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Abstract

Na.-2-thiophenoyl-p-phenylalanine-2-morpholinoanilide [MMV688845, Pathogen Box®;
Medicines for Malaria Venture; IUPAC: A-(1-((2-morpholinophenyl)amino)-1-oxo-3-
phenylpropan-2-yl)thiophene-2-carboxamide)] is a hit compound which shows activity against
Mycobacterium abscessus (MICgqq 6.25 - 12.5 uM) and other mycobacteria. This work describes a
derivatization of MMV688845 with focus on the thiomorpholine moiety. The molecular structure
of these oxidation products is confirmed by X-ray crystallography. Conservation of the essential

R configuration during the synthesis sequence was proven by chiral HPLC for an exemplary
compound. Structure activity relationship information is provided for four different substituents of
the molecular scaffold. The S-oxides show lower MICgqq values (M. abscessus: 0.78 uM, 8-fold
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more active) and higher aqueous kinetic solubility. MICgqq determination was conducted on M.
abscessus, M. intracellulare, M. smegmatis and M. tuberculosis. Assessment of bactericidal effects
showed a 2-log reduction of viable bacteria at just 2X their MICgqq for new derivatives. No
cytotoxic effects against a variety of mammalian cell lines were observed.

Graphical Abstract
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1. Introduction

Infections with mycobacteria are difficult to treat, as they often require prolonged antibiotic
therapy, which can be accompanied by severe side effects. Whereas drug-susceptible
tuberculosis can usually be treated successfully within six months1-4, the therapy of
infections with multi-drug resistant (MDR) Mycobacterium tuberculosis (Mtbh) strains and
non-tuberculous mycobacteria (NTM)®6 is protracted and cure rates are often low (25 - 58
% for Mycobacterium abscessus’8 (Mabs) infections®11). For infections with MDR Mitb,
progress has already been made in recent years. Scientific efforts have led to the approval
of two new drugs: bedaquiline and pretomanid2-14, Bedaquiline works by inhibiting
mycobacterial ATP synthase, while pretomanid has a rather complex mechanism of
action. Under normoxic conditions, it is converted into reactive intermediates that interfere
with mycolic acid synthesis, while in anaerobic environments it acts as an NO donor

that effectively poisons the respiration of mycobacterial®16. By combining bedaquiline,
pretomanid and linezolid, a new therapeutic regimen for treatment of MDR tuberculosis
could be established?’.

NTM have come into scientific focus in recent years, owing to the fast-growing,
multidrug-resistant Mabs and the Mycobacterium avium complex (MAC) which have
emerged as problematic opportunistic pathogens8-21, They possess numerous intrinsic
resistance mechanisms, which render classical antitubercular drugs and many other common
antibiotics ineffective.

Currently, the RNA polymerase (RNAP) inhibitor rifampicin (RIF) is a cornerstone of
antimycobacterial therapy. As a result, mycobacteria with acquired or intrinsic resistance
to rifamycins, e.g., multi drug resistant Mtb or Mabs, are a particular threat. Mycobacteria
use different mechanisms to counteract the effect of RIF. In Mtb, 95 % of the resistant
strains possess acquired mutations in the target of RIF, the RpoB subunit of the RNAP.
Less frequently, the expression of efflux pumps influences RIF resistance?2. In contrast,
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RIF resistance in Mabs is caused by other mechanisms. Mabs has the ability to covalently
modify RIF through the enzyme ADP ribosylase?3 and thereby inactivate it. In addition,
naphthohydroquinone oxidation increases resistance?*. Certain rifamycins, such as rifabutin,
are less susceptible to these mechanisms of resistance, which is reflected in improved
efficacy /n vitroand in vivo?®28. Recent advances in rifamycin research made it possible

to completely block ADP-ribosylation while retaining its anti-mycobacterial activity. The
redesign of the C25- G-acyl position was crucial for these improvements of the rifamycin
structures?”:28,

Despite the promising attributes of rifabutin, a synthetic RNAP inhibitor that exhibits no
cross-resistance with rifamycins is of interest for anti-mycobacterial drug development.

In particular, the Ma-aroyl-A-aryl-phenylalanine amide (AAP) MMV688845 (/Na.-2-
thiophenoyl-p-phenylalanine-2 morpholinoanilide), discovered as an anti-Mtb hit29, has
been shown to be active against Mabs (ATCC19977) by screening of the Pathogen Box®
library30 (Medicines for Malaria Ventures, MMV). Analogs of MMV688845 have been
shown to be inhibitors of Mtbh RNAP that bind to the RpoB subunit but address a different
binding site than rifamycins3L. In addition, derivatives of MMV688845 are described in a
patent32, although these were not investigated against NTM including Mabs. Based on the
promising screening experiments, we have developed a synthesis for MMV688845, yielding
the active enantiomer with ee values of >99 % and investigated its stereospecific activity
against Mabs, as well as its cytotoxicity33. In parallel, the RNAP was validated as target in
Mabs, and a detailed in vitro profiling of the hit compound was performed34. Motivated by
these encouraging results, a series of MMV688845 derivatives was synthesized with the aim
of increasing /n vitro activity against NTM, improving physicochemical properties such as
solubility and getting a first insight into /n vitro metabolism properties of this compound
class.

Results and Discussion

2.1 Docking studies

To explore which structural alternations of the hit molecule MMV688845 can be favourable
for target binding, a molecular docking experiment was conducted based on the published
crystallographic structure of Mtb RNAP (PDB code: 5SUHE). We used the X-ray structure of
the crystallized protein with the model compound D-AAP1 as a reference for our modelling
approaches3L. The structures of both substances are given in Scheme 1.

According to Lin et al.,, D-AAP1 offers space for six additional non-hydrogen atoms at the
position of the methyl group while it is coordinated to its target enzyme. Therefore, this
position offers potential for structure-based hit to lead optimization3L. In MMV688845, the
methyl group is replaced by a morpholine ring, introducing five additional non-hydrogen
atoms while retaining activity30. The docking study of MMV688845 and RNAP 4 (Figure
1A) indicates a hydrogen bond between the morpholine oxygen atom and the arginine
residue R834 of the B’ subunit. Motivated by this finding, we were eager to find other
hydrogen bond acceptor groups, which exploit the potential additional hydrogen bond for
drug-target interactions and possibly lead to different physiochemical properties.
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As the results of Lin et al. suggest only limited space for derivatization (five of the six
proposed non-hydrogen atoms are already part of MMV688845), we chose to investigate
structures that offer the desired properties while keeping the size of the relevant part of
the molecule almost unchanged with only one or two additional atom(s). Our docking
studies indicate that substitution of the morpholine part with a thiomorpholine and its
respective oxidation products (sulfoxide and sulfone) will lead to a similar binding mode
as observed for MMV688845. Figure 1B and Figure 1C depict the modelled complexes
with MMV 688845 derivatives containing sulfone and sulfoxide groups. The modelling data
suggest that the oxygen atom(s) of the sulfone or sulfoxide can act as hydrogen bond
acceptors for R834, whereas clashes with the target protein could not be observed. A
superimposed visualization of D-AAP1 and substance 20 can be found in the Supporting
Information (Figure S1).

In addition, we found in our docking experiments that a p-hydroxy group in a tyrosine
analog of MMV688845 could form an additional hydrogen bond to the backbone of the
target protein at P477 (Figure 1D) without any calculated clashes.

To check whether the proposed binding modes also have relevance in the RNAP of Mabsa
protein-protein BLAST was used to align and compare the Mb p and the B RNAP subunits
with their respective relatives in Mabs. The sequence homology was found to be 90.4 % for
the B subunits and 89.9 % for the B’ subunits, while the amino acids that are relevant for
drug-target interaction in Mtb RNAP are highly conserved (only exception: A563 in Mtbto
G512 in Mabs, a list of the relevant amino acids can be found in the Supporting Information,
Table S1), making a similar binding mode in Mabs RNAP probable.

2.2 Chemistry

The objective of the synthetic work described in this study is the derivatization of
MMV688845. For this purpose, a synthetic route based on a published synthesis of the

hit compound33 was designed. Starting from Boc-protected amino acids, the preparation of
analogs is possible in three steps, as shown in Scheme 2. This modified synthetic route
allows targeted derivatization of MMV688845 without racemization of the amino acid
stereocenter.

2.2.1 Synthesis—In the first step (general procedure A), an amide bond is synthesized
using the phosphonic acid anhydride T3P in a mixture of EtOAc and pyridine3®, followed
by removal of the Boc protecting group using TFA. The second amide bond in the molecule
is formed using the coupling reagent DEPBT36, for which the amine is reacted with an
aromatic carboxylic acid.

The synthesis and modification of aniline building blocks were crucial for the desired
derivatization, for which the 2-morpholinoaniline in MMV688845 was the starting point.
Using the syntheses shown in Scheme 3, thiomorpholine and its oxidation products, i.e.,
sulfone and sulfoxide, were introduced as substituents for derivatization. The introduction
of thiomorpholine was achieved by a nucleophilic substitution on 2-bromonitrobenzene
(general procedure C) and subsequent reduction of the nitro group by hydrazine (general
procedure D). In case of 1S11 we tried to couple commercially available thiomorpholine
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dioxide to 1-bromo-2-nitrobenzene to avoid the use of oxidizing agents completely, because
oxidization could also occur at the aniline nitrogen atom to form its A-oxide. General
procedure C did not yield the desired product in this case. A reason for this could

be the electron withdrawing effect of the two oxygen atoms which makes the nitrogen

of thiomorpholine dioxide less nucleophilic preventing the substitution. A BINAP and
transition metal aided coupling was investigated which produced the desired aniline in yield
of 32 %. Thus, we eventually decided against this latter approach as it is more expensive and
less efficient than the nucleophilic substitution approach3’.

