accepts imidazolyl- and pyridinyl-moieties for iron-heme coordination.
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Figure 3. Binding of :47 to CYP121 as determined from heme coordination assay. (a): UV/Vis
spectrum (left inset) and difference spectra (upper right inset) were recorded of the enzyme 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): The Kp value of 1:47 was derived by non-linear fitting of the data using
Equations 1 and the difference in absorption at 430 and 410 nm.
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I:1 and 1:33 (weak SPR binders) did not coordinate the heme-iron which emphasizes
the suitability of our SPR screening procedure. The identified type Il binders were
further investigated regarding their Kp. For eight binders an affinity better than 15 pM
was observed (Supp. Data, section 6, Table S1). Interestingly, this subset of
compounds only arose from classes | and Il. Pyridinyl (class Il) as well as imidazolyl
(class I) motifs were tolerated as heme coordinators while the imidazolyl ligands
showed higher affinities (Supp. Data, section 6, Table S1). With regard to class | the
highest affinity could be found for compounds 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).l”? The most affine binder 1:16 showed three-fold improved Kp compared
to econazole (Kp = 3 uM) (Supp. Data, section 6, Table S1). Furthermore, two
linearized, para-substituted biphenyl compounds of this class (1:47 and 1:48)
possessed a CYP121 affinity comparable to econazole. As mentioned before,
molecules with linear biphenyl units bearing an N-methylenbenzimidazoyl moiety
instead of an unsubstituted 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 compounds (l:1). Moreover, the analysis of all
regioisomers of benzylimidazol scaffolds substituted with phenyl revealed that the
para- (1:32) and meta- (1:30) position lead to comparable affinities. A phenyl group at
the ortho-position (1:15) impairs binding. The para-benzodioxine substituent of 1:48
and the para-benzodioxole substituent of 1:47 increase the affinity by about two-to
threefold (Supp. Data, section 6 Table S1). However, compared to econazole our
most active compounds showed similar (e.g.: 1:47; 5 uM and 1:48; 5 uM) or slightly
better Kp (1:16; 1 uM) (Supp. Data, section 7, Figure S7). MIC determination in BCGT
and Mtb. For investigating cellular activity we focused on those compounds with a Kp
lower than 15 uM, but also added selected compounds showing low affinity to
CYP121 as negative controls (Supp. Data, 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 to its Mtb
congener (Supp. Data, section 8, Figure S8).2) Regarding the more complex
situation in the cellular context, the six identified classes have to be discussed
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separately. In case of subset Ill to VI, we could only detect weak growth inhibition
(MICgcaT > 10 mg/L; Supp. Data, section 6, Table S1). In class Il three compounds
were found to have a Kp value below 15 uM but none of them had MICgcgr below
10 mg/L (l1:20, see Supp. Data, section 6, Table S1). For econazole, we observed a
MICgcar= 5.4 mg/L which is in good correlation to previous findings.?® Most active
compounds were observed in class | (Supp. Data, section 9, Figure S9 and S10).
The best heme-binder to CYP121 (I1:16) with a three-fold increased affinity compared
to econazole showed a MICgcgt of 1.6 mg/L. For 1:47 and 1:48 we could determine
MICgcars = 0.3 mg/L and 2mg/L 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 Kp values on the target enzyme CYP121
(Table VI 1). To test the potency of the most effective antimycobacterial compounds
against the human pathogen Mtb, we used the MABA assay system.

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

Cl
\©?I/O ,\L /} _ l EN O O O '\\';\\/N O
" (o 9 ‘V@

Cl

econazole 1:1 1:15 1:16 1:30
O o . O o T
) g O ¢ o1
1:32 1:33 1:47 1:48
Cmpd. SPR Haem Kp MICgcar MICgcar MICws MICus
[R/Rpos] [uM] [mg/L] [uM] [mg/L] [uM]
Eco’ 1 3 5.4 14 42° 11°
I:1 0.4 >100 >25 >100
115 0.3 34 9.6 41 - -
1:16 1.2 1 1.6 5 1.9 6
1:30 1.4 11 2.6 11 11.2 48
1:32 1.1 14 7.0 30 9.6 41
1:33 0.1 >100 >25 >100 - -
1:47 0.6 5 0.3 1 0.3 1
1:48 0.6 5 2.0 7 3.5 12

4Eco = econazole, ° MICyy, determined previously.®®
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For MICuy, determination we chose the common laboratory strain HzzRv. In several
studies the MICwy, value of econazole was determined ranging from 0.12 mg/L to 8
mg/L.""' To facilitate comparability of the MICuy, values, we referenced them to
results made in our assay system where a MICyuy, for econazole of 4.2 mg/L was
determined previously.”® The most effective compounds were 1:47 with MICyy, =
0.3 mg/L followed by 1:16 (MICy, = 1.9 mg/L) and 1:48 (MICwy, = 3.5 mg/L, see Table
VI 1). Notably, in terms of cellular efficiency metrics, 1:47 has an AE =0.39 and
hence, a higher AE than econazole (0.24) and rifampicin (0.16) (Supp. Data, section
10, Table S2).

Toxicity on human cell lines. The azole antifungals are known to attenuate growth
of several human cell lines.®?% To compare cellular toxicity of econazole with our
three most promising hits we used HEK293 cells in a MTT-based assay.*” 6.0 mg/L
of econazole killed 50% of HEK 293 cell population after 48 h. Notably, the toxicity of
our most active antimycobacterial compounds was lower compared to the azole
antifungal drug (1:16 LDsg = 6.1 mg/L; 1:47 LDsy = 18.6 mg/L; 1:48 22.3 mg/L). For
comparability reasons, we calculated the toxicity factor for 1:47 (MICww/LDso), which
revealed a 44-fold improvement compared to econazole (Table VI 2). One of the
most prominent undesirable effects of azole antifungals is their hepatotoxicity
observed in mice.”®3" For this reason, we also conducted toxicity experiments
employing HepG2 cells. We could observe an approximately 2-fold increased toxicity
for econazole (3.1 mg/L) and 1:16 (3.9 mg/L) compared to HEK293 cells. The LDsg of
1:47 was 17.1 mg/L which is close to the toxicity seen in HEK cells. (vide supra,
Supp. Data, section 11, Table S3).

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

MICyip LDs, HEK 293 cells Toxicity factor
Compound [mg/L] [mg/L] MICu/LDso”
Eco 4.2 6.0 1.4
1116 1.9 6.1 3.2
1:47 0.3 18.6 62.0
1:48 3.5 22.3 6.4

? Toxicity factor (MICyyp (Mtb) divided by LDs, (HEK293)) was used to enhance comparability of
compounds with regard to their antimycobacterial effect.
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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 in
ortho-position to the hydroxyl-group of the phenol-moiety of cYY resulting in the
production of mycocyclosin.®’ 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 (Supp. Data, Sl section 1).

To gather further evidence for target-based mycobacterial selectivity towards other
bacteria, we assessed the activity of our compounds on growth of E. coli TolC as a
representative 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 (MICyp > 100uM or > 25 mg/L). In contrast to econazole and 1:16 that
showed certain inhibitory effects for E. coli and S. aureus in higher concentrations

(Supp. Data, section 12, Figure S11).

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 synthesized as an
inhibitor of CYP17. The compound showed only a low activity on CYP17 compared to
other inhibitors with an ICsy = 3.1 uM. Additionally, only a 48 % inhibition of
aromatase at a concentration of 25 pM was observed.®*?

Regarding physicochemical properties suitable for permeation through the cellular
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 hydrogen
bond donors, <10 hydrogen bond acceptors, MW < 500 Da, logP <5).% Our
frontrunner compound 1:47 fulfils all four criteria (0 hydrogen bond donors, 3
hydrogen bond acceptors, MW =278 Da, log P = 3.1) (Supp. Data, section 13). To
the best of our knowledge, akin correlations for physicochemical properties with

77



(a)

A74

& A285 < A

Figure VI 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 3D model (a) and 2D-interaction
chart (b). 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).

mycobacterial membrane passage were not set up, yet. Thus, a respective guide for

compound development is still missing.**

Molecular modelling studies on the binding mode of I: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 features reflecting the direct
interaction between the coordinated iron and 1:47 (type |l binding). The resulting
docking poses were sorted by their predicted binding energies and the best scored
docking pose was chosen for further studies (Figure VI 4). This modelling approach
revealed new possibilities for further derivatization or rigidification. For instance,
intramolecular linking of the methylene bridge at the imidazolyl unit with the ortho-
position of phenyl using e.g. a five-membered ring should be tolerated by CYP121
and increase affinity through reduction of entropic penalties upon binding.
Furthermore, the central hydrophobic aromatic moiety shows Van-der-Waals
contacts to flanking hydrophobic amino acids Phe-168 and Met-62. 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 subpocket (composed of Met-61, Asn-84 and the backbone of
Asn-83) which could then be reached by substituents at its 2-postion. The 1,3-
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benzodioxole moiety was placed in a hydrophilic subpocket, formed by Arg-72, Asn-
74 and Thr-65, 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 subpocket which
is decorated with several hydrophobic amino acids, namely Leu-73, Phe-280, Leu-
284 and the sidechain of GIn-385.

CONCLUSION

Despite the fact that CYP121 had been reported to be a potential target for the
treatment of Mtb infections, not many inhibitors 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 provide a good starting point for a drug optimization program.

Our search for new inhibitors of CYP121 started with an initial 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. Obviously, 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.

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 IlI, IV, V and VI
had only weak affinity to the heme-iron (Kp > 100uM). IV:13 is the only compound
from this subset that could be titrated and gave a Kp of 62 uM (Supp. Data, section 6,
Table S1). 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 fragment-linking approaches at a later stage of drug
development. For classes | and |l we identified eight compounds with Kp values
below 15 puM. Notably, the best compounds of class Il (11:20 and 11:34) contained a

79



space-demanding trityl-moiety. It was discussed for a crystal structure of CYP121
(PDB-ID: 1N40) that Arg-386 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 affinity were found in class I. A comparison of compound structures and
binding efficiencies within this class gave first evidence for properties needed to gain
affinity towards 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 linearized compounds, an N-
methylenbenzimidazoyl head group (1:33), ortho-substituted biphenyl system (1:15),
and an interconnecting pyridinyl (I:1) ring had unfavorable binding properties. In a hit
optimization process these structural characteristics should be avoided. In contrast to
this observation, a para-benzodioxine substituent (1:48) and a para-benzodioxole
substituent (1:47) linked to the biphenyl system increases affinity. This might provide
a possible position for further derivatization. Our docking study supports this result as
this motif was predicted to be placed in a subpocket having a great potential for new

interactions.

A straightforward approach for target validation is to correlate 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 e.g. poor membrane
penetration. We hypothesized that class |l might be a prime example for compounds
that poorly permeate 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 reasonable affinity towards
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 I:1 and 1:33 had no activity against
BCGT, while moderate binders e.g. 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 more
effective on mycobacteria than the positive control, econazole, although no
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optimization has been undertaken, yet (Table VI 1). In terms of antibacterial efficiency
(AE), 1:47 is superior 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 (Supp. Data, section 4). The correlation between MIC and Kp bares minor
inconsistences, which might be due to poor penetration through the mycobacterial
cell wall of some compounds (see e.g. 1:47 and econazole). A highly lipophilic
molecule (e.g. econazole cLogP = 5.3 vs. 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 different growth inhibition assays. This
suggests that there are additional targets for econazole. An explanation for the
antibacterial 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 improved selectivity towards 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 hepatocyctes was low, it is of high
interest to clarify potential inhibition 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 procedure employing a
focused library of privileged scaffolds, which ultimately lead to the discovery of novel
CYP121 inhibitors. From this process, 1:47 turned out to be the most promising hit
compound pairing convincing antimycobacterial activity and bacterial selectivity with
a good toxicity profile. Furthermore, this compound exhibits a fragment-like molecular
weight and preferable physiochemical properties that fulfil the Lipinski rules for oral
bioavailability (Supp. Data, section 13). Thus, 1:47 is an excellent starting point for
rational structure-based drug discovery. Our in silico studies revealed several
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possible modifications to be investigated in future optimization steps. Additionally, the
inhibitor might be a suitable candidate for an in vivo proof-of-concept study towards
validation of CYP121 as a drug target.
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EXPERIMENTAL SECTION

SPR-Screening: SPR binding studies were performed using a Reichert SR7500DC
instrument optical biosensor (Reichert Technologies, Munich, DE) and SAD500m
sensor chips obtained from XanTec Bioanalytics.CYP121 was immobilized on a
SAD500m sensor chip at 12 °C using standard biotin-streptavidin complexation. The

surface of both channels was quenched by a 3 min injection of 0.003 mg/mL biotin.
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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, Kremsmdinster, AT; transparent round bottom). The data
were recorded using Tecan infinite M200Pro Nano Quant (Tecan Groupe Ltd.,
Méannedorf, DE). 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 concentration of 0.25 uM. Data were plotted as optical shift
versus ligand concentration. Equation VI 1 (Eq. VI 1) was used for non-linear
regression of the resulting dose-response curves employing the Levenberg—
Marquardt algorithm of Sigma Plot 12 (Systat Software GmbH, Erkrath, DE).

Ymax — Ymin
x —slope
1+(x5)

f = Ymint

Equation VI 1. fis the observed difference in absorbance at wavelengths 410 nm and 430 nm within
the difference spectrum (see Figure VI 3) at ligand concentration x. This difference spectrum is
obtained by subtracting the pure heme absorption spectrum from those with ligand present. y,.., refers
to the absorbance change at ligand saturation, y., is the extrapolated minimal difference in
absorbance; Kp refers to the dissociation constant of the CYP121 ligand complex.["!

Determination of BCGT MICgcer by ODgoo assay. A pre-culture of BCGT was
grown in 7H9 medium supplemented with ADC Enrichment for 10 days. 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 the pre-culture was diluted 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 ODgg. Absorption data
was recorded on a Polarstar Omega Multidetection Plate Reader (BMG LABTECH,
Ortenberg, DE). Graphs were plotted with GraphPad Prism using OneSite Log ICsg
model provided by the software. MICgcar 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 activity of compounds to their number of
heavy atoms, a new metric has been introduced: antibacterial efficiency (AE).**! This
coefficient was developed for better comparability of antimicrobial compounds
differing in molecular weight (Eq. VI 2).
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MIC)

AE = —In <—NHA

Equation VI 2. AE refers to the antibacterial efficiency, MIC is the minimal inhibitory concentration,
and NHA equals the number of heavy atoms in a given compound.

Human cytotoxicity assay. HEK 293 cells (2x10° cells per well) were seeded in 24-
well, flat-bottomed plates (Greiner Bioscience, Kremsmiunster, AT). 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 followed by the calculation of LDs values. The calculation of the LCsp values was
performed by plotting the percent inhibition vs. 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.

Supporting Information. Chemical synthesis of cYY and Mycocyclosin, SDS-PAGE
of His-tagged CYP121, Activity of CYP121/ CO Spectra, LC-MS analysis of in vitro
CYP121 enzyme reaction and effect of 1:47, Surface Plasmon Resonance
Sensorgramm of econazole, Screening overview, Kp determination by UV-VIS Heme
coordination assay, Protein Blast of Mtb H3;Ry CYP121 (Rv2276) and M. bovis BCG
Pasteur CYP121 (BCG_2293), MICgcat determination against Mycobacterium bovis,
Calculation of antimicrobial efficiency, Toxicity assessment against human cancer
cell lines HEK293 and HepG2, MIC against Escherichia coli and Staphylococcus
aureus in comparison to growth inhibition against Mycobacterium bovis BCG,
Physicochemical data.
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Discovery and Biophysical Evaluation of First Low
Nanomolar Hits Targeting CYP125 of M. tuberculosis

Christian Brengel*,”’ Andreas Thomann*,” Alexander Schifrin,® Jens Eberhard,” and

Rolf W. Hartmann* 9

Tuberculosis, which is predominantly caused by Mycobacterium
tuberculosis (Mtb), is still the most lethal bacterial infection
with 1.5 million casualties in 2014. Moreover, the fact that the
appearance of resistant mutants and long-term treatment are
coupled with economic problems in developing countries
hampers an efficient therapy. Interference with the essential
cholesterol metabolism of Mtb could be a promising novel
strategy to fight Mtb infections. CYP125, a P450 enzyme in
Mtb, has been shown to play an important role in this meta-

Introduction

Since the discovery of the first drugs for the therapy of tuber-
culosis (TB) in the 1940s, many new compounds and therapeu-
tic regimes have been developed to improve treatment of
TB."? Despite the great success, the World Health Organiza-
tion (WHO) registered 9 million new infections and 1.5 million
cases of death caused by the disease in 2014.”) Key problems
are the long-term treatment of at least 6 months, the develop-
ment of resistance against anti-TB drugs, and co-infections
with human immunodeficiency virus (HIV). In this respect, new
anti-TB drugs should address these points and most preferably
decrease hospitalization and increase therapeutic success of
treatment-resistant TB.>* For these reasons, there is an urgent
need for new drug targets with novel modes of action to im-
prove the portfolio of anti-TB drugs.

In 2007, Chang et al. identified an interesting sequence in
the genome of Mycobacterium tuberculosis (Mtb) that was
found to be required for mycobacterial growth in macrophag-
es. The so-called “igr' operon (derived from “intracellular
growth”) was also confirmed to be essential for the full viru-
lence of Mtb in an in vivo scenario.””) In subsequent studies, it
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bolic pathway. For this reason, we used a combined screening
approach involving surface plasmon resonance spectroscopy
and a heme coordination assay to identify new CYP125 binders
by employing a focused P450-inhibitor library. We identified
the first hits with high affinity and favorable ligand efficiencies.
Furthermore, frontrunner compounds also showed selectivity
toward CYP121 specific to Mtb and required for its survival. To
date, these are the first compounds targeting CYP125 with low
nanomolar affinity.

was shown that the respective operon was involved in the
cholesterol metabolism of Mtb. Therein, a Aigr mutant was not
able to grow on cholesterol, and supplementation of an addi-
tional source of nutrition demonstrated only insufficient recov-
ery of growth. These findings suggested an intoxicating effect
caused by the sterol® In the same year, CYP125, a P450
enzyme encoded in the igr operon, was reported to efficiently
metabolize cholesterol.”? Capyk etal. generated a Acypi25
knock-out strain of M. bovis BCG that was unable to survive on
cholesterol-supplemented medium, which indicated that the
cytochrome P450 (CYP) enzyme was a key player in cholesterol
detoxification. However, this finding was not confirmed by
a Acyp125 mutant of M. tuberculosis H;,R,® Further investiga-
tions explained this observation with the presence of a com-
pensatory enzyme, namely, CYP142, in the laboratory H;;R,
strain. However, the latter enzyme was not present in the clini-
cal isolate CDC1551, which brought into question the clinical
relevance of this bypass.”'” Moreover, in this study the previ-
ous results found for BCG were corroborated, which still render
CYP125 as a key enzyme for cholesterol metabolism.®

As metabolism of cholesterol plays an essential role in the
persistence and virulence of Mtb, interference with the key
player CYP125 could be a new promising strategy for TB treat-
ment.®?™ Until today, besides azole antifungals, there is only
one inhibitor of CYP125 described: LP10.”'? Interestingly,
LP10 was not designed for inhibition of CYP125 but was dis-
covered as an inhibitor of CYP51 from Trypanosoma cruzi™
CYP125 inhibition was only moderate, which was explained by
the fact that its affinity is lower than that of the substrate cho-
lest-4-en-3-one (CHN).!?

Herein, we employed a combined biophysical screening ap-
proach for the discovery of new CYP125 binders with increased
affinity and favorable ligand efficiency."* The compounds dis-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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covered showed affinity for CYP125 that was 7 to 70 times
higher than that of its substrate CHN, and thus, they are prom-
ising starting points for future drug-optimization campaigns.

Results and Discussion
Library generation

For surface plasmon resonance (SPR) spectroscopy guided
identification of CYP125 binders, we started with a hand-
picked selection of 132 compounds from our in-house CYP in-
hibitor library focusing on structural diversity. The library con-
tained compounds designed for inhibition of human steroidal
P450 enzymes, especially CYP17, CYP11B1/2, and CYP19."*39
These inhibitors are privileged to interact with P450 enzymes
because of their nitrogen-containing heterocycles, which
enable coordination to the iron(ll) center of heme.™ In gener-
al, huge benefits arise from the use of focused libraries: the hit
rates are usually much higher, the biological activities are al-
ready known for the compounds, and derivatization is often
easy, as synthetic routes are already established. Thus, for our
compounds inhibition data for steroidogenic and hepatic CYP
enzymes as well as cytotoxicity data were available. For the
evaluation of our library compounds, two described inhibitors
of CYP125, namely, econazole (Eco) and LP10, served as refer-
ence compounds.”'?

SPR spectroscopy screening

CYP125 used for in vitro experiments was expressed in the het-
erologous host E. coli BL21 DE3 and was purified by affinity
chromatography. The correct folding and function of the
enzyme were confirmed with carbon monoxide binding spec-
tra.’” In these studies, we were also able to identify a new het-
erologous electron-transfer system composed of Etp1fd (516-
618) as ferrodoxin and Arh1A18G as reductase.®**% Biotinylat-
ed CYP125 was bound to the streptavidin-labeled SPR spec-
troscopy sensor chip.“”

The reference compound Eco was reported to form a type Il
complex with the heme iron of CYP125.” For initial validation
of our SPR spectroscopy technique, we confirmed Eco binding
at a concentration of 100 um to immobilized CYP125 (Figure S1
in the Supporting Information). For all library compounds, the
binding response of Eco (R,,) was set to 1. The compounds
were tested at the same concentration (100 um) and their
binding response (R) was referenced to the response of the
positive control (R/R,,). All compounds with an R/R,, value
>1 were regarded as hits in the following experiments and
were defined as SPR binders. The screening of the in-house li-
brary consisting of 132 compounds resulted in 22 binders that
showed broad structural variety. The observed hit rate (17 %)
was high, which confirmed our initial hypothesis that choosing
privileged structures would result in lower attrition rates
(Figure 1).
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Figure 1. Result of the SPR spectroscopy screening. Of the 132 compounds,
22 were hits with R/R,, > 1 with R=response of econazole (Eco),
Rpos=response of library compound.

UV/Vis heme P450 binding assay

To derive detailed information of compound binding behavior,
we chose the UV/Vis spectroscopy heme coordination assay
for P450 enzyme interaction.”!! The assay was used to deter-
mine the binding affinity and the putative binding mode of
our hits determined by SPR spectroscopy. Such experiments,
employing CYP125, were already described for Eco, the sub-
strate CHN, and LP10.7°'? |n our study, we selected these
three compounds as positive controls and three weak SPR
binders (i.e., C25, €53, and C59) as negative controls (R/R;, <
1, see Table S1 and Figure 2).” LP10 and CHN bound as previ-
ously reported to CYP125 with slight differences in the Kj
values  [Ky(CHN)=6.1 um,  Ky(LP10)=4.6 um;  Ky(CHN,) =
1.2 uMm, Ko(LP10,)=1.7 um].%'? For LP10, an increase in the
absorbance of the low-spin band at 1 =420 nm was previously
described (such compounds are defined as reverse type | bind-
ers), which we confirmed in our experiments."? Interestingly,
for econazole we observed type | binding behavior with K,=
0.94 um, which differs from the type Il profile with Kb =11 um
described by McLean et al.” Notably, the co-crystal structure of
econazole bound to CYP125 (PDB ID: 3IW2) shows a water
bridge interaction with the iron heme, which supports our
finding.” From the initial 22 binders obtained from the SPR
spectroscopy hits, we identified 14 compounds that showed
binding to the CYP125 heme with K, <30 um (Table S1). It was
previously described that the iron of the native enzyme is in
equilibrium between low spin and high spin.” Thus, a reverse
type | binding as observed for LP10 might also be possible for
some of our compounds.'? Out of the 14 heme coordinators,
nine showed a characteristic type Il or reverse type | profile.
Their binding resulted in an absorbance maximum at a wave-
length higher than that of LP10 (Table S2), and hence, a type Il
interaction might be more plausible than a reverse type I. Nev-
ertheless, determination of a precise binding mode might re-
quire analysis of the co-crystal structure of our hits and
CYP125. For convenience, in the following we use the term
type Il shift profile. With regard to type | binding behavior, we
identified another seven compounds fulfilling this profile. In
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Figure 2. Chemical structures of the 22 hits as obtained by SPR spectroscopy.

terms of structural requirements necessary for type Il versus
type | binding, we identified a common motif. For type Il bind-
ers, a flexible alkylene unit (e.g., as in C43 and C127-C130) or
an amide bond (e.g., as in C3 and C5) together with a linear
structure and unsubstituted coordinating head group were
found to be beneficial. Notably, the crystal structure of CYP125
with its substrate CHN (PDB ID: 2X5W) shows a narrow chan-
nel occupied by the alkyl side chain of the substrate. This
channel might be preferably accessible by linear, less bulky
molecules, which in turn could then directly interact with the
iron(ll) center. For type | binders, we found different structural
features. Either the compounds had bulky coordinating head
groups (e.g., as in €36, C37, and C60) or bulky substituents in
close proximity to the coordinating head group (e.g., as in
C16, C23, and C24). In addition, none of the type | binders had
a linear structure similar to that observed for the type Il bind-
ing compounds. These structural characteristics might prevent
the typel compounds from entering the abovementioned
narrow channel, and hence, those molecules can only interact
with the iron(ll) center through a water bridge.
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Five hits as obtained by SPR spectroscopy did not seem to
exhibit a heme coordination behavior (Table S1). The binders
with highest affinity, that is, C24 (typel: 0.26 um) as well as
C127, C128, and C130 (typell: C127=0.85um; C128=
0.084 um; €C130=0.17 um), displayed K, values in the nanomo-
lar range, which, to the best of our knowledge, renders them
the most affine compounds to CYP125 described to date
(Table S1). The weak binders (R/R,. < 1), as determined by SPR
spectroscopy, with a high structural relationship to strong
binders were chosen for SPR spectroscopy screening proce-
dure validation (Table S1; compounds €25, C59, and C53): C25
is an example of a weak binder that is structurally strongly re-
lated to the strong SPR spectroscopy and heme binders €23
and C24 (Figure 2). As expected, €25 did not interact with the
heme iron (Table S1). Furthermore, C53 and C59, showing dis-
tinct structural analogy to Eco, exhibited low affinity in the SPR
spectroscopy experiment. Thus, we were interested in deter-
mining whether these compounds were false positives and,
therefore, tested them for heme coordination. Again, none of
these compounds showed binding to CYP125 in the UV/Vis
assay, which validated our initial screen. Notably, we obtained
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several compounds (Table S1; compounds C45, C52, C83, C87,
C90, and C119) with a stronger SPR spectroscopy response
than that shown by Eco (R/R..;> 1) that did not interact with
the heme iron. Such compounds are expected to bind to other
binding sites of the protein without interacting with the iron
in the catalytic center. They were excluded from the screening
procedure but are still interesting, as they might function as
fragments in merging or linking strategies with type | or type Il
binders. However, with the information of the respective bind-
ing modes, one can more quickly and more rationally decide
how to modify the binders or even how to combine given
structures to generate inhibitors with higher activities.

