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ABSTRACT: The emergence of multidrug-resistant bacteria emphasizes the
urgent need for novel antibacterial compounds targeting unique cellular
processes. Two-component signal transduction systems (TCSs) are
commonly used by bacteria to couple environmental stimuli to adaptive
responses, are absent in mammals, and are embedded in various pathogenic
pathways. To attenuate these signaling pathways, we aimed to target the
TCS signal transducer histidine kinase (HK) by focusing on their highly
conserved adenosine triphosphate-binding domain. We used a structure-

based drug design strategy that begins from an inhibitor-bound crystal arsegy »
structure and includes a significant number of structurally simplifiying
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structures. Thus, ligands were designed, leading to a series of thiophene

derivatives. These compounds were synthesized and evaluated in vitro against bacterial HKs. We identified eight compounds with
significant inhibitory activities against these proteins, two of which exhibited broad-spectrum antimicrobial activity. The
compounds were also evaluated as adjuvants for the treatment of resistant bacteria. One compound was found to restore the

sensivity of these bacteria to the respective antibiotics.

1. INTRODUCTION

Antibiotics are considered among the most important medical
discoveries of the 20th century. Unfortunately, the clinical use
of conventionally available antibiotics has led to the rapid
development of resistance.’ ™ One of the first clinical
antibiotics, penicillin, was introduced in the mid-1940s, and
resistant mutants appeared within 2 years of its introduction.’
After 75 years of extensive antimicrobial use against strains of
Salmonella enterica, a leading cause of bacterial gastroenteritis,
several bacteria have become resistant to front line antibiotics,
and the emergence of methicillin-resistant Staphylococcus aureus
(MRSA) strains has increased in nosocomial and community
settings.”™" The high level of inherent antibiotic resistance in
Pseudomonas aeruginosa makes the treatment of cystic fibrosis
problematic.’* In contrast, the pharmaceutical companies’
investments in the discovery and development of new
antibiotics have stagnated compared with their investments in
drugs combatting chronic diseases such as cancer and diabetes.”
Antimicrobial resistance is not only a major health problem but
also an economic issue.'” Hence, innovative research to develop

anti-infective agents with novel modes of action that circum-
vent the current resistance mechanisms is urgently needed. ' ™*

Bacteria have evolved a variety of mechanisms to respond to
environmental changes. Among the most commonly utilized
are two-component signal transduction systems (TCSs).'*
TCSs were proposed as attractive targets because they are
absent in mammals and essential or conditionally essential for
viability in several important bacterial pathogens.” ™ Tq
respond to diverse environmental changes, a bacterium
typically possesses multiple TCSs”*™° These TCSs are
implicated in survival roles and pathogenic mechanisms, such
as nutrient acquisition, sporulation, biofilm formation, and
antibiotic resistance.””** TCS inhibitors are expected not only
to work as antibacterial agents but also to be developed as
adjuvants with known antimicrobials to target drug resistance,
colonization, or virulence factor expression.”” "% Most
commonly, a TCS consists of a membrane-spanning sensor




histidine kinase (HK) and a cytosolic transcription factor,
termed the response regulator (RR); however many variations,
including soluble HK and nontranscription factor RR proteins,
exist. In response to an environmental or cellular signal, HKs
autophosphorylate a conserved histidine residue in the
dimerization domain, and the phosphoryl group is subsequently
transferred to a conserved aspartic acid in the regulatory
domain of its paired RR. The phosphorylated RR typically
binds to the promoter regions of target genes modulating their
expression (Figure 1).*' Interest in deactivating TCS trans-
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Figure 1. Two-component system signaling (TCS) cascade. A
phosphoryl group is transferred from the Catalytic domain (CA) to
a conserved His-residue of the HK and from there at a conserved Asp-
residue of response regulator (RR). A typical function for the RR is
gene regulation.

duction by targeting the catalytic and adenosine triphothate
(ATP)-binding (CA) domain of the HK has increased.’””” The
catalytic core within HKs has been reported to exhibit a high
degree of homology in both Gram-positive and Gram-negative
bacteria. """ This degree of homology suggests that a single
agent targeting this CA domain could inhibit multiple TCSs
simultaneously. Consequently, bacterial resistance would be
less likely to develop.

The search for inhibitors capable of interrupting TCS has
yielded several classes of effective HK inhibitors.”” Unfortu-
nately many of them suffer from poor bioavailability stemming
from their highly hydrophobic properties.”'”*** Some other
inhibitors have demonstrated poor selectivity and appear to
cause protein aggregation.’ Finally, some inhibitors lead to
hemolysis.”” More recently, several interesting reports have
described the experimental or in silico identification of specific
inhibitors against the essential cell wall homeostasis regulator
kinase WalK with antimicrobial activity against some Gram-
positive organisms.”*”? However, whether these compounds
are of clinical value and whether the focus on a single kinase
might greatly reduce the spectrum of these compounds is
unclear. An approach to identify broad spectrum inhibitors of
HK proteins has been published while this manuscript was in
preparation employing a combination of fragment-based
screening and in silico docking technology.’ HK activation
rather than inhibition has also recently been described as a
strategy to control virulence of Gram-negative bacteria, since
avirulent Salmonella and Haemophilus species commonly have

mutations that lead to constitutive activation of the conjugative
plasmid expression TCS CpxRA."" The development of new
inhibitors capable of disrupting TCS signaling remains a
challenge. In the present study, we used a structure-based drug
design strategy, based on the crystal structure of the ATP
pocket of essential cell wall homeostasis regulator kinase WalK
(Protein Data Bank [PDB]: 3SL2) and PLANTS as a virtual
screening software to identify new inhibitors of HK. To this
end, we utilized the fact that HKs share a related CA domain
with DNA-gyrases and topoisomerases. The latter represent
known antimicrobial targets, and high-resolution structures of
inhibitor-bound proteins exist. HK ligands were designed
leading to the development of a series of thiophene derivatives
(6a—6u, 7a—7c, 8a—i). These compounds were synthesized,
and their inhibitory properties were evaluated against three
bacterial HK proteins, B. subtilis phosphate limitation sensor
kinase PhoR, respiration sensor kinase ResE, and kinase WalK.
Their antimicrobial activities against nine bacterial strains were
assessed. Moreover, the compounds were evaluated as
adjuvants against antibiotic-resistance bacterial strains. We
identified several compounds with desirable activities against
HKs. These lead compounds represent potential starting points
for future HK inhibitor development.

2. RESULTS AND DISCUSSION

2.1. Design of New Compounds. To generate HK
inhibitors, we utilized a structure-based design methodology.
Inhibitors are expected to exhibit antibacterial properties when
a single essential TCS is targeted or when multiple systems
whose activities function not necessarily alone but in
combination are targeted simultaneously. Our aim was to
inhibit multiple HKs simultaneously to make evolving
resistance more difficult. We decided to target the ATP-binding
domain because this strategy was very recently validated.””"
The ATP-binding domain is characterized by a Bergerat fold,
which is a domain shared with DNA-gyrases and topoisomer-
ase, heat shock proteins, and the mutator protein MutL protein,
The Bergerat fold consists of a sandwich of a-helices in one
layer, and mixed f-strands in another, and a discrete and
flexible ATP lid."" ™" To design the inhibitors, we used the
available X-ray structure of the ATP-binding domain of WalK
(PDB: 3SL2)* at a resolution of 1.61 A. This structure
comprises a two-layer a/ff sandwich-fold with a large ATP
pocket (Figure 2A). One layer is composed of a five-stranded
P-sheet. Strands 1 and 2 run parallel, whereas the directions of
strands 2, 3, 5, and 4 alternate. The second layer is made of

Figure 2. (A) X-ray crystal structure of the ATP-binding domain of
WalK (PDB: 3SL2). (B) Binding mode of ATP with ATP-lid loop.



three a-helices. These two layers are linked by a large flexible
loop (Asp$33-Gly567) containing a short helical segment that
is crucially involved in ATP binding."” This loop is designated
as the ATP-lid. The interactions among ATP, Asp533, and
Water822 are known to be critical for protein—cofactor
binding. Additionally, we observed z-stacking between the
adenine ring and Tyr507 (Figure 2B). Thus, our aim was to
design ligands that can form hydrogen bonds and hydrophobic
interactions with these elements.

As mentioned above, the ATP-binding domain of the TCS, a
Bergerat fold, is also found in Gyrase B, heat shock protein
Hsp90, HKs, and mutator protein MutL.***” The PDB was
probed for structures of ligand-bound domains of these
proteins to investigate inhibitor binding modes. Gyrase B was
singled out because several Gyrase B—ligand complexes are
available with affinities in the nanomolar range.”* " Moreover,
a Gyrase B ligand has been reported to bind to the ATP-
domain of HKs.”""” We decided to focus on the complex PDB:
3TTZ because the ligand 2-[(35,4R)-4-{[(3,4-dichloro-5-
methyl-1H-pyrrol-2-yl)carbonyl Jamino }-3-fluoropiperidin-1-
y1]-1,3-thiazole-5-carboxylic acid (pyrrolamide, Figure 3D) has
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Figure 3. (A) Superposition of HK in green with ATP in pink and
Gyrase B in blue with its pyrrolamide inhibitor in gold. (B) Evaluation
of the HK pyrrolamide complex with DSX. Blue spheres represent
favorable interactions, where as red spheres represent unfavorable
interactions. Blue lines represent favorable distances, whereas red lines
represent unfavorable distances. (B) Close-up of the pyrrolamide
ligand inside the histidine domain of WalK. (D) Pyrrolamide inhibitor.

an 50% inhibitory concentration (ICs,) value of 4 nM."
Comparative docking was gerformed according to the typical
protein kinase protocol.”'”* Known ligands were transferred
from the template structure into the target structure. The
deduced protein—ligand complexes were visualized, and the
protein—ligand interactions were evaluated. To transfer the
ligand of Gyrase B into the HK CA domain, we first
superimposed the two structures with a root-mean-square
deviation (RMSD) of 0.740 A using ViTO (Figure 3A).>* The
Gyrase B pyrrolamide ligand (Figure 3D) was then transferred
into HK CA domain and evaluated with DSX (Figure 3B,C).**
We observed that the ligand forms a hydrogen bond with

Asp533 in the bottom of the pocket; however, significant steric
hindrance exists at the edge of the pocket with He$36 and
Tyr507. Furthermore, the electronic effects in the edge of the
pocket are dissimilar in Gyrase B and HK WalK. Indeed, in
Gyrase B, the edge of the pocket appears to be charged. Arg84
and Glu58 form a salt bridge, and Argl44 interacts with the
acidic moiety of the pyrrolamide inhibitor. In contrast, in the
HK WalK, the edge of the pocket appears to be relatively
hydrophobic as noted in the presence of Tyr507, Leu568, and
Ile536.