For the synthesis of 2-(tetrahydro-2 A-thiopyran-4-yl) anilines, a different synthetic strategy
was necessary (general procedure H in Scheme 3). The desired derivatives were prepared
by C-C coupling of 4-oxothiane and Boc-2-aminophenylboronic acid pinacol ester38.

For this synthetic method, 4-oxothiane was transformed to a sulfonylhydrazone using
tosylhydrazide. In the subsequent step the C-C coupling was carried out by reaction of the
sulfonylhydrazone with the boronic acid pinacol ester in the presence of cesium carbonate.
The final Boc cleavage was performed in TFA/DCM. Mechanistically, Barluenga et al.
postulated that the tosylhydrazones so formed decompose thermally with formation of a
diazo intermediate (Bamford-Stevens reaction) which reacts with the boronic acid or its
ester.39

The oxidation of the thioether moiety was carried out according to general procedure E

and F as shown in Scheme 4. By using different oxidizing agents, sulfone and sulfoxides
were selectively obtained. The oxidation was conducted on the products of general
procedure A or on the substituted nitro building blocks. Starting from the thiomorpholine
derivatives, sulfoxides were prepared using NalO,, while the analogous sulfones were
obtained by oxidation with m-CPBA. The molecular structure of the oxidation products

was unambiguously determined by X-ray crystallography, as described below. Oxidizing the
sulfur in the 4-(4-R2-2-nitro-phenyl)thiomorpholines intermediates is an alternative way to
achieve oxidation (for example see synthesis of 47 (sulfoxide) or 25 (sulfone)). S-Oxidation
of the nitro building block has the disadvantage that the more polar groups (especially the
sulfoxides) are present in subsequent synthetic steps, which complicates purification of the
products by normal phase column chromatography. S-Oxidation after the final coupling step
has not been investigated since the thiophene groups are also prone to oxidationC.

2.2.2 Stereochemical evaluation of the synthetic pathway—The synthetic
pathway was designed to meet a series of requirements as previous synthetic approaches
harbored certain disadvantages as highlighted below. It is known that only the R enantiomer
of MMV688845 shows activity against Mabs, whereas the Senantiomer is inactive31:33,
The synthetic procedure described by Ebright et. a/32 required preparative chiral HPLC
separation of the enantiomers in the racemic mixture of the final compounds. To avoid the
necessity of enantiomer separation, an important goal in the design of the synthesis was to
start with reactants containing the required / configuration and preserve that configuration
throughout the synthesis. Boc-protected (/)-phenylalanine is a readily available and
inexpensive starting material for most compounds. In our previous study, we made
important steps towards the realization of this goal®3. To determine the stereochemistry
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of the reactions, (R)-MMV88845, (S)-MMV88845 and (rac)-MMV88845 were synthesized
starting from the (R)-, (S)- or (rac)-phenylalanine using the new synthetic procedure.

Although phenylalanine is not known for its susceptibility to racemization, like e.g.,
phenylglycine containing peptides®!, literature shows that phenylalanine racemization can
occur even in usual and mild amidation procedures3342, This is why we chose to investigate
on the issue of stereochemistry to avoid this uncertainty and find a straightforward synthetic
procedure that allows an efficient and exclusive production of the active R enantiomer.

The synthetic step bearing the highest risk of phenylalanine racemization is the first amide
coupling with the aniline building block yielding an anilide. The necessary activation of the
carboxylic acid of the phenylalanine induces a strong electron-withdrawing effect on the
a-H atom of the phenylalanine. As a result, the a-H atom can be subtracted more easily
than in any other step of the synthesis, especially under the basic conditions present during
most amide coupling reactions*3-4%. To achieve coupling conditions as mild as possible,

we adapted the T3P (/+propanephosphonic acid anhydride*6) coupling method published by
Dunetz et aP®. The authors showed that a mixture of EtOAc and pyridine at 0 °C yielded the
lowest degree of racemization. Another advantage of T3P is that the side products formed

in the coupling reactions are water-soluble and hence can be readily separated by extraction
during work up. The intermediate and final compounds were analyzed by chiral HPLC (see
Supporting Information). The ee-values are listed in Table 1.

All products that were synthesized from enantiopure Boc-phenylalanine derivatives showed
ee-values higher than 99 % indicating that virtually no racemization occurs under the
reaction conditions used. Specific optical rotations have been determined for the compounds
in Table 1 and can be found in the Supporting Information.

2.2.3 Structural elucidation—To prove that oxidation indeed occurred at the Satom
of the thiomorpholine moiety only, an X-ray crystal structure analysis was conducted on
a selection of compounds, viz. 6, 14 and 20 , because the formation of thiomorpholine
N-oxide is also conceivable under the conditions used#’. We recently described the crystal
and molecular structure of racemic MMV688845 (CSD refcode: BALNUB)33, while the
investigated compound set for this study represents the direct thiomorpholine analog of
MMV688845 6, its sulfoxide derivative 14 and its sulfone derivative 20.

We obtained colourless crystals of enantiopure 6 and 20 suitable for X-ray diffraction from
a chloroform/heptane solvent system. Interestingly, two crystallographically independent
homochiral molecules of 6 (Figure 2A) form a hydrogen-bonded dimer about a pseudo
center of symmetry in the crystal structure (triclinic system, space group A1) analogous

to the crystallographic center of symmetry observed for racemic MMV688845 (triclinic
system, space group P-1). The crystal structure of 20 is isomorphous with that of 6.

The corresponding sulfoxide 14 crystallized as a sesquihydrate from aqueous methanol.
The homochiral molecules likewise constitute a hydrogen-bonded dimer through N—H:---O
hydrogen bonds formed between the phenylalanine amide moieties. The dimer is, however,
not pseudo centrosymmetric as in 6 and 20 but exhibits a crystallographic twofold rotation
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axis (monoclinic system, space group /2). N—H---O hydrogen bond parameters within
dimers in are essentially comparable in 6, 20 and 14 (see Supporting Information).

Bearing in mind that single-crystal X-ray diffraction does not prove the homogeneity of

the bulk material, the molecular structures and absolute configurations of the sulfone 20
(Figure 2B) and the sulfoxide 14 (Figure 2C) were also confirmed by X-ray crystallography,
indicating oxidation of the sulphur atom in the isolated products without formation of
thiomorpholine A-oxides.

2.3 Microbiology

2.3.1 Invitro activity determination against NTM and Mtb—The /n vitro activity
of MMV 688845 analogs described in this study was determined as MICgyq against a panel

of NTM (Mabs, Mycobacterium intracellulare and Mycobacterium smegmatis) and Mtb—
the most prevalent mycobacterial pathogen worldwide. The mycobacteria were selected to
ensure comparability of our data (where applicable) to other publications31:33:50.51 for their
clinical relevance®? in both pulmonary®3 and extrapulmonary®* clinical presentations, and in
view of the severity and treatability®® of the infections.

Since Mabs has become a serious problem in the clinics!®, we particularly focused on this
species. The activity was therefore analyzed against two different Mabs strains, namely the
reference strain ATCC 19977 and the clinical isolate Mabs Bamboo. To assess possible
effects of the growth medium on the /in vitro activity, the assays were performed in both
Middlebrook 7H9 and cation-adjusted Mueller-Hinton 11 broth medium.

As Mabs is capable of infecting human macrophages and actively proliferates intracellularly
by evading certain immune defense mechanisms®®, activity was also determined in a
macrophage infection model assay. The macrophages used were derived from THP1 cells,
infected with an RFP labelled Mabs strain prior to treatment with the test substances. After
incubating for three days the macrophages were stained with DAPI and internal growth
inhibition was determined by measuring RFP fluorescence (for detailed method description
see Supporting Information).

M. intracellulare ATCC 35761 (Mintra) was chosen to represent the clinically relevant M.
avium complex (MAC)%6. Studies in the United States have shown that MAC is the most
frequently isolated NTM in both pulmonal lung disease®3 and extrapulmonary infections®’.

M. smegmatis (Msmeg) is a fast-growing mycobacterium generally considered non-
pathogenic and often used as a surrogate organism for M. tuberculosis®®>1, To demonstrate
a broad spectrum of activity against fast-growing mycobacteria and to analyze species-
dependent differences in efficacy, M. smegmatis mc? 155 was included in the selection of
mycobacteria. We report the results of broth microdilution MICgqq assays for each substance
in Table 2.

Optical density derived and RFP-fluorescence derived MICqq values were similar. Although
OD measurement is a well-established method to analyze bacterial growth, RFP assay data
often offer higher sensitivity and specificity®8:59, Nevertheless, in our case the OD and
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RFP values correlate well and the MICgqq values of the reference compound do not differ
substantially.

The MICgq values for MMV688845 determined in this study are consistent with values
found in the literature. Low ef al. determined a MICgqq value against Mabs of 7 pM, and

we found 6.25 pM in Middlebrook 7H9 medium. To investigate culture media independency
the growth inhibitory effect was analysed in MHII and a MICqyq value of 12.5 pM was
determined indicating culture medium independency. The MICgqq value we determined
against Mtbis slightly lower (0.78 uM) than that of Low et. al. (1.2 uM).

Derivatization of the parent compound MMV845 was performed at the residues R to R* as
shown in Scheme 5.