Structure-binding relationships and ligand efficiencies

The gathered data from the two binding assays provide funda-
mental information for preliminary structure-binding relation-
ships (Table 1 and Table S1). The ligand efficiency (LE) as a clas-
sification index is not only indicative of the affinity of a com-
pound but it also takes its molecular weight into consider-
ation: the LE is the free-energy contribution for binding (ex-
pressed in kcal) per heavy atom (HA) of the molecule."¥ These
data were calculated to estimate if a compound would be suit-
able for efficient drug discovery with regard to its size and af-
finity (LE> 0.3). Having a look at the head groups needed for
interaction with the heme iron, a first structure-activity rela-
tionship (SAR) observation could be made. In the case of the
methylene-bridged imidazole residues, only Eco was found to
bind in the nanomolar range (Table S1). All other compounds
containing such a structure were only weak binders or did not
show any heme iron coordination (i.e., compounds C16, C43,
and C52). In contrast to this, most pyridinyl and benzimidazolyl
head groups linked to different core structures were tolerated
by the enzyme. In these subgroups, we identified type | as well
as type Il binders depending on the core structure. Notably, all
benzimidazolyl-substituted compounds showed binding to
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CYP125 in both test systems (Figure 2), especially C60 with
a Ky value of 0.28 um and a LE of 0.42 kcalHA™". The two deriv-
atives of this subset having the phenyl residue replaced by
a methyl group showed even higher LE scores (C36:
0.46 kcalHA™', C37: 0.49 kcalHA™") (Table S1). This underlines
the potential of the 1-benzyl-1H-benzo[d]imidazole class as
a promising starting point for hit optimization, as these com-
pounds are still in the molecular weight range of fragments (<
300 Da). The SPR spectroscopy screening yielded various com-
pounds bearing a pyridinyl head group linked to different core
structures (Figure 2). In general, compounds with a 4-(indolin-
5-ylisoquinoline or 3-(indolin-5-yl)pyridine scaffold did not
show heme interaction at the tested concentrations and were
therefore excluded from further investigations. The isonicotina-
mide and corresponding retroamide compounds (i.e., C3 and
C5) share some degree of structural similarity to literature-de-
scribed CYP125 inhibitor LP10. Both compounds generated
a typell shift. The K, values and LE (LP10: 6.1 um and
0.24 kcalHA™"; C5: 28 um and 0.29 kcal HA™') are in an accepta-
ble range for CYP125 inhibition but are lower than those seen
for other high-affinity ligands from the focused library. These
structures should be regarded as second choices if the more
affine were to compounds fail in a subsequent optimization
process. The binders found in the 1,2,5,6-tetrahydro-4 H-pyrro-
lo[3,2,1-ijlquinolin-4-one class were of moderate affinity with
a type Il binding profile (Table 1). Because of their low affinities
combined with their high molecular weights, C80 and C119
were deemed unsuitable for structural optimization regarding
CYP125 inhibition. High-affinity binders were identified in the
1,4-disubstituted 2-(phenylethoxy)benzene-substituted and 4-
benzylpyridine-substituted subset (Figure 2). The latter deriva-
tives were found to bind in a type | mode to the enzyme. In-
terestingly, repositioning of the coordinating nitrogen atom
from the para position to the meta position in the heteroaro-
matic ring of this compound class resulted in a sixfold increase
in the binding affinity for C24 (K,=0.26 um) relative to that of

Table 1. Heme binding affinity data, binding profiles, and selectivity factors of CYP125 binders against Mtb CYP121 and the bypass enzyme CYP142.
Compd CYP125® CYP142® cyp121®@ SFb)
Type Ko [um] LE [kcalmol™']  Type Ko [um] LE [kcalmol™']  Type Ky [um] 142 vs. 125 121 vs. 125
3 Il 19+0.7 035 I 0.89+1.05 0.45 weak  >100 0.047 >5.26
cslel 1l 28+14 0.29 I 6.2+0.6 0.14 weak  >100 0.224 >3.57
c16"” | 16 +6.9 0.32 I 19.74+2.6 0.31 1l >100 1.232 >6.25
Cc23% | 1.5+06 037 I 18+1.0 0.17 1l 7.240.5 1.193 480
242V | 0.26+0.38 0.42 I 15+0.4 0.18 1l 11.7+43 5.896 45.00
3627 | 13407 0.46 I 34407 0.19 no > 100 2.637 >76.92
c3797% | 11407 0.49 no > 100 0.33 no > 100 90.909 >90.91
432728 1l 13.14+09 0.26 I 0.14+035 0.37 1l 8.8+3.0 0.011 0.67
Cc60%" % | 0.28+0.50 042 I 0.18+0.002 0.43 no >100 0.654 >357.14
Cc126% Il 21403 0.27 no > 100 - no >100 >47.619 >47.62
C127'%) Il 0.85+0.25 047 I 0.096+0.012 0.55 1l 2.6+0.2 0.113 3.06
C128% Il 0.084+0.014 0.50 I 0.008+0.014 0.57 1l 1.334+09 0.095 15.83
C129% 1l 1.34+0.35 041 I 0.062+0.023 0.50 1l 25+0.3 0.046 1.87
C130'%) Il 0.17+0.05 0.53 I 0.252+0.041 0.51 1l 1.8+0.1 1.448 10.34
LP10"? 1l 6.1+15 0.24 I 5.02+175 0.25 1l 343455 0.823 5.62
Eco“” | 0.941 +0.060 035 I 0.77+40.15 0.36 1l 2.840.2 0.815 298
CHN?) I 46+15 0.27 I 0.94+0.20 0.30 no >100 1.896 >200.00
[a] Mean value of at least three experiments and the standard deviation. [b] SF = selectivity factor. [c] Eco= econazole. [d] CHN = cholest-4-en-3-one.
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C23 (K,=1.5 um) (Table 1). A reason for this increase could be
a privileged angle for interaction of the nitrogen atom with
the coordinating water molecule linked to the heme iron or
a more favorable interaction with other residues of the protein.
With a LE score of 0.42 kcalHA™", C24 has considerable poten-
tial for further optimization. Most interestingly, highly active
compounds were also observed in the group of 4-benzylpyri-
dines. Three of the four compounds were found to bind with
low micromolar to nanomolar affinity to CYP125 (C127:
0.85 um; C128: 0.085 pm; C129: 1.34 pum; C130: 0.17 um).
Moreover, the low molecular weights of these compounds re-
sulted in remarkable LE scores (C127: 0.47 kcalHA™"; C128:
0.50 kcalHA™'; €129: 0.41 kcalHA™"; C130: 0.53 kcalHA™"). The
p-hydroxyphenyl residue increased the affinity relative to that
of the p-fluorophenyl group. Presumably, an electron-rich aro-
matic system is preferred or the hydroxy group has additional
interactions with the target. Regarding five-membered hetero-
cycles, the electron-rich thiophene compounds (i.e., C127 and
C130) also showed high affinity. In particular, we observed
a difference between the thiophene regional isomers in the
class of the aforementioned derivatives, whereby the 2-substi-
tuted €127 compound was superior in terms of affinity over
the 3-substituted C130 congener (Table 2). From the 132 ini-
tially tested compounds, C128 was the one with the highest
affinity to CYP125 and is the most affine compound described
in the literature to date. With a K, value that is 55-fold lower
than that of the substrate CHN (K, =4.6 um), €128 should be
a highly efficient inhibitor of the enzyme reaction.

Selectivity among P450 enzymes

As the library compounds were originally designed for the in-
hibition of human steroidogenic enzymes, it was important to
compare their activities toward human steroidogenic and hep-
atic enzymes as well as bacterial CYP enzymes (Table 2). Most
compounds from our library were active in the nanomolar
range against their respective target.">3¢ From our 14 heme
binders, we selected five on the basis of their LE scores to be
the most promising hits (i.e., compounds C24, C60, C127,
C128, and C130) for further selectivity evaluation. Compounds
out of the 2-(phenylethoxy)benzene class were found to be
potent inhibitors of CYP11B1 and CYP11B2. Although C24
showed good binding affinity to CYP125 (K, =0.26 um), an im-
provement in selectivity toward the CYP11B1 and CYP11B2 en-
zymes is necessary [IC5(CYP11B1): 51 um, 1C5(CYP11B2):
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84 um]. The frontrunner compound of the 1-benzyl-1H-benzo-
[dlimidazole class, that is, C60 (K,=0.28 um), was not active
against CYP17 (6% inhibition at 2 pm) or CYP19 (2% inhibition
at 0.5 um) and showed only weak inhibition of CYP11B2. The
IC, value against CYP11B1 (IC5,=0.197 um) was found to lie in
a similar range as the K, value against CYP125. However, it
should be noted that K, values are typically lower than ICs,
values.”? Looking at the activity of the 4-substituted 4-benzyl-
pyridines, we observed similar values for C127 and C130 on
CYP125, CYP17, CYP11B1, and CYP11B2, but C128 was an ex-
ception, as it showed moderate selectivity over CYP17, CYP19,
CYP11B1, CYP11B2, and CYP3A4 (Table 2).

As the basis of our strategy was to interfere with a crucial
function during host adaptation of Mtb, we were interested to
study whether the herein-found inhibitors might also bind to
an essential consistently expressed CYP enzyme of Mtb. We
chose CYP121, an enzyme essential for Mtb in vitro, for the
latter-mentioned counter screen. In addition, we incorporated
CYP142, the bypass enzyme of the CYP125 enzyme reaction in
Mtb H,,Ry, to study the possibility of a dual target strategy."**
Here, we determined selectivity factors (SFs) to enhance com-
parability. Upon looking at the compounds with nanomolar
binding affinity to CYP125, we obtained different profiles de-
pending on the compound class (Table 1). Compound €24 was
found to be a selective binder of CYP125, with regard to
CYP142, but it showed less selectivity to CYP121 (SFcypiaz: 6;
SFcyprar: 45). This is in contrast to €60, which was also found to
bind tightly to the bypass CYP142 enzyme and was a much
weaker inhibitor of CYP121 (SFcypis: 0.6; SFeypray >350). With
regard to CYP142, selectivity might not be desirable, as block-
age of the bypass could increase the effectivity of the choles-
terol metabolism targeted approach, at least in the laboratory
Hs;R, strain. In general, the 4-benzylpyridines €127, C128, and
C130 possess a tight binding profile and convincing LE scores
on CYP142 and selectivity toward CYP121, and C128 is the
most promising compound overall (C128: SFrypi4o: 1; SFeyprar:
16, Table 1).

Conclusions

In this study, 132 compounds of a focused cytochrome P450
inhibitor library were screened by using two biophysical assays
to identify nanomolar binders to CYP125. This procedure led
to the identification of 22 hit compounds with high structural
diversity. Further investigations employing a UV/Vis heme coor-

Table 2. Selectivity profile of most affine CYP125 heme ligands (K, <1 um) versus human CYP enzymes.
Compd Ko [nMm] 1C5,® [nm]
CYP125 CYP17 CYP11B1 CYP11B2 CYP19 CYP3A4

c24 260 - 51 84 - -
C60 280 6 at 2000 197 1903 2 at 500
c127 850 577 422 331 - -
c128 84 248 251 341 3070 3210
C130 174 647 415 796 - -

[a] Mean value of at least three experiments, standard deviation less than 25 %.
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dination assay characterized five compounds as type | binders
and nine compounds as type Il binders with K values below
30 um. Five of these compounds (typell: €127 =0.85 um,
C128=0.085 pum, and C130=0.174 pum; type |: C24=0.26 um,
C60 =0.28 um) were found to bind to the heme site of CYP125
in the nanomolar range. Thereby, their affinities were higher
than that of the substrate cholest-4-en-3-one (CHN), which
makes them interesting candidates with a possibly high inhibi-
tory potential. Furthermore, these compounds showed affinity
to CYP125 that was 7- to 70-fold higher than that of the re-
ported inhibitor LP10. Frontrunner compound C128 is, to the
best of our knowledge, the first-described low-nanomolar
CYP125 binder. In addition, this compound was found to bind
tightly to the bypass enzyme of CYP125 (i.e., CYP142), which
provides a good starting point for in cellulo proof of principle
studies in M. tuberculosis laboratory strain Hs;R, The selectivity
among human (e.g., CYP11B1/B2, CYP19, CYP17, and CYP?A4)
and another essential Mtb P450 enzyme (e.g., CYP121) was
given for some inhibitors investigated in this study. However,
an improvement in selectivity is important to circumvent po-
tential later-stage side effects originating from occlusion of ste-
roid and/or xenobiotic metabolism by CYP enzymes in
humans. Moreover, compounds identified in this study might
also be useful as scientific tools to further support the investi-
gation of the intensively discussed cholesterol metabolism in
Mtb, as some of them block both enzymes known for CHN
transformation (i.e., CYP125 and CYP142). Furthermore, owing
to their low molecular weights, excellent water solubilities, and
high ligand efficiencies, the herein reported compounds are
promising first hits for the development of novel antimycobac-
terial drugs targeting an essential metabolic pathway in Mtb.

Experimental Section
Bacterial strains and growth conditions

The bacterial strain used in this study was E. coli K12 BL21 DE3 for
protein expression.

Chemical synthesis and analytical characterization

Compounds for testing [i.e., LP10, econazole (Eco), and choleste-3-
en-4-one (CHN)] were purchased from commercial suppliers and
were used without further purification. Procedures for the synthe-
sis of library compounds were previously reported."*-*¢! Detailed in-
formation can be found in Section S6 of the Supporting Informa-
tion.

Biological methods

Protein expression, purification, and biotinylation: E. coli K12 BL21
DE3 cells were transformed with plasmid harboring cyp125 gene
(CYP125A1/pCWori).” The previously described enzyme expression
and purification method was slightly modified and was used for
the CYP125, CYP142, and CYP121 constructs.”*! His,tagged pro-
tein was expressed in E. coli K12 BL21 DE3 and was purified by
using a single affinity chromatography step. Briefly, E. coli K12 BL21
DE3 cells containing the plasmid were grown in terrific broth
medium containing 100 pgmL™" ampicillin at 37°C until an optical
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density at A=600 nm of ~0.8 mAU was reached. Protein expres-
sion was then induced by the addition of 0.5 mm isopropyl (3-p-1-
thiogalactopyranoside (IPTG) and 0.5 mm d&-aminolevolinic acid,
and the bacteria were grown for an additional 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 were
lysed by sonication for a total process time of 2.5 min. Cellular
debris was removed by centrifugation (18500 rpm, 40 min, 4°C),
and the supernatant was filtered through a syringe filter (0.2 um).
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 fractions
were buffer exchanged to 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) by using a PD10 column (GE Healthcare) and were judged
pure by SDS-PAGE analysis. Protein was stored in aliquots at
—80°C at a final concentration of 50 um. Before SPR spectroscopy,
streptavidin immobilization CYP125 was biotinylated. For biotinyla-
tion, EZ-linked Sulfo-NHS-LC-LC-Biotin (Thermo Science) was dis-
solved 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 CYP125 in 1:1
molar ratio. The solution was incubated on ice for 2 h and was
mixed carefully every 30 min. Biotinylated CYP121 was purified by
a size-exclusion column by using storage buffer and stored at
—80°C at a final concentration of 10 pum.“”

Spectroscopic characterization of enzyme activity: Ferredoxin Etp1fd
(516-618) and ferredoxin reductase Arh1A18G from the fission
yeast Schizosaccharomyces pombe were expressed and purified as
previously described.®®**? Functionality of CYP125 and electron
transfer was assayed by the occurrence of the characteristic peak
at approximately 4 =450 nm, related to the reduced, CO-bound
heme complex. The assay was conducted as described with slight
modifications.®” CYP125 (2 um) was reduced through the addition
of a few grains of sodium dithionite or incubation with NADPH
(100 pm), Etp1fd (516618) (40 um), and Arh1A18G (2 um) and was
divided into two cuvettes to record a baseline. One of the samples
was saturated with carbon monoxide for 60 s and difference spec-
tra were recorded until the peak at approximately A=450 nm
reached saturation.

SPR spectroscopy screening: SPR spectroscopy binding studies were
performed by using a Reichert SR7500DC instrument optical bio-
sensor (Reichert Technologies) and SAD500m sensor chips ob-
tained from XanTec Bioanalytics. CYP125 was immobilized on
a SAD500m sensor chip at 12°C by using standard biotin-streptavi-
din complexation. The surface of both channels was quenched by
a 3 min injection of 3 pgmL~" biotin. CYP125 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; transparent round-bottom).
The data were recorded by using a Tecan infinite M200Pro (Nano
Quant). Absorbance of enzyme and enzyme-inhibitor complex was
measured between A1=350 and 500 nm in 1nm steps with
10 flashes. Compounds were titrated from DMSO stock solutions
to a final DMSO concentration of 1%. CYP125, CYP121, and
CYP142 were used at a concentration of 0.25 um. Data were plot-
ted by optical shift versus ligand concentration. Variable slope
model was used for nonlinear regression of resulting dose-re-
sponse curves by employing GraphPad Prism 5.
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The title compound, CsHgNgS, crystallized with two indepen-
dent molecules (A and B) in the asymmetric unit. The
conformation of the two molecules differs slightly. While the
tetrazole ring is inclined to the pyrimidene ring by 5.48 (7) and
4.24 (7)° in molecules A and B, respectively, the N—C—S—C
torsion angles of the thiomethyl groups differ by ca 180°. In
the crystal, the A and B molecules are linked via a C—H---N
hydrogen bond. They stack along the b-axis direction forming
columns within which there are weak 77— interactions present
[shortest inter-centroid distance = 3.6933 (13) A].

Keywords: crystal structure; tetrazole; pyrimidine; thio; heterocyles; SyAr
reactions; m—x interactions.

CCDC reference: 1441424

1. Related literature

For applications of tetrazolyl-substituted aromatic systems in
metal-ligand research, see: Kim et al. (2008); Stoessel et al.
(2010); in drug development, see: Pasternak er al. (2012);
Biswas et al. (2015); in polymer synthesis, see: Yu et al. (2008);
Sengupta et al. (2010). For the synthesis of 4-methylsulfanyl-2-
(1H-tetrazol-1-yl)pyrimidine and the title compound, see:
Thomann et al. (2014).

e

2. Experimental

2.1. Crystal data

CsHgNgS

M, = 19423
Triclinic, PT
a=63001 (17) A
b=7393(2) A
c=18159 (5) A
a = 91.407 (7)

B = 95.864 (7)°

2.2. Data collection

Bruker APEXII CCD
diffractometer

Absorption correction: multi-scan
(SADABS:; Bruker, 2010)

._.
S
N
a
o)
W
~
2
o

0.22 x 0.22 x 0.01 mm

15501 measured reflections
4581 independent reflections
3596 reflections with 7 > 20(7)
Ry = 0.028

Tmin = 0.716, T 0y = 0.746

2.3. Refinement

R[F? > 20(F%)] = 0.034
wR(F?) = 0.086
§=1.01

4581 reflections

283 parameters

All H-atom parameters refined
Apmax = 035¢ A

Apmin = —030e A™3

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
C2—HI-- N9 089 (2) 2.58 (2) 3203 (2) 129 (2)

Symmetry code: (i) x — 1, y,z.

Data collection: APEX2 (Bruker, 2010); cell refinement: SAINT
(Bruker, 2010); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick 2008); program(s) used to refine
structure: SHELXL2014 (Sheldrick, 2015); molecular graphics:
PLATON (Spek, 2009); software used to prepare material for
publication: SHELX1.2014 and PLATON.
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4 Concluding discussion and perspectives

4.1 Novel synthetic methods to access substituted pyrimidines

Pyrimidines are highly valuable heterocycles in medicinal chemistry as they
frequently appear in FDA-approved drugs. Pyrimidines are hydrophilic but not
protonated under physiological conditions, which makes them an ideal choice as a
core scaffold for orally bioavailable drugs. Synthetic chemists in general, but
medicinal chemists in particular, are usually interested to simplify synthetic methods,
increase yield, and safe time and money on the route to the final compound.
However, in the field of pyrimidine chemistry, to the best of our knowledge, only
traditional approaches towards introduction of substituents have been reported.
These require disadvantageous prerequisites as discussed in chapter 1.6. Thus, one
aim of the thesis was to develop a novel strategy to gain fast access towards
substituted pyrimidines while circumventing the flaws of traditional pyrimidine
chemistry. Inspired by the work on pyridine chemistry by Vera-Luc et al.,*” we tested
whether a similar procedure (neat conditions, microwave) might be suitable for our
pyrimidine scaffold (see Paper | and VIII). Indeed, as for pyridine, 1H-benzotriazole
could be attached within minutes in quantitative yield without the need of solvent,
catalyst, inert atmosphere conditions or strong bases. Motivated by these results, we
tested the scope of these reaction conditions and, interestingly, substituted
benzimidazoles and benzotriazoles could also be successfully linked to the
pyrimidine core. By broadening the scope towards five-membered heterocycles we
saw that almost all unsubstituted N-pentacycles could be attached by this
methodology to pyrimidine as well. Regarding limitations, only pyrrol and indole fall
out of the scope, as they do not react. To the best of our knowledge this is the only
method to synthesize 4-tetrazolyl-2-(methylthio)pyrimidines directly (1/20°), since
several trials using the traditional approach which employs sodium azide, trimethyl
orthoformate and an amino-substituted pyrimidine in acetic acid failed in our hands.
This pentacycle is of high interest in medicinal chemistry, due to its metabolic
stablility, suitability as bioisoster for carboxylic acid, amides or esters (when
substituted at N1 or N2) and of high hydrophilicity making compounds more soluble.
In addition, as we were the first to synthesized 4-tetrazolyl-2-(thiomethyl)pyrimidines

as precursor for dual inhibitor compounds, we were also interested in the chemistry

*In the following chapters the compounds are numbered with two identifiers, separated by a slash: a roman number referring to
the publication or chapter they were described in, followed by their identifier within the respective publication or chapter.
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of tetrazoles to generate a compound library. Gaining synthetic access to the 6-
position of pyrimidine, while keeping the tetrazole in 4-position was the major goal to
be accomplished for rapid library generation. As we were the first to discover this
particular scaffold as a bioactive entity, the challenge was to develop a new
chemistry with the requirements of a medicinal chemistry environment (see chapter
2, paragraph 1l). Inspired by an unexpected quantitative conversion that occurred
during the deprotection of a TMS-protected triazole (Figure 22), we hypothesized that
we could use this information to generate a novel reactive intermediate granting
access to the aforementioned class. This intermediate should be substituted with the
azole of choice at the 4- and 6-poisition of 2-thiomethylpyrimidine and one of the
pentacycle is then to be the leaving group for a nucleophile of interest. 2-(methylthio)-
4,6-di(1 H-tetrazol-1-yl)pyrimidine (lll/1) is the mentioned intermediate which can be
achieved in high yields in minutes under microwave irradiation (Paper Ill). To clarify
the regiochemistry of the attached tetrazole moieties, which cannot be univocally
elucidated by NMR, we crystallized the compound and derived an X-ray crystal
structure. As for the unexpected conversion mentioned above, the tetrazole
substituent can be replaced in a microwave reaction by a broad scope of substrates
covering thio-, amino- and hydroxyl nucleophiles as well as N-pentacycles. To
investigate the robustness of the approach and with regard to the fact that lll/1 can
be obtained in high yield, we investigated if the reaction is applicable for a one-pot
setup as well. Indeed, all tested substrates reacted smoothly in a one-pot reaction via
in situ generated lll/1 within 20 minutes.

s KoCOs

| ST T MeoH,
~N rt.

O.__N__S
\@/
/N

Figure 22. Deprotection of the TMS-protected triazole moiety in 4-position of 2-thiomethylpyrimidine
did not yield the unprotected compound but yielded 4-methoxy-2-thiomethylpyrimidine in quantitative
yield.
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In summary, two novel approaches were developed enabling fast and efficient
synthesis of substituted pyrimidines. Furthermore, the methodology seems to be
suitable for combinatorial chemistry approaches. In the future, this novel synthetic
route might speed up drug discovery efforts focused on pyrimidine scaffolds but could
also inspire synthetic chemists to transfer these findings to other heterocycles.

4.2 Two approaches - one goal: fighting treatment-resistant bacterial
infections of the respiratory tract

The respiratory tract diseases cystic fibrosis and tuberculosis have many things in
common: both illnesses are caused by bacteria, long term hospitalization is often
required, resistance development hinders or makes treatment ineffective and
dormant or persisting pathogens are hard to eradicate with common antibiotics. Thus,
in this thesis two different approaches were pursued to address the latter mentioned
problems. For PA, the pathogen involved in cystic fibrosis-associated pulmonary
infection, a novel strategy was investigated trying to circumvent resistance
development by interference with the non-vital QS machinery to lower pathogenicity
(see chapter 4.21). Such agents may help to establish a new paradigm in anti-
infective treatment of cystic fibrosis patiens and could lead to first “pathogenicity-
blockers” with lowered resistance development. In case of Mtb, the major pathogen
causing tuberculosis, a classical antibiotic drug discovery campaign was initiated by
addressing two novel potential drug targets. Ideally, the developed compounds
should not show any cross resistance to any other anti-mycobacterial drug. Thus, the
identified compounds could serve as starting point for the development of new anti-
mycobacterial drug candidates to broaden the portfolio of anti-tuberculosis treatment
options (see chapter 4.2.2).

4.2.1 Addressing PgsD and PgsR to reduce pathogenicity of Pseudomonas
aeruginosa

Disruption of virulence-associated targets has proven to be a valuable approach

towards the reduction of pathogenicity of PA. Pioneering work in this field which was

conducted in previous studies on PgsD and PgsR, dealt with compounds that were

either of limited drug-likeness due to high lipophilicity resulting in low solubility or of
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limited cellular efficiency.*¢°%%2 Thus, the development of hydrophilic, drug-like
compounds with the capability to pass the Gram-negative cell envelope to effect
virulence factors without impairing growth is a formidable challenge. Nevertheless,
the use of aforementioned inhibitors of PgsD and antagonists of PqsR led us to a
novel polypharmacological concept. By a combination of both compounds we could
increase the beneficial outcome regarding virulence factor production with respect to
the effect of the single agent alone. These conceptual studies on dual inhibition of
auto-loop regulated systems paved the way for the development of dual active
inhibitors. In the compound class of 2-sulfonylpyrimidines, we identified a common
scaffold for the inhibition of PgsD and antagonism on PgsR. Reduction to the
essential common structural features necessary for activity, lead to the discovery of
the first reported dual PgsD/PgsR inhibitor IV/5. The discovered hit compound was
then further modified with a strong focus on hydrophilicity. The latter was exclusively
addressed by the use of a Ligand Lipophilicity Efficiency score as a guidepost for
drug design. This led us to the design of IV/6 (Figure 23) which was also active on
both targets but of higher lipophilic efficiency and solubility than its parent compound
IV/5. As it is of tremendous importance in drug discovery to validate a compound as
early as possible in the optimization process, we challenged the inhibitor against
cultures of PA in planktonic and biofilm state. As the compound showed promising
activity against two major virulence factors, pyocyanin and pyoverdine, without
impairing PA growth, we extended our studies on biofilm formation. The positive
outcome on biofilm formation aroused our interest to investigate in depth how 1V/6
interferes with the biofilm architecture. In these studies, besides reduction of
polysaccharide and protein content of the biofilm, we observed a prominent decrease
of extracellular DNA (eDNA) release. The eDNA of PA is one of the major
determinants for antibiotic tolerance as well as resistance to host defensive peptides
like LL-37 in the biofilm.*”! Thus, we were motivated to see if the reduction of eDNA

might partly or fully restore the efficacy of an antibiotic against biofilm-encapsulated

,N:l\\l Q9 ICso PgsD = 21 uM (LLE = 0.67)
&/ ICs0 PgsR = 15 uM (LLE = 0.66)

NN N S
N | XY clogDy,= -1.16
_N MW = 226.21 g/mol

Solubility = 1000 uM

Figure 23. Physicochemically improved hit IV/6 with dual activity on PgsD and PgsR
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PA. Indeed, compound IV/6 reduced PA’s ability to tolerate Ciprofloxacin treatment
and could restore its antibacterial activity in a combination experiment. As in vitro
results were promising we wanted to validate the compound in an in vivo model to
have the most promising starting point for drug optimization. Thus, we decided to
challenge the compound in our established infection model employing Galleria
mellonella larvae. In these trials, administration of 1.25 nmol (= 0.63 mg/kg) of IV/6
granted the survival of larvae and protected about 60% of the population against PA
infection. In summary, the in vivo validation, the compounds low molecular weight
and convincing physicochemical properties rendered this inhibitor an ideal hit for
optimization. To improve target affinities, we identified three positions for possible
prolongation of the molecule, which were easily accessible via our novel synthetic
methodology (see Paper | and lll, Figure 24). Exchanging the tetrazole substituent at
position R? by different six-membered, five-membered or bicyclic aromatic systems
led to an impairment of activity on both targets, rendering 1 N-tetrazole and 1N-1,2,3-
triazole the group of choice from the investigated subset. Next, we explored whether
we could gain higher activity by growing from the 4-position of the 1,2,3-triazolyl
moiety at R?. The enlargement of the western part (R?) of the molecule resulted in
higher activity on PgsD and elevated antagonism on PgsR. However, a major
drawback was the strongly reduced solubility of such compounds and the strong drop
of the LLE score. As physicochemical properties and a rational metrical guidance is
of great importance to keep focus on developing drug-like molecules, we defined this
particular position as unsuitable for further optimizations. Introduction of different
substituents at R® (e.g., N-aminomethyl, N-acetamide, phenoxy) yielded only
compounds of either reduced activity or undesirable ligand efficiency. Thus, by
probing R®, we recognized that the common pharmacophore for dual inhibition is

much narrower than we initially thought. Hence, we used computational methods in a

O O

RZ. N \\s//
\\|/ =Y

| P

R3

Figure 24. The development of novel synthetic methods enabled the generation of substituted
pyrimidines at R', R and R® by a robust route to generate a library of dual active inhibitors for deriving
SAR information.
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ligand-based approach and conducted a flexible alignment of our initial hit IV/5 and
the natural ligand of PgsR (HHQ) as well as a described substrate of PqgsD (B-
decanoic acid, see Paper V). These studies drew our attention to R' which might be
suitable for the introduction of alkyl chains. The alkyl substituted compounds were of
increased activity on PgsD which could be correlated with the chain length introduced
using a Hansch approach. However, the most effective compound V/34 (hexyl chain)
was of slightly reduced activity on PgsR (ICsp ~ 50uM). In light of these new results,
we tested whether PgsR and PgsD could accommodate other substituents at R'. A
phenyl substituent increased activity on PgsD and was tolerated by PgsR. Hence, we
conducted a Topliss derivatization of the phenyl ring.B" It turned out, that the
Hammett constant of introduced groups at the phenyl ring strongly correlated with the
biological activity on PgsD. A Hansch analysis, suggesting the introduction of
stronger electron-withdrawing groups, led to the discovery of an improved hit with
higher potency on PqgsD (V/44). This compound possesses very good ligand
efficiency indices and, additionally, its activity on PqsR was not impaired compared to
the initial hit IV/6 (see chapter V and Figure 25). As one of the desired features of the
inhibitor class within this work was increased susceptibility against Ciprofloxacin and
reduced biofilm volume we tested if dual active compounds V/44 and V/34 were able
to interfere with these resistance determinants. Indeed, both compounds reduced
biofilm formation and, in good accordance with the initial hit IV/6, also inhibited eDNA

release into the biofilm matrix.