These observations guided our strategy for designing the HK
ATP-binding domain inhibitors of type 6. Our thought process
is visualized in Figure 4. We noted that after scoring the
pyrrolamide ligand, the —NH of the pyrrole moiety forms a
hydrogen bond with Asp533, and the C=0 of the amide bond
establishes a hydrogen bond with Water822. Consequently, we
rigidified the amide bond via a cyclization to produce structure
A in Figure 4. We added an aromatic ring to maintain
hydrophobicity because the edge of the pocket in the HK WalK
(and others) is hydrophobic and because doing so imbues
pyrrolamide with a plane-like geometry, generating structure B
(Figure 4). As mentioned above, steric hindrance occurs at the
edge of the pocket, and thus, the size of the ligand must be
reduced. Therefore, we removed the piperidine ring and the
chirality, which is often difficult to control in chemical
synthesis, which produced a substituted phenyl ring (Figure
4, structure C). Finally, we chose a thiophene ring instead of a
thiazole to gain easy and quick access to a series of compounds
of type 6 as shown in Figure 4.

Initially, a virtually focused chemical library was designed
based on general structure 6 (Figure S) to form hydrogen
bonds with Asp$33 and hydrophobic interactions with Tyr507.
This library was constructed to be easily accessible chemically.
Thus, in positions R1, R2, and R3, we preferred to derivatize
the phenyl ring with only one substituent, which can be either a
hydrogen-bond donor or acceptor. In position R, we chose to
add polar substituents to increase the compounds’ solubility.
We docked this virtual chemical library into the ATP-binding
site. of WalK (PDB: 3SL2) using PLANTS. Protein and
ligands were prepared with SPORES* "’ before docking, and
the docking poses were reevaluated using the DSX™* scoring
function. When inspecting the docking poses, the phenyl ring
can be observed at the bottom of the pocket, and the
substituent points in the direction of AspS$33. The thiophene
ring participates in z-staking with Tyr507, and the polar
substituents note of the pocket toward the solvent (Figure
6A,B). When comparing the binding poses and the scores
obtained from both the docking and reevaluation experiments
(Table 1), 21 compounds in the virtual library were considered
promising and singled out for synthesis.

2.2. Synthesis. Thiophene derivatives (6a—6u) were
synthesized using the palladium-catalyzed Suzuki—Miyaura
cross-coupling reaction (Scheme 1)°% Various commercially
available phenyl boronic acid derivatives (Sa—5g) were reacted
with commercially available 2-bromo-S-nitrothiophene (1), 2-
acetyl-S-bromothiophene (2), and easily generated 2-acet-
amide-5-bromothiophene (3). 3 was prepared according to
the literature.”” Indeed, the reaction between 2 and hydroxyl-
amine hydrochloride gave a mixture of two isomeric oximes
(4a—4b), which were separated by column chromatography,
yielding the respective isomers E 4a (54%) and Z 4b (45%)
(Scheme 2). Then, isomer E (4a) was used in a Beckmann
rearrangement to give the acetamide 3 in 88% yield.
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6a: R'=NO,, Ry=Nll, R,=IL, Ry=11

6b: R'=NO,, R;= H, Ry=NH,, Ry=H

6c: R=NO,, R;= H, Ry=H, Ry= NH,

6d: R'=NO,, R;=OH, Ry=H, Ry= H

6e: R'=NO,, R= H, R,=OH, R;=H

6F: R'=NO,, R,= H, R,=H, R;= OH

6g: R'=CH;CO, R;=NH,, Ry=H, Ry=H

6h: R'=CH,CO, R,= H, R;=NH, Ry=H

6i: R=CH,CO, R;= H, R,=H, Ry= NH,

6j: R=CH,CO, Ry=OH, Ry=H, Ry= H

6k: R=CH,CO, R,= H, R,=OH, R;=H

61: R'=CH;CO, Ry= H, Ry=H, Ry= OH

6m: R'=NHCOCH;, R;=NH, Ry=H, Ry= H
6n: R=NHCOCH;, Ry= H, Ry=NH, Ry=H
60: R=NHCOCH;, Ry= H, R,=H, Ry=NH,
6p: R=NHCOCH;, R;=OH, Ry=H, Ry= H
6q: R=NHCOCH; R;=H, Ry=OH, Ry;=H
6r: R=NICOCI L, Ry=I1, Ry=11, Ry= Ol
6s: R'=NO,, R;=OCH;, R,=OCH; Ry=H
6t: R=CH,CO, R;=OCH,, R,=OCH; Ry;=H
6u: R=NHCOCH;, R;=0CH3, R;=OCH; R;=H

Figure 5. Chemical library designed.
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For the Suzuki reaction (Scheme 1), Pd(PPhy), or
PdClL,(PPh;), was used as the catalyst; Na,CO;, K,CO;, or

Cs,CO; was used as the base; and typical solvents were used
(for more details see Table 3). The reactions were conducted at



Figure 6. (A) Binding pose of compound 6a into the ATP-binding site
of WalK. (B) Evaluation of compound 6a docked into ATP-Binding
site using PLANTS with DSX. Blue spheres represent favorable
interactions, whereas red spheres represent unfavorable interactions.
Blue lines represent favorable distances, whereas red lines represent
unfavorable distances.

70—90 °C, and moderate to good yields of the desired
compounds (6a—6u) were obtained (Table 2). The Suzuki
coupling gave complete conversion in all cases, although the
work up and purification were cumbersome (Table 3).
Compounds 6a—6¢ reacted with 2-iodoethanol at 90 °C
under inert conditions in N,N-dimethylformamide (DMF) or
without a solvent to produce compounds (7a—7¢) in moderate
yields (Scheme 3, Table 2),

To overcome the solubility problems encountered during
biological evaluations, we decided to synthesize the hydro-
chloride salts of the amines. Treating the amines (6a—6c, 6g—
6i, and 6m—60) with 12 N HCl in tetrahydrofuran (THF) or
with in situ-generated HCI afforded the amines as their HCI
salts 8a—8i in moderate to good yields (Scheme 4).

The final compounds 6a—6u, 7a—7¢, and 8a—8i were fully
characterized by "H nuclear magnetic resonance (NMR), *C
NMR, infrared (IR) spectroscopy, high-performance liquid
chromatography (HPLC), and high-resolution mass spectrom-
etry (HRMS). The mass spectra displayed the correct
molecular ions peaks because the measured HRMS data are
in good agreement with the calculated values (see the
Supporting Information).

The designed compounds 6a—6u and 7a—7c were then
evaluated against different HK proteins.

2.3. Biological Evaluation of Compounds. 2.3.1. Several
Compounds Exhibit Inhibitory Activity Against the HK WalK.
In an initial screening, compounds 6a—6u and 7a—7c were
evaluated for their ability to inhibit the autophosphorylation
activity of HK WalK from Bacillus subtilis. To this end, two
distinct cytoplasmic WalK constructs were utilized, WalK?*+-612

and WalK*>"®2 Both constructs share a catalytic core,
including the ATP-binding Bergerat fold or CA domain of
the kinase, but the longer construct contains an additional N-
terminal HAMP domain. We argued that both fragments
should behave similarly with regard to potential compound
inhibition, suggesting that these compounds indeed target the
catalytic portion of the proteins. When screening with
equimolar concentrations of the compounds and ATP, eight
(6c—6e, 6h, 6i, 6k, 6s, and 7c) of the 24 compounds were
observed to significantly inhibit the kinase activity (Figure 7).
Six of the eight compounds inhibited both fragments of the
kinase to similar extents, whereas two compounds, 6h and 6i,
inhibit the longer WalK fragment to a greater extent than the
shorter one. Regardless, these eight compounds were
considered as potentially interesting HK inhibitors and were
subjected to more-detailed downstream evaluations.

2.3.2. Some Compounds Inhibit Multiple HKs. A desirable
trait for any HK inhibitor is the capability to specifically inhibit
multiple HKs of an organism, rather than a single HK, because
it is more difficult for a bacterium to acquire resistance against a
multitarget inhibitor, as such inhibitors could be expected to
have a broader antimicrobial spectrum. To assess whether the
eight compounds that inhibited WalK in vitro also inhibited
other HKs, we utilized B. subtilis HKs PhoR, which is involved
in the detection of phospholimitation, and HK ResE, which is
involved in the transition to anaerobic conditions. The ICy,
values were determined against all three HKs. Because the
kinase serves as both the substrate and enzyme in this assay, the
concentration of the enzyme is higher than those of most other
proteins, and as a result, the lower limit for the ICg, values is in
the low yM range rather than in the nM range. A typical assay
for compound 6e is depicted in Figure 8A, demonstrating that
this compound inhibits all three HKSs to varying extents. Similar
results were obtained for the other seven compounds, and the
IC;, values are summarized in Table 4. Screens were also
performed with the B. subtilis sporulation HK KinA, resulting in
similar inhibition patterns: the IC, values were not determined
for this kinase (data not shown). Of note, one compound 6s
showed significantly better inhibition of PhoR (IC,;: 1.6 4M)
than ResE and WalK, demonstrating that selectivity can be
achieved by varying phenyl group substituents. At this point, we
can only speculate why this compound would be selectively
inhibiting PhoR. The docking pose in Figure 6 suggests that the
phenyl group substituents are in contact with conserved
AspS33 deep within the ATP binding pocket. This pocket