First, we compared analogs that only differ at the R! substitution site. Figure 3 gives

an overview. Four different moieties for R1 (phenyl, p-hydroxyphenyl, 2-thiophenyl, 3-
thiophenyl) were included in our study. As a patent by Ebright et a/. reveals32, MICgy,
values are particularly sensitive to changes at the R1 position. The most active compounds
against Mtband M. avium that were synthetized have a phenyl group in position R1.
p-Hydroxyphenylgroups and their respective acetyl or benzoic acid esters substitutions at
R were also investigated in this patent and resulted in a loss in activity against both
Mtband M. avium. The other variations in R that are shown (e.g., m-hydroxyphenyl)
resulted in severe activity loss32. Bearing this in mind, we decided to include both phenyl
and p-hydroxyphenyl substituents for derivatization and screening. Despite knowing that
even minor changes result in activity loss, 2- and 3- thiophenyl substituents were included
because these structures are isosteric to phenyl9 and therefore offer a hopefully tolerable
change to the molecule without activity loss.

For Mabs no differences in activities can be seen, but there is a trend that phenyl groups
perform better than p-OH-phenyl, e.g., 29 has a twofold increased activity compared to 40.
The same trend can also be seen in Mabs Bamboo. It is remarkable that the difference
becomes more pronounced when looking at the MICgqq values determined in the macrophage
infection model assay. In this case the compounds suffer from a four- to eightfold decrease
in activity when a p-OH-phenyl group is present. Possibly these results are based on

the higher polarity of the p~-OH-phenyl group leading to lower permeability through the
membranes of both the macrophages and bacteria.

In Msmeg, MICgqq values show a fourfold increase when a p-OH-phenyl group is introduced
into the molecule.

Interestingly, the MICgqq values against Mintra show an opposite trend. A comparison of 28
and 39 shows that the p-OH-phenyl group has a positive effect on the MICgqq values with

a two- to fourfold increase in activity. Currently, we have no well-founded explanation for
this result, though structural differences between the RNAPs of Mabsand Mintra and the
interaction of R1 with the target may play a role.
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The MICgyq values determined against Mtb show that p-OH-phenyl as a substituent is never
inferior to phenyl. In the case of compounds 11 and 36 p-OH-pheny! substitution shows a
better activity against Mib.

Although the change from phenyl to 2- or 3-thiopheny! is very small regarding the chemical
and electronic properties of the molecule, it leads to activity loss in every single species
investigated, showing that R® is indeed sensitive to even minor changes in the substituent RL.

The primary intent of derivatizing R2 was to sterically shield the anilide to preventhydrolysis
and to slow down or prevent metabolism of the morpholino-anilide moiety of the molecule.
To this end, we introduced a fluorine atom in para position of the morpholine moiety and
determined whether this resulted in lower MICgq values. An overview of compounds only
different at R2 is given in Figure 4.

The introduction of the fluorine atom results in a tendency for higher MI1Cgq values. It is
worth noting that for Mabs a two- to fourfold increase in MICgq values was observed (e.g.,
6/11 or 24/29). Interestingly, this behaviour is reversed when R3 contains a thiomorpholine
sulfoxide group. Both thiomorpholine sulfoxide structures (14/17, 15/18) show twofold
increased MICqq values against Mabs. This effect is not observed for the respective sulfones.
For example, the Mabs and Mtb MICqq values of the most active compound 24 are increased
fourfold on addition of the fluorine substituent. A similar effect was observed in the other
sulfones, 20/28.

The MICgqq values determined for Mabs in the macrophage infection model decreased upon
introduction of the fluorine substituent. The effect is more pronounced in the MICsg values.
Here a two- to fourfold decrease for all substances with the fluorine substituent was found.

The main R3 variation of the compound set presented here is the exchange of the
morpholine group of MMV688845 by a thiomorpholine group and the respective oxides
1A 4-thiomorpholin-1-one (thiomorpholine-sulfoxide) and 1A 5-thiomorpholine-1,1-dione
(thiomorpholine-sulfone). Tetrahydrothiopyran and its sulfone were included to check on
the necessity of an aromatic amine structure within R3. An overview of the MIC values is
given in Figure 5.

MICgqq determination against Msmeg revealed a decrease (fourfold) in activity when
morpholine was exchanged for thiomorpholine in MMV688845. An increase of activity
was seen for the respective oxides (twofold increase). For all other comparison groups,
S-oxidation had no strong effect on the MICgq values.

In Mtb, however, oxidation to the sulfone in 20 resulted in a fourfold decrease in the

MICgq values (20, MICgg down to 200 nM) in comparison to MMV688845. The respective
sulfoxide also showed better activity than the hit compound (twofold decrease in the MICgg
values).

For Mabs a similar behaviour was observed: In comparison to MMV688845 a two- to
fourfold increase in activity was observed, the sulfone leading to lower MIC values. The
same is true for all other compared groups that contain either phenyl or p-hydroxyphenyl
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as RL. In these groups, improvements of MICgq values of down to 780 nM (24) were
achieved. Groups that contain 2- or 3-thiophenyl as R! did not benefit from the oxidation.
The same effects are seen with the clinical isolate Mabs Bamboo, even though the most
active substances do not reach as low MICg values as those that we observed with

the Mabs ATCC 19977 strain. Nevertheless, the respective sulfones and sulfoxides offer
sub-micromolar MICsg values and low micromolar MICgq values. Within the macrophage
infection model, we noted that the oxides are still more potent than MMV688845 but

with less of a difference. A difference between the sulfoxides used and their respective
sulfones is remarkable: Sulfoxides show a strong decrease in activity when tested in the
macrophage infection model. This could be due to their high polarity which could negatively
affect their ability to cross biological bilayer membranes. The need to pass two membranes
(macrophage and bacterium) rather than one may have magnified this effect.

Against Mintra, thiomorpholine oxidation also increases activity. MICgq values are
decreased by the factor of 4 in comparison to MMV688845. In other groups, oxidation
resulted in compounds that have MICgq values down to 50 nM (24 and 39), which is
equivalent to an eightfold increase in activity.

For varying R*, we considered the thiophene-2-carboxamide (same as in the hit compound
MMV688845) and the 2-fluorobenzoic acid amide for initial testing, since Ebright ef a/. had
demonstrated that both these residues are present in the most active compounds32,

Figure 6 shows the comparison of MICgq values against the different mycobacterial strains
of compounds that differ only in R%. MICg, values of the displayed compounds do not

differ substantially depending on the R4 substituent. In most of the cases, 2-fluorophenyl
and 2-thiophenyl demonstrate similar activity levels within a maximum twofold difference
with the tendency that the 2-fluorobenzoic acid compounds achieve slightly lower MICgqq
values. Only in 17 of 84 direct comparisons (throughout all bacterial species tested) 2-
thiophenyl compounds exhibit lower values than their respective 2-fluorophenyl compounds.
In the macrophage infection assay the 2-thiophenyl compounds were always inferior to the
2-fluorophenylcompounds.

2.3.2 Bactericidality—The ability to kill mycobacteria instead of forcing them into a
dormant or quiescent state is a crucial property of effective anti-mycobacterial treatments, in
particular for the therapy of Mabs infections®2. To find out whether the AAP derivatives kill
Mabs, a minimum bactericidal concentration (MBC) evaluation was conducted. Typically,
an MBC is defined as the concentration at which the level of colony forming units in an
inoculum is reduced by three logarithmic units, or in other words a killing rate of 99.9 %

of the bacteria that were present at the start of the experiment. In mycobacteriology though,
this threshold was redefined for reasons of reproducibility and accuracy and is currently set
at 99.0 % as mycobacteria need inconveniently longer incubation times for high killing rates
of 99.9 %52,

MBC testing against Mabs ATCC19977 was conducted for a selection of the most active
compounds as well as MMV688845 Figure 7. MMV688845 did not reduce viable bacteria
at a concentration below 12.5 pM. At its MICgq value of 6.25 pM, no reduction of viable
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bacteria was observed. It achieves its MBCgg at a concentration of 50 pM (MBCgg at 8X
MICgp). In contrast, the new derivatives reported here show a higher reduction of viable
bacteria at lower concentration levels. 14 and 15 (both including a sulfoxide moiety) show a
reduction at 3.13 pM but stay below 90 % reduction (58 % and 81 % respectively) while the
sulfones 20 and 24 both reach a reduction of 95 % at the same concentration levels. For all
tested derivatives, concentration levels of 6.25 UM and higher result in a reduction of 99 %
or only slightly above that threshold making them about 4 times more bactericidal than the
hit compound. Compounds 20 and 15 achieved their respective MBCgg at 2X MICgq. This is
a significant improvement in cidal activity over MMV845.

2.3.3 Testing against MMV688845-resistent mutants—To verify on-target the
activity of the analogs described in this study, compounds 14, 15 and 24 were tested against
the MMV/688845 resistant strain Mabs Bamboo 8457-2.1. The strain and its resistance to
MMV688845 were previously described34. The data presented in Table 3 show evidence
that the target is the RpoB subunit of the bacterial RNAP, because Mabs Bamboo 8457-2.1.
harbors a P473L mutation of RpoB subunit, which is located directly at the binding site of
the phenylalanine amides that was proposed by Lin et a/31 and used for the herein described
modelling study (2.1).

Similar to MMV688845, the three tested analogs suffered from a severe activity loss by

at least factor 10 indicating the bacterial RNAP is involved in the molecular activity of

the newly synthesized phenylalanine amides. Rifabutin, a RNAP inhibitor with a different
binding site, achieved a MICgg value of 3 uM in a former activity determination against the
MMV688845 sensitive Mabs Bamboo2. The results of the present study show no decline
in activity against the resistant strain which indicates that the probability of cross resistance
between the two RNAP inhibitors is low.

plasma and microsomal stability

Former investigations on MMV688845 revealed low drug plasma levels after oral
administration in Sprague Dawley Male rats3? and CD 1 mice34, which could be due to

low metabolic stability. To narrow down the reasons why MMV688845 seems to exhibit
low plasma levels, we conducted plasma stability and microsomal stability assays on the hit
compound and the most active derivative, compound 24. The substances were tested in both
human and murine plasma and microsomes. The plasma stability is given as a %-remaining
versus time plot in Figure 8. Microsomal stability is displayed in Table 4.