As PgsD is a validated anti-biofilm target, we were interested if we could generate
new starting points for fragment-based inhibitor design with desirable properties (low
molecular weight, high solubility, high Ligand Efficiencies). From our studies on the
tetrazole-azido equilibrium at 4-azidopyrimidines (Paper IlI), we gained access to
stabilized tetrazolo[1,5-c]pyrimidines that share a high degree of similarity towards

adenine (Figure 26). This moiety is a reappearing motif in many natural compounds

N=N o 0 IC59 PgsD = 0.4 uM (LLE = 0.41)
N | \ ICso PqsR =24 pM (LLE = 0.30)
\ |
NN NYS c cLogD;,= 1.67
| MW = 357.2 g/mol
N .
Cl Solubility = 100-200 uM
V/44

Figure 25. Ligand-based design guided by LLE & QSAR led to the discovery of a dual inhibitor
compound (V/44) with increased activity on PgsD.
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Figure 26. Comparison of stabilized tetrazolo[1,5-c]pyrimidines with the naturally occurring adenosyl
motif.

also being part of PgsD’s substrates (malonyl and anthraniloyl-coenzyme A). Thus,
by simple comparison of adenine with tetrazolo[1,5-c]pyrimidines, we hypothesized
that these compounds might inhibit the enzyme reaction. Interestingly, thionyl
derivative 11/9 and carbonyl derivative Il/5 showed prominent inhibition of PgsD in the
low micromolar range. In terms of efficiency these compounds represent excellent
starting points for future fragment-linking or -growing approaches. These improved
hits could then pave the way towards our long term goal: developing novel drug-like
anti-virulence agents with the perspective to improve treatment of PA infections.

In summary, we could successfully apply a concept study towards the design of dual
target inhibitors, which were further improved regarding activity on PqgsD leading to
biofilm-active agents with preferable physicochemical properties. In depth analysis of
the azido-tetrazole equilibrium was used to identify fragments suitable for FBDD in

the future.

4.2.2 The cytochrome P450 enzymes 121 and 125 as novel drug targets for the
treatment of mycobacterial infections
Identification of a suitable and validated drug target is the primary goal before any
drug discovery can be conducted. For an antibiotic drug target a few hallmarks need
to be fulfilled. For example, the function needs to be essential for bacterial growth
and the target must not have an identical copy in mammals. For CYP121 and
CYP125 the first aspect was shown in in vitro and in vivo experiments.”""®l The
second requirement can be checked by a protein blast search of the mycobacterial
protein sequences versus the human proteome. For CYP121, the most homologous
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protein was CYP17 with an overall amino acid identity of 29% and a homology of
44%. Regarding CYP125, the blast search delivered CYP2R1 to be the most
identical protein found in humans with an amino acid identity of 24% and an overall
homology of 41%. These pre-conditions render CYP121 and CYP125 ideal target
candidates for anti-mycobacterial drug discovery regarding selectivity towards human
CYP enzymes, which is important for circumventing potential toxic side effects.

Finding a hit structure for a drug target can be achieved by different approaches:
randomly, by screening a library of millions of lead-like compounds, hundreds of
fragments or by more rational approaches. As shown by our group for PgsD, a
general trend regarding the screening method used is: the more information about a
target is available (e.g., X-ray structures, substrates, known inhibitors) the higher the
chances are to increase hit rates.!®® Driven by this rational, we made use of inhibitors
especially designed to interfere with the function of CYP P450 enzymes to build a
privileged library for the discovery of drug-like compounds targeting CYP121 and
CYP125. This library was of small size (< 150 compounds) but covered a chemical
space of six different scaffolds. In detail, these compounds were developed to target
human CYP enzymes from the human steroidogenic pathway, namely CYP11B1/B2
(11B-hydroxylases),’®? CYP17 (steroid-17a-hydroxylase) and CYP19 (aromatase).’®®
As the primary screening technology we used surface plasmon resonance
spectroscopy (SPR) which allowed us to identify first binders in an automated
medium throughput fashion. Fortunately, a common binder, the antifungal drug
Econazole, was already known to bind to the hemes of CYP121 and CYP125 and
was able to inhibit growth of mycobacteria.®®”® Thus, the compound served as
positive control in all subsequent assays. In the SPR screening, Econazole’s
response (Rpos) was chosen as reference to evaluate the hits. Therefore, we
introduced a metric which is the quotient of the response of the hit (R) divided by the
response of Econazole (Rpos). Every compound which had at least a R/Rpos 2 0.5 was
regarded as a hit and hence subject to further investigation in the UV-VIS heme
binding assay. For CYP121 we had a hit rate of 33% while for CYP125 17% of the
library compounds were binders regarding the aforementioned score. The
compounds were further evaluated by their ability to bind to the iron(ll) center of the
heme of respective enzymes. For this reason, we chose photometric UV-VIS analysis
as an assay to address this question. The basis for this experiment is the fact that

upon binding to the heme — either by direct coordination to iron center or indirectly by
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VII/128

Figure 27. Chemical structure of CYP125/142 dual inhibitor VII/128 which was the most promising hit
derived from the screening campaign against CYP125 as potential anti-mycobacterial agent.

forming an H-bond to the labile aqua-ligand, a test compound changes the UV-VIS
spectrum of the CYP enzyme (Chapter 1.8). This phenomenon was used to derive
dissociation constant of binders (Kp) and to differ between the two possible heme
binding types (Chapter 1.8). For CYP121 we found eleven compounds with a Kp
below 10 uM all of which showed a type Il binding profile. 14 compounds had an
affinity to CYP125 below 30 uM including six type | and eight type Il binders. The
most potent compound, VII/128, had already an affinity in the low nanomolar range
(Kp = 0.085 uM, Figure 27).Notably, this compound was also active on CYP142, a
bypass enzyme for the CYP125 reaction reported in the laboratory strain Mtb
H37R.,2Y with a Kp of 0.008 pM. Although this enzyme was only found in the
laboratory strain Mtb Hs7Rv to date, this finding might give a hint how future
resistance could develop. In this respect, a dual inhibitor of CYP125 and CYP142
might be superior over single target compounds. These compounds are somehow
also related to quorum sensing inhibitors, as they are not lethal for the bacterium per

se, but become active as soon as the bacterium enters the host.

Regarding CYP121, the best binders were further evaluated for their potential to
inhibit mycobacterial cell growth. Three of the eleven compounds showed an anti-
mycobacterial activity against a bovine strain which was below 10 pg/mL. To validate
the compound for the human pathogen Mtb, we conducted an additional growth
inhibition assay employing this pathogen. From the three compounds, one compound
(VINI:47, Figure 28) inhibited bacterial growth with a MICg of 0.3 pg/mL which is in

O
oL,
o VIIL:47

Figure 28. Chemical structure of CYP121 inhibitor VI/1:47 which was the most promising hit regarding
its anti-mycobacterial effect (MICgq = 0.3 pg/mL) against the human pathogen Mtb.
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the same range as the first line drug ethambutol (0.4 pg/mL).B Interestingly, VI/1:47
was almost inactive on CYP17, the human enzyme for which is was originally
synthesized.!®®! However, for further biological profiling, we tested the compound in a
HEK cell assay to evaluate its toxicity on human cells. VI/I:47 was almost 20 times
less toxic to human than to mycobacterial cells underlining the great potential for drug
development. Thus, we conducted docking experiments to the crystal structure of
CYP121 and retrieved a binding pose suggesting hot spots for further structure
modifications (Paper VI). In the future, for the identified CYP121 inhibitor VI/I:47,
evaluation of the compound in macrophage infection models and in vivo profiling in a
mouse model are planned. Furthermore, as the crystallization conditions for CYP121
are reported, a prospective co-crystal structure of the enzyme and VI/1:47 is plausible
which could serve as the basis for the structure-guided design towards a more potent
anti-mycobacterial compound. Regarding the potential of the identified CYP125
inhibitors, a cellular proof of their efficacy has to be provided. Therefore, regarding
the mode of action and the mechanism of CYP125, a macrophage infection model
needs to be established to reliably simulate the in vivo scenario. However, although
the identified compounds show already lead-like activities on the target, further
structure modifications need to be carried out to circumvent selectivity issues with
their originally intended human targets but which is highly probable based on our
initial in silico selectivity screen using a protein blast search (vide supra).
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Analytical Data

Oy

'"H NMR (300MHz, CHLOROFORM-0d): & = 8.68 (s, 1 H), 8.63 (d, J=5.6 Hz, 1 H),
8.21 (d, J=7.6 Hz, 1 H), 7.88 (d, J=7.3 Hz, 1 H), 7.35 - 7.50 (m, 2 H), 7.22 (d, J=5.6
Hz, 1 H), 2.68 ppm (s, 3 H); *C NMR (75MHz, CHLOROFORM-d): & = 174.1, 159.0,
155.8, 145.0, 140.6, 131.7, 125.0, 124.3, 121.1, 114.0, 104.1, 14.4 ppmppm; ESI-
MS: 243.1 [M+H]".

Compound 1:

Compound 2+3:
N— N—
\l\\l N S \I\\l N S
~ ~
ol ol
N N
2 3

'H NMR (300MHz, CHLOROFORM-q): & = 8.53 - 8.67 (m, 4 H), 8.05 (d, J=8.4 Hz, 1
H), 7.98 (s, 1 H), 7.73 (d, J=8.2 Hz, 1 H), 7.65 (s, 1 H), 7.10 - 7.34 (m, 4 H), 2.68 (s, 3
H), 2.67 (s, 3 H), 254 (s, 3 H), 251 ppm (s, 3 H); ®C NMR (75MHz,
CHLOROFORM-d): 5 =159.0, 158.9, 155.8, 155.8, 145.3, 143.1, 140.5, 140.1, 135.1,
134.2, 131.7, 129.5, 126.4, 125.7, 120.9, 120.5, 113.9, 113.5, 104.1, 103.9, 22.1,
21.5, 14.3 ppm; ESI-MS: 257.1 [M+H]*.

Compound 4:
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N
LY
N

'H NMR (300MHz, CHLOROFORM-d): 5 = 8.55 - 8.61 (m, 2 H), 7.93 (s, 1 H), 7.59
(s, 1 H), 717 (d, J = 5.6 Hz, 1 H), 2.67 (s, 3 H), 2.42 (s, 3 H), 2.39 ppm; '*C NMR
(75MHz, CHLOROFORM-d): & = 174.0, 158.9, 155.8, 143.5, 139.8, 134.2, 133.3,
129.8,121.0, 114.2, 103.9, 20.8, 20.2, 14.3 ppm (s, 3 H); ESI-MS: 271.1 [M+H]".

Compound 5+6:

Ne— N
An_s An_s
~ ~
N N
5 6

'H NMR (300 MHz, CHLOROFORM-d) 5 = 8.57 - 8.68 (m, 4H), 8.30 (s, 1H), 8.19 (d,
J = 8.75 Hz, 1H), 7.85 (s, 1H), 7.77 (d, J = 8.57 Hz, 1H), 7.32 - 7.45 (m, 2H), 7.17 (d,
J = 5.77 Hz, 2H), 2.69 (s, 3H), 2.67 (s, 3H); 13C NMR (75MHz, CHLOROFORM-d): &
- 159.1, 155.6, 141.5, 140.9, 125.5, 124.9, 121.7, 120.8, 115.1, 114.7, 104.0, 14.4
ppm; ESI-MS: 277.1 [M+H]".

Cl

Compound 7:

N
N
_N

O
AN
'H NMR (300MHz, CHLOROFORM-q): & = 8.58 (d, J=5.7 Hz, 1 H), 8.43 (s, 1 H),
7.90 (s, 1 H), 7.29 (s, 1 H), 7.13 (d, J=5.7 Hz, 1 H), 3.98 (s, 3 H), 3.96 (s, 3 H), 2.67
ppm (s, 3 H); *C NMR (75MHz, CHLOROFORM-d): 5 = 174.0, 158.7, 156.0, 148.2,
147.7,138.6, 138.3, 125.2, 103.6, 102.3, 97.9, 56.4, 56.2, 14.3 ppm; ESI-MS: 303.1
[M+H]".
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Compound 8:

NH2

ey

1H NMR (300MHz, CHLOROFORM-d): & = 8.66 (d, J=5.7 Hz, 1 H), 7.42 - 7.57 (m, 2
H), 7.37 (d, J=5.6 Hz, 1 H), 7.23 (d, J=7.6 Hz, 1 H), 7.11 (t, J=8.2 Hz, 1 H), 6.56 (br.
s., 2 H), 2.63 ppm (s, 3 H); *C NMR (75MHz, CHLOROFORM-d): & = 173.2, 159.1,
156.8, 153.4, 143.2, 131.0, 124.1, 120.6, 117.2, 110.6, 106.4, 14.2 ppm; ESI-MS:
258.1 [M+H]".

Compound 9:

mp: 178 °C; UV-VIS (MeOH) (nm): 203, 242, 263, 311(sh), 320; FT-IR (cm-1): 3097,
2156, 2017, 1893, 1596, 1564, 1552, 1506, 1486, 1463, 1428, 1347, 1324, 1306,
1288, 1242, 1205, 1144, 1121, 1090, 1065, 1039, 1009, 976, 917, 864, 841, 826,
801; 'H NMR (300 MHz, CHLOROFORM-d) & = 2.82 (s, 3 H), 7.55 (t, J = 8.3 Hz, 1
H), 7.70 (t, J = 8.9 Hz, 1 H), 8.06 (d, J = 5.9 Hz, 1 H), 8.18 (d, J = 8.3 Hz, 1 H), 8.57
(d, J =8.3Hz, 1 H),872(d,J =59 Hz, 1 H), 9.19 ppm (br. s, 1 H); 13C NMR (75
MHz, CHLOROFORM-d) 6 = 14.3, 103.2, 115.6, 116.4, 122.0, 131.6, 135.1, 157.9,
159.3, 161.0, 174.1 ppm; ESI-MS: 244.1 [M+H]*; HRMS: [M+H]" calc 244.06514,
found 244.06501.

Compound 10+11:
=N N=N
h N NS
~ NN
U or
=
11

'"H NMR (300MHz, CHLOROFORM-q): & = 8.66 (d, J=5.5 Hz, 2 H), 8.46 (d, J=8.5
Hz, 1 H), 8.39 (s, 1 H), 8.00 (d, J=8.5 Hz, 1 H), 7.91 (s, 1 H), 7.90 (s, 2 H), 7.47 (d,
J=8.6 Hz, 1 H), 7.32 (d, J=8.5 Hz, 1 H), 2.72 (s, 3 H), 2.71 (s, 3 H), 2.60 (s, 3 H), 2.56
ppm (s, 3 H) *C NMR (75MHz, CHLOROFORM-q): & = 173.4, 158.8, 157.5, 157.3,
1475, 145.5, 140.6, 135.8, 131.6, 131.6, 129.5, 127.6, 119.6, 119.3, 114.4, 105.1,
105.0, 22.3, 21.5, 14.5, 14.4 ppm; ESI-MS: 258.1 [M+H]*.
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Compound 12:

NLY -

1H NMR (300MHz, CHLOROFORM-d): & = 8.64 (dd, J=5.5, 1.1 Hz, 1 H), 8.34 (s, 1
H), 7.89 (dd, J=5.6, 1.0 Hz, 1 H), 7.85 (s, 1 H), 2.72 (s, 3 H), 2.48 (s, 3 H), 2.44 ppm
(s, 3 H); 13C NMR (75MHz, CHLOROFORM-d): 5 = 173.3, 158.7, 157.4, 146.0,
140.1, 135.4, 130.0, 119.4, 114.5, 105.0, 21.2, 20.4, 14.4 ppm; ESI-MS: 272.1
[M+H]".

Compound 13+14:

ON\”LY - N\”LY -

1H NMR (300MHz, CHLOROFORM-d): & = 8.70 (d, J=5.5 Hz, 2 H), 8.66 (s, 1 H),
8.57 (d, J=8.8 Hz, 1 H), 8.14 (s, 1 H), 8.07 (d, J=8.8 Hz, 1 H), 7.87 - 7.95 (m, 2 H),
7.63 (d, J=8.8 Hz, 1 H), 7.49 (d, J=8.8 Hz, 1 H), 2.73 (s, 3 H), 2.71 ppm (s, 3 H); '*C
NMR (75MHz, CHLOROFORM-qd): & = 159.1, 147.5, 145.4, 136.2, 130.5, 126.7,
121.1,119.7, 115.8, 115.0, 105.0, 105.0, 14.5 ppm; ESI-MS: 278.1 [M+H]*.

Compound 15:

=\
Q\/N\EN;\IL/S\

'H NMR (300MHz, CHLOROFORM-d): & = 8.58 (d, J=5.5 Hz, 1 H), 8.44 (s, 1 H),
7.66 (s, 1 H), 7.23 (s, 1 H), 6.96 (d, J=5.5 Hz, 1 H), 2.62 ppm (s, 3 H); '°*C NMR
(126MHz, CHLOROFORM-d): & = 174.0, 159.3, 154.5, 135.1, 131.5, 115.6, 103.2,
14.2 ppm; ESI-MS: 193.1 [M+H]".
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Compound 16:

'H NMR (300MHz, CHLOROFORM-d): & = 8.51 (dd, J=2.7, 0.6 Hz, 1 H), 8.48 (d,
J=5.5 Hz, 1 H), 7.71 (d, J=1.0 Hz, 1 H), 7.50 (d, J=5.5 Hz, 1 H), 6.43 (dd, J=2.7, 1.6
Hz, 1 H), 2.54 ppm (s, 3 H) *C NMR (75MHz, CHLOROFORM-0d): & = 172.6, 158.9,
143.8,127.6, 109.0, 103.8, 14.2 ppm; ESI-MS: 193.1 [M+H]".

Compound 17:

/=N
NANL N S

'H NMR (300MHz, CHLOROFORM-d): & = 9.22 (s, 1 H), 8.66 (d, J=5.4 Hz, 1 H),
8.14 (s, 1 H), 7.51 (d, J=5.4 Hz, 1 H), 2.63 ppm (s, 3 H); *C NMR (75MHz,
CHLOROFORM-d): & = 173.4, 159.9, 155.0, 153.7, 142.2, 104.1, 14.2 ppm; ESI-MS:
194.1 [M+H]".

Compound 18+19:

=) N
N\_N_ _N_ _S \N/N

o

N S
~N
\Ej/

_N
18 19
'H NMR (300MHz, CHLOROFORM-d): & = 8.70 (d, J=5.4 Hz, 1 H), 8.66 (d, J=5.5
Hz, 0.3 H), 8.61 (d, J=0.8 Hz, 1 H), 7.96 (s, 0.6 H), 7.86 (d, J=0.8 Hz, 1 H), 7.83 (d,
J=5.4 Hz, 1 H), 7.67 (d, J=5.5 Hz, 0.3 H), 2.66 (s, 1 H), 2.63 ppm (s, 3 H); °C NMR
(75MHz, CHLOROFORM-d): [ = 173.7, 159.8, 159.2, 154.9, 138.0, 134.5, 121.1,
104.9, 14.3, 14.2 ppm; ESI-MS: 194.1 [M+H]*.

No change in the ratio of regioisomers was observed when applying different
temperatures (60°C, 20 min, 50 Watt, yield 22%; 100°C, 10 min, 50 Watt, yield:
73%).
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Compound 20:

Z

N=
/

N

Z—

N S
~
\U
N
"H NMR (300MHz, CHLOROFORM-d): & = 9.56 (s, 1 H), 8.79 (d, J=5.2 Hz, 1 H),

7.71 (d, J=5.3 Hz, 1 H), 2.65 ppm (s, 3 H); 3C NMR (126MHz , CHLOROFORM-d): &
— 174.5,160.6, 152.8, 140.1, 105.2, 14.3 ppm; ESI-MS: 195.1 [M+H]".
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|. Experimental

All reagents used were of reagent grade or higher. 'H and '*C-NMR spectra were
recorded on Bruker Fourier spectrometers (500/300 or 176/126/75 MHz) at ambient
temperature with the chemical shifts recorded as & values in ppm units by reference
to the hydrogenated residues of deuteriated solvent as internal standard. Coupling
constants (J) are given in Hz, and signal patterns are indicated as follows: s, singlet;
d, doublet; dd, doublet of doublets; t, triplet; m, multiplet, br, broad signal. The
Surveyor LC system consisted of a pump, an autosampler, and a PDA detector.
Mass spectrometry was performed on a MSQ electrospray mass spectrometer
(ThermoFisher, Dreieich, Germany).The system was operated by the standard
software Xcalibur. A RP C18 NUCLEODUR 100-5 (125 mm x 3 mm) column
(Macherey-Nagel GmbH, Dihren, 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 increased from an initial concentration of
0% at 0 min to 100% at 15 min and kept at 100% for 5 min. The injection volume was
10 ul, and flow rate was set to 800 uL/min. MS analysis was carried out at a spray
voltage of 3800 V and a capillary temperature of 350 °C and a source CID of 10 V.
Spectra were acquired in positive mode from 100 to 1000 m/z at 254 nm for the UV
trace. IR Spectra were recorded on a Perkin Elmer FT-IR Spectrum 100
spectrometer equipped with an UATR accessory. High Resolution mass
Spectrometry for compounds 5 and 9 were performed on a Dionex Ultimate 3000
RSLC system using a Waters BEH C18, 50 x 2.1 mm, 1.7 um dp column by injection
of two pl methanolic sample. Separation was achieved by a linear gradient with (A)
H20 + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 600 pl/min and 45 °C. The
gradient was initiated by a 0.33 min isocratic step at 5 % B, followed by an increase
to 95 % B in 9 min to end up with a 1 min flush step at 95 % B before reequilibration
under the initial conditions. UV and MS detection were performed simultaneously.
Coupling the HPLC to the MS was supported by an Advion Triversa Nanomate nano-
ESI system attached to a Thermo Scientific Orbitrap. Mass spectra were acquired in
centroid mode ranging from 200 — 2000 m/z at a resolution of R = 30000. High
Resolution Mass Spectrometry for compounds 1-4, 6-8 and 10-12 was performed on
a Dionex Ultimate 3000 RSLC system using a Waters BEH C18, 50 x 2.1 mm, 1.7
um dp column. Separation of 1 uL sample was achieved by a linear gradient with (A)
H20 + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 600 ul/min and 45 °C. The
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gradient was initiated by a 1 min isocratic step at 5 % B, followed by an increase to
95 % B in 6 min to end up with a 1.5 min step at 95 % B before reequilibration under
the initial conditions. UV spectra were recorded by a DAD in the range from 200 to
600 nm. The LC flow was split to 75 ul/min before entering the maXis 4G hr-ToF
mass spectrometer (Bruker Daltonics, Bremen, Germany) using the standard ESI
source. Mass spectra were acquired in centroid negative mode ranging from 150 —
2000 m/z at a 2 Hz scan speed.

Caution: High nitrogen-content compounds are known to be instable.
Although we experienced no difficulties in handling these compounds, all
experiments were performed in small scale and with best safety
precautions (e.g. gloves, protective eyewear, labcoat, shield)!
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a) Chemical synthesis

1: 4-azido-2-(methylsulfonyl)pyrimidine

2.0 g (12 mmol) of 3 was dissolved in EtOAc (30 ml) and 22.2g Oxone (36 mmol)
dissolved in 50 ml water was added. The mixture was stirred for 3 hrs at ambient
temperature. The aqueous layer was extracted 3 times with 60 ml EtOAc. The
combined organic layers were dried over Na,SO4 and the solvent was removed in

vacuo to yield 1 as a pale yellow solid (2.2 g, 92%).

'H-NMR (300 MHz, DMSO-ds): & = 8.90 (d, J=5.5 Hz, 1 H), 7.40 (d, J=5.5 Hz, 1 H),
3.41 ppm (s, 3 H) ppm

BC-NMR (75 MHz, DMSO-d): & = 165.2, 163.4, 160.0, 113.8 ppm
ESI-MS(+): m/z 200.0 [M+H]*

HRMS: m/z calcd. for CsHgNsO.S*: 200.02367 found: 200.02353 [M+H]*

2: 4-azido-2-(methylsulfinyl)pyrimidine

Na_. N_ _S

70mg (0.4 mmol) of 3 was dissolved in EtOAc (5 ml) and 60mg oxone (0.2 mmol)
dissolved in 5 ml water was added. The mixture was stirred for 3 hours at ambient
temperature. The aqueous layer was extracted 3 times with 30 ml EtOAc. The
combined organic layers were dried over NaSO4 and the solvent was removed in
vacuo. The residue was purified by flashchromatography (ethylacetate:methanol,
97.5:2.5) to yield 2 as a white solid (15 mg, 17%).
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Tetrazole: '"H-NMR (300 MHz, DMSO-ds) 8= 8.82 (d, J = 5.49 Hz, 1H), 7.22 (d, J =
5.49 Hz, 1H), 2.90 (s, 3H) ppm

Azide: "H-NMR (300 MHz, DMSO-ds) §= 8.58 - 8.68 (m, 1H), 8.37 - 8.49 (m, 1H),
3.16 (s, 3H) ppm

3C-NMR (75 MHz, DMSO-d): 8= 174.1, 163.4, 160.3, 112.1, 40.1 ppm
ESI-MS(+): m/z 184.1 [M+H]"

HRMS: m/z calcd. for CsHgNsOS*:184.02876 found: 184.02844 [M+H]*

3: 4-azido-2-(methylthio)pyrimidine

N3

3.2 g of 4-chloro-2-(methylthio)pyrimidine (20 mmol) was dissolved in DMF (60 ml)
and 4.0 g NaN; (60 mmol) was added. The suspension was stirred at ambient
temperature for 72 hours. To the mixture was added 200 ml water and the aqueous
layer was extracted 3 times with 300ml EtOAc. The combined organic layers were
dried over NaSO,, filtered and the solvent was removed in vacuo to obtain a
brownish oil. Residual DMF was removed by azeotropic destillation with heptane to
yield 3 as a pale yellow solid (3.3 g, 98%).

Tetratole: 'TH-NMR (300 MHz, DMSO-ds) 8=, 8.37 (d, J = 6.33 Hz, 1H), 7.99 (d, J =
6.33 Hz, 1H),, 2.80 (s, 3H) ppm

Azide: "H-NMR (300 MHz, DMSO-ds) 8= 8.49 (d, J = 5.40 Hz, 1H), 6.78 (d, J = 5.59
Hz, 1H), 2.52 (s, 3H) ppm

BC-NMR (75 MHz, CDCl3) §= 173.0, 161.9, 158.1, 152.9, 149.1, 1455, 105.8,
105.0, 14.0, 13.5 ppm

ESI-MS(+): m/z 168.1 [M+H]"

HRMS: m/z calcd. for CsHgNsS™: 169.03384 found: 168.03362 [M+H]"
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4: 4-azido-N-methylpyrimidin-2-amine

100 mg of 1 (0.5 mmol) was dissolved in EtOH, 203 pl TEA (1.5 mmol) and 130 pl
40% aminomethyl in water (3 mmol) was added in a krimp vial. The mixture was
heated to 60°C for 3 hrs. Solvent was removed in vacuo and the residue was purified
by flashchromatography (Ethylacetate:Hexane, 1:1) to yield 4 as white needles (60
mg, 80%).

'H-NMR (300 MHz, DMSO-dk) &= 8.90 (br. s., 1H), 8.01 (d, J = 6.24 Hz, 1H), 7.23 (d,
J = 6.24 Hz, 1H), 3.06 (d, J = 3.26 Hz, 3H) ppm

BC-NMR (75 MHz, DMSO-ds) 8 = 150.3, 148.0, 145.2, 96.3, 27.8 ppm
ESI-MS(+): m/z 151.0 [M+H]*

HRMS: m/z calcd. for CsH;Ng": 151.07267 found: 151.07249 [M+H]"
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5: 4-azidopyrimidin-2(1H)-one

N
3 /N\(O
. NH
100 mg (0.5 mmol) of 1 was dissolved in Dioxane (2 ml) and 20 mg NaOH (0.5 mmol)
in 3 ml Water was added. The mixture was heated to 100°C in a krimp vial for 3
hours. Solvent was removed in vacuo and the residue was purified by

flashchromatography (ethylacetate:hexane, 7:3) yielding 5 as a white solid (30 mg,
43%).

'H-NMR (300 MHz, DMSO-ds) 8= 12.44 (br. s., 1H), 7.68 (d, J = 7.36 Hz, 1H), 6.99
(d, J =7.36 Hz, 1H) ppm

3C-NMR (75 MHz, DMSO-ds) & = 152.0, 143.3, 136.9, 92.7 ppm
ESI-MS(+): m/z 138.0 [M+H]*

HRMS: m/z calcd for C4HoNs07:136.0265 found: 136.0266 [M-H]

6: 4-azido-N,N-dimethylpyrimidin-2-amine

|
N3 /Nm/N\
A
100 mg (0.5 mmol) of 1 was dissolved in THF, 203ul TEA (1.5 mmol) and 750 ul of
dimethylamine in THF (1.5mmol) was added. The mixture was heated to 60°C in a
krimp vial. Solvent was removed in vacuo and the residue was purified by

flashchromatography (ethylacetate:hexane, 2:8) to yield 6 as a colorless oil (50mg,
61%).

Tetrazole: 7.97 (d, J =6.15 Hz, 1H), 7.29 (d, J = 6.05 Hz, 1H), 3.50 (s, 6H) ppm

Azide: "H-NMR (300 MHz, DMSO-ds) §=8.23 (d, J = 5.22 Hz, 1H), 6.15 (d, J = 5.22
Hz, 1H), 3.11 (s, 6H) ppm

3C-NMR (75 MHz, DMSO-ds) 8 = 161.5, 161.3, 159.7, 98.2, 36.3 ppm
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ESI-MS(+): m/z 165.0 [M+H]*

HRMS: m/z calcd. for CgHgNg": 165.08832 found: 165.08836 [M+H]*

7: 4-azido-2-methoxypyrimidine

N3

100 mg (0.5 mmol) of 1 was dissolved in dry MeOH and 105 mg sodium methanolate
40% in methanol (0.75 mmol) was added. The mixture was stirred at room
temperature in a krimp vial. Solvent was removed in vacuo and the residue was
purified by flashchromatography (ethylacetate:hexane, 1:9) to yield 7 as a white solid
(15 mg, 20%).