Table 1. DSX score of Docked Compounds

Docked compounds

oo B HEHEHHRRE

-50.000
-55.000
-60.000
-65.000

DSX SCORE

-70.000
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Scheme 1. Synthesis of Thiophene Derivatives 6a—6u”

R,
AN, + v L_r,

1 R=NO, Ry

Sa: R=MIHCL Ry=H, Ry=11
Sb: Ry=H, Ry=NHHCL Ry=H
Sc: Ry=H, Ry=H, Ry=NH,HC1
Sd: R;=OH, R=H,R;=H

Se: R,» H, R;=OH,R;=H

Sf: Ry=H, Ry=H, Ry=0H

Sg: Ry=0Cll;, R;=0CTl; Ry=11

Ry

6a: R'=NO,, R;=NH,, R=H, R;=H

6b: R=NO,, R;= H, R=NH;, R;= H

6c: R'=NO,, Ry= 1, R=H, Ry= NH;

6d: R'=NO,, R;=0H, Ry=H, Ry=H

6e: R'=NO5, Ry= H, R:=OH, R;=H

6f: R'=NO,, R, = H, R.=H, R;= OH

g R'=CHCO, R,=NH,, R;=H, Ry=

6h: R'=CH,CO, Ry=H, Ry=NH,, Ry=H

6ic R'=CI1,C0, Ry= 11, R:=11, Ry=Nil,

6j: R=CH,CO, R,=OH, Ry=H, Ry=H

6k: R'=CHC0, By= H, R=OH, R;= H

& R=CH;(0, Ry= H, Ry=H, Ry= OH

&m: R=NHCOCH,, R =NH; Ra=H,R;=H
6n: R'=NHCOCH;, R,= H, R;=NH, R;=H
60: R'=NIICOCIL,, Ry= 11, Ry=11, Ry= NIl
6p: R'=NHCOCH;, R,;=OH, R=H, R=H
6q: R=NHCOCH; R;= H, Ry=0H, Ry~ H
6r: R=-NHCOCH;, R,= H, R;=H, Ry= OH
s: R=NO,, R;=OCH;, R,;=0CH; Ry=H
6t: R'=CH;CO, R;=0CH;, R:=0CH;_R;=H
6u: R=NHCOCH, R, =0C1 L, Ry=0CH; Ry=1

“Reagents and conditions: (a) Pd(PPh,), or PdCl,(PPh,),, Na,CO;, K,CO,, or Cs,CO;, toluene/EtOH or 1,4-dioxane/H,0 or DMF/H,0 or

DMEF, 70—90 °C.

Scheme 2. Synthesis of Acetamide 3°
[XK —i /Q/ + /@\(
Br" S Br S Br S
I(E} | £y
: 0 54% N"()H 5% HD’N

4a 4b

A X

Br’ s N CHs
3

“Reagents and conditions: (a) NH,OH-HCl, CH,COONa-3H,0; (b)
TsCl, NaOH.

might be more accommodating for increased size of
substituents in PhoR or might make additional contacts with
these substituents. In summary, the eight compounds could
inhibit the autophosphorylation activity of multiple different
HKs in vitro.

2.3.3. The Compounds Do Not Inhibit the Serine/
Threonine Kinase IreK. Based on the results thus far, the
eight compounds possibly inhibited enzymatic activity non-
specifically or inhibited protein kinases in general rather than
only HKs. This trait would be undesirable because kinases are
abundant and essential proteins in all domains of life. To ensure
that the eight compounds did not inhibit kinases with different
structures and activities, we utilized the structurally unrelated
eukaryotic-like serine/threonine intrinsic resistence of enter-
ococci kinase (IreK) of E. faecalis, which also utilizes ATP as a
phosphoryl-group donor. The ICy; values were determined for
concentrations of up to 800 uM of each compound, analogous
to the HK inhibition assays. A typical assay for compound 6e is
shown in Figure 8B. The results for all compounds were
identical and are summarized in Table 4. We observed no
inhibition of the serine/threonine kinase IreK, suggesting that
the eight compounds target HKs specifically and do not merely
inhibit any enzyme or any kinase.

2.3.4. The Compounds Do Not Significantly Inhibit E. coli
DNA-Gyrase. ATP-dependent DNA-gyrases and topoiso-
merases catalyze essential bacterial DNA-packing processes
and utilize an ATP-binding domain that is structurally related
to that in HKs. This fact was utilized to design the current
compound series starting with a known gyrase inhibitor. Thus,
the novel compounds possibly not only inhibited HKs but also
targeted DNA-gyrase. To investigate whether the eight
compounds with activity against HKs also inhibited DNA-
gyrase activity, we utilized the commercially available E. coli
DNA-gyrase. To this end, a standard gyrase assay was utilized,
where relaxed plasmid DNA was exposed to DNA-gyrase in the
absence or presence of varying amounts of the eight
compounds. As a control, we utilized a known gyrase inhibitor
and antibiotic, ciprofloxacin at a concentration of 200 uM.
Whereas ciprofloxacin completely inhibited the ability of DNA-
gyrase to induce the supercoiling of relaxed plasmid DNA, the
eight compounds showed no or little inhibitory activity up to a
concentrations of 800 uM. A typical assay of compound 6e is
shown in Figure 8C. The ICq, values for all eight compounds
are summarized in Table 4. Although all compounds exhibited
ICs, values for DNA-gyrase that were much larger than those
observed for the HKs, some compounds—6c, 6d, 6k, and 7c—
inhibited DNA-gyrase at the highest tested concentrations. In
summary, the eight compounds show a preference for HKs, but
we cannot conclude that the gyrases and topoisomerases from
some organisms will not also be subject to inhibition by some
of these compounds.

2.3.5. The Compounds 6d and 6e Exhibit Significant
Antimicrobial Activity. Given these promising in vitro HK
inhibition data, we wondered whether any of these tested
compounds exhibited antimicrobial activity. To this end, we
screened the eight compounds against HK activity in a standard
Kirby—Bauer disk diffusion assay against MRSA TCHI516
USA300. Paper disks containing 100 ug of each of the eight
respective compounds were placed on plates with growing
lawns of Staphylococcus aureus. Following incubation, clear rings
of growth inhibition could be observed for two of the eight
compounds—6d and 6e—analogous to a vancomycin control;
no growth inhibition was observed for the other six compounds



Table 2. Chemical Structure, Chemical Data and Purity of Synthesized Compounds
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Scheme 3. Synthesis of Thiophene Derivatives 7a—7¢"

I\ . /\
O.N = O.N s =
NS D, 5 _H/\/on
P
6a (ortho position) Ta (orho position)
b (meta position) b (mcta position)
¢ (para position) e ijpara position)

“Reagents and conditions: (a) I(CH,),0H, 90 °C, N,.

(Figure 9A). To further investigate whether this growth
inhibition was significant, a similar assay was perfomed with
decreasing concentrations of compounds 6d and 6e (Figure
9B). The diameter of the ring of growth inhibition did not
change even when only 20 pg of compound was used per disk.
A reduced ring of growth inhibition was identified using 4 ug of
compound 6Ge.

These promising results prompted us to quantify the
antimicrobial activity of compounds 6d and 6e against nine
selected bacteria including several important human pathogens.
To this end, we utilized the Clinical & Laboratory Standards
Institute (CLSI) 2-fold serial broth-dilution method to
determine the minimum inhibitory concentration (MIC),
which is defined as the concentration at which no bacterial
growth can be observed, and the minimum bactericidal
concentration (MBC), which is defined as the concentration
at which 99.99% of bacteria are killed. The data from these
assays are summarized in Table 5. Clearly both, compounds 6d
and 6e exhibit activity against Gram-positive and Gram-
negative bacteria. E. faecalis appeared to be the least susceptible
of the tested bacterial strains. In general, both compounds
showed very similar inhibition spectra, but compound 6d
seemed to be slightly more potent than Ge.

In summary, of the eight identified HK inhibitors, two
exhibited broad-spectrum antimicrobial activity against different
significant pathogens.

2.3.6. The Compounds 6d and 6e Are Bactericidal Rather
than Bacteriostatic. Antimicrobials are usually classified as
either bacteriostatic or bactericidal. Whereas the former merely
inhibit growth, the latter induce the lysis and killing of cells. It is
typically thought that bacteriostatic antimicrobials inhibit
cellular processes such as transcription or translation, whereas
bactericidal antibiotics target the cell envelope. To test whether
compounds 6d and 6e were bacteriostatic or bactericidal, we
grew cultures of B, subtilis (Figure 9C) and MRSA (not shown)
in the absence or presence of 50 ug/mL compounds 6d or Ge.
As a bacteriostatic antibiotic control, we utilized chloramphen-
icol, and as a bactericidal control compound, we utilized

fa@»@@ve—ee#éf

A

Figure 7. A screen with cytoplasmic WalK fragments identifies eight
compounds with kinase inhibitory activity. Two Bacillus subtilis
cytoplasmic HKs constructs, Walk?2"%12 and WalK>***'2, were
subjected to autophosphorylation in the presence of 1 mMy-2P-
labeled ATP and in the presence or absence (control) of 1 mM of
putative kinase inhibitors. Autophosphorylation of WalK kinase was
terminated after 3 min by addition of SDS sample buffer, and the
reactions were subjected to SDS-PAGE followed by phosphor-
imaging. Bands on the gel indicate the extent of the autophosphor-
ylation reaction. Compounds whose presence caused visual reduction
in autophosphorylation activity are indicated by an arrow and were
selected for further analysis. (A) Com D!:ucn.mcls used were 6g, 6h, 6b, 7a,
6c, 6a, 6j, and 6k; top panel WalK?™5'%; bottom panel Walk?-¢12
(B) Compounds used were 6t, 6s, 6d, 6e, 6f, 6m, 60, and 6u; top
panel WalK?~%'2; bottom Panel WalK*?7%2, (C) Com) mpounds used
were 7, 6i, 6l, 6n, 7b, 6p, 6q, and 6r; top panel WalK**=51% bottom
panel WalK¥2-612,

vancomycin. We observed that compound 6d behaved very
similarly to vancomycin in this assay, inducing slow bacterial
lysis over a time course of 9 h. In contrast, compound 6e
induced more rapid cell lysis and clearing of the culture than
either vancomycin or compound 6d (Figure 9C). In summary,