The results show that both tested substances are stable in human plasma throughout the
tested time frame. In murine plasma though, MMV688845 shows a stronger decline in
concentration than compound 24. A possible explanation for this behaviour is that the
fluorine atom in the carboxylic acid moiety of 24 sterically shields the amide bond of
compound 24 from being a target for murine carboxyesterases (CES), leaving it uncleaved.
As CES do not seem to be abundant in human plasma63, the stability of both substances in
human plasma could be higher.

The determined half-times show that both substances suffer from severe instability in a liver
microsome assay, which is probably the reason for the low bioavailability /7 vivo described
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above. A rapid degradation of the phenylalanine amides by oxidation (e.g., hydroxylation)
or hydrolytic activity of the microsomes seems to us a probable explanation for this
observation®4-66,

2.5 Cytotoxicity

MMV688845 was tested for cytotoxicity using the HEP 93 liver cancer cell line and found
to be non-cytotoxic2%:33, In our study we extended cytotoxicity testing of MMV688845 and
all synthesized compounds to seven mammalian cell lines using a colorimetric micro-culture
assay that utilized sulforhodamine-B as a staining agent. The methodology of this assay is
described in various references87-69,

The ECsg values are listed in Table 5. We confirmed the non-cytotoxic properties of
MMV688845, which was not cytotoxic for all tested cell lines at concentrations of up to
30 uM. The same was true for most variants of MMV688845. Only a few of the analogs
showed very weak cytotoxicity against the tested cell lines. Most potent compounds can
be considered as unproblematic since the MIC values are far below the ECs cytotoxicity
values.

2.6 Determination of kinetic solubilities and cLogP values

Solubility is a crucial parameter for the development of new drug candidates and their

in vivo efficacy, especially for oral administration’?. Low bioavailability is often caused
by poor aqueous solubility as drug substances must be transferred into a dissolved state
so that they can pass through gastro-intestinal barrier and reach the blood circulation.
The calculated LogP value can be a good parameter to estimate properties of new drug
substances like their solubilities, because it reflects the lipophilicity/hydrophilicity of
chemical substances, with high values indicating high lipophilicity. Usually, LogP values
between 2 and 3 are desirable for pharmaceutical compounds because within that range a
compromise of permeability and first pass clearance is given’2.

The kinetic solubilities of the new MMV688845 derivatives in PBS were experimentally
determined by a nephelometric method described by Bevan er a/.”? (see Supporting
Information).

Figure 9A shows the relation between the calculated LogP values and measured solubilities
of the synthesized compounds. Compounds with cLogP values higher than 3.5 usually have
solubilities lower than 50 M, making them hard to handle in biological assays and giving
them undesirable biopharmaceutical properties. At cLogP values below 3, the solubilities
show a much higher variability. In this region six compounds show high aqueous solubilities
of up to 431 uM.

Figure 9B and Figure 9C show the MICgqq values determined against Mabs in the standard
micro-dilution assay as well as in the macrophage infection model. Compounds with a
cLogP between 2 and 3 achieve the lowest MICgqq values. Within the macrophage infection
model, a general increase in MICgqq values is observed as described above. Nevertheless, the
most active compounds possess a cLogP value between 2 and 3, verifying a desirable LogP
range of 2-3 for the development of the AAP compound class.
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Table 6 summarizes the solubilities and cLogP values for the compounds synthesized.
Introduction of thiomorpholine lowers the solubility of the compounds in PBS buffer

by factor 2 to 3. This may be attributed to the lower electronegativity of the sulfur

atom in comparison to oxygen which reduces the polarity within the molecule. A strong
improvement in solubility is observed when thiomorpholine sulfoxides are present. For
instance, the solubility of 15 is approximately 5 times higher than the solubility of the

hit compound MMV688845. The improvement is not as prominent when thiomorpholine
is oxidized to the respective sulfone (e.g., 20, 24, 28). In this case, a twofold increase

in solubility was observed in comparison to their respective thioethers. The difference in
solubility between sulfoxides and sulfones can be explained by the fact that sulfoxide itself
is asymmetric since the free electron pair of the sulfur atom is still present. This provides
a strong dipole moment to the molecule and increases its polarity. It should be noted that
cLogP values are not a good predictor for the high difference in solubility of sulfones and
sulfoxides since the cLogP values only differ by a value of 0.05. The results show that the
highest increase in solubility is achieved by introduction of sulfoxide group.

The aqueous solubility can otherwise be increased when R is exchanged for a polar
p-hydroxyphenyl group. This resulted in a doubling of the solubility of thiomorpholine
containing compounds (11/37 pM to 36/78 uM; 12/31 pM to 37/58 pM). This is also the
case for their respective sulfone derivatives (36/78 pM to 39/170 uM; 37/58 uM to 40/158

UM).

In summary, based on a straightforward synthetic route, systematic derivatization made
it possible to obtain an overview of the influence of the different substituents on the
antimycobacterial activity of AAPs and hence important structure-activity relationship
information as summarized in Scheme 6.

3. Conclusions

We have shown that synthetic RNAP inhibitors derived from MMV688845 have the
potential to reach /n vitro MI1Cgqq values of below 1 uM against pathogenic mycobacteria,
e.g., Mtband Mabs. In addition to the improved activity against mycobacteria and

the absence of cytotoxicity, the new analogs display bactericidal activity (99 % CFU
reduction) against Mabs at concentrations below 10 uM. Compounds 20 and 15 achieved
MBCgg at 2X MICgj, giving them higher cidality than MMV845 (MBCgg at 8X MICgp).
Systematic derivatization based on a straightforward synthetic route made it possible to
obtain important structure-activity relationship information. It is worth noting that the
oxidized thiomorpholine derivatives, sulfoxide and sulfone, result in an increase in activity
in comparison to MMV 688845 reaching sub-micromolar activities against Msmeg, Mintra
and even Mabs. Sulfones show higher activities than sulfoxides across the board. Sulfoxides
are interesting for further research because of their higher aqueous solubility. The data show
that anti- Mabs targeting of MMV688845 is possible and that attractive MIC values can

be achieved with this compound class, warranting further preclinical investigation. Since
MMV688845 analogs do not exhibit cross-resistance with rifamycin-resistant mycobacteria,
further investigation is of scientific interest to develop an RNAP inhibitor that is effective
against these resistant pathogens. Particular attention should be paid to NTM, such as
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Mabs, as there are species-dependent differences in the structure-activity relationships, as
shown in this study. In addition to further derivatization with the aim of increasing activity,
the investigation of hepatic metabolism, pharmacokinetics, and activity of MMV688845
derivatives /n vitro and /n vivo should be addressed. In this study it was possible to show that
compound 24 has an improved stability against mouse plasma /7 vitro than the hit compound
MMV 688845, but the very rapid degradation by liver microsomes is a drawback of the
compound class. Elucidation of the hepatic metabolism of phenylalanine amides is desirable
in future research, as this should help developing analogs with improved hepatic stability.

4. Materials and Methods

General

HPLC

Starting materials were purchased and used as received. Solvents used for either synthetical
or purification purposes were distilled and stored over 4 A-molecular sieves. Glassware was
oven-dried at 110 °C prior to use. For the determination of Ryvalues and other analytical
purposes such as qualitative chromatography Merck TLC silica gel 60 on aluminium sheets
with fluorescent indicator F254 were used. Flash chromatography was performed with a
puriFlash® 430 instrument (Interchim, Montlugon, France). Columns were packed in either
8 g (v=10 mL/min), 45 g (v=30 mL/min) or 90 g (v=40 mL/min) cartridges with 40 - 63 um
normal phase silica gel produced by Carl Roth. Column loading was performed with the dry
load method. NMR spectra were recorded on an Agilent Technologies VNMRS 400 MHz
spectrometer. Chemical shifts are reported relative to the residual solvent signal (CDCls;:

&y = 7.26 ppm; 8¢ = 77.36 ppm; CD30D & = 3.31 ppm). 13C NMR spectral data were
generally determined as attached-proton-test spectra (APT). Spectra have been cut, baseline
and phase corrected and analyzed utilizing MestreNova 11.0 software (Mestrelab Research,
S.L., Spain). APCI-MS (atmospheric pressure chemical ionization) was performed using

an expression CMS mass spectrometer (Advion Inc., Ithaca, NY, USA), with both ASAP
(atmospheric solids analysis probe) sampling and with the help of the Plate Express TLC-
plate extractor. ESI measurements have been conducted on the same expression CMS mass
spectrometer with an ESI ionization module and direct injection sampling. HRMS was
carried out using a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

All described final compounds described were confirmed to be of >95 % purity. Purity was
measured by UV absorbance at 254 nm. The HPLC apparatus consists of an XTerra RP18
column (3.5 pm, 3.9 mm x 100 mm) from the manufacturer Waters (Milford, MA, USA) and
two LC-10AD pumps, a SPD-M10A VP PDA detector, and a SIL-HT autosampler, all from
the manufacturer Shimadzu (Kyoto, Japan).

Compounds used for stereochemical analyses (Boc-Phe-(R); 1-(R), 2A-(R) and 2B-(R);
Boc-Phe-(S); 1-(S), 2A-(S) and 2B-(S); Boc-Phe-(rac); 1-(rac), 2A-(rac) and 2B-(rac))
were checked for purity using an Agilent 1260 HPLC instrument equipped with UV diode
array detection (50 mm Eclipse Plus C18 1.8 um, i.d. 4.6 mm, v = 1.0 mL min™1, A yeeq
=220 nm). Elution systems: [Boc-Phe-(R); Boc-Phe-(S); Boc-Phe-(rac): acetonitrile/water
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35:65; 0.1 % v/v TFA]; [1-(R); 1-(S); 1-(rac): acetonitrile/water 55:45]; [2A-(R); 2A-(S);
2A-(rac): methanol/water 20 mM NH4HCO3 pH9 55:45]; [2B-(R); 2B-(S); 2B-(rac):
acetonitrile/water 45:55].