Tetrazole: 'H-NMR (300 MHz, DMSO-ds) § = 8.48 (d, J = 5.40 Hz, 1H), 6.72 (d, J =
5.40 Hz, 1H), 3.92 (s, 3H) ppm

Azide: '"H-NMR (300 MHz, DMSO-ds) 6 =8.16 (d, J = 6.43 Hz, 1H), 7.80 (d, J = 6.43
Hz, 1H), 4.29 (s, 3H) ppm

3C-NMR (126 MHz, DMSO-ds): & = 164.9, 163.3, 161.0, 151.7, 148.0, 146.2, 104.7,
103.4, 57.0, 54.7 ppm

ESI-MS(+): m/z 152.0 [M+H]*

HRMS: m/z calcd. for CsHgNsO":152.05669 found: 152.05643 [M+H] *

8: 4-azidopyrimidin-2-amine

100 mg (0.5 mmol) of 1 was dissolved in 2 ml MeOH, 1.3 ml of 7 N Ammonia in
MeOH (1.7 mmol) and 203 pl TEA (1.5 mmol) was added. The mixture was heated to
60°C in a Krimp vial. Solvent was removed in vacuo and the residue was purified by
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flashchromatography (Ethylacetate:Hexane, 6:4) to yield 8 as a brownish solid (30
mg, 44%).

'H-NMR (300 MHz, DMSO-ds) & = 8.54 (br. s., 2H), 7.95 (d, J = 6.24 Hz, 1H), 7.23 (d,
J =6.33 Hz, 1H) ppm

3C-NMR (75 MHz, DMSO-ds) & = 150.6, 148.3, 146.2, 96.6 ppm
ESI-MS(+): m/z 137.0 [M+H]*

HRMS: m/z calcd. for C4HsNg™: 137.05702 found: 137.05644 [M+H]"

9: 4-azidopyrimidine-2(1H)-thione

N
3 /N\(S
. NH
100 mg (0.5 mmol) of 1 was given to a mixture of EtOH (2.5 ml) and 0.025M HClgq
(2.5 ml). 158 mg of NaS;03 (1 mmol) was added and the suspension was refluxed for

16 hours. A white precipitate formed which was filtered, washed 3 times with water
and dried in vacuo to give 9 as a white solid (35 mg, 45%).

'H-NMR (300 MHz, DMSO-ds) 8= 14.15 (br. s., 1H), 7.77 (d, J = 7.26 Hz, 1H), 7.43
(d, J =7.26 Hz, 1H) ppm

3C-NMR (75 MHz, DMSO-ds) 8 = 165.8, 148.1, 136.7, 97.9 ppm
ESI-MS(+): m/z 154.0 [M+H]*

HRMS: m/z calcd. for C4HoNsS™: 152.0036 found: 152.0009 [M-H]

10: 2-(methylsulfonyl)-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrimidine
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100 mg of 1 (0.5 mmol) and 51 mg phenylacetylene (0.5 mmol) was dissolved in 5ml
tertBuOH:H>O (1:1), 10 mg sodium ascorbate (0.1 mmol) and 2.5 mg CuSO4x5H,0
(0.02 mmol) was added argon atmosphere. The mixture was stirred at ambient
temperature for 24 hours. The reaction mixture was extracted 3 times with EtOAc and
the solvent was removed in vacuo. The residue was purified by flash chromatography
(Ethylacetate:Hexane, 1:1) to yield 10 as a white solid (82 mg, 55%).

"H-NMR (300 MHz, DMSO-ds) 6=9.60 (s, 1H), 9.29 (d, J = 5.59 Hz, 1H), 8.47 (d, J =
5.59 Hz, 1H), 7.99 - 8.19 (m, 2H), 7.48 - 7.58 (m, 2H), 7.24 - 7.48 (m, 1H), 3.60 (s,
3H) ppm

3C-NMR (75 MHz, DMSO-ds) 5= 165.9, 162.6, 155.8, 148.4, 129.7, 129.5, 129.4,
126.3, 119.3, 113.4, 39.5 ppm

ESI-MS(+): m/z 302 [M+H]*

HRMS: m/z calcd. for C13H12N502S*: 302.07062 found: 302.07065 [M+H]*

11: 2-(methylthio)-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrimidine

83 mg of 3 (0.5 mmol) and 51 mg phenylacetylene (0.5 mmol) was dissolved in 5ml
tertBuOH:H>O (1:1), 10 mg sodium ascorbate (0.1 mmol) and 2.5mg CuSO4x5H,0
(0.02 mmol) was added under inert atmosphere. The mixture was stirred at ambient
temperature for 24 hours. The reaction mixture was extracted 3 times with EtOAc and
the solvent was removed in vacuo. The residue was purified by flash chromatography

(ethylacetate:hexane, 3:7) to yield 11 as a brownish solid (108 mg, 81%).

'H-NMR (300 MHz, CDCl) 8= 8.78 (s, 1H), 8.71 (d, J = 5.40 Hz, 1H), 7.91 - 8.04 (m,
2H), 7.85 (d, J = 5.40 Hz, 1H), 7.44 - 7.58 (m, 2H), 7.35 - 7.44 (m, 1H), 2.66 (s, 3H)
ppm

BC-NMR (75 MHz, CDCl3) 8= 173.7, 159.6, 154.9, 148.5, 129.6, 129.0, 128.9,
126.0, 116.5, 104.8, 14.3 ppm
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ESI-MS(+): m/z 270.0 [M+H]*

HRMS: m/z calcd. for C13H12NsS™: 270.08079 found: 270.08099 [M+H]"

12: N-methyl-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrimidin-2-amine

75 mg of 1 (0.5 mmol) and 51 mg phenylacetylene (0.5 mmol) was dissolved in 5 ml
tertBuOH:H-O (1:1), 100 mg sodium ascorbate (0.5 mmol) and 25 mg CuSO4x5H.0
(0.1 mmol) was added. The mixture was stirred at ambient temperature for 24 hrs.
The reaction mixture was extracted 3 times with EtOAc and the solvent was removed
in vacuo. The residue was purified by flash chromatography (ethylacetate:hexane,
1:1) to yield 12 as a brownish solid (64 mg, 51 %).

'H-NMR (300 MHz, CDCl) 8= 8.73 (s, 1H), 8.47 (d, J = 5.12 Hz, 1H), 7.88 - 8.02 (m,
2H), 7.35 - 7.57 (m, 4H), 5.36 (br. s., 1H), 3.11 (d, J = 5.12 Hz, 3H) ppm

3C-NMR (75 MHz, CDCl;) 6= 162.8, 160.8, 155.8, 148.0, 129.9, 128.9, 128.6,
126.0, 116.4, 98.7, 28.5 ppm

ESI-MS(+): m/z 253.3 [M+H]*

HRMS: m/z calcd. for C13H13Ng": 253.11962 found: 253.11971 [M+H]"

14: N,N-dimethyl-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrimidin-2-amine

M? |
N /Nm/N\
@
54 mg of 6 (0.3 mmol) and 34 mg phenylacetylene (0.3 mmol) was dissolved in 3 ml

tBuOH:H,O (1:1), 7.5 mg sodium ascorbate (0.0375 mmol) and 2 mg CuSO4x5H,0

(0.0075 mmol) was added under inert atmosphere. The mixture was stirred at
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ambient temperature for 24 hrs. The reaction mixture was extracted 3 times with
EtOAc and the solvent was removed in vacuo. The residue was purified by flash
chromatography (ethylacetate:hexane 3:7,) to yield 14 as a colorless solid (64 mg, 68
%).

'H NMR (500 MHz, CDCls) d 8.72 (s, 1H), 8.50 (d, J = 5.36 Hz, 1H), 7.91 - 8.01 (m,
2H), 7.45 - 7.52 (m, 2H), 7.40 (tt, J = 1.30, 7.60 Hz, 1H), 7.34 (d, J = 5.04 Hz, 1H),
3.28 (s, 6H)

®C NMR (126 MHz, CDCl3) 6= 161.9, 160.4, 155.4, 147.9, 130.0, 128.9, 128.6,
126.0, 116.3, 97.0, 37.1

ESI-MS(+): m/z 267.0 [M+H]*

HRMS: m/z calcd. for C14H15Ne": 267.13527 found: 267.13506 [M+H]*

15: 5-azidopyrimidine

15 was synthesized as reported before with minor modifications.’ Briefly, to a solution
of 50 mg of pyrimidine-5-boronic acid (0.4 mmol) in MeOH (5 ml) was added 60 mg
sodium azide (1.0 mmol) and CuSO,4 (0.04 mmol). The suspension was stirred
vigorously at room temperature until TLC showed complete conversion of starting
material. 50 ml water was added and the aqueous layer was extracted three times
with EtOAc. The combined organic layers were dried over sodium sulfate and filtered
over a double layer pad of Celite® and silica. Solvent was removed under reduced
pressure to obtain the title compound as an off white solid (30 mg, 63 %). Analytical
data is in good accordance with the published spectral data of Grimes et al.

FT-IR (cm™): 3205, 3022, 2925, 2393, 2258, 2191, 2108, 1727, 1574, 1557, 1437,
1415, 1354, 1296, 1191, 1167, 1097, 1036, 905, 884, 715, 693

'H-NMR (500 MHz, MeOD) &= 8.61 (s, 2H), 8.93 (s, 1H) ppm

3C-NMR (126 MHz, MeOD) &= 138.5, 149.2, 155.3 ppm
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ESI-MS(+): m/z 122.0 [M+H]*

b) X-Ray Crystallography
Crystallization of 3:

100 mg of 3 was dissolved in hot chloroform. Crystals formed after 2 days at ambient

temperature.

CCDC-Number: 1045217

Crystallization of 4:

20 mg of 4 was dissolved in hot chloroform. Crystals formed after 4 days at ambient

temperature.

CCDC-Number: 1045218

Crystallization of 5:

20 mg of 5 was dissolved in hot MeOH. Crystals formed after 3 days at ambient

temperature.

CCDC-Number: 1045219

X-ray structure determination of 3-5

Crystals suitable for single-crystal x-ray analysis were obtained as described above.
The data were collected at 133 K on a BrukerAXS X8Apex CCD diffractometer
operating with graphite-monochromatized Mo Ka radiation. Frames of 0.5° oscillation
were exposed; deriving data in the 8 range of 2 to 30° with a completeness of ~99%.
Structure solution and full least-squares refinement with anisotropic thermal
parameters of all non-hydrogen atoms and rigid group refinement of the hydrogen
were performed using SHELX? (The final refinement result in: [1] R1= 0.026; [2] R1=
0.036; [3] R1= 0.043. Crystallographic data for the structures have been deposited
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with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on
quoting the depository numbers CCDC (www.ccdc.cam.ac.uk/data_request/cif).

c) Determination of pK;,

The pKa's of 5 and 9 were measured using the SiriusT3 automatic titration system
(Sirius Analytical Ltd, Forest Row, UK) and the software supplied with the machine
for the refinement of the experimental data. Standard solutions of hydrochloric acid
0.5 M and potassium hydroxide 0.5 M in Millipore water were used as acid and base
titrant, respectively. The ionic strength of the water used for dissolving the samples
was adjusted adding potassium chloride obtaining a 0.15 M solution. A solution of 50
% acetonitrile - 50 % Millipore water was prepared and potassium chloride was
added in it for obtaining a final mixture 50 % acetonitrile with 0.15 M KCI. In each
experiment, 5 was titrated three times in water media from high to low pH, while 9
was titrated three times in acetonitrile — water solution (first titration in 42 %, second
titration in 38 % and third titration in 32 % of acetonitrile) from basic to acidic pH.
Three independent experiments were performed per each compound at room
temperature.

d) Molecular Modelling and Density Functional Calculations

Modelling of steric clash of the aminodimethyl group and N2 of tetrazol of compound
6:

Based on the crystalstructure of 4 (CCDC-Number: 1045218) an additional
methylgroup was introduced to the methylamine, resulting in the tetrazole tautomer of
compound 6 (left figure). Steric clashes, indicated in orange, occur between methyl C

and N2 of tetrazole, resulting in an energy demand of 4.6 kcal to accommodate this
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structure. Energy minimization in vacuo with AMBER 10:EHT solvation model R-field
(MOE) of this structure (right figure, pink structure) yielded a conformation where the
methyl group and the tetrazole evade this clash which is accompanied by a
deformation of the tetrazolo[1,5-c]pyrimidine ring (right figure, grey structure=before

energy minimization, pink structure=after energy minimization)

Modelling of compound 5 and 9 into the adenosyl bindingsite of PqsD:

To predict the binding mode of compound 5 and 9 the cocrystal structure of PqsD
with anthranoyl-CoA (PDB code: 3H77) was used. The anthranoyl-CoA chain was
deleted and only the adenosine moiety was kept for further experiments. The
adenosine was modified using Molecular Operating Environment, Chemical
Computing Group to compound 5 and 9 and the resulting structures, and the
residues in 3.5A proximity were energy minimized inside the binding site of
adenosine. For energy minimization MMFF94x (Merck Forcefield) of MOE software

package was used with the preset standard parameters.

Energy optimization of compounds 1-9 and solvation contributions:

Structures were energetically optmized at B3LYP/aug-cc-pVDZ level of theory using
default parameters. Single point energies were obtained applying the COSMO
solvent model® as implemented in NWChem (Version 6.1)*. The dielectric constants
and solvent radii used were for water (78.0, 1.37), for DMSO (47.24, 2.455), and for
CHCI; (4.8069, 2.715), respectively.
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e) Calculated physicochemical properties of compounds 1-9

Physicochemical properties were calculated using ACD/Percepta version 2012 (Build
2203, 29 jan. 2013), ACD/Labs. Calculation of LogP values was done using

consensus LogP model and for pKa calculation the pKa classic module was used.

cLogDz 4 cLogP cpKa
Cmpd T A T A T A Exp
1 1.16 0.37 1.16 0.37
2 1.34 0.05 1.34 0.05
3 -0.06 1.96 -0.06 1.96
4 0.79 1.49 0.79 1.49
5 2.63 074  -1.21 0.72 5.9 8.7 6.8
6 -0.59 1.72 -0.59 1.72
7 0.22 1.21 0.22 1.21
8 1.05 0.88 1.05 0.88
9 064 135 015  -0.35 7.1 6.4 4.6

T=Tetrazol, A=Azide, Exp= experimentally determined.
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Protonation State vs pH
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f) Calculation of Ligand Efficiency (LE) and Ligand Lipophilicity Efficiency
(LLEAstex)

LE of compounds 5 and 9 was calculated based on their ICso:°

IC50
N

LE = 1.4 +2 o (NHA= Number of heavy atoms)

LLEastex Was calculated using ICsos with minor changes to the formula, based on the
findings of Shultz>®:

pIC50 — cLogP

LLE pgrex = 0.11 + 1.4 N

g) In vitro PqsD Inhibition Assay

PgsD In vitro Inhibition Assay: The assay was performed monitoring enzyme activity
by measuring HHQ formed by condensation of anthraniloyl-CoA and 3-ketodecanoic
acid. The reaction mixture contained MOPS buffer (0.05 M, pH 7.0) with 0.005 %
(w/v) Triton X-100, 0.1 uM of the purified enzyme, and inhibitor. The test compounds
were dissolved in DMSO and diluted with buffer. The final DMSO concentration was
0.5%. After 10 min preincubation at 37 °C, the reaction was started by the addition
anthraniloyl-CoA to a final concentration of 5 yM and B-ketodecanoic acid to a final
concentration of 70 uyM. Reactions were stopped byaddition of MeOH containing 1
MM amitriptyline as internal standardfor LC/MS-MS analysis. HHQ was quantified
using a HPLC-MS/MSmass spectrometer (Thermo Fisher, Dreieich, Germany) in ESI
mode.lonization of HHQ and the internal standard amitriptyline was optimized in each
case. The solvent system consisted of 10 mM ammonium acetate (A) and acetonitrile
(B), both containing 0.1 % trifluoroacetic acid. The initial concentration of B in A was
45%, increasing the percentage of B to 100 % in 2.8 min and keeping it at 98% for
0.7 min with a flow of 500 pl/min. The column used was a NUCLEODUR-C18, 100-
3/125-3 (Macherey & Nagel, Duehren,Germany). Control reactions without the
inhibitor, but including identical amounts of DMSO, were performed in parallel, and
the amount of HHQ produced was set to 100 %. All reactions were performed in
triplicate except for adenine and hypoxanthine which were performed as single point
measurements at 50 pM. Hypoxanthine inhibited 9% HHQ formation whereas
adenine inhibited 0% HHQ formation.
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h) SPAAC reactionkinetics of 3, 4 and 5 under neutral, basic and acidic pH

10 pl of Dibenzocyclooctyne-amine (100 mM DMSO Stock) and 20 ul of the
corresponding azide-compound (50 mM in tertBuOH:Water [1:1]) was added to 1000
ul of terfBuOH:Water (1:1) and shaken at room temperature for 1 hr for neutral
conditions. For acidic conditions 0.2 % TFA or 0.1 M HCI was and for basic
conditions 0.1 M NaOH was used in 1000 pl terfBuOH:Water (1:1) final. 10 pl of the

reaction mixture was injected into the LC-MS System.
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LC-MS Run of 3 under neutral conditions
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LC-MS Run of 3 under acid conditions (0.2% TFA)
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LC-MS Run of 3 under acid conditions (0.1 M HCI)
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LC-MS Run of 3 under basic conditions (0.1 M NaOH)
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LC-MS Run of 4 under neutral conditions:
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LC-MS Run of 4 under acid conditions (0.2% TFA):
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LC-MS Run of 4 under acid conditions (0.1 M HCI):
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6 Supporting information

LC-MS Run of 4 under basic conditions (0.1 M NaOH):
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LC-MS Run of 5 under neutral conditions
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LC-MS Run of 5 under acid conditions (0.2%TFA)
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LC-MS Run of 5 under acid conditions (0.1 M HCI)
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LC-MS Run of 5 under basic conditions (0.1 M NaOH)

RT:000-2500 SM: 78

RY: 888 NL
AA: 5322813 7.45€5
Wavelength
700000 1 UV
RT: 128 AT_SPAAC
MA: 6485980 “Carboryt_
2
)
100000
RT:956 RT:12.34
(234741 AAC 168659 15.57
0 2 B 6 8 10 12 14 16 18 20 2 24
Time (min)
RT: 107-2004 SM: 78
17.58 NL
1.48ES
mizs
294 .50-
29550 MS
' AT_SPAAC
_Carbomt_
NaOH
79
7.96
8.00
752
1863 1969
808
1007 1
A 007 1088 L4 1310 1399 1423 1575
201‘ 539 ‘v’ V f 15*4“ 17“6
It k WM RN il
Vil \. | V' |
T rrT—T—Trerr—TtfrYrrr-rr-rreer—TdYTrrre-r-T1rrrr-r-r—"
10 12 14 16 18 20
Time (min)

AT_SPAAC_Carbonyl_NaOH #8466 RT: 796 AV: 1 NL: 7.97E4
T: (0,0} + ¢ ES! Icorona sid=12500 det=1341.00 Full ms [155.00-600.00)

100 295.04

158



i) SPAAC reactionkinetic of 4 at pH 1.5, 2.5 and 4.1 and 15 at pH 1.4 and pH 7.0

Compound 4:
pH 1.5
Time [min]  AUC of 4 [mAU] 4 [%] AUG of produet Product [%]
[mAU]
30 5734933 91.7 518946 8.3
60 5602499 83.6 1101498 16.4
90 5268856 77.8 1499674 22.2
120 5003182 72.2 1924425 27.8
150 4871904 67.8 2311144 32.2
180 1370705 63.7 779760 36.3
pH 2.5
Time [min]  AUC of 4 [mAU] 4 [%] AUG of produet Product [%]
[mAU]
30 5695140 97.6 138559 2.4
60 5178777 96.1 210430 3.9
90 5230687 95.5 244025 4.5
120 5262583 94 .1 329738 5.9
150 5207051 92.8 403243 7.2
180 5176146 91.9 455522 8.1
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pH 4.1

AUC of product

Time [min]  AUC of 4 [mAU] 4 [%] (mAUJ Product [%]
30 4860187 99.3 31833 0.7
60 4855123 98.5 74656 1.5
90 5065370 98.1 99397 1.9
120 5005964 97.8 114435 2.2
150 5102021 97.5 132920 2.5
180 5058522 97.5 129192 2.5

Compound 15:

pH 1.4
Time [min] AUC of DBCOA® DBCOA? AUC of product Product [%]
[MAU] [%] [MAU]

30 3749764 62.2 2281874 37.8
60 3128959 49.9 3138413 50.1
90 2705288 39.2 4199670 60.8
120 2153357 31.7 4642839 68.3
150 2053435 27.9 5296846 72.1
180 1702508 23.4 5561344 76.6

4DBCOA = Dibenzocyclooctyne-amine
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pH 7.0

Time [min] AUC of DBCOA® DBCOA? AUC of product Product [%]
[mAU] [%] [mAU]
30 2912988 61.2 1850148 38.8
60 2577175 47.8 2812106 52.2
90 1980938 38.1 3220216 61.9
120 1698357 28.9 4181186 71.1
150 1483145 25.2 4412387 74.8
180 1387631 23.5 4528455 76.5

#DBCOA = Dibenzocyclooctyne-amine

Conversion [%]

SPAAC kinetic of 13 and DBCOA

1004

- pH70
= pH14

50

100

Time [min]
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6 Supporting information

Il. Spectral Data
a) 'H-NMR Spectra
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"H-NMR of 2
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"H-NMR of 3
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'"H-NMR of 5

o
-

S
(=}

@©
(=}

™~
(=}

© 10. <
o o o
Ayisuaju| pazijewioN

166

.

0.3

0.2

0.1

1.00

| BLJNLILINLEN BRI LI L L L LI L L L L LB L LB LB L L L L L L BB |

2

11 10 9 8 7 6 5 4 3
Chemical Shift (ppm)

12



Le—

'"H-NMR of 6
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'"H-NMR of 7
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'"H-NMR of 8
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"H-NMR of 9
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The small peaks close to the dublets at 7.77 and 7.43 are possibly due to thionyl-thiol

tautomerization
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b)  DMSO-d; titration of 4 in CDCIl; monitored by '"H-NMR

0% DMSO — 'H-NMR of 4 in CDClj4
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1% DMSO — "H-NMR of 4 in CDCls
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2% DMSO — '"H-NMR of 4 in CDClj,
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2.9% DMSO - 'H-NMR of 4 in CDCls
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3.8% DMSO - 'H-NMR of 4 in CDCls
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4.8% DMSO — 'H-NMR of 4 in CDCls
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5.7% DMSO — 'H-NMR of 4 in CDCls
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6.4% DMSO — 'H-NMR of 4 in CDClj,
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7.4DMSO — "H-NMR of 4 in CDCl5

o_F
98—+ _ QE
sgzd ) O]-_o_
bIe—F —— A SIE”
ered Y o-E

} 3
)
:(V)
o
- <
0
:V
o
:u')
o
:lD

0 C
¥6'S— =4 O |Fo
ses/ o]:—«s

o
:(O
669 (4 ok
. —_ o
10— = j S]:—,\‘
ﬁ 'E_
- W0
-~
5k
98—+ _— -2 [E
A =% 33E2
00'8 S
z0'8 -
)
:CO
IIIIIIIIIIIIIIIIII|II|IIII||IIII|I|IIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'IIIIIIIII[IIII L 3

o o o N © 1 ¥ o o <= g

— o o o o o o o o o

Aysusyu| pazijewioN

179

Chemical Shift (ppm)



8.3% DMSO - 'H-NMR of 4 in CDCls
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9.1% DMSO - 'H-NMR of 4 in CDCls
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9.9% DMSO - 'H-NMR of 4 in CDCls
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10.7% DMSO — 'H-NMR of 4 in CDClj,
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11.5% DMSO — 'H-NMR of 4 in CDClj,
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12.9% DMSO — 'H-NMR of 4 in CDClj,
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15.6% DMSO — 'H-NMR of 4 in CDClj,
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18.1"% DMSO — 'H-NMR of 4 in CDCls
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20.5% DMSO — "H-NMR of 4 in CDCl5
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24.8 DMSO — 'H-NMR of 4 in CDClj
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28.7%DMSO — 'H-NMR of 4 in CDClj,
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'H-NMR shift of the NH-signal and percentage of azide-integrals to tetrazole-
integrals of 4 under DMSO titration in CDCI;

DMSO [%] NH-shift [ppm] Azide [%] Tetrazole [%]

0.0 6.38 15.0 85.0
1.0 6.83 11.0 89.0
2.0 7.13 9.0 91.0
2.9 7.33 8.0 92.0
3.8 7.48 7.0 93.0
4.8 7.61 6.0 94.0
5.7 7.70 5.7 94.3
6.5 7.78 5.7 94.4
7.4 7.83 5.0 95.1
8.3 7.89 4.8 95.3
9.1 7.94 4.8 95.2
9.9 7.97 4.1 95.9
10.7 8.00 3.7 96.3
11.5 8.02 3.7 96.3
12.9 8.06 3.0 97.0
15.6 8.11 4.0 96.1
18.1 8.15 2.8 97.2
20.5 8.17 2.9 97.1
24.8 8.18 2.7 97.3

28.7 8.18 2.6 97.4
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¢) Acidic, basic and neutral '"H-NMR of 4 and 5

'H-NMR of 4 in DO (acidic + TFA)
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'H-NMR of 4 in D20 (neutral)
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"H-NMR of 4 in D;O (basic + 0.1M NaOH)
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"H-NMR of 4 in D20 (basic + 1M NaOH)

6 Supporting information
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"H-NMR of 5 in DO (acidic + TFA)
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'H-NMR of 5 in D20 (neutral)
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"H-NMR of 5 in D20 (basic + 0.1M NaOH)
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'"H-NMR of 5 in D;O (basic + 1M NaOH)
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*C-NMR Spectra
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13C-NMR of 2
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13C-NMR of 4
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13C-NMR of 6
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13C-NMR of 8
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13C-NMR of 9
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13C-NMR of 10
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13C-Signal of the methyl group at 39.53 was also detected by 'H-HMQC
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3C-NMR of 14
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3C-NMR of 15
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e) '’N-NMR Spectra
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>N-NMR of 3
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SN-NMR of 4
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Temperature gradient "H-NMR of 3

3 in DMSO at 300K
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6 Supporting information

3 in DMSO at 333K
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6 Supporting information

3 in DMSO at 353K
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g) IR-Spectra

IR Spectrum of 1
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IR Spectrum of 2
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IR Spectrum of 3
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IR Spectrum of 4
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IR Spectrum of 4 hydrochloric salt (lyophilized)
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IR-Spectrum of 5
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IR-Spectrum of 6
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IR-Spectrum of 7
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IR-Spectrum of 8
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IR-Spectrum of 9
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IR-Spectrum of 15
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Supporting Information

Mild and Catalyst-free Microwave-assisted Synthesis of 4,6-
Disubstituted 2-Methylthiopyrimidines — Exploiting Tetrazole as an
Efficient Leaving Group

Andreas Thomann®, Jens Eberhard®, Giuseppe Allegretta®, Martin Empting® and Rolf W.
Hartmann®®*

®Helmholtz-Institute for Pharmaceutical Research Saarland, Saarland University, Campus C 2.3, D-66123
Saarbricken, Germany

®Pharmaceutical and Medicinal Chemistry, Saarland University, Campus C 2.3, D-66123 Saarbriicken, Germany
Fax: +49-681-302-70308
E-mail: rolf.hartmann@helmholtz-hzi.de

Instrumentation for routine analysis

NMR spectra were recorded on a Bruker Avance AV 300 or a Bruker DRX 500. The
residual proton, 'H, or carbon '*C resonances of the >99 % deuterated solvents were
used for internal reference of all spectra acquired. (CDCl; 'H 7.260 ppm, *C
77.16 ppm; DMSO-ds, 'H 2.500 ppm, *C 39.52 ppm).