Scheme 4. Synthesis of Amine Hydrochloride Salts 8a—8i”

! \
—NH-\- —_——

6a: R=NO,, R=NH,, R=H, Ry=H
6b: R=NOs, R;=H, Ro=Nil, Ry=H

6c: R=NO,, Ry=H, R=H, R;= NH,

6g: R'=CH,CO, R;=NH,, R:=H, R=H

6h: R'=CH;CO, R;= H, Ry=NH,, Rs= H

6i: R'=CH,CO, R,= H, R=H, R=NH,
6m: R=NHCOCH;, R,=NH, R,=H, Ry=H
6n: R'=NHCOCH;, Ry= H, Ry=NH, Ry=H
60: R-NHCOCH;, R;= H, R-H, R;— NH,

[)\O—NH,HCI

8a: R'=NO,, R,=NH,HCI, R;=H, Rs=H, 37%
8b: R*=NOs, Ry= I, Ry=NH,HC, Ry= H, 89%

8c: R'=NO, Ry= H, Ry=H, Ry= NH,HC1, 59%

8d: R'=CH,CO, Ry=NH,HCl, Ry=H, Ry= 11, %%

8e: R'=CH;CO, Ry= H, Ry=NH.HCl, Ri= H, 35%

8f: R=CH;CO, Ry= H, Ry=H, Ry= NH;HCI, 39%

8g: R'=NHCOCH;, Ry=NHHCI, R=H, Ry=H, 49%
8h: R'=NHCOCH;, Ry= H, R==NHHCI, R= H, 46%
8i: R=NHCOCHS, Ry~ H, Ry-H, Ry~ NH-HCI, 51%

“Reagents and conditions: (a) HCl 12M, THF, 0 °C or HCI generated in situ (addition of concd H,SO, on NaCl)
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Figure 8. Compound 6e inhibits autophosphorylation of HKs PhoR,
ResE and WalK but not serine/threonine kinase IreK or DNA-gyrase.
Autophosphorylation of kinases and DNA gyrase-catalyzed super-
coiling was performed as described in the Experimental Section. In
contrast to Figure 1, protein concentrations, ATP concentrations, and
time points were adjusted for ICy, determination. (A) Autophosphor-
ylation activity of cytoplasmic constructs of PhoR (top panel), ResE
(middle panel), and WalK (bottom panel) in the presence of
increasing amounts of compound 6e (0; 6.25; 12.5; 25; 50; 100; 200;
400; 800 uM). The autophosphorylation activity was monitored after
60, 8, and 40 min, respectively. These time points were chosen
imperially to reflect a linear rate of autophosphorylation for each
kinase. (B} The serine/threonine kinase IreK from E. faecalis was
subjected to autophosphorylation in analogy to the assays performed
for HKs with increasing amounts of compound 6e (0; 6.25; 12.5; 25;
50; 100; 200; 400; and 800 uM). The autophosphorylation activity
was monitored after 15 min. (C) E. coli DNA gyrase-catalyzed
supercoiling in the presence and absence of indicated concentrations
of compound 6e was monitored. Ciprofloxacin (200 nM) was used as
a positive control for gyrase inhibition. Each reaction contained 1 U
gyrase and 75 ng gyrase substrate according to manufacturer
recommendation.

Table 4. IC;; Values Against HKs PhoR, ResE, and WalK,
Ser/Thr kinase IreK, and DNA-gyrase for Selected

Compounds

PhoR ResE WalK TreK DNA-gyrase
compd (M) (uM) (uM) (M) (M)
6h 46.18 203 145.6 >800 >800
6¢ 21.37 52.28 181.1 =800 >400
6k 44.02 32.85 78.37 >800 >400
6s 1.63 102.3 134.4 >800 >800
6d 122.6 124.3 196.9 >800 2400
be 13.11 89.36 52.81 >800 >800
7c 11.39 2439 80.11 >800 >400
6i 33.39 40.38 121.3 >800 >800

compounds 6d and 6e appear to be bactericidal rather than
bacteriostatic.

mpe/0
TE5Q

time (h)

Figure 9. HK inhibitors 6d and 6e exhibit antimicrobial activity (A, B).
Kirby—Bauer disk diffusion susceptibility assay was used to determine
the antimicrobial activity of the selected compounds (see Experimental
Section). (A) Antimicrobial activity screen of the eight selected
compounds against MRSA. A disk containing 30 pg vancomycin was
used as control (c). 100 ug of compounds 6h (1), 6c (2), 6k (3), 6s
(4), 6d (5), 6e (6), 7c (7), and 6i (8) was applied to each disk. (B)
Dose-dependent antimicrobial activities of the compounds 6d and 6e
against MRSA. 30 pg vancomycin was used as control (c). Decreasing
amounts of 6d (left) and 6e (right). 1 and 7 = 500 pg; 2 and 8 = 100
pug; 3and 9 =20 pg; 4 and 10 = 4 pg; Sand 11 = 0.8 ug; 6 and 12 =
0.16 pg. (C) Effect of compounds 6d and 6e on exponentially growing
B. subtilis cultures was monitored. To determine whether compounds
6d and Ge exhibit bactericidal or bacteriostatic activity, B. subtilis
JH642 was grown in LB medium at 37 °C. Vancomycin (Va) and
chloramphenicol (Cm) served as controls. Optical density (OD) at a
wavelength of 600 nm was routinely measured. At an ODygg, of 0.5-0.6
(indicated by an arrow) 50 pg compounds 6d (H), Ge (A),
chloramphenicol (¥), or vancomycin (@) was added. B. subtilis
JH642 was also grown without additives (circles).

Table 5. Antibacterial Activity of Compounds 6d and 6e
against Reference Gram-Positive and Gram-Negative
Bacteria”

compound 6d compound 6e
bacterial strain MIC MBC MIC MBC
B. subtilis 7 10 7 16
S. aureus 16 32 32 >32
B.anthracis 7 16 7 »32
S. pyogenes 10 32 16 k5]
S. agalactiae 16 >32 2 >32
L. monocytogenes 10 >64 32 >64
E. faecalis 32 >64 >64 >64
S. enterica 32 32 2 32
E. coli 32 32 32 32

“MIC and MBC are in pg/mL.



Table 6. Antibiotic Susceptibility of Four E. coli Isolates and Three S. aureus Isolates with and without HK Inhibitor 6d

bacterial strains resistance mechanism  AMX (<8, >8)° CTX (<1,>2) OFX (<05 1) CLX (<2 >2) PNG (<0.125, >0.125)
_ MICs” (ug/mL) [with 6d]"

E. colf
ATCC25922 none 4 0.125 0.06 - -
G28 BL >16 [0.03) >16 [0.03] - - =
ARS108 BLSE >16 [0.03] >16 [0.03] == = —~
Go2 R FQ_ - - >8 [<0.015] - =

S, aureus®

ATCC29213 none = - - 1 05
CI1P1s penicillinase - - - 1 =8 [<0.015]
CIBP13 MRSA - = 23 >8 [<0.015] >8 [<0.015]
MBCs” (ug/mL) [with 6d]°

E. coli
ATCC25922 none - - i i -
G28 BL >16 [8] 1 - - -
ARS108 BLSE >16 [>16] >8 [>8] - - -
Go2 R FQ - - >§ [>8] - =

5. aureus
ATCC29213 none - - - 1 0s
C1PLs penicillinase s - - 1 =8 [2]
CIBPI3 MRSA - - - >8 [>8] >8 [4]

“MICs, minimum inhibitory concentrations; AMX, amoxicillin; CTX, cefotaxime; OFX, ofloxacin;. CLX, cloxacillin ; PNG, penicillin G. EThe MICs
values obtained in the presence of TCS inhibitors (6d at 50 ug/mL) are shown in brackets. “The breakpoints according to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) are given in parentheses. “MBCs, minimum bactericidal concentration. “The MBC values
obtained in the presence of TCS inhibitors (6d at 50 ug/mL) are shown in brackets. FThree clinical isolates of E. coli have been tested: G28: E. coli
with beta lactamase; ARS 108: E. coli with extended spectrum beta lactamase (ESBL); G02: ofloxacin-resistant E. coli; ATCC25922: quality control
strain. #Two clinical isolates of S. aureus have been tested: CI1P1S: §. gureus with penicillinase; C1BP13: meticillin-resistant S. aureus (MRSA);
ATCC29213: quality control strains.

2.3.7. The Compounds Do Not Exhibit Hemolytic Activity
against Sheep Red Blood Cells. Several previously identified
HK inhibitors were demonstrated to not be useful because they
exhibited significant hemolytic activity. Thus, the bactericidal
effects of compounds 6d and 6e possibly were attributable to
unspecific lytic activity. To ensure that the compounds of
interest, primarily compounds 6d and 6e, but also the other HK
inhibitors, did not exhibit hemolytic activity, we utilized sheep
red blood cells and a standard hemolysis protocol (Exper-
imental Section). When sheep red blood cells were exposed to
large concentrations (up to 1 mM) of the compounds, no
hemolysis was observed (not shown), demonstrating that none
of the compounds were hemolytic. This finding suggests that
the antimicrobial activities of compounds 6d and 6e are not
merely attributable to the unspecific induction of cell lysis,

2.3.8. The Relatively Soluble HCI Salts of Amines Do Not
Improve Antimicrobial Activities or HK Inhibition. Several of
the eight tested compounds showed very low solubility, which
we suspected may have contributed to the lack of antimicrobial
activity among some of them. To test whether increasing
solubility of any of these compounds would positively affect
their antimicrobial activities, we evaluated the HCI salts of the
amines of compounds 6¢, 6h, and 6i. These compounds did
indeed show higher solubility in aqueous solutions. However,
antimicrobial activity was not observed for any of the HCI salts
according to the Kirby—Bauer disk diffusion method (data not
shown). Exposing PhoR kinase to these compounds also
revealed that the HCI salts were significantly less-potent HK
inhibitors than their less-soluble counterparts (data not shown).
This finding is consistent with the idea that the amino groups of
compounds 6¢, 6h, and 6i contribute significantly to their
interactions with and inhibition of kinases. Indeed, according to
the design and docking studies, the amino group is expected to

create a hydrogen bond with the conserved Asp533 residue in
the HK, which is usually involved in binding of ATP (Figure 6).
In summary, the HCI modification of this group is not a useful
strategy to improve the potency of the HK inhibitors, and thus,
other strategies to increase solubility should be explored.