For preparative tasks, a XTerra RP18 column (7 um, 19 mm x 150 mm) manufactured

by Waters (Milford, MA, USA) and two LC-20AD pumps (Shimadzu, Kyoto, Japan) were
used. The mobile phase was in all cases a gradient of methanol/water (starting at 95 % v/v
water to 5 % v/v water) with 0.05 % v/v TFA added.

The determination of ee values was conducted using a Shimadzu Prominence LC-20A
HPLC instrument with diode array detection (v = 1.0 mL min—1, Ayseq = 220 nm). The
utilized elution systems and chiral columns differ according to the structure that had to be
analyzed: [Boc-Phe-(R); Boc-Phe-(S); Boc-Phe-(rac): 150 mm Chiralpak 1A-3, 4.6 mm i.d.;
acetonitrile/water 30:70; 0.1 % v/v TFA]; [1-(R); 1-(S); 1-(rac): 150 mm Chiralpak 1B N-3,
4.6 mm i.d.; acetonitrile/water 55:45]; [2A-(R); 2A-(S); 2A-(rac): 150 mm Chiralpak 1G-3,
4.6 mm i.d.; n-heptane/iso-propanol 90:10]; [2B-(R); 2B-(S); 2B-(rac): 150 mm Chiralcel
0J-3R, 4.6 mm i.d.; acetonitrile/water 40:60].

X-ray crystallography

Details of the X-ray intensity data collections, structure solutions and refinements

and hydrogen bond parameters can be found in the Supporting Information. X-ray
crystallography structures have been determined for compounds 6; 14 and 20. CCDC
2231845-2231847 contain the supplementary crystallographic data for this paper. The data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.

General Procedure A — Amide coupling T3P

A solution of the Boc-protected a.-amino acid (1.1 eq.) and the aniline (1 eg.) ina

1:2 mixture of pyridine (distilled) and EtOAc (distilled) was cooled to —20 °C with an
isopropanol/dry ice bath. If the compounds did not dissolve completely at =20 °C additional
pyridine/EtOAc mixture was added until complete dissolution. A 50 % m/v solution of T3P
in EtOAC (2 eq.) was added to the mixture subsequently. After 10 min the dry ice bath was
removed and replaced by an ice/water bath to keep the temperature at 0 °C overnight*6,
Afterwards a reasonable amount of EtOAc was added to the reaction mixture to wash

it with 0.25 M KH,PO4 solution three times in a separation funnel. The organic phase

was collected, dried with Na,SOy4, and the solvent was removed under reduced pressure.
As a general purification procedure, flash chromatography was performed with varying
gradient eluting systems on 40-63 um normal phase silica gel (see respective synthesis
documentation in the Supporting Information).

General procedure B — Amide coupling DEPBT

The formation of the anilide bond (General procedure A) was followed by the cleavage of
the Boc protecting group using TFA. For this purpose, the purified Boc-a-amino anilides
were dissolved in DCM and an equal volume of TFA was added under stirring. The solution
was stirred for 30 min at room temperature and checked for complete Boc-cleavage using
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thin layer chromatography (TLC). The DCM/TFA mixture was removed under reduced
pressure after complete conversion. The crude product was reconstituted in EtOAc and
washed with saturated NaHCO3 solution three times. The organic phase was collected, and
the solvents were evaporated under reduced pressure.

The formation of the second amide bond was achieved with the coupling reagent DEPBT.
For this synthetic step the Boc deprotected amino acid was dissolved THF with the
respective aromatic carboxylic acid and DEPBT. After complete dissolution, DIPEA was
added, and the solution was stirred overnight at room temperature. Afterwards the reaction
mixture was washed successively once with 0.25 M KHoPOy, water, saturated NaHCOs3,
water and brine. The organic phase was dried with Na,SO,4 and the solvents were removed
under reduced pressure. For purification a flash chromatography was performed with
varying gradient eluting systems on 40-63 um normal phase silica gel (see respective
synthesis documentation in the Supporting Information).

General procedure C — Nucleophilic substitution of thiomorpholine

1-Bromo-2-nitrobenzene or the respective derivatives were dissolved in thiomorpholine
without addition of solvents in a small glass flask. The mixture was heated to 120 °C and
stirred for 2 h. After cooling down to room temperature the precipitated solid was filtered
out, the filter was washed thoroughly with DCM and the solid was discarded. DCM was
evaporated under reduced pressure to obtain the bright-orange oily crude products. For
purification flash chromatography was performed with varying gradient eluting systems on
40-63 um normal phase silica gel (see respective synthesis documentation in the Supporting
Information).

General procedure D — Reduction of 4-(2-nitrophenyl)thiomorpholines

4-(4-R2-2-nitro-phenyl)thiomorpholines were dissolved in ethanol. One third of the total
amount of palladium 10 % m/m on active charcoal was added and the mixture was then
heated to 50 °C and stirred vigorously. A 50 % v/v solution of hydrazine in water was

added very slowly. The remaining amount of catalyst was added to the mixture in portions.
Afterwards the temperature was increased to 90 °C and the mixture was refluxed for 30 min.
The bright orange-yellow solution turned to a clear and colourless solution. The mixture was
cooled down to room temperature and filtered to remove the catalyst. The filter was washed
thoroughly with ethanol to extract residual product. Completion of the reaction and purity
were checked with TLC. Solvents were then removed under reduced pressure. The crude
product was used for the next synthesis without further purification when applicable (for
exceptions see respective synthesis documentation in the Supporting Information).

General procedure E — Oxidation of thiomorpholines to sulfoxides

Sodium periodate was dissolved in water and cooled to 0 °C. 4-(4-R2-2-nitro-
phenyl)thiomorpholines or their respective Boc-amino acid coupled derivatives were
dissolved in methanol. This solution was then added to sodium periodate solution under
stirring. If a precipitate formed acetonitrile was added until full dissolution occured. The
mixture was then stirred at 0 °C for 4 h, before it was stored in the fridge for 3 days.
Subsequently, the mixture was extracted with DCM three times. The organic phase was
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collected, and the solvents are evaporated under reduced pressure. For purification flash
chromatography was performed with varying gradient eluting systems on 40-63 um normal
phase silica gel (see respective synthesis documentation).

General procedure F — Oxidation of thiomorpholines to sulfones

4-(4-R2-2-nitro-phenyl)thiomorpholines or their respective Boc-amino acid coupled
derivatives were dissolved in DCM. The mixture was cooled to 0 °C before a solution

of m-chloroperbenzoic acid in DCM was added over 30 min with a syringe. The reaction
mixture was stirred overnight at room temperature. After completion of the reaction the
mixture was washed three times with saturated NaHCOj3 solution. The organic phase was
collected, the solvent was evaporated under reduced pressure and a dryload was prepared for
purification with flash chromatography (see respective synthesis documentation).

General procedure G - Nucleophilic substitution of thiomorpholinedioxides

1-Bromo-2-nitrobenzene and thiomorpholinedioxide were dissolved in dioxane. Then
palladium(I1) acetate, BINAP and caesium carbonate were added. The mixture was then
ultrasonically degassed, the flask was flushed with argon and then refluxed at 100 °C
overnight. After the reaction mixture had cooled down to room temperature, it was

filtered through celite and the filter was washed thoroughly with EtOAc. The solvents

were evaporated under reduced pressure. For purification flash chromatography utilizing an
EtOAc/heptane gradient was used (see respective synthesis documentation).

General procedure H — C-C coupling of 4-oxothiane and Boc-2-aminophenylboronic acid
pinacol ester

4-Oxothiane was added to a solution of p-toluenesulfonylhydrazide in methanol. The
reaction mixture was stirred at room temperature for 1 h and was then monitored until

full conversion using TLC. The solvent was removed under reduced pressure and the crude
product was used in the next step without further purification.

The sulfonylhydrazone formed in the first step, Boc-2-aminophenylboronic acid pinacol
ester and caesium carbonate were added to a 3-neck Schlenk flask attached to a condenser.
The apparatus was put under vacuum and backfilled with argon three times while the
mixture of solids was stirred with a magnetic stirrer. Dry and ultrasonic-degassed dioxane
was added through a septum with a syringe before the reaction was heated to 110 °C for

18 h. After cooling to room temperature, the reaction was quenched with saturated NaHCO3
solution. The mixture was then extracted with DCM three times. Solvents were removed
under reduced pressure and the crude product was prepared for purification with flash
chromatography.

The purified product was then dissolved in DCM and an equal volume of TFA was added
under stirring. The solution was stirred for 30 min at room temperature and checked

for complete Boc-cleavage by TLC. The DCM/TFA mixture was removed under reduced
pressure after complete conversion. The crude product was reconstituted in EtOAc and
washed with saturated NaHCO3 solution three times. The organic phase was collected,
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and solvents were evaporated under reduced pressure. The crude product was used for the
subsequent reactions without further purification.

Microbiological assays

Bacteria and culture media—M. smegmatis mc? 155pTEC27, M. intracellulare ATCC
35761 pTEC27 and M. abscessus ATCC 19977 pTEC27 expressing tomato RFP were

used for the activity assays. Stocks of the bacteria grown in Middlebrook 7H9 medium

+ 10 % v/v ADS + 0,05 % v/v polysorbate 80 + 400 ug/mL hygromycin were stored

in approximately 15 % v/v glycerol at —80°C. Using an inoculation loop, bacteria were
streaked on 7H10 plates (containing hygromycin 400 pug/mL) and grown for 5 days in an
incubator at 37°C.