Electrospray ionization (ESI) mass spectrometry were recorded with a Surveyor LC
system MSQ electrospray mass spectrometer LC-MS couple (ThermoFisher,
Dreieich, Germany) by use of an acetonitrile/water gradient in positive mode (+), if
not indicated otherwise. 0.1% TFA was added if necessary.
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Analytical and Experimental Data

1H-Tetrazole:
N
~N
<
N/N
H

Sodium azide (0.2 mol, 13 g), ammonium chloride (0.2 mol, 10.7 g) and ethyl
orthoformate (0.6 mol, 89 g) were charged in a round bottom flask. Glacial acid (0.8
mol, 46 ml) was added slowly at room temperature. After addition, the mixture was
stirred at 80°C for 16 hrs. The reaction mixture was evaporated to dryness in
dynamic vacuum (at 40°C) and the resulting colorless residue was resuspended in
boiling acetone and filtered hot (G4 glass frit). The acetone was removed in vacuo
and the colorless residue was recrystallized from ethyl acetate to yield 7H-tetrazole

as colorless needles (7.1 g, 51%).
ESI-MS(-): m/z 68.9 [M-H]
'H NMR (300 MHz, DMSO-ds): 5 = 9.38 ppm (s, 1 H)

3C NMR (75 MHz, DMSO-0s): & = 143.2 ppm

General Procedure for the synthesis of compounds 2-24:

1 equivalent of starting material (either compound 1 (for cmpds 2-24) or 4,6-dichloro-
2-thiomethylpyrimidine (for cmpds 1, 170p)) was dissolved in the solvent indicated in
Table 3 or 4. The reactant (for equivalents see Table 3 or 4) and 1 equivalent of base
was added at once and the mixture was stirred in a capped vial in a CEM Discover
SP microwave oven connected to a CEM Explorer SP 12S autosampler for the
indicated time and temperature (see Table 3 and 4). Isolation and purification of the
desired compounds was achieved either by addition of water and subsequent
filtration (2, 3, 5-8, 13-20, 22) or by column chromatography (4, 9-12, 21, 23, 24).
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Compound 2:

N
/
N

=z

-~
Sy

N

Z—

NYS\
P
/N\

ESI-MS(+): m/z 210.0 [M-No+HJ*

'H NMR (300 MHz, DMSO-dk): 5 = 10.12 (s, 1 H), 6.88 (s, 1 H), 3.20 (br. s, 6 H), 2.54
ppm (s, 3 H)

'3C NMR (75 MHz, DMSO-ds): 8 = 171.1, 162.4, 151.9, 141.8, 86.9, 86.6, 13.0 ppm

Compound 3:

N
/
AN

Z

-~
oy

Z—

| NYS\
N

_NH

ESI-MS(+): m/z 196.0 [M-No+H]*

'H NMR (300 MHz, DMSO-ds): & = 10.10 (s, 1 H), 8.07 (d, J=4.1 Hz, 1 H), 6.73 (s, 1
H), 2.91 (d, J=4.6 Hz, 3 H), 2.54 ppm (s, 3 H)

3C NMR (75 MHz, DMSO-0s): & = 172.5, 163.8, 151.0, 142.1, 90.0, 27.5, 14.1 ppm
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Compound 4:

N
/
N

Z

—
Sy

N

Z—

N S
N~
Y
_N
NH,
ESI-MS(+): m/z 182.0 [M-No+H]*

'"H NMR (300 MHz, DMSO-ds) 8 = 10.10 (s, 1H), 7.59 (br. s., 2H), 6.73 (s, 1H), 2.52
(s, 3H)

3C NMR (75 MHz, DMSO-ds): & = 171.8, 164.9, 151.7, 141.6, 141.4, 13.4 ppm

Compound 5:

g =z
C 1

| NYS\
N

NH

ESI-MS(+): m/z 299.9 [M+H]", 271.9 [M-No+H]*

'H NMR (300 MHz, DMSO-ds): & = 10.09 (s, 1 H), 8.62 (t, J=5.3 Hz, 1 H), 7.16-7.50
(m, 5 H), 6.86 (s, 1 H), 4.64 (d, J=5.5 Hz, 2 H), 2.41 - 2.51 ppm (m, 3 H)

3G NMR (300 MHz, DMSO-dk): & = 172.4, 163.3, 152.0, 143.4, 139.2, 129.6, 128.3,
127.1,90.6, 44.4, 14.0 ppm
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Compound 6:

¢
Z—

| N\\rs\
_N
N

O

ESI-MS(+): m/z 236.0 [M-No+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.45 (s, 1 H), 6.65 (s, 1 H), 3.71 (t, J=6.6
Hz, 2 H), 3.46 (t, J=6.6 Hz, 2 H), 2.55 (s, 3 H), 1.85-2.24 ppm (m, 4 H)

3C NMR (75 MHz, CHLOROFORM-d): 5 = 116.1, 111.8, 108.0, 102.9, 80.8, 64.2,
55.9, 55.5, 51.3 ppm

Compound 7:

/N:N

N \
NN NS
| N
_N

[Nj
@)
ESI-MS(+): m/z 251.8 [M-No+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.39 (s, 1 H), 6.81 (s, 1 H), 3.42-4.07 (m,
8 H), 2.48 ppm (s, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 172.8, 162.6, 152.9, 140.3, 86.3, 66.3,
44.5,14.2 ppm
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Compound 8:

N=N
N
A\ ~
T
N
N

(J

ESI-MS(+): m/z 278.2 [M+H]", 251.2 [M-No+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.45 (s, 1 H), 6.88 (s, 1 H), 3.73 (br. s, 4
H), 2.54 (s, 3 H), 1.62-1.79 ppm (m, 6 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 172.5, 162.0, 152.8, 140.4, 140.2, 45.7,
25.6, 24.4,14.2 ppm

Compound 9:

N~
/

N

Z/Z

N S
(T
N
¥,

ESI-MS(+): m/z 232.9 [M-No+HJ*

'"H NMR (300 MHz, DMSO-g;): 8 = 10.35 (s, 1 H), 8.87 (s, 1 H), 8.22 (s, 2 H), 7.22 (s,
1 H), 2.71 ppm (s, 3 H)

3C NMR (75 MHz, DMSO-ds): & = 173.3, 156.8, 154.1, 142.3, 136.2, 131.2, 116.8,
93.8, 14.0 ppm

238



Compound 10:

fE:N )E:N

N |\ N
NN NYS\ N\
o S
OH

ESI-MS: a signal for the molecular ion was not found
"H NMR (300 MHz, DMSO-d): 5 = 10.28 (s, 1 H), 7.04 (s, 1 H), 2.62 ppm (s, 3 H)

3C NMR (75 MHz, DMSO-dk): & = 173.0, 162.4, 153.3, 142.5, 90.8, 14.2 ppm

FT-IR (cm™): 3107, 2936, 2732, 2288, 2235, 2185, 1626, 1588, 1523, 1474, 1439,
1391, 1347, 1332, 1294, 1238, 1186, 1139, 1100, 1081, 1013, 980, 966, 936, 822,
793, 763, 723, 773

pKa = 3.17 £ 0.05

Compound 11:

g =z
C I

N S
A N
| \r
N
/O
ESI-MS(+): m/z 197.0 [M-Ng+HJ*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.48 (s, 1 H), 7.08 (s, 1 H), 4.09 (s, 3 H),
2.64 ppm (s, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 173.9, 171.0, 153.4, 140.3, 92.6, 91.2,
14.2 ppm
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Compound 12:

N=n
[

N

NN S
Y
N

o)

g

ESI-MS(+): m/z 239.1 [M+H]", 211.1 [M-No+H]*

'H NMR (500 MHz, CHLOROFORM-d): 5 = 9.48 (s, 1 H), 7.04 (s, 1 H), 4.53 (q, J=7.1
Hz, 2 H), 2.57 (s, 3 H), 1.44 ppm (t, J=7.1 Hz, 3 H)

3C NMR (126 MHz, CHLOROFORM-d): & = 173.7, 170.6, 153.4, 140.2, 92.0, 64.0,
14.2, 14.2 ppm

Compound 13:

s ~z
&

| NYS\
N
o

'H NMR (300 MHz, CHLOROFORM-d) & = 9.43 (s, 1 H), 7.40 (d, J=7.7 Hz, 2H),
6.97-7.31 (m, 4H), 2.42 (s, 3H)

ESI-MS(+): m/z 258.9 [M-Np+H]*

3G NMR (75 MHz, CHLOROFORM-d) & = 174.4, 170.9, 154.3, 151.9, 140.3, 129.8,
126.4,121.4,91.5, 14.2
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Compound 14:

vz
&

N\ S\
T
S

g

ESI-MS(+): m/z 227.1 [M+H]*, 255.1 [M-No+H] *

'"H NMR (300 MHz, CHLOROFORM-d): & = 9.42 (s, 1 H), 7.43 (s, 1 H), 3.20 (g, J=7.4
Hz, 2 H), 2.55 (s, 3 H), 1.36 ppm (1, J=7.4 Hz, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 174.5, 173.2, 151.0, 140.3, 102.2, 102.1,
24.5,14.2 ppm

Compound 15:

sz
&

| N\\(S\
N
>

ESI-MS(+): m/z 283.2 [M+H]", 255.1 [M-No+H]*

'H NMR (300 MHz, CHLOROFORM-q): 8 = 9.41 (s, 1 H), 7.38 (s, 1 H), 2.55 (s, 3 H),
1.60 ppm (s, 9 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 175.6, 173.0, 150.8, 140.2, 103.0, 49.8,
30.3, 14.5 ppm
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Compound 16:

g =z
(1

| NYS\
N

S

ESI-MS(+): m/z 317.2 [M+H]", 289.1 [M-No+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.40 (s, 1 H), 7.44 (s, 1 H), 6.99-7.39 (m,
5H), 4.44 (s, 2 H), 2.53 ppm (s, 3 H)

'3C NMR (75 MHz, CHLOROFORM-d) & = 173.7, 173.4, 151.1, 140.4, 140.2, 136.0,
128.9, 128.8, 127.7, 102.1, 102.0, 34.2, 14.3

Compound 17/170p:

s ~z
€1

| NYS\
N

98
ESI-MS(+): m/z 303.1 [M+H]", 275.1 [M-No+H]*

'"H NMR (300 MHz, CHLOROFORM-d): 5 = 9.38 (s, 1 H), 7.32-7.73 (m, 5 H), 7.07 (s,
1 H), 2.38 ppm (s, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 176.9, 173.3, 152.1, 140.4, 140.2, 135.9,
130.9, 130.2, 126.6, 14.2 ppm
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Compound 18:

ESI-MS(+): m/z 337.3 [M+H]*, 309.1 [M-Np+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.36 (s, 1 H), 7.29-7.60 (m, 4 H), 7.12 (s,
1 H), 2.33 ppm (s, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 175.7, 173.5, 152.0, 140.4, 140.1, 137.4,
137.1,130.3, 125.0, 14.2 ppm

Compound 19:

N=
/

Noo

z—Z

N\ S\
T

—
QS
~o

ESI-MS(+): m/z 305.0 [M-Np+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 9.46 (s, 1 H), 7.54 (d, J=8.1 Hz, 2 H),
6.87-7.18 (m, 3 H), 3.82-4.00 (m, 3 H), 2.51 ppm (s, 3 H)

3C NMR (75 MHz, CHLOROFORM-d): 6 = 178.1, 173.1, 161.7, 152.1, 140.3, 137.4,
116.9, 115.8, 100.3, 55.5, 14.2 ppm
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Compound 20:

s~z
¢ ]

| NYS\
N
C

'H NMR (300 MHz, DMSO-d): & = 10.22 (s, 1 H), 7.66 (d, J=7.5 Hz, 1 H), 7.48-7.59
(m,2H),7.34-7.45(m, 1 H),7.05(s, 1 H), 2.44 (s, 3 H), 2.37 ppm (s, 3 H)

ESI-MS(+): m/z 289.0 [M+H]*

3C NMR (75 MHz, DMSO-ds): & = 174.5, 172.2, 152.1, 142.8, 142.0, 136.8, 131.4,
131.3, 127.6, 125.6, 100.7, 20.3, 13.6 ppm

Compound 21:
O NS
Y
_N
_0
ESI-MS(+): m/z 187.0 [M+H]"

'H NMR (300 MHz, CHLOROFORM-): & = 5.73 (s, 1 H), 3.92 (s, 6 H), 2.56 ppm (s,
3 H)

3C NMR (75 MHz, CHLOROFORM-d): & = 171.1, 170.9, 85.3, 54.0, 14.0 ppm
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Compound 22:

ESI-MS(+): m/z 343.0 [M+H]*
'H NMR (300 MHz, DMSO-dk) & = 7.33-7.46 (m, 10H), 5.72 (s, 1H), 2.32 (s, 3H)

3G NMR (75 MHz, DMSO-ds): & = 172.0, 170.8, 136.3, 135.8, 130.9, 130.5, 126.8,
107.2, 13.9 ppm

Compound 23:

S N\ S\
Oy

NH

ESI-MS(+): m/z 340.0 [M+H]*

'H NMR (300 MHz, CHLOROFORM-d): & = 7.46 (d, J=7.2 Hz, 2 H), 7.28-7.39 (m, 3
H), 7.15-7.26 (m, 3 H), 7.09 (d, J=7.3 Hz, 2 H), 5.33 (s, 1 H), 5.00 (s, 1 H), 4.28 (br.
s., 2 H), 2.34 ppm (s, 3 H)

3C NMR (126 MHz, CHLOROFORM-d ): & = 170.8, 161.4, 135.8, 129.6, 129.5,
128.7,128.6, 127.4, 127.3, 45.2, 13.9 ppm
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Compound 24:

ESI-MS(+): m/z 258.8 [M+H]*

'H NMR (300 MHz, DMSO-ck): & = 8.71 (t, J=1.0 Hz, 2 H), 8.07 (t, J=1.4 Hz, 2 H),
7.90 (s, 1 H), 7.22 (dd, J=1.6, 0.8 Hz, 2 H), 2.64 ppm (s, 3 H)

3C NMR (75 MHz, DMSO-d;,): 8 = 172.8, 156.3, 135.8, 131.0, 130.8, 116.6, 90.3,
13.6 ppm

Crystallization of compound 1:

10 mg of 1 was dissolved in a minimum amount of hot methanol (~800ul). The clear
solution was allowed to cool down to room temperature and left standing open to
atmosphere for slow evaporation. Colorless, needle shaped crystals formed after 2

days.

CCDC Number 1052351 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Sl Table 1. Conditions tried to obtain N,N-dimethyl-2-(methylthio)-6-(1 H-tetrazol-1-
yl)pyrimidin-4-amine starting from 6-chloro-N,N-dimethyl-2-(methylthio)pyrimidin-4-
amine

Method Conditions

Heating DMF, TEA, 60-140°C, 1-2 eq tetrazole, 24 hrst®
Microwave DMF, TEA, 60-140°C, 1-2 eq tetrazole, 1 hr?
Heating Neat, 2 eq tetrazole, 130°C, 24 hrsl®

[a] TLC showed no conversion of starting material

Determination of the pK, of compound 10:

The pK, of 10 was measured using the SiriusT3 automatic titration system (Sirius
Analytical Ltd, Forest Row, UK) and the software supplied with the machine for the
refinement of the experimental data. Standard solutions of hydrochloric acid 0.5 M
and potassium hydroxide 0.5 M in Millipore water were used as acid and base titrant,
respectively. The ionic strength of the water used for dissolving the samples was
adjusted adding potassium chloride obtaining a 0.15 M solution. A solution of 50 %
acetonitrile — 50 % Millipore water was prepared and potassium chloride was added
in it for obtaining a final mixture 50 % acetonitrile with 0.15 M KCI. In each
experiment 10 was titrated three times in acetonitrile — water solution (first titration in
42 %, second titration in 35 % and third titration in 27 % of acetonitrile) from basic to
acidic pH. Three independent experiments were performed per each compound at
room temperature. The pK, was obtained by linear extrapolation of the psK, of each
experiment resulting in a pKy = 3.17 = 0.05 and in a acceptable coefficient of
determination (R?= 0.8927).

247



6.4 Supporting information for Publication IV

248



Supporting Information

Application of dual inhibition concept within looped
autoregulatory systems towards anti-virulence agents

against Pseudomonas aeruginosa infections

Andreas Thomann*', Antonio G. de Mello Martins*', Christian Brengel®, Martin
Empting™’, Rolf W. Hartmann$ *

T Helmholtz Institute for Pharmaceutical Research Saarland (HIPS), Department for Drug Design
and Optimization, Campus E 8.1, 66123 Saarbriicken, Germany;

§ Department of Pharmacy, Pharmaceutical and Medicinal Chemistry, Saarland University,
Campus C 2.3, 66123 Saarbriicken, Germany;

¥ These authors contributed equally to this work.

E-mail: rolf.hartmann@helmholtz-hzi.de and martin.empting@helmholtz-hzi.de

249



Content

l. General experimental information - Chemistry

Chemical synthesis of compounds 3-6
Crystallization of 6a and X-ray crystallography
3C-NMR and HSQC spectra of compounds 3-6

LC purity of compounds 3-6

Il. General experimental information - Biology

a.

b.

C.

Chemicals, bacterial strains, and media
Pyocyanin assay

Prolonged Pycyanin Assay

Antibiofilm effects of compound 2
Growth curves of P. aeruginosa PA14
PqsD in vitro assay

PqgsR in vitro assay

11l. References

250



6 Supporting information

. General experimental information - Chemistry

a. Chemical Synthesis of compounds 3-6

HO =
HO_  N=N
(ONP ) (ONJo)
Na NS NN N ST
e &
d) N c) _N
3b 3
N=N N=N N=N
\ \ (ONP o) N\ O P
N S
Ng |NYS\ NN lN\ S NN lN\ S ;g)) N
_N ¢) _N d) _N _N
3a 5a 5 4
Ta) N N—
’ =N I \N
N, N, O
Cl Ne S NN S N NN
LN K LN ? LN
4-chloro-2-thiomethylpyrimidine 6a 6

Scheme S1. a) see reference 1b; b) See reference 1a; ¢c) TMS-Acetylene, CuSO,, sodium ascorbate,
tertBuOH:H,0, r.t.; d) Oxone, EtOAc:H.0, r.t.; e) heptane-1-thiol, DMF, K,CO3, 0°C.

Compounds 3a, 3b and 6a were synthesized as reported before.'?

b. Crystallization of 6a for X-ray crystallography

J

Figure S1. X-ray crystalstructure of compound 6a (green = nitrogen, grey = carbon, yellow = sulfur,

white = hydrogen).

6a was dissolved in hot chloroform and left standing open to atmosphere to allow
evaporation. Colorless needles formed after 3 weeks. CCDC 1432241 contains the
supplementary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/getstructures.
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c. '®*C-NMR spectra
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6 Supporting information

HSQC NMR of compound 3
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3C NMR of compound 5
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3C NMR compound 6
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6 Supporting information

d. LC purity of compounds 3-6
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Compound 4
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6 Supporting information

Compound 6
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Il. General experimental information — Biology

a. Chemicals, bacterial strains, and media

Yeast extract was obtained from Fluka (Neu-Ulm, Germany), peptone and casein
from Merck (Darmstadt, Germany), Bacto™ Tryptone from BD Biosciences
(Heidelberg, Germany), and Gibco® PBS from Life Technologies (Darmstadt,
Germany). Salts and organic solvents of analytical grade were obtained from VWR

(Darmstadt, Germany).

P. aeruginosa PA14 strain, and isogenic pgsR knockout mutant were stored in

glycerol stocks at -80 °C.

Minimal medium PPGAS? and Luria Bertani (LB) were used.

b. Pyocyanin assay

100-

804

604 IC;, =86 UM = 1.5

40

% Production

20+

LoY[innibitor]

Figure S2. IC5, curve of the improved inhibitory effect of 6 on pyocyanin production, an indicative of
PgsR antagonism. Error bars represent standard error of three independent experiments (n = 3).
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c. Prolonged Pyocyanin Assay.

Effect of long-term PqgsD inhibition on pyocyanin formation was assessed as
previously described (pyocyanin assay) with slight modifications. Initially, treated
(compound 1) and untreated cultures were incubated for 24 h under aerobic
conditions. pyocyanin levels and bacterial density were determined from extracted
culture aliquots. Obtained ODgoo values were used to re-calculate the necessary
dilution factors of each replicate for a final density of 0.02, transferred into a new
plate with fresh PPGAS medium and DMSO or compound 1 for additional 24 h,
accordingly. Pyocyanin formation and cell growth were again assessed as previously
described, making up for a total of 48 h of incubation with treated samples under

constant, long-term PgsD inhibition.

l PA14 control l 1500 uM]

100- *
c
0
©
=
©
O 504
o
S

0.

N N o
X > W

Figure S3. Long-term effect of PgsD inhibitor 1 on pyocyanin production in PA14 wild type. Treament
with 500 uM of 1 led to a reduction of pyocyanin levels to 83.5 £ 3.2 % after 48 h of incubation. The
differences in values (compared to control) determined for 17 h and 24 h were not significant. All
values are relative to a DMSO control without addition of inhibitors. Error bars represent the standard

deviation of three independent experiments (n = 3). * = p < 0.05.
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d. Growth curves of P. aeruginosa PA14

Cultures of PA14 were diluted in PPGAS medium, adjusted to an initial ODggg of 0.02,
and 1.5 mL added in triplicates into 24-well plates (Greiner Bio-One, Kremsminster,
Austria). Cultivation conditions as described above (Sl, section Il-a). Stock solutions
of compound 6 in DMSO were diluted 1:100 to a final DMSO concentration of 1%
(v/v), DMSO alone was used as control. Bacterial growth was measured over 48 h as
a function of ODggg using FLUOstar Omega (BMG LabTech, Ortenberg, Germany).

101
° E
2
c? 1 - PA14 control
o < 6 [500 uM]
- « 6 [400 pM]
-4 6 [300 uM]
+- 6 [200 uM]
-+ 6[100 uM]
0.1+

0 6 12 18 24 30 36 42 48
time (h)

Figure S3. Growth curves of PA14 in PPGAS minimal medium in the absence (control) and presence

of varying concentrations (100 uM to 500 uM) of compound 6.
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e. Antibiofilm effects of compound 2

Effects of compound 2 on Biofilm

100;

80:
60-
40

% of Control

20;

Volume

Figure S5. Effects of compound 2 (15 pM; solubility maximum) on volume of P.
aeruginosa strain PA14 biofilm. Experiment was performed as described in the
experimental section of the main text. Error bars represent standard error of at least

two independent experiments.

f. PqsD in vitro assay

The assay was performed as reported before.*

g. PagsR in vitro assay

The assay was performed in E. Coli DH5a as reported before.
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L. Purification, yield and compound characterization

2-(methylthio)-4-(1H-tetrazol-1-yl)pyrimidine (1b):

’

N=
N\

N
\/N ~
&

_N

As previously described.!"

2-(methylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (2a):

N:N
\
N

4

As previously described.”

4-iodo-2-(methylthio)pyrimidine (3a):

Purification and yield see experimental section in the manuscript. '"H NMR (CDCls,
300 MHz): 6 = 7.98 (d, J = 5.1 Hz, 17 H), 7.38 (d, J = 5.1 Hz, 17 H), 2.53 ppm (s, 3
H); ®C NMR (CDCls, 75 MHz): & = 173.2, 155.7, 129.3, 127.2, 14.3 ppm.

2-(methylthio)pyrimidine-4-carbonitrile (3b):

NC._ _N_ _S
~N
\U
_N
Purification and yield see experimental section in the manuscript. '"H NMR (CDCls,
300 MHz): 6 =8.71 (d, J=4.8 Hz, 1 H), 7.26 (d, J = 4.8 Hz, 1 H), 2.58 ppm (s, 3 H);

'3C NMR (CDCls, 75 MHz): & = 175.2, 158.6, 141.3, 118.7, 115.2, 14.2 ppm.
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2-(methylthio)-4-(1 H-tetrazol-5-yl)pyrimidine (3c):

N-N
N\
. N._ S
”/KE/\\K
_N

Purification and yield see experimental section in the manuscript. '"H NMR (CDCls,
300 MHz): & = 8.77 (d, J=5.0 Hz, 1 H), 7.91 (d, J = 5.0 Hz, 1 H), 6.09 (br. s, 1 H),
2.62 ppm (s, 3 H); ®*C NMR (CDCls, 75 MHz): 5 = 173.8, 159.0, 151.4, 113.8, 14.2

ppm.

2-(methylthio)-4-(1H-1,2,4-triazol-1-yl)pyrimidine (4a):

N\
SN N s
N-

As previously described.!"

2-(methylthio)-4-(1 H-pyrazol-1-yl)pyrimidine (5a):

_N

As previously described.!"

4-(1H-imidazol-1-yl)-2-(methylthio)pyrimidine (6a):
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As previously described.!"

4-bromo-2-(methylthio)pyrimidine (7a):

To a solution of 4-chloro-2-(methylthio)pyrimidine in ACN was added TMSBr and the
mixture was stirred for 24 h at 40 °C under argon (pink color). Afterwards, the
reaction was quenched by the addition of a sat. solution of NaHCQO3; (45 mL). The
aqueous phase was extracted twice with EtOAc (40 mL) and the combined organic
layers were washed with water and brine (each 30 mL), dried (Na,SO,) and
concentrated under reduced pressure. The crude product was purified by flash
chromatography (cyclohexane:ethyl acetate, 9:1) to yield an off white solid (96%). 'H
NMR (CDCls , 300 MHz): 6 =8.25 (d, J=5.2 Hz, 1 H), 7.15 (d, J= 5.2 Hz, 1 H), 2.56
ppm (s, 4 H). ®*C NMR (CDCls, 75 MHz): & = 173.9, 157.2, 152.5, 120.3, 14.3 ppm.

4-bromo-2-(methylsulfonyl)pyrimidine (7b):

To a solution of 7a in EtOH was added a mixture of HO, and ammonium molybdate
tetrahydrate at 0 °C and stirring continued overnight in an ice bath. Afterwards, the
crude mixture was concentrated under reduced pressure and the residue taken up in
water/EtOAc 1:1 (50 mL). The organic phase was separated and the aqueous one
extracted twice with EtOAc. The combined organic phases were dried over MgSO,
and concentrated under reduced pressure. The crude product was purified by flash
chromatography (cyclohexane:ethyl acetate = 1:1) to give a white solid (94%). 'H
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NMR (CDCls, 300 MHz): & = 8.69 (d, J=5.2 Hz, 1 H), 7.76 (d, J= 5.2 Hz, 1 H), 3.38
ppm (s, 4 H); ®*C NMR (CDCls, 75 MHz): & = 166.1, 158.5, 154.7, 128.6, 39.1 ppm.

1-(2-(methylthio)pyrimidin-4-yl)-1 H-benzo[d]imidazole (8a):

N=

N N S\
|
_N
As previously described.!"!
1-(2-(methylthio)pyrimidin-4-yl)-1H-benzo[d][1,2,3]triazole (9a):
N:N
\
N N S\
O™y
_N

As previously described.!"

4-azido-2-(methylthio)pyrimidine (10a):

Ny _N_ _S
As described previously.!

4-azido-2-(methylsulfonyl)pyrimidine (10b):

As described previously.!
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4-ethynyl-2-(methylthio)pyrimidine (22a):

22a was prepared as previously described. Analytical data is in good accordance
with the literature.” '"H NMR (CDCls, 300MHz): & = 8.47 (d, J = 5.0 Hz, 1 H), 7.02 (d,
J= 5.0 Hz, 1 H), 2.57 (s, 3 H), 0.28 ppm (s, 9 H).

4-ethynyl-2-(methylthio)pyrimidine (22b):

Purification and yield see experimental section in the manuscript. Analytical data is in
good accordance with the literature.” "H NMR (CDCls, 500 MHz): & = 8.51 (d, J = 4.7
Hz, 1 H), 7.06 (d, J= 5.0 Hz, 1 H), 3.34 (s, 1 H), 2.57 ppm (s, 3 H); *C NMR (CDClj,
126 MHz): 6 = 173.4, 157.2, 149.8, 118.7, 81.4, 80.7, 14.1 ppm.

4-(1-benzyl-1H-1,2,3-triazol-4-yl)-2-(methylthio)pyrimidine (22c):
N=N

N
= N S\
B
_N

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (60%). 'H NMR
(CDCls3, 300 MHz): 6 =8.58 (d, J=5.1 Hz, 1 H), 8.15 (s, 1 H), 7.77 (d, J = 5.2 Hz, 1
H), 7.36 - 7.47 (m, 3 H), 7.28 - 7.36 (m, 2 H), 5.60 (s, 2 H), 2.57 ppm (s, 3 H); "°C
NMR (CDCls, 75 MHz): & = 172.6, 157.9, 157.2, 146.6, 134.1, 129.3, 129.0, 128.2,
123.7,111.7, 54.5, 14.1 ppm.
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N-methyl-2-(methylthio)-6-( 7H-tetrazol-1-yl)pyrimidin-4-amine (23b):

N:N
N \
N-N.__N__S

As previously described.”

2-(methylthio)-6-(1H-tetrazol-1-yl)pyrimidin-4-amine (24a):

N:N
N \
NN NS

As previously described.!

N-(2-(methylthio)-6-(1 H-tetrazol-1-yl)pyrimidin-4-yl)acetamide (24b):

N:N
\
NQON

Flash chromatography (ethyl acetate:hexane, 7:3); white solid (47%). 'H NMR
(DMSO-ds ,300 MHz): & = 11.33 (s, 1 H), 10.28 (s, 1 H), 8.35 (s, 1 H), 2.63 (s, 3 H),
2.19 ppm (s, 3 H); '*C NMR (DMSO-ds ,75 MHz): & = 172.8, 171.7, 160.5, 154.0,
142.1, 93.8, 24.8, 14.3 ppm.
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N-benzyl-2-(methylthio)-6-(1 H-tetrazol-1-yl)pyrimidin-4-amine (25a)

N=

’

N
NON_ _N__S

=

HN

As previously described.®

2-(methylthio)-4-phenoxy-6-(1H-tetrazol-1-yl)pyrimidine (26a):

’

N=
N\

N
N
As previously described.”
2-(isopropylthio)-4-(1 H-1,2,3-triazoll-1-yl)pyrimidine (27a):
\
_N

The crude product was directly taken to the next step without further purification.
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2-(tert-butylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (28a):

=N
\
N

I

Flash chromatography (ethyl acetate:hexane, 3:7); white solid (62%). 'H NMR
(CDCl3, 500 MHz): 6 = 8.69 (d, J=5.4 Hz, 1 H), 8.56 (d, J=1.3Hz, 1 H), 7.86 (d, J=
1.3 Hz, 1 H), 1.68 ppm (s, 9 H); *C NMR (CDCls, 126 MHz): & = 174.0, 159.6, 154.6,
134.6, 121.1, 104.8, 47.9, 29.9 ppm.