2.3.9. Adjuvant Activity. Because TCSs are involved in
increasing the fitness and adaptability of bacteria, we wondered
whether sublethal concentrations of some of the compounds
might exhibit adjuvant activity, rendering various antimicrobial-
resistant strains sensitive to the relevant antibiotic. All
compounds were evaluated in association with several anti-
biotics, and one compound showed clear evidence of adjuvant
activity. Table 6 shows the results obtained for compound 6d.
The use of 6d in association with several antibiotics restored
the sensitivity of the resistant isolates tested. Indeed, 6d exerted
this effect in both species evaluated (E. coli and S. aureus),
regardless of the resistance mechanism involved. For example,
for the extended spectrum beta lactamase (ESBL) E. coli isolate
(ARS 108), the MIC values were >8 ug/mL when cefotaxime
was used alone and <0.03 ug/mL after the addition of 6d as an
adjuvant. For S. aureus, identical results were found for the
CIP1S penicillin G-resistant isolate and the C1BP13 MRSA
isolate. However, the addition of 6d did not restore the
bactericidal effect of ofloxacin in the GO2-resistant strain. These
results show that T'CS inhibitor 6d presented potent
bactericidal activity when used alone at concentrations over
32 ug/mL or as adjuvant combined with an antibiotic at the
sublethal concentration of 25 ug/mL for all isolates and tested
antibiotics.

In the current context, with the emergence of multiresistant
bacteria, such as MRSA and ESBL E. coli, becoming a serious
public health problem in terms of therapeutic management,
these results showing that one HK inhibitor (6d) could restore
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the sensitivity of resistant isolates, regardless of the mechanism
involved, are encouraging.**" This effect may be attributable
to the inhibition of HK, which could prevent the expression of
the genes responsible for the development of resistance
mechanisms.

3. CONCLUSIONS

In this study, we designed and synthesized a series of thiophene
derivatives as potential HK inhibitors. Eight of the compounds
target HK WalK and inhibit the autophosphorylation activity of
this essential HK. Among these eight compounds, all were able
to inhibit multiple HKs, and the ICs, values were determined.
Moreover, they do not inhibit the serine/threonine kinase IreK
or E. coli DNA-gyrase. Two of the compounds exhibit
significant antimicrobial activity, and none of the eight
compounds have hemolytic activity against sheep red blood
cells. Finally, the use of one of the HK inhibitors (6d) as an
adjuvant in association with the antibiotics tested (amoxicillin
or cefotaxim) restored the sensitivity of drug-resistant isolates.
As the number of multidrug-resistant bacteria, such as MRSA
and ESBL E. coli, increases, the need to develop different
strategies to fight these infections is becoming more urgent.
The compounds identified here can be considered as initial
leads for the development of improved antibacterial agents.

4. EXPERIMENTAL SECTION

4.1. Computational Studies: Preparation of Enzyme and
Compounds for Docking. The crystal structure of the ATP-binding
domain of HK WalK was extracted from Protein Data Bank (PDB
code: 38SL2)."° All the water molecules except water822 and
heteroatoms were removed. The protein was completed, hydrogen
atoms were added, and reprotonated with SPORES.”” The chemical
structures of all the synthesized compounds were generated using
Marvin sketch and were subsequently converted into 3D format using
Open Babel” and prepared with SPORES. A series of docking
experiments were carried out with all the designed compounds against
the ATP-binding domain of WalK using PLANTS for possible HK
inhibition activities. The compounds were selected on the basis of
their scores and their pose, and all compounds were rescored with
DSX.™* As a parameter for the molecular docking, the ant algorithm
was set to 1 (highest reliability). The pocket is a 30 A radius center on
Asp533 making sure those inhibitors can fit in the active site. The
number of poses was set to 10 with a clustering RMSD of 2 A, and the
pyrrole and amide bond of the pyrrolamide inhibitor was used as a
shape constraint. TyrS07, lle536, and Asn503 were set as flexible side
chains. The PLANT scoring function was set to chemplp, and sulfur
acceptors were enabled. The finally obtained docked complexes were
subsequently visnalized using PyMol.

4.2. Chemistry. General. All reagents were purchased from the
Aldrich Chemical Co. and used without any purification. Solvents were
distilled from the appropriate drying agents immediately prior to use.
NMR spectra were recorded with a Bruker Avance 300 spectrometer
(300 and 75 MHz for 'H and '*C NMR, respectively). Chemical shifts
() and coupling constants (J) are given in ppm and Hz, respectively,
using residual solvent signals as reference for the 'H and *C. The
following abbreviations are used: s = singlet, d = doublet, t = triplet, q
= quartet, br s = broad signal, dd = double doublet, dt = double of
triplet, m = multiplet. High-resolution mass spectra (HRMS) were
obtained by electrospray using a TOF analyzer Platform. IR spectra
were obtained using a Jasco FT-IR 410 instrument as a thin film on
NaCl disc as stated; only structurally important peaks (7) are
presented in cm™". Reactions were monitored with Merck Kieselgel
60F,s, precoated aluminum silica gel plates (0.25 mm thickness).
Melting points were determined on a Stuart scientific SMP10
apparatus and are uncorrected. Flash chromatography was performed
on a Grace Reveleris X2 using 40 um packed silica cartridge. Flash
chromatography experiments were carried out on silica gel premium

Rf grade (40—63 pum) or were performed on a Grace Reveleris X2
using 40 um packed silica cartridge. HPLC analyses were obtained on
the Waters Alliance 2795 using the following conditions: thermo
Hypersil C18 column (3 gm, 50 mm L X 2.1 mm ID), 20 °C column
temperature, 0.2 mL/min flow rate, photodiodearray detection (210—
400 nm), mobile phase consistent of a gradient of water and
acetonitrile (each containing 0.1% trifluoroacetic acid). UPLC analyses
were obtained on the Waters Acquity H-Class using the following
conditions: Waters Acquity BEH C18 column (1.7 gm, 50 X 2.1 mm),
25 °C column temperature, 0.5 mL/min flow rate, photodiodearray
detection (TUV — 214 nm), mobile phase consistent of a gradient of
water and acetonitrile (each containing 0.1% of formic acid). The
purity of all synthetic compounds was determined by HPLC analysis
and was >95%.

(E) and (Z)-2-(5-Bromo-2-thienyl)prop-1-en-1-ol (4a and 4b).
Compounds 4a and 4b were prepared according to a procedure
described by Lucas or minor modifications thereof.”” A solution of 2-
acetyl-5-bromothiophene (2) (4.0 g, 19.5 mmol), hydroxylamine
hydrochloride (1.63 g, 234 mmol) and sodium acetate trihydrate
(3.18 g, 23.4 mmol) in a mixture of absolute ethanol and water (55
mL, 4/1, v/v) was heated under refluxed for 3 h. The solvent was
removed in vacuo, and the residue was purified by column
chromatography (40—63 pm) on silica using a mixture of CH,Cl,/
MeOH (98/2, v/v) to give the oxime 4a (2.33 g, 54%) as white solid;
mp 134—136 °C; R;035 (CH,CL,). 'H NMR (DMSO-d;) &: 2.12 (s,
3H, CH,), 7.16 (d, 1H, ] = 4.0 Hz), 7.18 (d, 1H, ] = 4.0 Hz), 11.34 (s,
1H, N—OH). '*C NMR (DMSO-d;) &: 11.2 (CH,), 112.4 (C), 126.9
(CH), 1306 (CH), 1426 (C), 149.3 (C). IR: 3233 (D), 1428
(D), 781 (Dc.p,). Moreover, using a mixture of CH,CL,/MeOH
(80/20, v/v) to give the oxime 4b (1.90 g, 45%) as a white solid; mp
175—177 °C; R; 0.06 (CH,Cl,). 'H NMR (DMSO-d,) 8: 2.23 (s, 3H,
CHjy), 7.27 (d, 1H, ] = 4.1 Hz), 7.31 (d, 1H, ] = 4.1 Hz), 11.89 (s, 1H,
N—OH). "C NMR (DMSO-dg) &: 184 (CH,), 1174 (C), 128.6
(CH), 129.1 (CH), 133.1 (C), 1449 (C). IR: 1411 (Doy), 791
(Dc_p,). The IR spectra show no absorption band for the —OH
stretching in according to the literature.”