Bacteria were grown in complete 7H9 broth supplemented with 10 % v/v ADS and 0.05 %
v/iv Tween 80, respectively, in MHII broth supplemented with 0.05 % v/v Tween 80. The
culture volume was 10 mL in a 50 mL Falcon tube. The tubes were covered to protect the
photosensitive hygromycin and shaken in an incubator at 37°C. Solid cultures were grown
on 7H10 medium supplemented with 0.5 % v/v glycerol and 10 % v/v ADS containing 400
pg/mL hygromycin.

M. abscessus Bamboo was isolated from the sputum of a patient with amyotrophic lateral
sclerosis and bronchiectasis and was provided by Wei Chang Huang, Taichung Veterans
General Hospital, Taichung, Taiwan. M. abscessus Bamboo whole-genome sequencing
showed that the strain belongs to M. abscessus subsp. abscessus and harbours an inactive
clarithromycin-sensitive erm41 C28 sequevar. M. tuberculosis H37Rv (ATCC 27294) was
obtained from the American Type Culture Collection.

For general bacteria culturing and certain MIC experiments, Middlebrook 7H9 broth (BD
Difco) was supplemented with 0.5 % m/v albumin, 0.2 % m/v glucose, 0.085 % m/v
sodium chloride, 0.0003 % m/v catalase, 0.2 % v/v glycerol, and 0.05 % v/v Tween 80.
Unless otherwise stated, solid cultures were grown on Middlebrook 7H10 agar (BD Difco)
supplemented with 0.5 % m/v albumin, 0.2 % m/v glucose, 0.085 % m/v sodium chloride,
0.5 % v/v glycerol, 0.0003 % m/v catalase, and 0.006 % v/v oleic acid. All drugs were
prepared as 10 mM stocks in dimethyl sulfoxide (DMSO).

THP-1 cells and culture media—THP-1 cells were put in 90 % v/v FBS + 10 % v/v
DMSO and stored in liquid nitrogen. THP-1 cells were grown in complete RPMI medium.
The cells were grown in a tissue culture flask with a minimum volume of 30 mL and a
maximum volume of 40 mL and were incubated in an atmosphere of 95 % air and 5 %
carbon dioxide (CO,) at a temperature of 37 °C. The cell density was kept between 0.25
million and 1 million cells/mL. Every two or three days the cells were counted and diluted
to 0.25 million cells/mL. The cells doubled every 48 h. A culture from nitrogen stock could
be subcultured for up to 3 months; after this time, a change in morphology and growth
behaviour was observed. For culturing of THP-1 cells, RPMI 1640 medium supplemented
with 5 % v/v fetal bovine serum (FBS), 2 % m/v glutamine, and 1 % v/v nonessential amino
acids.
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MIC determination against M. smegmatis mc, 155 pTEC27, M. intracellulare
ATCC 35761 pTEC27 and M. abscessus ATCC 19977 pTEC27—MIC values were
determined by the broth microdilution method. 96-well flat bottom tissue culture plates
(Sarstedt, 83.3924.500) were used’3. In the third well of each row two times the desired
highest concentration of each compound was added in 7H9 medium supplemented with 10
% v/v ADS and 0.05 % v/v Tween 80. Each compound was diluted twofold in a nine-point
serial dilution. The concentration of the starting inoculum was 5 x 10° cells/mL. The starting
inoculum was diluted from a preculture at the mid-log phase (ODggg 0.3 to 0.7) and an
ODgpo of 0.1 was correlated to 1 x 108 CFU/mL. The plates were sealed with parafilm,
placed in a container with moist tissue and incubated for three days at 37 °C (M. smegmatis
and M. abscessus) or five days (M. intracellulare). Each plate had eight negative controls (1
% v/v dimethyl sulfoxide) and eight positive controls (100 uM amikacin). After incubation
the plates were monitored by OD measurement at 550 nm (BMG labtech Fluostar Optima)
and by measurement of fluorescence (A g, = 544 nm A o;; = 590 nm). The assay was
performed in duplicate and the results were averaged.

Data analysis: Every assay plate contained eight wells with dimethyl sulfoxide (1 % v/v)
as negative control, which corresponds to 100 % bacterial growth and eight wells with
amikacin (100 uM) as positive control in which 100 % inhibition of bacterial growth was
reached. Controls were used to monitor the assay quality through determination of the Z’
score. The Z’ factor was calculated as follows:

Z, =1- 3(SDamikacin + SDDMSO)

Mamicacin - MDMSO
(SD = standard deviation, M = mean)

The percentage of growth inhibition was calculated by the equation:

signal(sample) - signa(DMSO)

% growth inhibition = -100 % x signal(DMSO) - signal(amikacin)

MIC determination against M. abscessus Bamboo—MIC value determination by
optical density at 600 nm [ODgqg] Was carried out in 96-well plate format. 96-well plates
were initially set up with 100 pl of 7H9 per well. For each compound, a 10-point twofold
dilution series starting at twice the desired highest concentration was dispensed onto the
96-well plates using a Tecan D300e Digital Dispenser, with the DMSO concentration
normalized to 2 % v/v. A bacteria culture grown to mid-log-phase (ODggg,0.4 to 0.6)

was diluted to ODggg = 0.1 (1*107 CFU/mL). 100 pl of the resulting bacteria suspension
was dispensed onto the 96-well plates containing the sample compounds to give a final
volume of 200 pl per well with an initial ODggg = 0.05 (5*10% CFU/mL) and a final DMSO
concentration of 1 % v/v. Final compound concentration ranges were typically 50 to 0.098
UM or 6.25 to 0.012 uM. Untreated control wells, which contained bacteria suspension and 1
% viv DMSO, were included on each plate. Plates were sealed with parafilm, stored in boxes
with wet paper towels, and incubated at 37°C with shaking (110 rpm) and were incubated
for 3 days.
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To determine growth, ODggg Was measured using a Tecan Infinite M200 plate reader on

day 0 and day 3. Two biological replicates were performed. Clarithromycin was included in
each experiment as a positive control. For each well on the 96-well plate, bacterial growth
was calculated by subtracting the day 0 ODgqg value from the day 3 ODgqg value. For each
compound series, the bacterial growth values for the untreated control wells were averaged
to give the average drug-free bacterial growth. For compound-containing wells, percentage
growth was calculated by dividing their growth values by the average drug-free bacterial
growth for the compound series and multiplying by 100. For each compound series, we
plotted percentage growth versus compound concentration. By visual inspection of the dose-
response curve, we determined the MIC of a compound as the compound concentrations that
would result in 90 % growth inhibition. The MIC determination was performed two times
with different starter cultures. The MIC values shown in the script are the averaged results of
biological duplicates.

MIC determination against M. tuberculosis H37Rv—MICs were determined as
described previously with slight modifications’. Briefly, compounds were serially diluted
in flat-bottom 96-well plates, and a mid-log-phase culture was mixed with the compound-
containing broth (final ODggg = 0.05). Plates were sealed with Breathe-Easy sealing
membrane (Sigma), placed in humidified plastic boxes and incubated at 37°C for 7 days,
shaking at 80 rpm. Growth was monitored by measuring turbidity at 600 nm using a Tecan
Infinite 200 Pro microplate reader (Tecan). MICgqq values were deduced from the generated
dose—response curves. The MIC values shown in the script are the averaged results of the
two biological replicates.

MIC determination in the macrophage infection model—For the infection assay,
an M. abscessus pTEC27 culture (OD, 0.2 to 0.8, mid-log phase) was centrifuged (4,000
rpm, RT, 10 min), washed with 7H9 medium with 0.05 % v/v Tween 80 (about 10 mL) and
vortexed. After a second centrifugation (4,000 rpm, RT, 10 min), 7H9 medium was replaced
by RPMI medium (same volume or a little less to concentrate the bacteria), vortexed and
incubated at RT for 5 min. After incubation, the bacterial suspension was filtered through a
5 uM-pore-size filter to remove the clumps. The ODggg was determined after filtration (OD
= 0.1 corresponds to 1 x 108 CFU/mL). The appropriate number of bacteria were incubated
in the presence of 10 % v/v human serum at 37 °C for 30 min for opsonization. A cell
suspension of THP-1 cells (1 x 106 cells/mL) in RPMI incomplete medium was incubated
with the opsonized M. abscessus single-cell suspension (MOI, 5:1) and PMA (40 ng/mL)
for 4 h at 37 °C under constant agitation. After infection, the THP-1 cell suspension was
centrifuged (750 rpm, RT, 10 min) and washed with RPMI medium. A ten-point twofold
serial dilution of each compound was then prepared in 96-well flat bottom plates that had
been tissue culture treated (Sarstedt, 3924). Column one of the 96-well plate included eight
negative controls (1 % v/v dimethyl sulfoxide [DMSQ]) and column two eight positive
controls (1.5 uM bedaquiline). The plates were then inoculated with the infected cells (1x10°
THP-1 cells/well), sealed with parafilm, and incubated for 4 days (37 °C, 5 % CO,)). After
incubation, the cells were fixed with para-formaldehyde (PFA; 4 % m/v in PBS) for 30 min.
After removal of the PFA, the cells were stained with DAPI readymade solution (Sigma,
MBDO0015). The plates were washed twice with RPMI medium. Image acquisition (DAPI
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386-23 nm, RFP 560-25 nm, brightfield) and analysis were done with a Celllnsight™ CX5
(Thermofisher). The mean CircSpotAvgArea of the RFP channel was used for calculation of
growth inhibition.