\

2-(ethylthio)-4-(1 H-1,2,3-triazol-1-yl)pyrimidine (29a):

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (36%). 'H NMR
(CDCl3, 300 MHz): 6 =8.69 (d, J=5.4 Hz, 1 H),8.59 (d, J=1.3Hz,1H),7.85(d, J=
1.3Hz,1H),7.81(d, J=54Hz,1H),321(q,J=7.4Hz,2H),1.44 ppm (t, J=7.4

Hz, 3 H); '®*C NMR (CDCls, 75 MHz): & = 173.4, 159.8, 154.9, 134.5, 121.1, 104.9,
25.5, 14.2 ppm.

z/Z

2-(propylthio)-4-(1 H-1,2,3-triazol-1-yl)pyrimidine (30a):

=N

\

NLY

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (57%). 'H NMR
(CDCl3, 300 MHz): & = 8.69 (dd, J = 5.4, 0.8 Hz, 1 H), 8.53 - 8.63 (m, 1 H), 7.84 -
7.89 (m, 1 H),7.81(dd, J=5.4,0.9 Hz, 1 H), 3.19 (td, J= 7.3, 0.8 Hz, 2 H), 1.82 (sxt,

J=7.3Hz, 2 H), 1.00 - 1.17 ppm (m, 3 H); *C NMR (CDCls, 75 MHz): 5 = 173.5,
159.8, 154.9, 134.5,121.1, 104.9, 33.1, 22.4, 13.5 ppm.

\
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2-(butylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (31a):

=N

\

NLY

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (72%). '"H NMR CDCls,
300 MHz): 6 =8.69 (d, J=5.4 Hz, 1 H),858 (d, J=1.2Hz, 1 H), 7.86 (d, J= 1.2 Hz,
1H),7.81(d J=54Hz 1H),3.21(t J=7.4Hz, 2H), 1.69-1.85(m, 2 H), 1.52 (dq,

J=14.9, 7.4 Hz, 2 H), 0.88 - 1.08 ppm (m, 3 H); '*C NMR (CDCls, 75 MHz): d =
173.5,159.8, 154.9, 134.5, 121.1, 104.8, 31.0, 30.9, 22.0, 13.6 ppm.

\

2-(pentylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (32a):

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (62%). 'H NMR
(CDCl3, 300 MHz): 6 =8.68 (d, J=5.4 Hz, 1 H),8.58 (d, J=1.2Hz,1 H),7.86 (d, J=
1.2 Hz, 1 H),7.81 (d, J=5.4Hz, 1 H), 3.14 - 3.25 (m, 2 H), 1.79 (quin, J=7.4 Hz, 2

H), 1.29 - 1.55 (m, 4 H), 0.85 - 0.99 ppm (m, 3 H); '*C NMR (CDCls, 75 MHz): & =
173.6, 159.8, 154.9, 134.5, 121.1, 104.8, 31.1, 31.1, 28.6, 22.2, 13.9 ppm.

-

2-(hexylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (33a):

Flash chromatography (ethyl acetate:hexane, 1:9); white solid (48%). 'H NMR
(CDCl3, 300 MHz): 6 =8.69 (d, J=5.4 Hz, 1 H),8.59 (d, J=1.3Hz, 1 H),7.86 (d, J=

1.3 Hz, 1 H), 7.81 (d, J= 5.4 Hz, 1 H), 3.13 - 3.27 (m, 2 H), 1.79 (quin, J = 7.4 Hz, 2
H), 1.43-1.55 (m, 2 H), 1.34 (dqg, J = 7.3, 3.6 Hz, 4 H), 0.84 - 0.93 ppm (m, 3 H); '°C

-
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NMR (CDCls, 75 MHz): & = 173.6, 159.8, 154.9, 134.5, 121.1, 104.9, 31.4, 31.2,
28.9, 28.6, 22.5, 14.0 ppm.

2-(heptylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (34a):

N=

N
SN N__S

As previously described.”

methyl 3-((4-(1H-1,2,3-triazol-1-yl)pyrimidin-2-yl)thio)propanoate (35a):

N=N
N\_N_ N__S 0
&TV\YV\W\

Flash chromatography (ethyl acetate:hexane, 3:7); white solid (59%). 'H NMR
(CDCl3, 500 MHz): 6 =8.70 (d, J=5.4Hz ,1H),8.63(d, J=1.6 Hz, 1 H), 7.86 (d, J
=54,1H),785(d, J=5.4,1H),3.73 (s,3H), 3.46 (t, J=6.9 Hz, 2 H), 2.86 ppm (t, J
= 7.3 Hz, 2 H); *C NMR (CDCls, 126 MHz): 172.5, 172.2, 160.0, 155.0, 134.6, 121.2,
105.2, 51.9, 34.0, 26.2 ppm.

2-(phenylthio)-4-(1H-1,2,3-triazol-1-yl)pyrimidine (36a):

N:N
\
N

S

The crude product was directly used for the next step without further purification.

277



2-(phenylthio)-4-(1H-tetrazol-1-yl)pyrimidine (37a):

N=N
NS l\\l N S
A\ g
T
_N
Flash chromatography (ethyl acetate:hexane, 2:8); white solid (57%). 'H NMR
(CDCl3, 300 MHz): 6 = 9.06 (s, 1 H), 8.76 (d, J=5.2 Hz, 1 H), 7.59 - 7.71 (m, 3 H),

7.45 - 7.58 ppm (m, 3 H); ®*C NMR (CDCls, 75 MHz): & = 174.4, 161.0, 152.9, 140.1,
135.6, 130.1, 129.5, 128.1, 105.5 ppm.

2-((4-chlorophenyl)thio)-4-(1 H-tetrazol-1-yl)pyrimidine (38a):

N:N
N N_ N

T,

Flash chromatography (ethyl acetate:hexane, 3:7), white solid (63%). 'H NMR
(CDCl3, 300 MHz): 6 =9.18 (s, 1 H), 8.76 (d, J=5.83 Hz, 1 H), 7.72 (d, J = 5.3 Hz, 1
H), 7.58 (dt, J = 8.6, 2.4 Hz, 2 H), 7.48 ppm (dt, J = 8.7, 2.3 Hz, 2 H); *C NMR
(CDCl3, 126 MHz): 6 = 173.8, 161.1, 153.0, 140.0, 136.8, 136.6, 129.7, 126.5, 105.9
ppm.

2-((4-methoxyphenyl)thio)-4-(1 H-tetrazol-1-yl)pyrimidine (39a):

N:N
No N_ N

U,

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (64%).'H NMR
(CDCl3, 500 MHz): 6 = 9.14 (s, 1 H), 8.76 (d, J=5.4 Hz, 1 H), 7.67 (d, J= 5.4 Hz, 1
H), 7.48 - 7.61 (m, 2 H), 6.93 - 7.08 (m, 2 H), 3.89 ppm (s, 3 H); '*C NMR (CDCls,
126 MHz): 6 = 175.1, 161.2, 161.0, 152.9, 140.1, 137.3, 118.6, 115.0, 105.3, 55.4
ppm.
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2-((4-fluorophenyl)thio)-4-(1H-tetrazol-1-yl)pyrimidine (40a):

N:N
N'\ l\\l N S
N
T
Z F
Flash chromatography (ethyl acetate:hexane, 2:8); white solid (64%). 'H NMR
(CDCl3, 500 MHz): 6 9.15 (s, 1 H), 8.76 (d, J = 5.4 Hz, 1 H), 7.71 (d, J=5.4 Hz, 1 H),

7.57 - 7.66 (m, 2 H), 7.13 - 7.24 ppm (m, 2 H); ®*C NMR (CDCls, 126 MHz): d =
174.4,164.2, 161.3, 153.2, 140.3, 138.1, 123.6, 117.0, 106.0 ppm.

2-((3-fluorophenyl)thio)-4-(1H-tetrazol-1-yl)pyrimidine (41a):

Z

-~
-

N\T\\l N._S F
\/

U

_N [j

Flash chromatography (ethyl acetate:hexane, 15:85); white solid (77%). 'H NMR
(CDCls, 500 MHz) & 9.15 (s, 1H), 8.78 (d, J = 5.4 Hz, 1H), 7.72 ppm (d, J = 5.4 Hz,
1H), 7.35 - 7.53 (m, 3H), 7.20 - 7.27 (m, 1H); ®*C NMR (CDCls, 126 MHz) & 173.6,
162.7, 161.1, 153.0, 140.0, 131.2, 130.7, 129.9, 122.4, 117.3, 105.9 ppm.

2-((3-chlorophenyl)thio)-4-(1 H-tetrazol-1-yl)pyrimidine (42a):

N:N
NON__N__S cl
N~
oo
_N
Flash chromatography (ethyl acetate:hexane, 3:7), white solid (63%). 'H NMR
(CDCl3, 300 MHz): 6 = 9.07 (s, 1 H), 8.70 (d, J=5.3 Hz, 1 H), 7.65 (d, J= 5.3 Hz, 1
H), 7.60 (t, J= 1.8 Hz, 1 H), 7.45 (it, J=7.5, 1.5 Hz, 2 H), 7.36 ppm (t, J= 7.6 Hz, 1

H); "*C NMR (CDCls, 126 MHz): & = 173.5, 161.2, 153.0, 140.0, 135.3, 134.9, 133.6,
130.4, 130.3, 129.8, 105.9 ppm.
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2-((3-methoxyphenyl)thio)-4-(1 H-tetrazol-1-yl)pyrimidine (43a):

N=

’

N ’\\rfj N _S 0
N\ ~
oy
_N

Flash chromatography (ethyl acetate:hexane, 2:8); white solid (74%). '"H NMR
(CDCls3, 500 MHz): 6 =9.13 (s, 1 H), 8.77 (d, J= 5.0 Hz, 1 H), 7.69 (d, J = 5.4 Hz, 1
H), 7.37 - 7.46 (m, 1 H), 7.23 (dt, J= 7.6, 1.3 Hz, 1 H), 7.18 - 7.21 (m, 1 H), 7.07
(ddd, J = 8.3, 2.6, 0.8 Hz, 1 H), 3.85 ppm (s, 3 H); *C NMR (CDCls, 126 MHz): d =
174.4, 161.1, 160.2, 152.9, 140.1, 130.2, 129.0, 127.7, 120.9, 115.8, 105.5, 55.5
ppm

2-((3,4-dichlorophenyl)thio)-4-(1 H-tetrazol-1-yl)pyrimidine (44a):

N=N
XN_ _N__S Cl
X
Z cl
Flash chromatography (ethyl acetate:hexane, 3:7), white solid (79%). 'H NMR
(CDCl3, 300 MHz): 6 = 9.24 (s, 1 H), 8.77 (d, J = 5.3 Hz, 1 H), 7.77 (d, J=2.0 Hz, 1
H), 7.75 (d, J= 5.4 Hz, 1 H), 7.54 - 7.62 (m, 1 H), 7.44 - 7.52 ppm (m, 1 H); *C NMR

(CDCls, 75 MHz): d = 173.0, 161.2, 153.1, 140.0, 136.9, 134.8, 134.5, 133.4, 131.2,
127.9, 106.2 ppm.

N
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Il Biological assays
PgsD in vitro enzyme inhibition assay

The assay was performed as previously described.®! Briefly, the assay was
performed monitoring enzyme activity by measuring HHQ formed by condensation of
anthraniloyl-CoA and B-ketodecanoic acid. The reaction mixture contained MOPS
buffer (0.05 M, pH 7.0) with 0.005% (w/v) Triton X-100, 0.1 uM of the purified enzyme
and inhibitor. The test compounds were dissolved in DMSO and diluted with buffer.
The final DMSO concentration was 0.5%. After 10 min preincubation at 37 °C, the
reaction was started by the addition anthraniloyl-CoA to a final concentration of 5 uyM
and B-ketodecanoic acid to a final concentration of 70 uM. Reactions were stopped
by addition of MeOH containing 1 yuM amitriptyline as internal standard for LC/MS—
MS analysis. HHQ was quantified using a HPLC-MS/MS mass spectrometer
(ThermoFisher, Dreieich, Germany) in ESI mode. lonization of HHQ and the internal
standard amitriptyline was optimized in each case. The solvent system consisted of
10 MM ammonium acetate (A) and acetonitrile (B), both containing 0.1%
trifluoroacetic acid. The initial concentration of B in A was 45%, increasing the
percentage of B to 100% in 2.8 min and keeping it at 98% for 0.7 min with a flow of
500 pL/min. The column used was a NUCLEODUR-C18, 100-3/125-3 (Macherey
Nagel, Ddhren, Germany). Control reactions without the inhibitor, but including
identical amounts of DMSO, were performed in parallel and the amount of HHQ
produced was set to 100%. All experiments were performed in at least duplicates
except compound 26 which was determined once.

PqgsR reporter gene assay in E. coli

The assay was performed as previously described.”! The ability of the compounds to
either stimulate or antagonize the PqsR-dependent transcription was analysed using
a B-galactosidase reporter gene assay in E. coli expressing PgsR. A culture of E. coli
DHba cells containing the plasmid pEALO08-2, which encodes PgsR under the control
of the tac promoter and the B-galactosidase reporter gene lacZ controlled by the
pgsA promoter, were co incubated with test compound. Antagonistic effects of
compounds were assayed in the presence of 50 nM PQS. After incubation, B-
galactosidase activity was measured spectrophotometrically at ODgoonm USINg
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POLARstar Omega (BMG Labtech, Ortenberg, Germany) and expressed as percent
stimulation of controls. All experiments were at least performed in duplicates.

P. aeruginosa PA14 biofilm assay and detection of extracellular DNA

The assays were performed as previously described.”) For the determination of
biofilm mass, P. aeruginosa PA14 strain was cultivated in 96 well plates using M63
medium. CV staining was used to detect compound effects on the overall biofilm
biomass. Impact on eDNA was assessed by incubation of biofilm with propidium
iodine solution (0,05 mg ml™') for 3 h and detection of specific florescence at 620 nm

after a thorough washing step with 18MQ H-0.

Levels of pyocyanin have been determined as published previously.®
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M. Solubility of compounds 1 - 44

Sl Table 2. Solubility of compounds 1 — 44 as 2% DMSO in water mixtures determined by
visual inspection.

Compound Solubility [uM] Compound Solubility [uM]
1 =21000 23 > 200
2 2200 24 > 200
3 > 200 25 =200
4 > 200 26 =200
5 =200 27 > 200
6 =200 28 > 200
7 > 200 29 =200
8 > 200 30 =200
9 =200 31 > 200
10 =200 32 > 200
11 > 200 33 =200
12 > 200 34 100
13 =200 35 =200
14 =200 36 > 200
15 > 200 37 =200
16 > 200 38 =200
17 =200 39 > 200
18 10 40 > 200
19 10 a1 > 200
20 50 42 > 200
21 50 43 > 200
22 =200 44 100
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IV.  Correlation of r and cLogP with plCso of compounds 37 — 44

Sl Table 2. Summary of plCs, cLogP and 1 values for compounds 37 — 44 with
corresponding groups attached to the sulfophenyl residue.

Compound Group pICso cLogP m
37 H 4.638 0.39 0.00
38 4-F 4.602 0.37 0.14
39 4-Cl 4,732 1.15 0.71
40 4-OMe 5.004 0.41 -0.02
41 3-F 5.537 0.49 0.14
42 3-Cl 5.769 1.10 0.71
43 3-OMe 5.769 0.56 -0.02
44 3,4-di-Cl 4.638 1.67 1.42
7.0 pIC, =57832+ 04616* 7
r=0.8416
n=8

L] 1

-0.5 0.0 0.5 1.0 1.5
T

Sl Figure 1. Correlation of plCs, of compounds 37 — 44 and

. pIC, = 55824+04931%cLogP
6.5
D . - r=0.8348
S 6.0- .
3
5.5- * n=8
5.0 : : : ‘
0.0 0.5 1.0 1.5 2.0
cLog P

Sl Figure 2. Correlation of plCs, of compounds 37 — 44 and cLogP
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V. Molecular modeling and Hansch analysis
Molecular Modeling (Flexible alignment)

For the flexible alignment of HHQ/B-decanoic acid and compound 2 Molecular
Operating Environment (Chemical Computing Group) was used with the following
general parameters: Forcefield = MMF94x; Alignment Mode = Flexible; lteration Limit
= 200; Failure Limit = 20; Energy Cutoff = 15. Settings used for HHQ alignment:
Volume = 1; Aromaticity = 1; LogP (o/w) = 1; H-Bond Acceptor = 3; Hydrophobe = 1;
Hydrophobe —Don/Acc = -1; H-Bond Acc projection = 1; Aromatic Center =1. CO2-
type Centroid = 1. Settings used for B-decanoic acid: H-Bond Donor = 3; LogP (o/w)
= 1; H-Bond Acc Projecttion = 1; CO2-type Centroid =1. The resulting alignment was
then sorted by score and the best rated was refined using all Atom Based Similarity
and Projected Pharmacophore Similarity Terms.

Physicochemical Properties

Physicochemical properties calculation was performed as reported before.®!

Hansch Analysis

plCso values were plotted against either the Hammett parameter of substituent or the
alkyl chain length. Graphs were fitted using Graph Pad Prism 5 (GraphPad Software
Inc.). To derive the Hansch equations for the Hammett parameter versus plCs, the
“linear regression model” and for alkyl chain length versus plCsy the “One site — Fit
loglC50” model was used.
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1. Chemical synthesis cYY and Mycocyclosin:

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

cyclo-di-L-thyrosine (cYY):

OH
NH

HN
HO

0]

cYY was synthesized as previously described." Spectral data is in accordance with
the previously published results:

'H NMR (300 MHz, DMSO-dg) 8 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); 3C 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
1
NH
HN
0

Mycocyclosine was synthesized as previously described.’? Spectral data is in
accordance with the previously published results:’

'H NMR (300 MHz, DMSO-dg) 5 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 = 2.4 Hz, 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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6 Supporting information

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

COD CYP121
0.2
w O
g 350 370 390 410 430 450 470 490
2 -01
o
2
< 0.2
-0.3
-04
Wavelength [nm]

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.

COD CYP121-Reductase-combo

0.1

o /\/\
o O
g 350 450 500
<€ -0.05
2
Ke]
< 01

-0.15

0.2

Wavelength [nm]

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
Ims2 269.153
144,685-145.385,
182.652-183.352) MS
ICIS Reaction_3
RT:1.30 INL: 2.21E5
AA: 1405903 MICF: - cESISRM
ms2 323.121
110.750-111.450,
210.615-211.315) MS
ICIS Reaction_3
RT:1.95 INL: 4.37E6
1004 AA 25725336 MICF: - cESI SRM
90—; RT:3.21
s0d A AA 7465
3 703
c -
© 3
2 60
-
2 503 RT] |94 RT:359 RT:4.13
2 03B AAf 2351, ARLI3NT6 AKBB9B -
] =
& 303
203
103 RT:1.28
3 Co39 076 AA 6605 256 292 341 378 421 460 512 546 576
e
0.0 05 10 15 20 25 30 35 40 45 5.0 55 6.0
Time (min)

Figure S4. LC-MS/MS quantification of CYP121 enzyme reaction: internal standard
estrone tg = 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

NL: 3.00E5
TICF:-cESISRM
ms2323.121
[110.750-111.450
210.615-211.315]
MS ICIS Reaction_3
100 NL 3 "

| RT:1.30
85+ AA 1378726

Relative Abundance
o
3
1

s
3
iy

w
&
1l

3 RT:1.33
207__ AA 426354

v Lt e s T [T L) Freeprerey T TreeT s Lt ies)
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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 Sensorgramm of Econazole

25

20- [ ~——
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Figure S6. Representative example for SPR binding curve of econazole to CYP121

injected from 100 uM sample.
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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 SPR Hemea Heme- Inhibition MIC,. ., MIC,,

[R/Rpos] coord.? Kp[uM] @ 100 uM [pM] [uM]

[%]

I:1 04 N 10

1:2 0

1:3 0.1

1:4 0.2

1:5 0.1

1:6 0.1

1:7 0.5

1:8 0.5

1:9 0

1:10 0

I:11 0.6 N

1:12 0.4

1:13 0

1:14 0.2

1:15 0.3 Y (T-1) 34 87 41

I:16 1.2 Y (T-II) 1 78 5 6

1:17 1.9 Y (T-II) 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-1I) weak

1:28 0.3

1:29 0.4

1:30 1.4 Y (T-II) 11 94 11 48

1:31 1.5 N

1:32 1.1 Y (T-1I) 14 85 30 41

1:33 0.1 N 0

1:34 0.7 Y (T-1I) 29 25

1:35 0.5

1:36 0.1

1:37 0.2

1:38 0.2
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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-11) 87 1 1
1:48 0.8 Y (T-11) 88 7 12
11 0.3

1:2 0.3

I:3 0.5

I:4 0.2

I:5 0.2

Il:6 0.1

.7 0.0

1:8 0.3

1l:9 0.2

1:10 0.1

:11 0.3

:12 0.2

:13 0.1

:14 0.5 N

:15 0.1

:16 0.2

:17 0.2

11:18 0.2

11:19 0.2

11:20 1.3 Y (T-11) 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
:27 0.9 Y (T-11) 20
11:28 0.9 Y (T-1) 19
11:29 0.7 Y (T-11) 62
11:30 0.8 Y (T-1) weak
11:31 0.6 Y (T-11) weak
11:32 0.7 Y (T-1) weak
11:33 0.3

11:34 0.7 Y (T-1) 12 0
11:35 1.0 Y (T-11) weak
11:36 0.9 Y (T-1) 16
1:37 1.4 Y (T-11) 50
11:38 1.2 Y (T-1) weak
11:39 1.4 N
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1l:41 0.9 Y (T-1) 13 7
a2 0.2
:1 0.3
-2 0.4
:3 1.7 Y (T-) weak 20
:4 1.7 N 20
:5 0.5
1:6 0.3
n:7 1.8 N 18
1:8 1.4 Y (T-1) weak 5
:9 0.6 Y (T-II) weak
:10 0.4
i:11 0.3
:12 0.2
:13 0.1
n:14 0.3
:15 0.4
:16 0.2
n:17 0.2
1:18 0.4
:19 0.4
111:20 0.2
21 0.8
V:1 0.2
1V:2 0.1
1V:3 0.1
IV:4 0.3
IV:5 0.1 N
1V:6 0.5
V7 0.6 N
1V:8 0.5
1V:9 0.4
IV:10 0.5 60
V:11 0.9 Y (T-1) weak
1V:12 0.9 N
VA3 08 Y(TN) 62
V:1 0.0
V:2 0.3
V:3 0.2
V:4 0.1
V:5 0.2
V:6 0.1
V7 0.3
V:8 0.8 N
Ve 08 | N
Vi:A 0.6 N 50
VI:2 1.2 N
VI:3 1.5 N
Vi:4 1.3 N
VI:5 0.4
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cYY° Y (T-) 12
n=no, y= yes, T-I = type | binding profile, T-Il = 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 1 0,008
0,002 0,004 4 ]
o000 | Kp= 5.3 pM ‘ol - Kp= 5.4 uM ’ '
. . o %91
S o008 A b v
i 0,0010 4 23 i 0,002 4 _/*
& T , ] . / 1
2 00008 1 [ [ » 1 : 0,001 4 [ L) ‘
¢ I . 1 & A
0.0000 1 ! . o v |
0,0008 ) o000 s
0,0010 -y v v v 0,001 4y v —
01 1 10 100 01 1 10 100
conc. log [uM] conc. log [pM]
C 1:16 D Econazol
0,008
0,008
0,004 4
0.004 4
§ “e I(D= 1.3 IJ'M ! 1 ' o 0,003 KD= 27H.M . +
:9, oo . i 0,002 &
< T g
o T ® * < 0,001 ) i
. | T 1A
0,000 4 1 . £ * 1
0,000 4 |
0,001 4 v
0. 1 0 2,001 -
01
e Lo conc. log [uM]

Figure S7. Determination of Kp’'s by titration of 1:48 (A), 1:47 (B), I:116 (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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6 Supporting information

8. Protein Blast of Mtb H;;Ry 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 MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAVLVSSYALCTQVLEDRRF 60
MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAWLVSSYALCTQVLEDRRF
Sbjct 1 MTATVLLEVPFSARGDRIPDAVAELRTREPIRKVRTITGAEAWLVSSYALCTQVLEDRRF 60

Query 61  SMKETAAAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL 120
SMKETAAAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL
Sbjct 61  SMKETAAAGAPRLNALTVPPEVVNNMGNIADAGLRKAVMKAITPKAPGLEQFLRDTANSL 120

Query 121 LDNLITEGAPADLRNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI 18@
LDNLITEGAPADLRNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI
Sbjct 121 LDNLITEGAPADLRNDFADPLATALHCKVLGIPQEDGPKLFRSLSIAFMSSADPIPAAKI 180

Query 181 NWDRDIEYMAGILENPNITTGLMGELSRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS 240
NWDRDIEYMAGILENPNITTGLMGELSRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS
Sbjct 181 NWDRDIEYMAGILENPNITTGLMGELSRLRKDPAYSHVSDELFATIGVTFFGAGVISTGS 240

Query 241 FLTTALISLIQRPQLRNLLHEKPELIPAGVEELLRINLSFADGLPRLATADIQVGDVLVR 300
FLTTALISLIQRPQLRNLLHEKPELIPAGVEELLRINLSFADGLPRLATADIQVGDVLVR
Sbjct 241 FLTTALISLIQRPQLRNLLHEKPELIPAGVEELLRINLSFADGLPRLATADIQVGDVLVR 30@
Query 301 KGELVLVLLEGANFDPEHFPNPGSIELDRPNPTSHLAFGRGQHFCPGSALGRRHAQIGIE 360
KGELVLVLLEGANFDPEHFPNPGSIELDRPNPTSHLAFGRGQHFCPGSALGRRHAQIGIE
Sbjct 301 KGELVLVLLEGANFDPEHFPNPGSIELDRPNPTSHLAFGRGQHFCPGSALGRRHAQIGIE 36@
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. MICgcgr determination against Mycobacterium bovis

A Econazole B 1:15
1004 ¢ ® 100+
MICgcor=27 +4 MICgoor=41+1
80 bt 804
9 <
= 60 . = 604 D
L . L
%’ 40 % 40-
_ —
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20 20
0 T T | T 1 1 c T T T T T 1
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
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o { 1 T T L 1 c T 1
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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 pM of the respective
compounds. Endpoint optical density was measured at 600 nm. MICgcgtr were
determined by GraphPad Prismn using OneSite Log ICsy model provided by the

software.
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Figure S10. Growth inhibition of BCG versus control (%) of 1:32 (A), 1:47 (B), 1:48 (C)
of concentrations ranging from 100-1.56 uM of the respective compounds. Endpoint
optical density was measured at 600 nm. MICgcgr were determined by GraphPad

Prismn using OneSite Log ICso model provided by the software.
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10. Calculation of antimicrobial efficiency

Antibacterial Ef fici —l(MIC)
ntibacterial Ef ficiency = —In NHA

Table S2. Antimicrobial efficiency 4 of 1:16, 1:30, 1:32, 1:47, 1:48, econazole,

isoniazide and rifampicine calculated for effects on Mycobacterium tuberculosis.