N-(5-Bromo-2-thienyl)acetamide (3). Compound 3 was prepared
aCCOIdi]'_lﬁ to a procedure described by Lucas or minor modifications
thereof.” To a solution of 4a (2330 g, 10.6 mmol) in a mixture of
acetone and water (S4 mL, 3.5/1, v/v) was added 4-methylbenzene-1-
sulfonyl chloride (2.231 g, 11.7 mmol) and sodium hydroxide (0.468
g 11.7 mmol) at 0 °C. The reaction was allowed to warm to room
temperature and heated to 60 °C during 1.5 h. After cooling to room
temperature, the solvent was removed in vacuo. The residue is
dissolved in ethyl acetate (150 mL) and washed with water (3 X 40
mL), aqueous saturated NaHCO; (3 X 40 mL), and brine (3 X 40
mL). The organic layer was dried over MgSO,, filtered, and
concentrated. The residue was purified by flash chromatography
(silica gel, PE/EtOAc; 10/90 ramping to 100/0) provided 3 (2.054 g,
889%) as a pale gray solid; mp 135—137 °C; R;0.20 (PE/EtOAc: 40/
60; v/v). '"H NMR (DMSO-d;) 8: 2.06 (s, 3H, CH,), 6.41 (d, 1H, J =
4.1 Hz), 694 (d, 1H, ] = 4.1 Hz), 1140 (s, IH, NH). *C NMR
(DMSO-dg) &: 22.2 (CH3), 1024 (C), 109.8 (CH), 1266 (CH),
140.4 (C), 166.7 (CO). IR: 3242, 3202 (Byy), 1562 (Beo), 781
(Pcp)-

General Synthetic Procedure A for the Synthesis of 6a—6c and
6g—6i. Compounds 6a—6¢ and 6g—6i were prepared according to a
procedure described by Slevin et al. or minor modifications thereof.”*
To a solution of the thiophene (2.30 mmol), the corresponding
aminophenylborenic acid (HCI salt) (2.30 mmol) and Pd(PPh,), (5
mol %) in a mixture of toluene/ethanol (16 mL, 2.3/1, v/v) was added
2 M aqueous sodium carbonate (4.5 mL). The mixture was refluxed
during 16 h. The cold solution was diluted with ethyl acetate (50 mL)
and filtered through a Celite pad, and the filtrate was diluted with
water (60 mL). The aqueous solution was extracted with ethyl acetate
(3 x 50 mL). The organic phases were combined, dried over MgSO,,
filtered, and concentrated under reduced pressure to give the crude
compound. The residue was purified by flash column chromatography
(silica gel, AtOAc/PE, 0/100 ramping to 100/0, v/v) to give the
desired compound.



2-(5-Nitro-2-thienyl)benzenamine (6a). The desired product was
dissolved in a small amount of ethyl acetate, and 150 mL of cold
pentane (—20 °C) was added, resulting in precipitation of a solid. The
solid was filtered, washed twice with 20 mL of cold pentane, and
suction-dried to yield 6a as a red solid; R;0.30 (PE/EtOAc: 80/20; v/
v). '"H NMR (DMSO-d;) &: 547 (s, 2H, NH,), 6.68 (t, 1H, J = 7.5
Hz), 6.86 (d, 1H, J = 8.1 Hz), 7.16 (t, 1H, ] = 7.7 Hz), 7.33 (d, 1H, ] =
7.7 Hz), 742 (d, 1H, ] = 44 Hz), 8.15 (d, 1H, J = 4.4 Hz). *C NMR
(DMSO-dg) 8: 116.5 (C-NH,), 117.1 (CH), 117.4 (CH), 125.7 (CH),
130.0 (CH), 130.8 (CH), 130.9 (CH), 146.4 (C), 148.5 (C), 150.7
(C). IR: 3434, 3356 (Dyyy,). HRMS: [M + H]* calcd for C,pHyN, 0,8,
221.0385; found, 221.0384.

3-(5-Nitro-2-thienyl)benzenamine (6b). The desired product was
dissolved in a small amount of ethyl acetate, and 150 mL of cold
pentane (—20 °C) was added, resulting in precipitation of a solid. The
solid was filtered, washed twice with 20 mL of cold pentane, and
suction-dried to yield 6b as an orange solid; R, 0.24 (PE/EtOAc: 70/
30; v/v). '"H NMR (DMSO-d) 8: 5.40 (s, 2H, NH,), 6.65—6.69 (m,
1H), 6.93—6.96 (m, 2H), 7.11-7.16 (m, 1H), 749 (d, 1H, | = 44
Hz), 8.12 (d, 1H, J = 4.4 Hz). '*C NMR (DMSO-d;) &: 110.8 (CH),
113.7 (CH), 1160 (CH), 1232 (CH), 130.1 (CH), 1314 (CH),
132.0 (C-NH,), 148.6 (C), 149.6 (C), 1529 (C). IR: 3439, 3342
(Tnu,)- HRMS: [M + H]* caled for CyH,N,0,S, 221.0385; found,
221.0384.

4-(5-Nitro-2-thienyl)benzenamine (6¢c). The desired product was
dissolved in a small amount of ethyl acetate, and 150 mL of cold
pentane (—20 °C) was added, resulting in precipitation of a solid. The
solid was filtered, washed twice with 20 mL of cold pentane, and
suction-dried to yield 6c¢ as a red solid; R, 0.20 (PE/EtOAc: 70/30; v/
v). 'H NMR (DMSO-dg) 8: 5.92 (s, 2H, NH,), 6.62 (d, 2H, ] = 8.6
Hz), 7.36 (d, 1H, ] = 4.5 Hz), 7.52 (d, 2H, ] = 8.6 Hz), 8.06 (d, 1H, J
= 4.5 Hz). *C NMR (DMSO-dg) &: 1139 (2CH), 118.5 (C-NH,),
120.3 (CH), 127.8 (2CH), 132.1 (CH), 145.8 (C), 151.6 (C), 154.9
(C). IR: 3464, 3371 (Dyyy,). HRMS: [M + H]"* caled for C)oH,N,0,8,
221.0385; found, 221.0386.

1-(5-(2-Aminophenyl)thiophen-2-yl)ethanone (6g). Compound
6g was obtained as a yellow powder; R, 0.41 (PE/EtOAc: 60/40; v/
v). 'H NMR (DMSO-dg) &: 2.54 (s, 3H, CH,), 527 (s, 2H, NH,),
6.64 (td, 1H, J, =7.7 Hz, J, = 1.1 Hz), 682 (dd, 1H, ], = 8.1 Hz, |, =
0.9 Hz), 7.08—7.13 (m, 1H, Hyg), 7.23 (dd, 1H, J, = 7.7 Hz, |, = 1.4
Hz), 7.38 (d, 1H, ] = 3.9 Hz), 7.93 (d, 1H, J = 3.9 Hz). “C NMR
(DMSO-dg) 8: 264 (CH,), 116.3 (CH), 116.9 (CH), 117.3 (C-NH,),
126.6 (CH), 129.8 (CH), 130.0 (CH), 134.7 (CH), 142.0 (C), 145.7
(C), 1502 (C), 190.5 (CO). IR: 3401, 3333 (Dpy,), 1633 (Be—o)-
HRMS: [M + H]' caled for C,H,,NOS, 218.0640; found, 218.0632.

1-(5-(3-Aminophenyl)thiophen-2-yl)ethanone (6h). Compound
6h was obtained as a pale yellow powder; R, 0.30 (PE/EtOAc: 60/
40; v/v). '"H NMR (DMSO-dy) 8: 2.52 (s, 3H, CH,), 5.31 (s, 2H,
NH,), 6.59 (d, 1H, J = 7.2 Hz), 6.88—6.91 (m, 2H), 7.09 (1, 1H, J =
7.7 Hz), 746 (d, 1H, | = 4.0 Hz), 7.90 (d, 1H, J = 4.0 Hz). *C NMR
(DMSO-dg) &: 263 (CH,), 1109 (CH), 113.5 (CH), 1149 (CH),
1242 (CH), 129.8 (CH), 1332 (C-NH,), 135.1 (CH), 142.0 (C),
149.4 (C), 1527 (C), 190.5 (CO). IR: 3372, 3218 (Byy), 1642

(De—o). HRMS: [M + H]* caled for C,,H,,NOS, 218.0640; found,
218.0641.

1-(5-(4-aminophenyljthiophen-2-yl)ethanone (6i). Compound 6i
was obtained as a dark yellow powder; R;0.25 (PE/EtOAc: 60/40; v/
v). '"H NMR (DMSO-d;) &: 2.48 (s, 3H, CH,), 5.62 (s, 2H, NH,),
6.60 (d, 2H, J = 8.5 Hz), 7.33 (d, 1H, ] = 4.0 Hz), 7.44 (d, 2H, ] = 8.5
Hz), 7.83 (d, 1H, | = 4.0 Hz). *C NMR (DMSO-d;) & 26.1 (CH,),
1139 (2CH), 1201 (C-NH,), 121.5 (CH), 127.2 (2CH), 135.5
(CH), 139.7 (C), 1503 (C), 153.9 (C), 190.0 (CO). IR: 3327, 3234
(Dnm,) 1626 (Uc—o). HRMS: [M + HJ]* caled for Cj,H,,NOS,
218.0640; found, 218.0640.

General Synthetic Procedure B for the Synthesis of 6d—6f and
6j—6l. Compounds 6d—6f, 6j—6l and 6s—6t were prepared according
to a procedure described by Bugge et al. or minor modifications
thereof® To a solution of the thiophene (2.90 mmol), the

corresponding hydroxyphenylboronic acid (290 mmol) and Pd-
(PPh;), (5 mol %) in a mixture of 1,4-dioxane/water (22 mL, 1/1, v/
v) was added fine powder K,CO, (11.6 mmol). The reaction was then
stirred at 80 °C during 6 h. The cold solution was diluted with ethyl
acetate (50 mL) and filtered through a Celite pad, and the filtrate was
diluted with water (60 mL). The aqueous solution was extracted with
ethyl acetate (3 X 50 mL). The organic phases were combined, dried
over MgSO,, filtered, and concentrated under reduced pressure to give
the crude residue.

2-(5-Nitrothiophen-2-yl)phenol (6d). The crude residue was
purified by flash column chromatography (silica gel, CH,Cl,/
Cyclohexane, 0/100 ramping to 100/0} to give the desired compound.
The desired product was dissolved in CH,Cl, (100 mL). The organic
phase was washed five times with aqueous solution of NaOH (6 mol-
L™"). Then, the aqueous phases were combined, chilled on an ice bath
with stirring, acidified to pH 2—3, and extracted with CH,Cl, (4 x 50
mL). The organics phases were combined, dried over MgSO,, filtered,
and concentrated under reduced pressure to give 6d as an orange
powder; R; 020 (CH,CL,). "H NMR (DMSO-dg) &: 6.95 (t, 1H, J =
7.6 Hz), 7.04 (d, 1H, ] = 8.0 Hz), 7.28—7.33 (m, 1H), 7.77 (d, 1H, | =
4.6 Hz), 7.95 (dd, 1H, J, = 8.0 Hz, ], = 1.1 Hz), 8.12 (d, IH, ] = 4.6
Hz), 11.32 (br s, 1H, OH). '*C NMR (DMSO0-d;) &: 116.5 (CH),
118.4 (C—OH), 119.9 (CH), 123.3 (CH), 127.5 (CH), 129.5 (CH),
131.2 (CH), 147.3 (C), 149.4 (C), 154.5 (C). IR: 3433 (Foy). HRMS:
[M + H]* caled for C,HNOQ,S, 222.0225; found, 222.0226.