MIC values were determined against M. abscessus ATCC 19977 pTEC27 by the
microdilution method in RPMI incomplete media (RPMI 1640 medium supplemented with
5 % v/v FBS, 1 % m/v glutamine, and 1 % v/v nonessential amino acids) with 70 uM
amikacin in the assay medium. A ten-point twofold serial dilution of each compound was
prepared in 96-well flat bottom plates that had been tissue culture treated (Sarstedt, 3924).
Row one of the 96-well plate included eight negative controls (1 % v/v DMSO) and column
two eight positive controls (1.5 uM bedaquiline).

Data analysis: Every assay plate contained eight wells with DMSO (1 % v/v) as a negative
control, which correspond to 100 % bacterial growth, and eight wells with bedaquiline (1.5
UM) as a positive control, in which 100 % inhibition of bacterial growth was reached. The
controls were used to monitor assay quality through determination of the Z-score and for
normalizing the data on a plate basis. The Z-factor was determined using the following
equation:

Z/ =1- 3(SDpegaquitine + SDpmso)

Mbedaquiline - MDMSO
(SD = standard deviation, M = mean)

Percent inhibition was calculated as follows:

signal(sample) - signa(DMSO)
signal(DMSO) - signal(bedaquiline)

% growth inhibition = -100 % X

MBC determination against M. abscessus ATCC 19977 pTEC27—For MBC
determination M. abscessus ATCC19977 was incubated in a microplate macrophage
infection dilution assay for 4 days as described below. Subsequently, the MBC was
determined by CFU counting: For this purpose, 6-well plates were used, each filled with

4 mL 7H10 agar supplemented with 0.5 % v/v glycerol, 10 % v/v ADS and 400 pug/mL
hygromycin. From the drug concentrations where growth inhibition was detected in the
microplate dilution assay, 10 ul (undiluted or diluted 1:100) were plated into one well of
the 6-well plates. The colonies were counted after 4 days of incubation at 37 °C and the
experiment was carried out in triplicate. Based on the result, the concentration of CFUs per
mL was calculated. The number of CFUs was also determined in the inoculum prior to the
4-day incubation.

Plasma stability—Plasma stability in human and murine plasma was determined at five
different time points over 120 min using HPLC-MS/MS analytic. Pooled human plasma,
anti-coagulated with trisodium citrate, and non-sterile murine plasma, anti-coagulated
with Li-heparin, were used. The plasma stability is given as the percentage of substance
remaining in plasma over time. All measurements were performed using the Shimadzu
Prominence HPLC system including vacuum degasser, gradient pumps, reverse phase
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column (ZORBAX Extend-C18 column, 2.1x50 mm, 5 um), column oven and autosampler.
The HPLC system was coupled with tandem mass API 3000 (AB Sciex). Both positive and
negative ion modes of the TurbolonSpray ion source were used. Acquisition and analysis of
the data were performed using Analyst 1.6.3 software (PE Sciex).

Incubations of every compound + references (Verapamil and Propantheline) were carried
out in 5 aliquots of 60 pL each (one for each time point), in duplicates. Plasma was spiked
with test compounds from a 10 mM DMSO stock solution to yield a test concentration of 1
UM, final DMSO concentration 1 % v/v. The aliquots were incubated at 37 °C with shaking
at 100 rpm. Five time points over 120 min were analyzed. The reactions were stopped by
adding 300 pL of methanol containing internal standard with subsequent plasma proteins
sedimentation by centrifuging at 6000 rpm for 4 minutes. Supernatants were analyzed by the
HPLC system that was coupled with a tandem mass spectrometer. The percentage of the test
compounds remaining after incubation in plasma and their half-lives (t1,») were calculated.

Microsomal stability—Microsomal stability was determined at five different time points
over 40 min using HPLC-MS/MS analytic. Pooled, mixed gender human liver microsomes
(XenoTech, H0630/lot N#2010065) and murine liver microsomes (pooled, male BALB/c
mice, XenoTech, M3000/lot #1810163) were used.

Microsomal incubations were carried out in 96-well plates in 5 aliquots of 30 uL each

(one for each time point). Liver microsomal incubation medium comprised of phosphate
buffer (100 mM, pH 7.4), MgCI2 (3.3 mM), NADPH (3 mM), glucose-6-phosphate (5.3
mM), glucose-6-phosphate dehydrogenase (0.67 units/ml) with 0.42 mg of liver microsomal
protein per ml. In the control reactions, the NADPH-cofactor system was substituted

with phosphate buffer. Test compounds (2 uM, final solvent concentration 1.6 % v/v)

were incubated with microsomes at 37°C, shaking at 100 rpm. Five time points over 40
minutes were analyzed. The reactions were stopped by adding 5 volumes of 90 % v/v
acetonitrile with internal standard to incubation aliquots, followed by protein sedimentation
by centrifuging at 5500 rpm for 3 minutes. Each reaction was performed in duplicates.

Analysis of supernatants was performed using a Shimadzu HPLC system including vacuum
degasser, gradient pumps, reverse phase HPLC column, column oven, and autosampler.
Mass spectrometric analysis was performed using an API 3000 mass spectrometer from
Applied Biosystems/ MDS Sciex (AB Sciex) with Turbo V ion source and Turbolonspray
interface. The TurbolonSpray ion source was used in both positive and negative ion modes.
The data acquisition and system control were performed using Analyst 1.6.3 software from
AB Sciex.

The microsomal stability is presented as the substances half-life times and intrinsic
clearance calculated from their respective elimination constants with the following formula:

tl/z - ka/
. Lincusasion
_ 0.693 o PlLincusar

tl/z MEpicrosomes
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Eliminations constants were determined in a In(AUC) versus time plot using linear
regression analysis.

Determination of cytotoxicity—Cytotoxicity was determined using a colorimetric
micro-culture test with Sulforhodamine-B (Kiton-Red S, ABCR) as the staining agent. Cell
lines were obtained from the institute of oncology (MLU Halle-Wittenberg). Cells were
transferred to a 96-well plate in order to treat them with increasing compound concentrations
(1; 3; 7; 12; 20; and 30 uM) after 24 h. DMSO/DMF concentrations never exceeded 0.5 %
v/v which is non-toxic for the cells. The supernatant was discarded after 72 h, the cells were
fixed with 10 % v/v TFA and left to rest for 24 h at 4 °C. After washing the cells with a strip,
washed cells were stained with a 10 uM Sulforhodamine-B solution (200 uL) for 20 min
before they were washed again with 1 % v/v acetic acid solution to remove excess dye. Cells
were air-dried overnight. Absorption was determined using a 96-well plate reader (Tecan
spectra). Three independent experiments in triplicate for each were conducted for the given
compounds. The averaged data resulted in semi-logarithmic dose-effect curves which were
fitted with the non-linear Hill-slope equation (GraphPad Prism 5).

Nephelometry solubility screen—The solubilities of the final compounds were
determined nephelometrically using a NEPHEL Ostar Plus (BMG Labtech GmbH, GER)
device. 25 mM stock solutions in DMSO of the compounds were prediluted in pure DMSO.
Then 5 pL of the predilutions were furtherly diluted in flat-bottom 96-well plates in 245 uL
of phosphate buffered saline (PBS) and mixed and measured immediately (2 % v/v DMSO
in measured sample). In this way, concentrations of 0.78; 1.56; 3.13; 6.25; 12.5; 25; 50; 100;
150; 200; 250; 300; 350; 400; 450 and 500 uM were measured. The blank corrected raw data
was interpreted with a segmental regression fit utilizing the Omega software (BMG Labtech
GmbH, GER). Each compound was analyzed as a quadruplet prepared from the same stock
solution.
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Refer to Web version on PubMed Central for supplementary material.
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AAP

ADP
APT
ATCC
BINAP
Boc
CES
CFU
CLR
cLogP
DCM
DIPEA
DMF
DMSO
ee values
EtOAC
EtOH
FBS
LogP
Mabs
MAC
MBC
m-CPBA
MDR
MHII
MIC
Mintra

MMV

Na-aroyl- N-aryl-phenylalanine amide
adenosine diphosphate

attached proton test

American type culture collection
(2,2”-bis(diphenylphosphino)-1,1"-binaphthyl)
tert-Butoxycarbonyl

carboxylesterase

Colony forming units

clarithromycin

calculated logarithmic octanol-water partition coefficient
dichloromethane

N,N-Diisopropylethylamine
dimethylformamide

dimethylsulfoxide

enantiomeric excess values

ethyl acetate

ethanol

fetal bovine serum

logarithmic octanol-water partition coefficient
Mycobacterium abscessus

Mycobacterium avium complex

minimum bactericidal concentration
m-chloroperbenzoic acid

multi drug resistent

Miller-Hinton broth 11

minimum inhibitory concentration
Mycobacterium intracellulare

medicines for malaria ventures
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MMV845 MMV 688845
MOI multiplicity of infection
Msmeg Mycobacterium smegmatis
Mtb Mycobacterium tuberculosis
NTM non-tuberculous mycobacteria
oD optical density
PBS phosphate buffered saline
PFA para-formaldehyde
PMA phorbol-12-myristate-13-acetate
RFB rifabutin
RFP red fluorescent protein
RIF rifampicin
RNAP RNA polymerase
RT room temperature
SAR structure activity relationship
T3P n-propanephosphonic acid anhydride
TFA trifluoro acetic acid
THF tetrahydrofurane
TLC thin layer chromatography
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Figure 1.
Docking poses of MMV688845 (A), compound 20 (B), compound 14 (C) and the ’ subunit

of RNAPwmib, and compound 39 after exchange of phenylalanine for tyrosine (D). Hydrogen
bonds are displayed as yellow dashed lines. 2D visualizations of the shown interactions can
be found in the Supporting Information (Figure S2). Visualization generated with Maestro
graphical interface (Schrodinger Release 2022-3: Maestro, Schrodinger, LLC, New York,
NY, 2021).
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Figure 2.
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Molecular structures of 6 (A), 20 (B) and 14 (C), as determined by X-ray crystallography.
Displacement ellipsoids are drawn at the 50 % probability level. Hydrogen atoms on
nitrogen and the chirality center, are represented by small spheres of arbitrary radius
otherwise omitted for clarity. Dashed lines present N—H:---O hydrogen bonds. Minor
positional disorder of thiophene rings (ca. 6 %) in 6 (A) and 20 (B) is also not shown

for the sake of clarity. Solvent water in the crystal structure of 14 (C)- 1.5 H,0O is not
shown. The structure of 14 (C) was refined with aspherical atomic scattering factors using
NoSpherA248:49,
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Comparison of MICgyg values of compounds that only differ in R, Compounds that only
differ in R1 are shown in the same color. Displayed values were generated by RFP
measurement. Only Mtb MICgq values were generated by OD measurement. Compounds

that only differ in Rlare displayed in the same color; the symbols represent the respective R1

substituent.
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Figure 4.