Cmp MIC Antibacterial
d. [mg/L] MW NHA? 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 3 Rif = rifampicine S,
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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 LDs SD LDsg LDsg SD LDsg
HEK293 HEK293 HepG2 HepG2
[uM] [mg/L] [uM] [mg/L]
1:47 66.9 5.3 18.6 47.5 8.1 17.1
1:16 19.6 3.8 6.1 12.1 2.8 3.9
Eco 15.6 3.8 6.0 11.8 4.3 3.1
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12. MIC against Escherichia coli and Staphylococcus aureus in

comparison to growth inhibition against Mycobacterium bovis
BCG

A Econazole B 1:16

Growth [%]
Growth [%]

1M0040—— =m s :t
A

Growth [%]
Growth [%]

Log Inhibitor [pM] 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 (=, ¢ = 3.125 - 100 uM), S.
aureus (e, ¢ = 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 ICso model provided by the
software.
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6 Supporting information

13. Physicochemical data:

I:16

(:"?“,2 ACD/Labs

) ACD/LogP Classic Module Report

ACD/Labs

Date: February 17, 2015 9:47 AM

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

12 5
| ‘ 16 1{ 3 r °
TN S 8,
N - ~Y N
1,
P s|| 2 o, N
4 =12,
1)
o
23| 22
S
Calculated LogP: 526 +- 0,35
ACD/Labs ACD/LogP Classic Module Report
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6 Supporting information

LogP Calculation Protocol:
Increments of the functional groups:
1.-1.86 (experimental value), atom(s) number: 8, 11, 8
Increments of the Carbon atoms:
2. 40,53 (expermental value), atom(s) number: 7
3. 40,37 (expermental value), atom(s) number: 10
4. +0,37 (expermental value), atom(s) number: 12
5. -0.08 (experimental value), atom(s) number: 1
6. -0.08 (experimental value), atom(s) number: 5
7.-0.08 (experimental value), atom(s) number: 4
8. -0.08 (experimental value), atom(s) number: 19
9. -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. 40,37 (experimental value), atom(s) number: 8
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
16. 40,37 (experimental value), atom(s) number: 14
17. +0.37 (experimental value), atom(s) number: 23
18. +0.37 (experimental value), atom(s) number: 22
18. 40,37 (experimental value), atom(s) number: 17
20. +0.37 (experimental value), atom(s) number: 16
21. 40,37 (experimental value), atom(s) number: 24
22 +0.37 (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
Increments of the ring interactions
Increments of the ring interactions

ACD/Labs
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6 Supporting information

1:47
.'/
/Wﬁ
( LRy 4 ACD/Labs
— ACD/LogP Classic Module Report

ACD/Labs

Date: February 17, 2015 2:5¢ AM

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

Compound name:
Structure:
o~ 3 J " "
PN s 2 "
~ N ’ ~ N
ﬂ } | N - . U 2]/ o R
Xy N : v RR =/
[ o4
0 f Y JI:/ )
\_o A .
Calculated LogP: 3,08 +- 0,37
ACD/Labs ACD/LogP Classic Module Report
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6 Supporting information

LogP Calculation Protocol:
Increments of the functional groups:

1. 40,43 (expermental value), atom(s) number: 20, 21, 12

2.-1,86 (experimental value), atom(s) number: 8, 11, 8
Increments of the Carbon atoms:

3. 40,53 (expermental value), atom(s) number: 7

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

5. 40,37 (expermental value), atom(s) number: 12

6. +0,08 (expermental value), atom(s) number: 18

7. +0,08 (expermental value), atom(s) number: 18

8. -0.08 (experimental value), atom(s) number: 1

9. -0.08 (experimental value), atom(s) number: 13

10. -0.08 (expermental value), atom(s) number: 8

11. +0.37 (experimental value), atom(s) number: 14

12. +0.37 (experimental value), atom(s) number: 17

13. #0.37 (experimental value), atom(s) number. 3

14. 40,37 (experimental value), atom(s) number: 2

15. 40,37 (experimental value), atom(s) number: 15

18. 40,37 (experimental value), atom(s) number: 5

17. +0.37 (experimental value), atom(s) number: 4
Interactions through aromatic system:

1-10 0,00 (approximated value), atom(s) number: 19, 18, 14, 13, &
Interactions through aliphatic system:

2-8 +0.28 (experimental value), atom(s) number: 1, 7, 8
Increments of the ring interactions
Increments of the ring interactions

ACD/Labs
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6 Supporting information
Econazole

o

(?*T) ACD/Labs

—

ACD/LogP Classic Module Report
ACD/Labs

Date: February 17, 2015 10:16 AM

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

Structure:
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6 Supporting information

LogP Calculation Protocol:
Increments of the functional groups:

1.-1.86 (experimental value), atom(s) number: 2, 4, 1

2. +1,04 (expermental value), atom(s) number: 22

3. +1,04 (expermental value), atom(s) number: 23

4. +1,04 (expermental value), atom(s) number: 24

5.-1,00 (experimental value), atom(s) number: 8
Increments of the Carbon atoms:

6. +0,53 (expermental value), atom(s) number: 15

7. 40,53 (expermental value), atom(s) number: 6

8. -0.03 (experimental value), atom(s) number: 7

9. +0,37 (expermental value), atom(s) number: 3

10. +0.37 (experimental value), atom(s) number: 5

11.-0,08 (expermental value), atom(s) number: 10

12.-0.08 (expermental value), atom(s) number: 14

13. -0.08 (expermental value), atom(s) number: 21

14.-0,08 (expermental value), atom(s) number: 8

15.-0,08 (expermental value), atom(s) number: 16

18. +0.37 (experimental value), atom(s) number: 12

17. 40,37 (experimental value), atom(s) number: 13

18. 40,37 (experimental value), atom(s) number: 20

19. 40,37 (experimental value), atom(s) number: 19

20. +0,37 (experimental value), atom(s) number: 11

21. 40,37 (experimental value), atom(s) number: 18

22 +0.37 (experimental value), atom(s) number: 17
Interactions through aromatic system:

2-3 +0.01 (experimental value), atom(s) number: 22, 10, 12, 14, 23
Interactions through aliphatic 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 (expenmental value), atom(s) number: 8, 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

Referenced data:

ACD/Labs

1:48
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6 Supporting information

ACD/Labs

ACD/LogP Classic Module Report

Date: February 17, 2015 10:03 AM

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

Compound name:
Structure:
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Calculated LogP: 2,83 +- 0,20

ACD/Labs
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6 Supporting information

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: 19
3. -0.55 (experimental value), atom(s) number: 21
Increments of the Carbon atoms:
4. +0,58 (expermental value), atom(s) number: 20
5. 40,56 (expermental value), atom(s) number: 22
6. +0.53 (expermental value), atom(s) number: 7
7. 40,37 (expermental value), atom(s) number: 10
8. +0,37 (expermental value), atom(s) number: 12
9. +0,08 (expermental value), atom(s) number: 17
10. +0,08 (experimental value), atom(s) number: 18
11.-0.08 (expermental value), atom(s) number: 1
12. -0.08 (expermental value), atom(s) number: 13
13. -0.08 (expermental value), atom(s) number: 6
14. 40,37 (experimental value), atom(s) number: 15
15. 40,37 (experimental value), atom(s) number: 18
16. +0,37 (experimental value), atom(s) number: 3
17. 40,37 (experimental value), atom(s) number: 2
18. +0,37 (experimental value), atom(s) number: 14
19. 40,37 (experimental value), atom(s) number: 5
20. 40,37 (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: 8, 13, 15, 17, 1@
2-3-0,09 (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 (expenimental value), atom(s) number: 1, 7, 8
Increments of the ring interactions
Increments of the ring interactions

ACD/Labs
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14. Bacterial strains and growth conditions.

Bacterial strains used in this study were Mycobacterium bovis DSM-43990 (BCGT),
Mycobacterium tuberculosis Hs;Rv (Mtb), Escherichia coli TolC acr A/B deficient,
Staphyllococcus aureus (Newman strain) and E. coli K12 BL21. Mammalian cell lines
for cytotoxicity evaluation were HEK293 (human embrionic kidney) and Hep2G
(human liver carcinoma cells) cells. Mycobacteria were cultured in 7H9GC-Tween”® or
Middlebrook 7H9 broth complemented with ADC Enrichment (Middlebrook). E. coli
TolC and S. aureus tests were performed in lysogenic broth (LB) and LB plus ADC

Enrichment.

15. 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 um),
and reaction progress was monitored by TLC on TLC Silica Gel 60 Fus4 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 & 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. An RP C18 NUCLEODUR ec 100-5 125x3 mm 5 um column (Macherey-
Nagel GmbH, Diren, 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 increased from an initial concentration of 0 % at 0 min to
100 % at 15 min and kept at 100 % for 5 min. The injection volume was 10 uL, and
flow rate was set to 800 uL/min. MS analysis was carried out at a spray voltage of
3800 V, a source CID of 10 V and a capillary temperature of 350 °C. Spectra were

acquired in positive mode from 100 to 1000 m/z.
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cYY and mycocyclosin were synthesized as described.®® Experimental details on
modification of cYY and mycocyclosin synthesis and analytical data can be found in
the Supplementary Data (Supp. Data, section 1).

|9—14

The synthesis of library compounds has been described previously: class , class

1518, class I11'7, class IV'®, class V', and class VIZ°,

16. Protein expression, purification and biotinylation.

E. coli K12 BL21 (DE3) cells were transformed with plasmid harboring cyp121 gene
(PHAT2/cyp121).2!

The previously described®® enzyme expression and purification method was slightly
modified: Hisg-tagged CYP121 (He-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 pyg/mL ampicillin at 37 °C until an ODeoo of approximately 0.8 units was reached,
followed by induction with 0.5 mM IPTG and 0.5 mM &-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-HCI, 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 (18,500 rpm, 40 min, 4 °C), and the supernatant was
filtered through a syringe filter (0.2 um). 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 fractions were buffer-
exchanged into storage buffer (140 mM NaCl, 10 mM NasHPO,, 2.7 mM KCI, 1.8 mM
KH.PO4 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 pM. %

Before SPR streptavidin immobilization CYP121 was biotinylated. For biotinylation,
Sulfo-NHS-LC-LC-Biotin (Thermo Science, Waltham, US) was dissolved in storage
buffer (140 mM NaCl, 10 mM NasHPO,4, 2.7 mM KCI, 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
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exclusion chromatography using the storage buffer and subsequently stored at -
80 °C at a final concentration of 10 pM.?®

17. In silico binding mode.

In silico studies were performed with the X-ray co-crystal structure of a type ll
inhibitor and CYP121 (PDB-ID: 4G44) using MOE software package (Chemical
Computing Group).?* Prior to modelling, 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 features 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 forcefield with the
default parameters were used but the solvation model was changed to R-Field as
recommended by the manufacturer. 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 minimized 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.

18. Physicochemical properties.

Physicochemical properties were calculated using ACD/Percepta version 2012 (Build
2203, 29 jan. 2013), ACD/Labs.

19. Cyp121 in vitro enzyme inhibition assay.

The enzyme inhibition assay was performed in 200 mL PBS buffer pH 7.2.
Compounds were used in a concentration of 100 pM and incubated with 1 uM
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 uM) was added. The reaction was started with the addition of cYY
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(50 uM) and stopped after 30 min by addition of 200 pl methanol with internal
standard estrone (1 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
HESI-Il source and a triple quadrupole mass detector (Thermo Scientific, Dreieich,
Germany). Compounds were separated on an Accucore RP-MS 150x2.1 mm 2.6 um
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 550 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 pL/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, 0.3, 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 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 used.

20. Determination MIC,;, using MABA.
The assay for determination of minimal inhibition concentration against Mtb was

performed as previously described.®

21. MICg, E. coli TolC and MICs, S.aureus Newman

MICgc /MICs, values were performed for econazole, 1:16, 1:47, 1:48 in E. coli TolC
and S. aureus Newman. A start ODgg of 0.03 was used in a total volume of 200 mL
in lysogeny broth (LB) + ACD enrichment containing the compounds predissolved in
DMSO. Final compound concentrations were prepared from serial dilutions ranging
from 1.56 to 100 uM in duplicates. The maximal DMSO concentration in the
experiment was 1%. The recorded ODgoo values were determined after addition of
the compounds and again after incubation for 18 h at 37 °C and 50 rpm in a 96-well
plate (Sarstedt, NUmbrecht, Germany) using a FLUOStar Omega (BMG Labtech,
Ortenberg, Germany). Given MICg,, /MICs, values are means of two independent
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experiments (two different clones) and are defined as concentrations at which no
bacterial growth was detectable.

22. 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 purified as described

previously.?>?

Functionality of CYP121 and electron transfer were assayed by the occurrence of the
characteristic absorbance maximum at 4 =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 uM) 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 uM) and divided in
two cuvettes to record a baseline. One of the samples was saturated with carbon
monoxide for 60 s and difference spectra were recorded until the absorbance at

A =450 nm was constant.
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1. SPR Response Curve of Econazole (positive control)
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Sl Figure 1. SPR response curve of 100 uM econazole (eco, black, positive binder)
and baseline (grey) recorded against biotin labeled CYP125 immobilized on a
streptavidine coated sensorchip.
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6 Supporting information

2. Comparison of CYP125 from M. tuberculosis and M. bovis
BCG

unnamed protein product
Sequence ID: Icl|Query_152585 Length: 433 Number of Matches: 1

Range 1: 1 to 433 Graphics

Score Expect Method Identities Positives Gaps
901 bits(2329) 0.0 Compositional matrix adjust. 433/433(100%) 433/433(100%) 0/433(0%)

Query 1 MSWNHQSVEIAVRRTTVPSPNLPPGFDFTDPAIYAERLPVAEFAELRSAAPIIWWINGQDPG 60
MSWNHQSVEIAVRRTTVPSPNLPPGFDFTDPAIYAERLPVAEFAELRSAAPIIWINGQDPG
Sbjct 1 MSWNHQSVEIAVRRTTVPSPNLPPGFDFTDPAIYAERLPVAEFAELRSAAPIWINGQDPG 60

Query 61 KGGGFHDGGFWAITKLNDVKEISRHSDVFSSYENGVIPRFKNDIAREDIEVQRFVMLNMD 120@
KGGGFHDGGFWAITKLNDVKEISRHSDVFSSYENGVIPRFKNDIAREDIEVQRFVMLNMD
Sbjct 61  KGGGFHDGGFWAITKLNDVKEISRHSDVFSSYENGVIPRFKNDIAREDIEVQRFVMLNMD 120

Query 121 APHHTRLRKIISRGFTPRAVGRLHDELQERAQKIAAEAAAAGSGDFVEQVSCELPLQAIA 180@
APHHTRLRKIISRGFTPRAVGRLHDELQERAQKIAAEAAAAGSGDFVEQVSCELPLQAIA
Sbjct 121 APHHTRLRKIISRGFTPRAVGRLHDELQERAQKIAAEAAAAGSGDFVEQVSCELPLQAIA 18@

Query 181 GLLGVPQEDRGKLFHWSNEMTGNEDPEYAHIDPKASSAELIGYAMKMAEEKAKNPADDIV 240
GLLGVPQEDRGKLFHWSNEMTGNEDPEYAHIDPKASSAELIGYAMKMAEEKAKNPADDIV
Sbjct 181 GLLGVPQEDRGKLFHWSNEMTGNEDPEYAHIDPKASSAELIGYAMKMAEEKAKNPADDIV 24@

Query 241 TQLIQADIDGEKLSDDEFGFFVVMLAVAGNETTRNSITQGMMAFAEHPDQWELYKKVRPE 300

TQLIQADIDGEKLSDDEFGFFVVMLAVAGNETTRNSITQGMMAFAEHPDQWELYKKVRPE
Sbjct 241 TQLIQADIDGEKLSDDEFGFFVVMLAVAGNETTRNSITQGMMAFAEHPDQWELYKKVRPE 300
Query 301 TAADEIVRWATPVTAFQRTALRDYELSGVQIKKGQRVVMFYRSANFDEEVFQDPFTFNIL 36@

TAADEIVRWATPVTAFQRTALRDYELSGVQIKKGQRVVMFYRSANFDEEVFQDPFTFNIL
Sbjct 301 TAADEIVRWATPVTAFQRTALRDYELSGVQIKKGQRVVMFYRSANFDEEVFQDPFTFNIL 36@
Query 361 RNPNPHVGFGGTGAHYCIGANLARMTINLIFNAVADHMPDLKPISAPERLRSGWLNGIKH 420

RNPNPHVGFGGTGAHYCIGANLARMTINLIFNAVADHMPDLKPISAPERLRSGWLNGIKH
Sbjct 361 RNPNPHVGFGGTGAHYCIGANLARMTINLIFNAVADHMPDLKPISAPERLRSGWLNGIKH 420
Query 421 WQVDYTGRCPVAH 433

VIQVDYTGRCPVAH
Sbjct 421 VWQVDYTGRCPVAH 433

Sl Figure 2. Result of the Protein BLAST of CYP125 from M. tuberculosis (gene-ID:
Rv3545c) and M. bovis BCG (gene-ID: BCG_3609c) showing 100% amino acid
identity of both proteins.
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3. Representative Kp Dose Response Curves and Difference
Spectra
c128 0.015 4
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Sl Figure 3. Representative Kp dose response curves (left) and difference spectra
(right) of a type | (C24, lower spectra) and a type Il (C128, upper spectra) CYP125

heme ligands.
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4. Summary of Binding Constants, Profile and Ligand Efficency
Indices of SPR Hits

S| Table 1. Relative responses of SPR hits (R/Rps) and their respective heme
binding profiles, binding affinities (Kp) and Ligand efficiency scores (LE) against
CYP125.

Compound SPR Ijlenjle assayc Heme assay Ligand efficiency
[R/R ] Binding Type K, [uM] [kcal/HA]

E°°"a§:‘:)(Ec° = 1.0 0.94 0.36
CHN’ - | 4.6 -
LP10° - rl 6.1 0.24

_________ €3 13  au 19 o3

C005 1.0 1] 28 0.29
coie 11 I 16 0.32
co23 1.0 I 15 0.37
co24 11 I 0.26 0.42
C025 0.9 no - -
C036 2.8 I 13 0.46
co37 3 I 11 0.49
co42 0.0 no - -
Cco43 1.2 1] 13.1 0.26
C052 2.8 no - -
C053 0.5 - - -
C055 1.2 1] 38.7 0.29
C059 0.8 - - -
C060 1.1 I 0.28 0.42
C068 1.0 1] 38.7 0.34
C080 1.6 1] 39.6 0.22
C083 2.9 no - -
co87 1.2 no - -
C090 1.7 no - -
C119 2.0 no - -
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C126 1.2 Il 2.1 0.27

C127 3.1 Il 0.85 0.47
C128 1.1 Il 0.08 0.50
C129 2.6 Il 1.34 0.41
C130 2.4 Il 0.174 0.53

® CHN = Cholest-4-en-3-one; ® LP10 = a-[(4-methylcyclohexyl)carbonyl amino]-N-4-pyridinyl-1H-indole-3-

propanamide; © | = Type | binding profile, Il = Type Il binding profile, rl = reverse Type Il binding profile no = no
binding profile observed at the highest tested concentration (100 uM).

5. Absorbance maximum in Heme assay

SI Table 2. Binding affinites (Kp) and

absorbance maxima of selected compounds

against CYP125.
Heme assay
Heme assay
Compound Absorbance
Kp [uM] .
maximum [nm]
LP10 6.1 419
c127 0.85 421
C128 0.08 420
C129 1.34 422
C130 0.17 421

6. Synthesis, analytical and biological data of the screening
compounds and their derivatives

c1M ez, c3@ ca," 5, c6,l" €7 - €10, c11 - €18, c19 - €27, C28 -
Cc29.,'"c30-C33,°'c34-c74Cc75 - c121,®1 Cc122 - ¢125.° €127 - ¢130.['¥
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Acta Cryst. (2015). E71, 01051-01052  [d0i:10.1107/S2056989015023634]

Crystal structure of 4-methylsulfanyl-2-(2H-tetrazol-2-yl)pyrimidine
Andreas Thomann, Volker Huch and Rolf W. Hartmann

S$1. Comment

4-tetrazolylpyrimidines are well reported scaffolds in many bioactive entities. Besides synthetic chemistry, tetrazolyl
substituted aromatic systems are also of high interest for example, in metal-ligand research (Kim et al., 2008; Stoessel et
al., 2010), drug development (Pasternak et al., 2012; Biswas et al., 2015) and polymer discovery (Yu et al., 2008;
Sengupta et al., 2010). Thus, the knowledge of the three dimensional structure of these moieties is of crucial importance
for the rational design in these fields of research. Recently, we have reported a novel method to synthesize such
compounds (Thomann et al., 2014). We have reported the synthesis of 4-(methylthio)-2-(1H-tetrazol-1-yl)pyrimidine (1).
Interestingly, when scaling up the reaction, another product was found in small amounts. NMR analytical characterization
revealed the compound to be the 2-tetrazolyl regioisomer (2). To determine unequivocally proof of the structure of this
compound, we determined its crystal structure.

The title compound (2), crystallized with two independent molecules (A and B) in the asymmetric unit (Fig. 1). Inter-
estingly, the two molecules differ in their conformation. While the tetrazole moieties are arranged similarly, with the
tetrazole ring is inclined to the pyrimidene ring by 5.48 (7) and 4.24 (7) ° in molecules A and B, respectively, the thio-
methyl groups have a difference of the torsion angle about the C, S bond of ca 180° [for example, torsion angle N5—
C4—S1—C6 =0.89 (12) °, compared to torsion angle N11—C10—S2—C12 = —176.78 (10) °] indicating higher
rotational freedom than the tetrazoles (Fig. 1). The latter finding is of importance for computational chemists in medicinal
chemistry, as the polarized hydrogen at atom C5 of the tetrazole ring is able to form non-classical hydrogen bonds.
Therefore, the results from the crystal structure may favour this conformational isomer for in silico predictions.

In the crystal, the A and B molecules are linked via a C—H--"N hydrogen bond (Table 1 and Fig. 2). They stack along
the b axis direction forming columns within which there are weak z-7 interactions present [shortest inter-centroid
distance is Cg2--Cg4' = 3.6918 (5) A; Cg2 and Cg4 are the centroids of rings N5/N6/C1—C4 and N11/N12/C7—C10,

respectively; symmetry code: (i) x, y + 1, z].

$2. Synthesis and crystallization

The title compound (2), was synthesized following a previously reported procedure (Thomann et al., 2014). A mixture of
4-chloro-2-(methylthio)pyrimidine, 1/-tetrazole and triethylamine, in the ratio 1:1:1, was stirred under microwave
irradiation at 50 W, 353 K for 1 h. The crude product was purified by flash chromatography (hexane:ethyl acetate, 8:2, R¢
= 1/4) to yield a white solid (9%). Crystals formed at 294 K after 16 h from a saturated solution of 2 in ethyl acetate.'H
NMR (CDCls, 300 MHz) 8.80 (dd, J=5.3, 0.6 Hz, 1 H), 8.77 (s, 1 H), 7.77 (dd, J= 5.3, 0.7 Hz, 1 H), 2.69 p.p.m. (d, J =
0.7 Hz, 3 H).
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S3. Refinement

Crystal data, data collection and structure refinement details are summarized in Table 2. H atoms were located in a

difference Fourier map and freely refined.

Molecule B Molecule A

c6

Figure 1
The molecular structure of the two independent molecules (4 and B) of the title compound (2), with atom labelling.

Displacement ellipsoids are drawn at the 50% probability level.

Figure 2
The crystal packing of the two independent molecules (4 black; 5 red) of the title compound (2), viewed along the a axis.

Hydrogen bonds are shown as dashed lines (see Table 1).
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Figure 3
Compounds (1) and (2).

4-Methylsulfanyl-2-(2H-tetrazol-2-yl)pyrimidine

Crystal data

CsHeNgS
M,=194.23
Triclinic, P1
a=6.3001(17) A
b=7393(2) A
c=18.159 (5) A
0.=91.407 (7)°

L =95.864 (7)°
y=102.695 (8)°
V=819.9 (4) A3

Data collection

Bruker APEXII CCD
diffractometer

¢ and o scans

Absorption correction: multi-scan
(SADABS; Bruker, 2010)

Tnin = 0.716, Tax = 0.746

15501 measured reflections

Refinement

Refinement on /2
Least-squares matrix: full
R[F?>20(F?)] = 0.034
wR(F?) = 0.086

S=1.01

4581 reflections

283 parameters

0 restraints

Special details

Z=4

F(000) =400

D,=1.574 Mgm™

Mo Ko radiation, 2 =0.71073 A
Cell parameters from 728 reflections
0=3.6-24.3°

#=0.35mm

=143 K

Cuboid, colourless

0.22 x 0.22 x 0.01 mm

4581 independent reflections
3596 reflections with 7> 2a(J)

Rin=0.028

Omax = 29.6°, Opin = 2.3°
h=-8-8
k=—-10—10

| =-24-525

Hydrogen site location: difference Fourier map

All H-atom parameters refined

w = 1/[*(F*) +(0.0376P)* + 0.2718P]
where P = (F,2 + 2F2)/3

(A6 )max = 0.001

Apnsx=0.35¢ A

Apmin=-0.30 ¢ A

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2)

X y z Uiso®/ Uy

S1 0.84117 (6) 0.83334 (5) 0.58281 (2) 0.01975 (9)
N1 1.04303 (18) 0.69484 (15) 0.84617 (6) 0.0152 (2)
N2 1.00906 (19) 0.60999 (17) 0.90974 (6) 0.0208 (3)
N3 1.24517 (19) 0.79683 (17) 0.84553 (7) 0.0209 (3)
N4 1.3498 (2) 0.77865 (18) 0.91059 (7) 0.0233 (3)
N5 0.93885 (18) 0.76012 (15) 0.72442 (6) 0.0159 (2)
N6 0.56784 (19) 0.65519 (16) 0.66803 (7) 0.0200 (3)
Cl 0.8749 (2) 0.67900 (17) 0.78527 (7) 0.0148 (3)
C2 0.6647 (2) 0.58341 (19) 0.79335 (8) 0.0184 (3)
C3 0.5146 (2) 0.5770 (2) 0.73096 (8) 0.0203 (3)
C4 0.7801 (2) 0.74205 (18) 0.66783 (8) 0.0162 (3)
C5 1.2034 (2) 0.6651 (2) 0.94818 (8) 0.0209 (3)
C6 1.1309 (2) 0.9298 (2) 0.60068 (9) 0.0230 (3)
H1 0.629 (3) 0.532(2) 0.8352 (10) 0.028 (5)*
H2 0.366 (3) 0.512 (2) 0.7313 (9) 0.023 (4)*
H3 1.235(3) 0.634 (2) 0.9944 (11) 0.030 (5)*
H4 1.204 (3) 0.833 (2) 0.6178 (10) 0.032 (5)*
HS5 1.160 (3) 1.037 (2) 0.6366 (10) 0.030 (5)*
H6 1.172 (3) 0.969 (3) 0.5531 (11) 0.040 (5)*
S2 0.91337 (6) 0.35407 (5) 0.59998 (2) 0.02003 (10)
N7 1.07557 (18) 0.19569 (15) 0.85809 (6) 0.0156 (2)
N8 1.0376 (2) 0.11547 (17) 0.92240 (7) 0.0219 (3)
N9 1.28032 (19) 0.29223 (17) 0.85739 (7) 0.0218 (3)
N10 1.3817 (2) 0.27602 (18) 0.92304 (7) 0.0241 (3)
N11 0.97742 (18) 0.26119 (15) 0.73636 (6) 0.0159 (2)
N12 0.60819 (19) 0.16413 (16) 0.67866 (7) 0.0192 (2)
Cc7 0.9101 (2) 0.18161 (17) 0.79690 (7) 0.0146 (3)
C8 0.6975 (2) 0.08981 (19) 0.80433 (8) 0.0181 (3)
C9 0.5511 (2) 0.0862 (2) 0.74162 (8) 0.0204 (3)
C10 0.8194 (2) 0.24779 (18) 0.67912 (8) 0.0162 (3)
Cl11 1.2311 (2) 0.1686 (2) 0.96118 (8) 0.0218 (3)
Cl12 0.6629 (3) 0.3216 (2) 0.53901 (9) 0.0256 (3)
H7 0.658 (3) 0.041 (2) 0.8462 (10) 0.028 (5)*
HS8 0.400 (3) 0.022 (2) 0.7410 (10) 0.027 (4)*
H9 1.264 (3) 0.138 (3) 1.0104 (11) 0.035 (5)*
H10 0.564 (3) 0.385(2) 0.5600 (10) 0.035 (5)*
H11 0.702 (3) 0.373 (3) 0.4949 (11) 0.037 (5)*
H12 0.600 (3) 0.192 (3) 0.5294 (10) 0.038 (5)*
Atomic displacement parameters (4°)

U 22 U Un U U
Sl 0.02103 (18) 0.02210 (18) 0.01490 (18) 0.00253 (13) —0.00004 (13) 0.00614 (13)
N1 0.0152 (5) 0.0167 (5) 0.0130 (5) 0.0007 (4) 0.0036 (4) 0.0040 (4)
N2 0.0216 (6) 0.0250 (6) 0.0152 (6) 0.0020 (5) 0.0040 (5) 0.0078 (5)
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N3 0.0155 (6) 0.0260 (6) 0.0190 (6) —=0.0011 (5) 0.0024 (5) 0.0049 (5)
N4 0.0203 (6) 0.0295 (7) 0.0186 (6) 0.0031 (5) 0.0005 (5) 0.0046 (5)
N5 0.0166 (5) 0.0159 (5) 0.0149 (6) 0.0028 (4) 0.0030 (4) 0.0019 (4)
N6 0.0182 (6) 0.0193 (6) 0.0212 (6) 0.0019 (4) 0.0009 (5) 0.0034 (5)
Cl 0.0155 (6) 0.0138 (6) 0.0150 (6) 0.0030 (5) 0.0025 (5) 0.0011 (5)
C2 0.0186 (7) 0.0180 (7) 0.0181 (7) 0.0012 (5) 0.0057 (5) 0.0042 (5)
C3 0.0168 (7) 0.0200 (7) 0.0232 (8) 0.0008 (5) 0.0039 (6) 0.0026 (5)
C4 0.0181 (6) 0.0149 (6) 0.0157 (7) 0.0034 (5) 0.0026 (5) 0.0020 (5)
C5 0.0221 (7) 0.0251 (7) 0.0153 (7) 0.0044 (6) 0.0022 (6) 0.0045 (5)
C6 0.0203 (7) 0.0305 (8) 0.0190 (7) 0.0053 (6) 0.0042 (6) 0.0093 (6)
S2 0.02219 (18) 0.02074 (18) 0.01648 (18) 0.00230 (13) 0.00321 (14) 0.00600 (13)
N7 0.0134 (5) 0.0181 (5) 0.0149 (6) 0.0015 (4) 0.0037 (4) 0.0045 (4)
N8 0.0203 (6) 0.0281 (7) 0.0170 (6) 0.0028 (5) 0.0044 (5) 0.0090 (5)
N9 0.0152 (6) 0.0265 (6) 0.0213 (6) —0.0005 (5) 0.0014 (5) 0.0057 (5)
N10 0.0182 (6) 0.0316 (7) 0.0203 (7) 0.0015 (5) —0.0004 (5) 0.0048 (5)
N11 0.0159 (5) 0.0160 (5) 0.0155 (6) 0.0021 (4) 0.0029 (4) 0.0033 (4)
N12 0.0170 (6) 0.0214 (6) 0.0184 (6) 0.0020 (5) 0.0026 (5) 0.0016 (5)
C7 0.0139 (6) 0.0142 (6) 0.0160 (6) 0.0039 (5) 0.0019 (5) 0.0008 (5)
C8 0.0171 (7) 0.0200 (7) 0.0170 (7) 0.0018 (5) 0.0056 (5) 0.0036 (5)
c9 0.0164 (7) 0.0233 (7) 0.0206 (7) 0.0019 (5) 0.0034 (6) 0.0014 (5)
C10 0.0189 (7) 0.0139 (6) 0.0160 (7) 0.0039 (5) 0.0023 (5) 0.0008 (5)
Cl11 0.0188 (7) 0.0294 (8) 0.0168 (7) 0.0039 (6) 0.0023 (6) 0.0060 (6)
Cl12 0.0305 (8) 0.0281 (8) 0.0181 (8) 0.0075 (7) —0.0006 (6) 0.0034 (6)
Geometric parameters (4, )