3-(5-Nitrothiophen-2-yllphenol (6e). The crude residue was
purified by flash column chromatography (silica gel, CH,Cl,/
Cyclohexane, 0/100 ramping to 100/0) to give the desired compound.
The desired product was dissolved in CH,Cl, (100 mL). The organic
phase was washed five times with aqueous solution of NaOH (6 mol-
L7"). Then, the aqueous phases were combined, chilled on an ice bath
with stirring, acidified to pH 2—3, and extracted with CH,Cl, (4 X S0
mL). The organics phases were combined, dried over MgSO,, filtered,
and concentrated under reduced pressure to give 6e as a brown
powder; R, 0.15 (CH,CL,). 'H NMR (DMSO-d;) 5: 6.88—6.91 (m,
1H), 7.14=7.16 (m, 1H), 7.23-7.33 (m, 2H), 7.60 (d, 1H, | = 44
Hz), 8.15 (4, 1H, | = 44 Hz), 9.89 (br 5, 1H, OH). C NMR
(DMSO-dg) & 112.7 (CH), 117.1 (CH), 117.5 (CH), 123.9 (CH),
130.7 (CH), 131.4 (CH), 132.7 (C—OH), 149.1 (C), 151.7 (C),
1582 (C). IR: 3414 (Fy). HRMS: [M + H]* caled for C,,HNOS,
222.0225; found, 222.0223.

4-(5-Nitrothiophen-2-yl)phenol (6f). The crude residue was
purified by flash column chromatography (silica gel, CH,ClL,/
Cyclohexane, 0/100 ramping to 100/0) to give the desired compound.
The desired product was dissolved in CH,Cl, (100 mL). The organic
phase was washed five times with aqueous solution of NaOH (6 mol-
L™"). Then, the aqueous phases were combined, chilled on an ice bath
with stirring, acidified to pH 2—3, and extracted with CH,Cl, (4 x 50
mL). The organics phases were combined, dried over MgSO,, filtered,
and concentrated under reduced pressure to give 6f as a red powder;
R; 0.34 (PE/EtOAc: 80/20; v/v). '"H NMR (DMSO-dy) 8: 6.87 (d,
2H, | = 8.7 Hz), 749 (d, 1H, | = 44 Hz), 7.68 (d, 2H, | = 8.7 Hz),
8.11 (d, 1H, ] = 4.4 Hz), 10.19 (br 5, 1H, OH). '*C NMR (DMSO-d,)
8: 1163 (2CH), 122.1 (CH), 122.5 (C—OH), 128.1 (2CH), 131.7
(CH), 147.6 (C), 152.9 (C), 159.8 (C). IR: 3342 (Toy). HRMS: [M +
H]* caled for C,gHyNO,S, 222.0225; found, 222.0221.

1-(5-{2-Hydroxyphenyl)thiophen-2-yl)ethanone (6j).. The crude
residue was purified by flash column chromatography (silica gel,
EtOAc/PE, 0/100 ramping to 100/0, v/v) to give the desired
compound. The desired product was dissolved in a small amount of
ethyl acetate, and 150 mL of cold pentane (—20 °C) was added,
resulting in precipitation of a solid. The solid was filtered, washed
twice with 20 mL of cold pentane, and suction-dried to yield 6j as a
beige powder; R;0.50 (PE/EtOAc: 60/40; v/v). '"H NMR (DMSO-dj)
5:2.52 (s, 3H, CH,), 6.90 (t, 1H, ] = 7.5 Hz), 6.99 (d, 1H, ] = 7.9 Hz),
7.19-7.25 (m, 1H), 7.71 (d, 1H, J = 4.1 Hz), 7.77 (dd, 1H, J, = 7.8
Hz, |, = 1.2 Hz), 7.88 (d, LH, ] = 4.1 Hz), 10.66 (br s, 1H, OH). *C
NMR (DMSO-dg} &: 26.5 (CH,), 1165 (CH), 119.5 (C), 119.6
(CH), 125.4 (CH), 127.9 (CH), 130.0 (CH), 133.6 (CH), 142.2 (C),
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147.7 (C), 1542 (C), 190.9 (CO). IR: 3168 (Doy), 1614 (Do)
HRMS: [M + H]* caled for Cp,H,,0,S, 219.0480; found, 219.0480.

1-(5-(3-Hydroxyphenyl)thiophen-2-yllethanone (6k). The crude
residue was purified by flash column chromatography (silica gel,
EtOAC/PE, 0/100 ramping to 100/0, v/v) to give 6k as a pale yellow
powder; R 0.50 (PE/EtOAc: 50/50; v/v). '"H NMR (DMSO-d;) &:
2.53 (s, 3H, CH,), 6.80—6.83 (m, 1H), 7.11 (t, 1H, ] = 2.0 Hz), 7.18—
7.29 (m, 2H), 7.56 (d, 1H, J = 4.0 Hz), 7.92 (d, 1H, J = 4.0 Hz), 9.75
(br s, 1H, OH). *C NMR (DMSO-dy) &: 26.4 (CH,), 112.6 (CH),
1163 (CH), 116.9 (CH), 124.9 (CH), 130.4 (CH), 1339 (C—OH),
135.1 (CH), 142.5 (C), 151.6 (C), 158.0 (C), 190.6 (CO). IR: 3251
(Tou), 1619 (To—p). HRMS: [M + H]* caled for C,,H,,0,S,
219.0480; found, 219.0479.

1-(5-(4-Hydroxyphenyl)thiophen-2-yllethanone (6l). The crude
residue was purified by flash column chromatography (silica gel, PE/
EtOAc, 0/100 ramping to 100/0, v/v) to give 61 as a dark yellow
powder; Ry 0.35 (PE/EtOAc: 50/50; v/v). '"H NMR (DMSO-d;) :
2.50 (s, 3H, CH5), 6.83 (d, 2H, ] = 8.6 Hz), 7.44 (d, 1H, J = 4.0 Hz),
7.59 (d, 2H, J = 8.6 Hz), 7.87 (d, 1H, ] = 4.0 Hz), 9.93 (br s, 1H, OH).
'3C NMR (DMSO-dg) 8: 26.2 (CH,), 1160 (2CH,g), 123.1 (CH,),
123.8 (C—OH), 127.6 (2CH,g), 135.3 (CH,g), 141.1 (C), 152.4 (C),
158.6 (C), 190.3 (CO). IR: 3117 (Dpy), 1600 (Te—p). HRMS: [M +
H]* caled for C,;H,,0,8, 219.0480; found, 219.0481.

General Synthetic Procedure C for the Synthesis of 6m—6o.
Compounds 6m—6o and 6u were prepared according to a procedure
described by Valant et al. or minor modifications thereof™ To a
solution of 3 (1.82 mmol), the corresponding aminophenylboronic
acid (HCl salt) (3.64 mmol), and Pd[PPh;],Cl, (10 mol %) in DMF
(14 mL) was added 2 M aqueous potassium carbonate (3.7 mL). The
mixture was heated to 70 °C during 1 h. The cold solution was diluted
with ethyl acetate (50 mL) and filtered through a Celite pad, and the
filtrate was diluted with water (60 mL). The aqueous solution was
extracted with ethyl acetate (3 X 50 mL). The organic phases were
combined, washed with brine (8 X 40 mL), dried over MgSO,, filtered,
and concentrated under reduced pressure to give the crude compound.
The residue was purified by flash column chromatography (silica gel,
EtOAC/PE, 25/75 ramping to 100/0, v/v) to give the desired
compound.

N-(5-(2-Aminophenyl)thiophen-2-yl}acetamide (6m). Compound
6m was obtained as a brown powder; R; 0.20 (PE/EtOAc: 40/60; v/
v). '"H NMR (DMSO-d;) &: 2.07 (s, 3H, CH;), 498 (s, 2H, NH,),
6.56—6.63 (m, 2H), 6.75 (dd, 1H, J, = 8.0 Hz, J, = 1.0 Hz), 6.94—7.02
(m, 2H), 7.10 (dd, 1H, J, = 7.6 Hz, ], = 1.4 Hz), 11.13 (brs, 1H, OH).
C NMR (DMSO-d) : 22.5 (CH,), 110.8 (CH,g), 115.6 (CH,y),
1167 (CHug), 1188 (C), 122.1 (CH,y), 128.0 (CH,y), 129.6
(CH,g), 131.2 (C), 139.0 (C), 145.4 (C), 166.2 (CO). IR: 3462, 3370
(Pum,) 3234 (D), 1570 (Demo). HRMS: [M + H]* caled for
Cy,H 3N, 08, 233.0749; found, 233.0745.

N-(5-(3-Aminophenyl)thiophen-2-yl)acetamide (6n). Compound
6n was obtained as a white powder; R, 0.20 (PE/EtOAc: 30/70; v/v).
'H NMR (DMSO-d;) 8: 2.07 (s, 3H, CH;), 5.12 (s, 2H, NH,), 6.42
(dd, 1H, Hpg, J; = 7.9 Hz, ], = 1.1 Hz), 6.57 (d, 1H, Hyg, ] = 3.9 Hz),
6.71—6.76 (m, 2H, H,g), 6.99 (t, 1H, Hyy J = 7.8 Hz), 7.05 (d, 1H,
Hue J = 3.9 Hz), 11.14 (5, 1H, NH). *C NMR (DMSO-d,) &: 22.5
(CHy), 1100 (CHyy), 111.1 (CH,yg), 112.4 (CH,g), 112.5 (CH,g),
119.6 (CHpy), 129.4 (CHyg), 134.1 (C), 134.8 (C), 138.9 (C), 149.1
(C), 1662 (CO). IR: 3469, 3372 (Byy,), 3274 (Dyw), 1562 (Beo)-
HRMS: [M + H]" caled for C,H;N,08, 233.0749; found, 233.0749.