Comparison of MICgyg values of compounds that only differ in R2. Compounds that only
differ in R2 are shown in the same color. Displayed values were generated by RFP
measurement. Only Mtb MICgqq values were generated by OD measurement. Compounds

that only differ in R2are displayed in the same color; the symbols represent the respective R?

substituent.

J Med Chem. Author manuscript; available in PMC 2023 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lang et al.

Page 36

100 4 0-0--0—A—5——
0 0A A
o O A SO 0O o
10 4 00 ©c 00 *xA A
1 o A * A OOAA 8OO
2 Y- Va¥ & 0 <o
28 1 o © A o
= *0OHO0O 0000 o 0o O
A
o0 A SAALA
0.1 4 OL o
< <
T T T T
Mtb Mintra Mabs 7H9 Mabs +THP1
RZ
* MMV845 © 7 1 © 12 © 36 O 42 45 * O;N
1
o 6 A 15 17 A 18 & 39 A 50 53 O S$N R\: R3
A s=0;N :
A 14 o 24 28 O 29 § a7 o 43 O 46 & oo HN@\WNH
<o 20 0=5=0; N X6
o 40 A 51 A 54 R0
Figure 5.

Comparison of MICgyg values of compounds that only differ in R3. Compounds that only
differ in R3 are shown in the same color. Displayed values were generated by RFP
measurement. Only Mtb values were generated by OD measurement. Compounds that
only differ in R3are displayed in the same color; the symbols represent the respective R3

substituent. Compounds 32 and 34 were excluded in this figure.
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Comparison of MICgyg values of compounds that only differ in R4. Compounds that only
differ in R* are shown in the same color. Displayed values were generated by RFP
measurement. Only Mtb values were generated by OD measurement. Compounds that
only differ in R* are displayed in the same color; the symbols represent the respective R*

substituent.
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Figure 7.
MBC determination against Mabs ATCC19977 of a selection of AAP derivatives. Bacteria

reduction levels are displayed as dashed, horizontal lines. Substances were analysed in
triplicates as indicated by the white dots.
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Figure 8.

Plasma stability of MMV688845 and compound 24 in human and murine plasma over five
different time points. Substances were analysed in duplicates. Error bars display standard

deviations.
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Figure 9.
A: Relationship of cLogP values and their corresponding kinetic solubilities of all the

synthesized AAP analogs. B: Relationship of cLogP values and their corresponding MICgyg
values against Mabs of all the synthesized AAP analogs. C: Relationship of cLogP values
and their corresponding MICgq values against Mabs within the macrophage infection model
of all the synthesized AAP analogs. The cLogP values were calculated with ChemDraw
(Perkin Elmer Informatics Inc.).
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Scheme 1.
Structures of the hit compound MMV688845 and D-AAP1
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Scheme 2.
Synthetic pathway for derivatization of MMV688845 analogs (T3P: propanephosphonic

acid anhydride, TFA: trifluoroacetic acid, DEPBT: 3-(diethoxyphosphoryloxy)-1,2,3-
benzotriazin-4(3H)-one, DIPEA: N,N-diisopropylethylamine)
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Scheme 3.
Preparation of the aniline building block (BINAP: 2,2"-bis(diphenylphosphino)-1,1"-
binaphthyl; TFA: trifluoroacetic acid)
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Scheme 5.
AAP base scaffold and derivatized residues
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Scheme 6.
Overview of the influence of the different substituents on the antimycobacterial activity of

AAPs. Red arrows indicate a loss in activity, green arrows indicate an increased activity
caused by the respective residues.
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Table 1.

ee-values of the starting materials (Boc protected amino acids), the intermediates 1-(R), 1-(S) and 1-(rac)
being the intermediates after anilide formation; 2A-(R), 2A-(S) and 2A-(rac) being the Boc deprotected
intermediate and final compounds 2B-(R), 2B-(S) and 2B-(rac) during synthetic route.

BOc—Phe—l 1- | 2A- | 2B-

ee-value [%]

(R 99.82 99.80 | 99.92 | 99.70

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

[©)] 100.00 99.34 | 99.84 | 99.79

(rac)

0.24

0.64

0.47

0.06
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Table 3.

Page 50

Activity data against the MMV688845 resistant strain Mabs Bamboo 845R-2.1. (generated by selecting at 50

UM MMV688845 using Mabs Bamboo). This strain is resistant to MMV688845 and has a RpoB P473L

mutation34. The observed frequency of resistance (FOR) was 5.83 x 10~ CFU™L. CLR: clarithromycin; RFB:

rifabutin)
MICqg (M)
Mabs Bamboo 845R-2.1
7H9
CLR 0.27
RFB 11
MMV688845 >100
24 42
14 >100
15 100
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Table 4.

Half-times and intrinsic clearance values after incubation of MMV688845 and compound 24 with human and
murine liver microsomes over 40 min. Experiment has been performed in duplicates.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

typ [min] human | Cliy [UL/min*mg] | ty, [min] murine | Cliy [UL/min*mg]

Substance microsomes human microsomes microsomes murine microsomes
MMV845 1.7 1366 0.9 1837
24 15 1113 1.8 1562
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Table 5.

ECsg values [uM] of AAP analogs against 7 different mammalian cell lines. A Melanoma; B Colon cancer; ©

breast cancer; ° Ovarian cancer; E Mouse fibroblasts; F Cervical cancer; © Human embryonic kidney cancer.
The assay was performed in triplicates. Standard deviations are displayed if applicable-

A375° HT298 MCF7¢ A2780P NIH 2T3E HelLaF HEK293¢
MMV845 >30 >30 >30 >30 >30 >30 n.d.
6 > 30 > 30 16.4+1.7 | 198+2.0 > 30 >30 19124
7 18.6 +4.2 >30 136+14 | 149+16 > 30 > 30 6.3+1.2
11 >30 >30 >30 >30 >30 >30 n.d.
12 294+14 >30 >30 283+14 | 285+20 | 283+15 n.d.
14 >30 >30 >30 >30 >30 >30 >30
15 >30 >30 >30 >30 >30 >30 >30
17 >30 >30 >30 >30 >30 >30 n.d.
18 >30 >30 >30 >30 >30 >30 n.d.
20 >30 >30 >30 23622 >30 >30 >30
24 >30 >30 >30 >30 >30 >30 n.d.
28 > 30 > 30 232+28 | 24052 | 26.9+5.0 > 30 >30
29 > 30 >30 259+27 | 232+44 | 242+42 >30 >30
32 >30 >30 >30 >30 >30 >30 n.d.
34 >30 >30 >30 >30 >30 298+13 n.d.
36 >30 >30 >30 >30 >30 >30 n.d.
37 >30 >30 >30 >30 >30 >30 n.d.
39 >30 29817 >30 29.7+£1.2 > 30 > 30 n.d.
40 >30 >30 >30 >30 >30 >30 >30
42 >30 >30 >30 >30 >30 >30 n.d.
43 >30 >30 >30 >30 >30 >30 n.d.
45 > 30 29.8+1.9 >30 295+20 | 29013 > 30 n.d.
46 >30 >30 >30 >30 >30 >30 n.d.
50 >30 >30 >30 >30 >30 >30 n.d.
51 >30 >30 >30 >30 >30 >30 n.d.
53 >30 >30 >30 >30 >30 >30 n.d.
54 293+15 >30 289+18 | 29.0+1.7 > 30 > 30 n.d.
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Kinetic solubilities and cLogP values of all synthetized AAP derivatives”

Table 6.

MMV84s | 6 7 |11 ] 12] 14| 15
Solubility [uM] 82 34 37 | 31 | 211
cLogP 372 445 | 462 | 46 | 478 | 249 | 2.67
17 18 | 20 | 24 | 28 | 29 | 32
Solubility [uM] 131 184 | 62 | 64 | 70 | 32 | 39
cLogP 2.65 283 | 254 | 271 | 27 | 2.87 | 487
34 36 | 37 | 30 | 40 | 42 | 43
Solubility [uM] 85 78 | s8 | 170 | 158 | 30 | 31
cLogP 2.96 421 | 439 | 231 | 248 | 365 | 3.83
45 46 | s0 | 51 | 53 | s4
Solubility [uM] 41 39 | 74 | 9 | 60 | 9
cLogP 353 371 | 242 | 250 | 23 | 2.48

Page 53

ACoIor coding: The colors show the difference to the average kinetic solubility of all tested compounds, dark blue: highest solubility; light blue:

above average; white: closest to average; light red: below average, dark red: lowest kinetic solubilities of the tested compound set.
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