S1—C4 1.7453 (15) S2—C10 1.7487 (15)
S1—C6 1.8004 (16) S2—Cl12 1.7992 (16)
N1—N3 1.3311 (16) N7—N9 1.3314 (16)
NI—N2 1.3412 (16) N7—N8 1.3421 (16)
NI—Cl1 1.4347 (17) N7—C7 1.4291 (17)
N2—C5 1.3207 (19) N8§—Cl1 1.3182 (19)
N3—N4 1.3176 (17) N9—N10 1.3148 (17)
N4—C5 1.356 (2) N10—Cl1 1.3566 (19)
N5—C1 1.3267 (17) N11—C7 1.3237 (17)
N5—C4 1.3412 (17) N11—C10 1.3496 (17)
N6—C3 1.3336 (19) N12—C10 1.3377 (18)
N6—C4 1.3506 (18) N12—C9 1.3393 (19)
Ccl1—C2 1.3815 (19) C7—C8 1.3837 (19)
C2—C3 1.393 (2) Cc8—C9 1.386 (2)
C2—HI1 0.885 (19) C8—H7 0.886 (19)
C3—H2 0.951 (17) C9—HS8 0.965 (18)
C5—H3 0.891 (19) Cl11—H9 0.940 (19)
C6—H4 0.974 (17) Cl12—H10 0.955 (19)
C6—HS 0.988 (17) Cl12—H11 0.93(2)
C6—H6 0.96 (2) Cl12—HI12 0.957 (19)
C4—S1—C6 101.92 (7) C10—S2—C12 101.37 (8)
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N3—NI—N2 113.78 (11) N9—N7—N8 113.63 (11)
N3—NI1—Cl 123.45 (11) N9—N7—C7 123.40 (11)
N2—NI—Cl 122.75 (11) N8—N7—C7 122.96 (11)
C5—N2—NI1 101.28 (11) C11—N8—N7 101.34 (12)
N4—N3—N1 105.82 (12) N10—N9—N7 105.89 (12)
N3—N4—C5 106.17 (12) N9—N10—C11 106.19 (12)
Cl—N5—C4 114.47 (12) C7—N11—C10 114.67 (12)
C3—N6—C4 115.71 (12) C10—N12—C9 115.82 (12)
N5—C1—C2 125.31 (12) NI11—C7—C8 125.20 (12)
N5—CI1—NI 115.33 (12) N11—C7—N7 115.25 (12)
C2—C1—NI1 119.36 (12) C8—C7—N7 119.55 (12)
C1—C2—C3 114.59 (13) C7—C8—C9 114.40 (13)
Cl—C2—H1 122.4 (11) C7—C8—H7 1225 (11)
C3—C2—H1 123.0 (12) C9—C8—H7 123.1 (12)
N6 C3C2 123.19 (13) NI2C9 C8 123.46 (14)
N6—C3—H2 116.5 (10) N12—C9—HS8 116.1 (11)
C2—C3—H2 120.3 (10) C8—C9—H8 120.5 (11)
N5—C4—N6 126.72 (13) N12—C10—NI11 126.44 (13)
N5—C4—S1 119.87 (10) N12—C10—S2 119.96 (10)
N6—C4—S1 113.41 (10) N11—C10—S2 113.60 (10)
N2—C5—N4 112.96 (13) N8—C11—N10 112.94 (13)
N2—C5—H3 124.0 (12) N8—CI11—H9 124.6 (12)
N4—C5—H3 123.0 (12) N10—C11—H9 122.5(12)
S1—C6—H4 108.9 (11) S2—C12—H10 109.7 (11)
S1—C6—HS 110.3 (10) S2—Cl12—HI11 105.7 (12)
H4—C6—HS5 112.5 (14) H10—C12—H11 110.6 (16)
S1—C6—H6 103.5 (11) S2—Cl12—H12 110.3 (11)
H4—C6—H6 110.8 (15) H10—CI12—HI12 111.9 (16)
H5—C6—H6 110.4 (15) HIl—CI2—HI2 108.4 (16)
Hydrogen-bond geometry (4, )

D—H-A D—H H-A DA D—H-A
C2—HI1-N9 0.89(2) 2.58(2) 3.203 (2) 129 (2)

Symmetry code: (i) x—1, y, z.
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Abstract of Poster I:

Steering the Azido-Tetrazole Equilibrium of 4-Azidopyrimidines via Substituent
Variation — Implications for Drug Design

A. Thomann, Saarbriicken/DE, J. Zapp, Saarbricken/DE, M. Hutter,
Saarbricken/DE, M. Empting, Saarbricken/DE, R. W. Hartmann, Saarbrlcken/DE

Andreas Thomann, Helmholtz Institute for Pharmaceutical Research Saarland,
Campus C2.3, 66123 Saarbrlicken, Germany

This study focuses on an interesting constitutional isomerism called azido-tetrazole
equilibrium which is observed in azido-substituted N-heterocycles [1]. We present a
systematic investigation on the effect of different substituents on the ratio of the two
isomers within a 2-substituted 4-azidopyrimidine model scaffold. To this end, NMR-
and IR-spectroscopic as well as X-Ray crystallographic analysis of synthesized
derivatives were performed demonstrating the possibility to steer this valence
tautomerism towards the isomer of choice by means of substituent variation.

Furthermore, we investigated the impact of this tetrazole-based disguise of the azido
group in reactivity regarding copper(l)-catalyzed as well as strain-promoted azide-
alkyne cycloadditions (CUAAC and SPAAC, respectively). Substituents stabilized
tetrazoles showed a highly decreased or even abolished reactivity in our CuAAC
setup whereas the azides and compounds in the equilibrium were directly converted.
By use of an pH sensitive derivative, we provide, to our knowledge, the first
experimental basis for a possible exploitation of this dynamic isomerism as a pH-
dependent azide-protecting motif for selective SPAAC conjugations in aqueous

media.

Fragment-based drug design (FBDD) has emerged to be a powerful technique for the
discovery of highly effective drug leads. Our tetrazolo[1,5-c]pyrimidines display ideal
physicochemical properties for the use as potential fragment inhibitors. Furthermore,
they share a high degree of similarity with adenosine, a motif occurring frequently in
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natural molecules e.g. nucleic acids or Co-enzyme A. To demonstrate the
applicability of these tetrazolo[1,5-c]pyrimidines for FBDD we investigated whether
they could inhibit PgsD. This anthranoyl-CoA-dependent enzyme mediates a key
step in the signal molecule synthesis of the pgs quorum sensing system which
regulates virulence of P. aeruginosa and biofilm formation [2, 3]. Two fragments from
our library inhibited PgsD in micromolar concentrations resulting in high Ligand — and
Ligand Lipophilicity Efficiencies (LE and LLE, respectively). Hence, they can be
considered as ideal starting points for further fragment growing or merging

approaches.

[1] W. E. Hull et al., Angew. Chem. Int. Ed. Engl., 1980, 19, 924. [2] M. P. Storz et
al., JACS, 2012, 134, 16143. [3] Sahner et al, J. Med. Chem., 2013, 56, 8656.
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fragment inhibitors. Furthermore, they share a high degree of similarity with adenosine, a motif occurring

in natural

e.g. nucleic acids or C yme A. To the of these tetrazolo[1,5-

c]pyrimidines for FBDD we investigated whether they could inhibit PqsD. This anthranoyl-CoA

enzyme

a key step ln the signal molecule synthesis of the pgs quorum sensing system which regulates

virulence of P. aeruginosa and biofilm formation [2,3]. Two fragments from our library i PgsD in
Hence, they can be considered as ideal starting points for further g ing or ging app

“Structure Equilibrium Relationship” of 4-azido-2-thiomethylpyrimidines

The ratio of azide:tetrazole could be determined by 'H-NMR, >N-NMR, IR and X-ray crystallography. The
data indicated that electron-withdrawing groups (EWG) and sterically demanding groups shift the equilibrium
to the azide constitutional isomer whereas electron-donors shift towards tetrazole.
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"N-NMR (B), IR (C) X-ray crystallography (3 and 4) and modelling of
compound 1 energy optimized structure using MM2 semi-empirical method.
(D). A “Structure Equilibrium Relationship® (SER) could be derived by
determination of the ratio of azide:tetrazole monitored by 'H-NMR and IR

D
7/\‘ 3 (E). For 1, 2 and 6 the equilibrium is almost fully
Y shifted towards the azide, whereas 3 and 7 show signals of both constitutional
isomers. Compounds 4, 5, 8 and 9 were identified as fully stabilized tetrazole
valence tautomers (E).

Synthesis of 2-substituted 4-azidopyrimidines
Compounds were accessible by a one to three step synthesis starting from 4-chloro-2-thiomethylpyrimidine.
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CuAAC of stabilized tetrazolo[1,5-c] and 4-azndopyr|m|d|nes

Compounds 1 (stabilized azide), 7 (both isomers), 4 i ) and 5 ili ) were
employed in a model CuAAC reaction. 1 and 3 were readily transformed to the corresponding click products,
whereas 4 did only react upon high catalyst load while 5 remained unreacted. Noteably, 3 reacted faster than
1 indicating an involvement of an electronic effect on azide reactivity.
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© 2.
NN
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Model CuAAC reaction of compounds 1 and 3-5 employing
NeN NN ey phenylacetylene, CuSO, and sodium ascofbale in tBuOH:H, 0
y NN 20 04 {uvw; Y/ (1:1) at room (A).
. [ showed a significant slower reaction speed [M] compared to 3

(@] which might depend on their different electronic properties.

SUMMARY

In our study we have presented a rational approach to steer the azido-tetrazole equilibrium
towards the azide or the tetrazol form via variations of the substituent at the 2 position of 4-
azidopyrimidines. The Structure Equilibrium Relationship (SER) was used to create azide-
based compounds which are readily “clickable”, poorly “clickable” and “unclickable” in a
prototypical CuACC reaction. In additional experiments we demonstrated a pH-dependent
protecting group characteristic of the acid-sensitive tetrazole for the control of SPAAC
reactions. These results may motivate the application towards pH-dependent regioselective
couplings or even pH-selective bioconjugation and labeling via bioorthogonal click chemistry in
acidic environments e.g. cancer or inflammatory tissue. Finally, the analytical results were used
for a fragment-based drug discovery approach towards PgsD. The usefulness of these highly
efficient and physicochemically favourable fragments as potential analogues of adenosyl motifs
was demonstrated and may lead to further fragment-based drug development campaigns.

OUTLOOK

M ntroduce substituents in 6-position of 4 to steer
the equilibrium towards pH-dependent tetrazole
ring opening at physiological relevant pH

® Further investigate if such a compound could be a
probe for the pH-sensitive labelling of cancer or
inflammatory cells.

W Fragment-based design of novel PgsD Inhibitors
based on 5 by either fragment-linking or growing

in high Ligand- and Ligand Lipophilicity Efficiencies (LE and LLE, respectively).

pH-dependent SPAAC of 4 with dibenzocyclooctyne-amine

Konnecke et al. [4] showed that tetrazolo[1,5-c]pyrimidines can be opened to yield the azide by treatment
with TFA. Thus, we hypothesized whether we could use this phenomenon to demask the trapped azide of
4 by acidic treatment. Indeed, we monitored the appearance of new signals under treatment of 4 with TFA
in D,0O as indicated by 'H-NMR. Hence, we designed a pH-dependent SPAAC experiment to demonstrate
the applicability of this phenomenon towards pH-selective AAC.
¥

-
B . .4

Wi ...| 'H-NMR of 4 in D,O+NaOH (blue),

A | | NNy NN /- D,0,(green) D,0+TFA (red),
acidic L. == . e indicating a tetrazol ring opening
under acidic treatment (A). Kinetic
wn R analysis of the SPAAC of compound
i 'y § 4 and dibenzocyclooctyne-amine at
: : g pH 1.5 (@), 2.5 (M) and 4.1 (A),
- E revealing a pH-dependent
NN o1 acceleration of the reaction (B)..
basic Ftes "/..—o/""_"
W5 te 75 7e €5 s - o % )

Time / min

The PQS quorum sensing system of P. aeruginosa - A novel drug target
Quorum sensing is used by P. aeruginosa to coordinate group behaviour such as biofilm formation and viru-
lence factor production [2,5]. Furthermore, inhibition was shown to be effective in vivo [5).
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Interfering with PQS producing enzyme PgsD or its receptor PgsR can reduce biofilm formation, virulence factors and
pathogenicity of P. aeruginosa [2,5). Therefore, inhibition of PgsD is a promising strategy for the discovery of antiinfective
agents against P. aeruginosa.

FBDD of novel fragment-like PqgsD inhibitors employing stabilized

tetrazolo[1,5-c]pyrimidines - Implications for Drug Discovery

Because of the high degree of similarity towards adenosine motifs, (also present in PgqsD’s natural
substrate anthranoyl-Coenzyme A) compounds 4, 5, 8 and 9 were selected for a fragment-based approach
towards PgsD. Compounds § and 9 displayed an ICs, in low micromolar concentrations, resulting in high
Ligand and Ligand Lipophilicity Efficiencies (LE and LLE). Hence, they may serve as ideal starting points
for further fragment-based approaches towards antibiofilm and antivirulence agents. Furthermore, we
proposed, based on their structures, a possible binding mode in the adenosyl pocket of PqsD.
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Abstract

Emergence of Pseudomonas aeruginosa (PA) as a leading cause of nosocomial
infections and morbidity in immunocompromised patients has consolidated it in the
race for novel anti-microbial compounds. PA infections are notoriously difficult to
eradicate due to intrinsic resistance to a variety of available antibiotics. Its
distinguished ability to form biofilms amplifies resistance and promotes immune

response evasion.

The PA quorum-sensing (QS) system is a sophisticated network of genome-wide
regulation. A major player is the pseudomonas quinolone signal system (PQS-QS)
that regulates the production of several non-vital virulence and biofilm-related
determinants. Therefore, QS circuitry is an attractive target for anti-virulence
therapeutics with lowered resistance development potentiall'®®l. We have developed
a dual-inhibitor compound (cmpd. A) of low molecular weight and high solubility that
targets PQS transcriptional regulator (PgsR) and PgsD, a key enzyme in the
biosynthesis of PQS-QS signal molecules (HHQ and PQS).

In this context, cmpd. A markedly reduced virulence factor production without
affecting bacterial growth. Additionally, ciprofloxacin co-administration in vitro
increased susceptibility of PA14 to antibiotic administration under biofilm conditions.
Disruption of pathogenicity mechanisms was assessed in vivo, with significant

increased survival of challenged larvae in an established Galleria mellonella infection
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model. Finally, we observed considerable reduction of biofilm volume and

extracellular DNA.

Favourable physicochemical properties and effects on virulence/biofilm establish a
promising starting point for further optimization. In particular, interference with biofilm
holds great promise in lowering pathogenicity and increasing susceptibility to
pharmacological treatment and immune responses in chronic and persistent

infections.
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Emergence of Pseudomonas aeruginosa (PA) as a leading cause of nosocomial infections and morbidity in immunocompromised patients has consolidated it in the race for novel antlmlcrobual compounds )
PA infections are notoriously dlfflcult to eradicate due to intrinsic resistance to a variety of available antibiotics. Its distinguished ability to form biofilms amplifies resi and p

ion. The PA quort g (QS) system is a sophisticated network of genome-wide regulation triggered in response to population d. ity. A major ponent is the p quinolone signal (PQS)
QS system that regulates the production of several non-vital virulence and biofilm-related determinants.['! Hence, this QS circuitry is an attractive target for antl-vnrulence agents with lowered resistance

ial. We have developed a dual-inhibitor compound (cmpd. VI) of low molecular weight and high solubility that targets PQS transcriptional regulator (quR) and PgsD, a key enzyme in the

bmsynthess of PQs-Qs S|gnal molecules (HHQ and PQS).123 In vitro, cmpd. VI markedly reduced virulence factor production and biofilm formation ried by a ed of extracellular DNA.
ly, inistration with cipr in increased ptibility of PA14 to antibiotic treatment under biofilm conditions. Finally, disruption of p hani: was also d in vivo,

with signifi ly i d survival of chall d larvae in a Galleria mellonella infection model.l*] Favourable physicochemical properties and effects on virul Ibiofilm blish a p ing starting point

for further optimization. In particular, the ability to address two targets of the PQS autoinduction cycle at the same time with a single compound holds great promise in achieving enhanced (synergistic) cellular
effects while potentially lowering rates of resistance development.

Disruption of Cell-to-Cell Communication by Hindering Forward Feedback
Loops in PQS-Quorum Sensing System

P. aeruginosa group-related acute and chronic infections are regulated by a complex QS-
communication network. PQS system is a pivotal link in upstream QS circuitry, as well as in
the production of secreted virulence factors, iron assimilation, and biofilm formation.

Biofilm Formation

al Targeting PqsD and PqsR

Fig. 1. Overview of Pseudomonas quinolone signal (PQS)-quorum sensing system.

Synergistic Effect of a Combined Targeting of PqsD and PqsR on Pyocyanin
— Proof of Principle for a Dual Target Approach —

Synergistic activity of dual inhibition leads to a significant, dose-dependent, decrease on
PQS-derived pyocyanin production.
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Fig. 2. Synergistic activity of PgsD inhibitor (I) and PqsR antagonist (Il) on pyocyanin inhibition in PA14.

Application Towards the Rational Design of a Dual Acting Compound
Matching and merging of structural properties of selective PgsR and PgsD active compounds
resulted in a dual-target inhibitor.

PqsR Antagonist Ill
ICs PqsR = 26 pM
PqsD = 10% inhib. at 50 M
Pyocyanin: 61% inhib. at 400 uM
Optimization

Dual Inhibitor V Optimized Dual Inhibitor VI
ICso PqsR = 25 M (LLE = 0.58) ICs; PgsR = 15 uM (LLE = 0.67)
ICs PgsD = 23 uM (LLE = 0.58) ICey PqsD = 21 M (LLE =0.66)
Pyocyanin: 75% inhib. at 400 uM Pyocyanin ICq, = 86 yM

Q==

PqsD Inhibitor IV
PgsR = n.i. at 50 yM
ICs, PqsD = 1.7 uM

Pyocyanin: n.i. at 100 uM
Fig. 3. Matching of PgsR antagonist Ill and PgsD inhibitor IV resulted in a dual active cmpd. V. Further
Ligand Lipophilicity Efficiency Astex (LLE) improvement led to an optimized dual inhibitor VI.

Effect of VI on Growth and Virulence Factor Production in P. aeruginosa
Virulence factors Pyocyanin and Pyoverdine are key drivers of pathogenicity and biofilm
formation.s! Dual-inhibition significantly decreased signal molecule formation without
affecting bacterial cell growth.
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Fig. 4. ICs, curve of the inhibitory effect of VI on
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= PA14 control 2 2

* VI[500 M) pyocyanin production (A). Compound VI showed
:m‘ﬁ:x} prominenl‘decrease in pyoverdine levels ‘in a
* V1 [200 pM] concentration-dependent manner (B), without
* VI[100 uM]

affecting cell growth of Pseudomonas aeruginosa

PA14 wild-type (C) with concentrations ranging

6 12 18 24 30 36 42 48 from 100 to 500 pM in PPGAS medium + 1%
time (h) DMSO.

0.1

Cmpd. VI Disrupts Biofilm Formation and Increases Antibiotic
Susceptibility Under Biofilm Conditions

Interference with PQS-QS leads to decrease in biofilm formation and antibiotic tolerance
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Fig. 5. Cmpd VI reduced biofilm of PA14 wild-type but was less
active against PA14 ApgsR (A). Pronounced effects on extracellular
DNA in biofilm cultures were found at 400 uM (B). Activity of
ciprofloxacin was restored by a combination of the antibiotic with VI
under biofilm conditions (C).

Protective Effect on G. mellonella Against P. aeruginosa Infection with
Dual-Inhibitor Treatment
Significant positive correlation with mouse models constitutes G. mellonella a powerful tool
to investigate mammalian-associated pathogens. Treatment with compound VI increased
larvae survival by up to 6-fold.
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SUMMARY

In this study we have demonstrated that dual(multi)-drug targeting strategies are
of particular relevance in complex pathway circuitries driven by autoinducing
signalling molecules such as those in the PQS-QS system. Rational design and
optimization resulted in dually active compound (VI) and led to increased
inhibition of relevant metabolic machinery, achieving a synergistic effect that
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Abstract

Tuberculosis, caused by Mycobacterium tuberculosis (Mtb), is still the most deadly
bacterial infection worldwide. In 2011 the WHO registered about 1.4 million cases of
death related to Mtb infections."! Despite a broad arsenal of available anti-
mycobacterial agents, treatment becomes ineffective caused by the increased
abundance of multiresistant mutants.””! These circumstances underline the urgency
for new therapeutic strategies with novel modes of action. The mycobacterial P450
enzyme CYP121, being essential for Mtb growth in vitro®l, is such a promising new
drug target for prospective anti-microbial agents. Previous studies revealed azole
antifungals (e.g. econazol)¥ to be nanomolar binders to CYP121 with effectivity

against Mtb in vitro and in vivo.

To identify new hits against CYP121, we employed a CYP-Inhibitor focused library in
a Surface Plasmon Resonance spectroscopic (SPR) screening. The 44 identified hits
were validated in a P450 coordination assay resulting in 14 heme type Il binders with
low micromolar Kp’s. Those compounds displayed single digit ug/ml MICso’s in vitro
against Mycobaterium bovis BCG. The frontrunner compound |:47 was selected for
further evaluation against the human pathogen Mtb and showed significant growth
inhibition with a MICgy, of 0.28 pg/ml. Additionally, 1:47 was evaluated in a HEK293
Cell assay for toxicity and displayed a LDs, that was 40 times higher than its MIC.
Finally, we could demonstrate that 1:47 does not only bind to CYP121 but does also

inhibit the enzyme reaction in vitro.
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Promising anti-mycobacterial activity, low toxicity and a novel mode of action together
with the low molecular weight make 147 an excellent basis for further drug
development.
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Tuberculosls, caused by Mycobactenum tuberculosis (Mtb) is still the most deadly bacterial infection worldmde In 2011 the WHO registered about 1.4 million cases of death related to Mtb infections. 'l Despite a broad arsenal of

ial agents, caused by the i of @ These ci underline the urgency for new therapeutic strategies with novel modes of
action. The mycobacterlal P450 enzyme CYP121, being essential for Mtb growth in vitro,l¥ is such a promising new drug target for prospective antimicrobial agents. Previous studies azole anti (e.g. “
to be nanomolar binders to CYP121 with effectivity against Mtb in vitro and in vivo. 1
To identify new hits against CYP121, we employed a CYP-i f d library in a surface pic (SPR) ing. The 44 i ified hits were vali in a P450 coordination assay ing in 14
heme type Il binders with low mi Kp’s. Those played single digit pg/ml MIC,,’s in vitro agamst Mycobaterium bovis BCG The frontrunner compound 1:47 was selected for further evaluation against the
human pathogen Mtb and showed smmhcanl growth inhibition with a MIC,, of 0.28pg/ml. Additi 1:47 was in a HEK293 cell assay for toxicity and displayed a LD, that was more than 60 times higher than its MIC
value. Finally, we could demonstrate that 1:47 does not only bind to CYP121 but does also inhibit the enzyme reaction in vitro.
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Figure 4. 44 SPR positive binders were evaluated for their ability to bind to the heme iron of CYP121. Therefore, potential
binders were initially tested at 100uM and the respective UV-VIS difference spectra (A) were recorded. As for the positive control
econazole, all of the 14 positive heme coordinators showed a type |l profile (direct iron interaction, see A upper right difference
Figure 1. CYP121 catalysis the reaction of cyclo-di in (CYY) to in. Knock out studies revealed CYP121 to be . For these Ko's (B) were ined by titration (A),as shown here for 1:47 .

essential for survival of Mtb in vitro. Thus, CYP121 displays a new target for the treatment of drug resistant Mtb
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of compounds in the ng/ml range. 148 08 Type Il 7 12 76 for further drug discovery efforts and in
vivo evaluation.
1:47 06 Type Il 2 1 67

*Previously determined /]

Initial Biophysical Screening by Surface Plasmon Resonance (SPR) for the
Identification of Binders to CYP121 In silico binding mode of 1:47 to the active site of CYP121
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Figure 7. For the frontrunnter compound 1:47 a molecular modelling study was conducted to reveal further insights into its binding
Figure 3. SPR Screening results of the focused library. Compounds that showed binding (left, sensorgram) were ranked against mode. Previously obtained data proving type Il binding profile of 1:47 were used to generate a pharmacophore model for heme-
econazole (right, ranking). Thls ratio (Response o'Response .., OF R/IR;,) allowed rational evaluation of the library guided docking. The resulting poses were sorted by score .The best rated score is displayed. The iron interaction (B) as well as
for further bi in VIlIO 44 showed a ration > 0.5 and were further evaluated. the placement of the hydrophobic residue is in good accordance with the active site properties regarding hydrophobicity.

SUMMARY OUTLOOK REFERENCES

Biophysical screening of a focused library resulted in cellular active compounds against the . e . ;
human pathogen Mycobacterium tuberculosis. These compounds are of favorable B Evaluation of 1:47 in marophage infection models [1] WHO, Global Tuberculosis Report, 2012.
physicochemical properties regarding bioavailability as they were designed against human . s . 3 y

steroidogenic CYP enzymes. The low molecular weight frontrunner 1:47 displayed promising 'iﬁ:‘?iﬂfﬁ?g” of 1:47 and CYP121 to derive a [2] 2 Udwadia etal., Clin. Infect. Dis., 2012, 54, 579-51

antimycobacterial activity, while having reduced cytotoxicity compared to econazole, a reported [31 KJ McLean et al., J. Biol. Chem., 2008, 283, 33406-16.

cellular active CYP121 binder. Furthermore, knowledge of a type Il binding profile enabled
L 9 P ncng protl W Structure based design based on 1:47 to increase

sophisticated molecular docking studies employing the crystalstructure of CYP121 to generate
further insights into the bindingmode of 1:47. Promising antimycobacterial activity, low toxicity on target and cellular potency [41KJ McLean et al., J. Inorg. Bioch., 2002, 91, 527-41.

d | mode of action together with the | lecul ht make 1:47 llent
anc 8 NOVEL IMOCe .07 aclion 10geiar Wit; the \oW, 01 oCUAI WIgIT MAKS 44 8N 0XCotoN mValidation of CYP121 as an antimycobacterial [5] ST Byrne et al., J. Med. Microbiol., 2007, 56, 1047-

basis for further drug development. ST
drug target using a small molecule inhibitor in vivo
[6] SG Franzblau et al., Tuberculosis , 2012, 92, 453-488.
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PKCC*

Studies of pharmaceutical science at Saarland University
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7.2.1 Oral presentations

Title: ,Molekiile als Sonden — Ein neuer Ansatz zur Arzneistoffentwicklung®,
Absolventenfeier der Naturwissenschaftlich Technischen Fakultit 1ll, June 2012,
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7.2.2 Poster presentations

The posters listed below are shown in section 6.9 Supporting Information for Posters.

Andreas Thomann, Josef Zapp, Martin Empting, Michael Hutter and Rolf W.
Hartmann

Steering the Azido-Tetrazole Equilibrium of 4-Azidopyrimidines via Substituent
Variation — Implications for Drug Design,

Frontiers in Medicinal Chemistry, March 2015, Marburg, Germany.

Andreas Thomann,” Antonio G. Martins,” Christian Brengel, Elisabeth Weidel, Alberto
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First International Symposium on Quorum Sensing Inhibition and Satellite meeting on

Novel anti-fouling strategies, June 2015, Santiago de Compostela, Spain.
*These authors contributed equally to this work.

Brengel, Christian,” Thomann, Andreas,” Schifrin, Alexander, Bernhardt, Rita, Kamal,
Ahmed, Cho, Sang Hyun, Franzblau, Scott G. and Hartmann, Rolf W.

Biophysical Screening of a Focused Library for the Discovery of Novel
Antimycobacterials Targeting CYP121,

5th International HIPS Symposium, July 2015, Saarbriicken, Germany.
*These authors contributed equally to this work.

Andreas Thomann,” Antonio G. Martins,” Christian Brengel, Elisabeth Weidel, Alberto
Plaza, Carsten Bérger, Martin Empting1, Rolf W. Hartmann

Biological evaluation of an in vivo-potent dual target PQS-Quorum Sensing
inhibitor that hinders biofilm formation,

5th International HIPS Symposium, July 2015, Saarbriicken, Germany.
*These authors contributed equally to this work.
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349



7.3 Publications
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Inge Van Molle, Andreas Thomann, Dennis L. Buckley, Ernest C. So, Steffen Lang, Craig M.
Crews and Alessio Ciulli
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Andreas Thomann, Carsten Bérger; Martin Empting and Rolf W. Hartmann
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Methylthiopyrimidines — Exploiting Tetrazole as an Efficient Leaving Group
Andreas Thomann, Jens Eberhard, Giuseppe Allegretta, Martin Empting and Rolf W.
Hartmann

Synlett; 2015; 26; 2606-2610; DOI: 10.1055/s-0035-1560577.

Application of Dual Inhibition Concept Within Looped Autoregulatory Systems
Towards Anti-virulence Agents Against Pseudomonas aeruginosa Infections
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Crystal structure of 4-methylsulfanyl-2-(2H-tetrazol-2-yl)pyrimidine
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Discovery and Biophysical Evaluation of First Low Nanomolar Hits Targeting
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Christian Brengel,® Andreas Thomann,* Jens Eberhard, Alexander Schifrin, and Rolf W.
Hartmann

ChemMedChem:; just accepted, DOI: 10.1002/cmdc.201600361
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Structure-activity Relationships of 2-Sufonylpyrimidines as Quorum Sensing
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