N-(5-{4-Aminophenylithiophen-2-yl)acetamide (60). Compound
6o was obtained as a beige powder; R; 0.15 (PE/EtOAc: 30/70; v/v).
'H NMR (DMSO-4;) &: 2.05 (s, 3H, CH;), 5.57 (s, 2H, NH,), 6.52
(d, 1H, ] = 3.9 Hz), 6.60 (d, 2H, ] = 8.5 Hz), 6.90 (d, 1H, ] = 3.9 Hz),
7.24 (d, 2H, ] = 8.5 Hz), 11.04 (br 5, 1H, NH). "*C NMR (DMSO-d,)
8: 22.5 (CHy), 1112 (CH), 114.7(2CH), 117.3 (CH), 1229 (C),
125.6 (2CH), 134.7 (C), 137.3 (C), 146.8 (C), 166.0 (CO). IR: 3388,
3321 (D), 3181 (Dnyy), 1581 (De—o). HRMS: [M + H]* caled for
C,,H,;;N,08, 233.0749; found, 233.0754.

General Synthetic Procedure D for the Synthesis of 6p—6r.
Compounds 6p—6r were prepared according to a ;Jrccedure described
by Ashwell et al. or minor modifications thereof” To a solution of 3
(4.54 mmol), the corresponding hydroxyphenylboronic acid (9.08
mmol), and Pd[PPh;],Cl, (10 mol %) in DMF (34 mL) were added a
fine powder of cesium carbonate (18.2 mmol) and water (10 mL).
The mixture was heated to 80 °C during 3 h. The cold solution was
diluted with ethyl acetate (50 mL) and filtered through a Celite pad,
and the filtrate was diluted with water (80 mL). The aquecus solution
was extracted with ethyl acetate (3 X 80 mL). The organic phases were
combined, washed with brine (12 X 50 mL), dried over MgSO,,
filtered, and concentrated under reduced pressure to give the crude
compound. The residue was purified by flash column chromatography
(silica gel, EtOAC/PE, 25/75 ramping to 100/0, v/v) to give the
desired compound.

N-(5-(2-Hydroxyphenyl)thiophen-2-yl)acetamide (6p). Com-
pound 6p was obtained as a beige powder; R; 045 (PE/EtOAc: 20/
80; v/v). '"H NMR (DMSO-dg) &: 2.06 (s, 3H, CH,), 6.60 (d, 1H,
Haw ] = 4.0 Hz), 6.78—6.83 (m, 1H, H,y), 6.90 (dd, 1H, J, = 8.1 Hz,
J» = 1.1 Hz), 7.01-7.06 (m, 1H), 7.31 (d, 1H, J = 4.0 Hz), 7.52 (dd,
1H, J, = 7.8 Hz, ], = 1.6 Hz), 9.99 (br s, 1H, OH), 11.04 (br s, 1H,
NH). 3C NMR (DMSO-dg) &: 22.6 (CH,), 110.4 (CH), 116.1 (CH),
119.4 (CH), 121.3 (C), 121.7 (CH), 1269 (CH), 127.2 (CH), 1299
(C), 140.0 (C), 153.0 (C), 166.1 (CO). IR: 3073 (Toy), 1563 (Te—o).
HRMS: [M + H]" caled for C,,H,;NO,S, 234.0589; found, 233.0588.

N-(5-(3-Hydroxyphenyl)thiophen-2-yl)acetamide (6q). Com-
pound 6q was obtained as a beige powder; Ry 0.35 (PE/EtOAc: 20/
80; v/v). '"H NMR (DMSO-d) &: 2.07 (s, 3H, CH,), 6.58 (d, 1H, J =
3.9 Hz), 6.63 (dd, 1H, J, = 7.7 Hz, J, = 2.0 Hz), 694 (t, 1H, ] = 1.9
Hz), 699 (4, 1H, J = 8.0 Hz), 7.12=7.18 (m, 2H), 9.46 (br s, 1H,
OH), 11.20 (br s, 1H, NH). '*C NMR (DMSO-dy) &: 22.5 (CH,),
112.2 (2CH), 113.7 (CH), 1155 (CH), 120.3 (CH), 1300 (CH),
133.1 (C), 135.6 (C), 139.4 (C), 157.8 (C), 1663 (CO). IR: 3248
(Dow), 1576 (De—o)- HRMS: [M + H]* caled for C,,H,,NO,S,
234.0589; found, 233.0590.

N-(5-(4-Hydroxyphenyl)thiophen-2-yl)acetamide (6r). Compound
6r was obtained as a pale purple powder; R, 0.50 (PE/EtOAc: 10/90;
v/v). '"H NMR (DMSO-dy) 8: 2.06 (s, 3H, CH;), 6.54 (d, 1H, ] = 3.9
Hz), 6.76 (d, 2H, ] = 8.6 Hz), 699 (d, 1H, J = 3.9 Hz), 7.35 (d, 2H,
= 8.6 Hz), 9.49 (br s, 1H, OH), 11.09 (br s, 1H, NH). “C NMR
(DMSO-d,) 8: 22.5 (CH,), 1112 (CH), 115.8 (2CH), 118.5 (CH),
125.5 (C), 1260 (2CH), 133.8 (C), 138.1 (C), 156.5 (C), 166.1
(CO). IR: 3266 (Do), 1574 (Bomo). HRMS: [M + H]* calcd for
CpH;,NO,S, 234.0589; found, 233.0589.

2-(2,3-Dimethoxyphenyl)-5-nitrothiophene (6s). To a solution of
1 (5.49 mmol), 2,3-dimethoxyphenyl boronic acid (5.49 mmol), and
Pd(PPhs), (5 mol %) in 1,4-dioxane (23 mL) were added potassium
carbonate (22 mmol) and water (23 mL). The mixture was heated to
80 °C during 6 h. The cold solution was diluted with ethyl acetate (50
mL), filtered through a Celite pad, and the filtrate was diluted with
water (80 mL). The aqueous solution was extracted with ethyl acetate
(3 X 80 mL). The organic phases were combined, dried over MgSO,,
filtered, and concentrated under reduced pressure to give the crude
compound. The residue was purified by flash column chromatography
(silica gel, CH,Cl,/cyclohexane, 0/100 ramping to 100/0) to give 6s
as a yellow powder; Ry 0.40 (PE/EtOAc: 80/20; v/v). '"H NMR
(DMSO-dg) : 3.88 (s, 3H, OCH;), 3.89 (s, 3H, OCH;,), 7.15—7.24
(m, 2H, 2H,y), 7.61 (dd, 1H, Hyy, ], = 7.2 Hz, ], = 2.3 Hz), 7.80 (d,
IH, Hug, J = 4.6 Hz), 8.14 (d, 1H, H,g, | = 4.6 Hz). *C NMR
(DMSO-d;) 8: 56.0 (OCHS), $9.9 (OCH,), 114.3 (CH), 118.8 (CH),
124.7 (C), 124.8 (CH), 125.0 (CH), 129.6 (CH), 145.3 (C), 145.4
(C), 150.5 (C), 152.8 (C). IR: 1258 (#c_o). HRMS: [M + H]* caled
for Cj,H;;NO,S, 266.0487, found 266.0486.

1-(5-(2,3-Dimethoxyphenyl)thiophen-2-yl)ethanone (6t). To a
solution of 2 (5.49 mmol), 2,3-dimethoxyphenyl boronic acid (5.49
mmol), and Pd(PPh,), (5 mol %) in 1,4-dioxane (23 mL) were added
potassium carbonate (22 mmol) and water (23 mL). The mixture was
heated to 80 °C during 16 h. The cold solution was diluted with ethyl
acetate (50 mL), filtered through a Celite pad, and the filtrate was
diluted with water (80 mL). The aqueous solution was extracted with



ethyl acetate (4 X 80 mL). The organic phases were combined, dried
over MgSQ,, filtered, and concentrated under reduced pressure to give
the crude compound. The residue was purified by flash column
chromatography (silica gel, EtOAC/PE, 0/100 ramping to 100/0, v/v)
to give 6t as a pale yellow powder; R; 0.31 (PE/EtOAc: 80/20; v/v).
'H NMR (DMSO-d;) &: 2.54 (s, 3H, CH,), 3.79 (s, 3H, OCH,), 3.86
(s, 3H, OCH,), 7.08—7.19 (m, 2H), 7.46 (dd, 1H, J, = 7.8 Hz, J, = 1.6
Hz), 771 (4, 1H, J = 4.1 Hz), 791 (d, 1H, J = 4.1 Hz). *C NMR
(DMSO-d,) &: 266 (CH,), 55.9 (OCH,), 59.8 (OCH,), 113.3 (CH),
119.3 (CH), 124.6 (CH), 126.1 (C), 126.6 (CH), 133.5 (CH), 143.5
(C), 1453 (C), 145.8 (C), 153.1 (C), 191.1 (CO). IR: 1644 (D),
1259 (D). HRMS: [M + H]* caled for C4H;:0,8, 263.0742, found
263.0741.

N-(5-(2,3-Dimethoxyphenyl)thiophen-2-yl)acetamide (6u). To a
solution of 3 (1.59 mmol), 2,3-dimethoxyphenyl boronic acid (3.18
mmol), and Pd[PPh;],Cl, (10 mol %) in DMF (12 mL) were added
fine powder of potassium carbonate (6.36 mmol) and water (3.5 mL).
The mixture was heated to 80 °C during 3 h. The cold solution was
diluted with ethyl acetate (50 mL), filtered through a Celite pad, and
the filtrate was diluted with water (50 mL). The aqueous solution was
extracted with ethyl acetate (4 X 50 mL). The organic phases were
combined, washed with brine (6 X 40 mL), dried over MgSO,, filtered,
and concentrated under reduced pressure to give the crude compound.
The residue was purified by flash column chromatography (silica gel,
EtOAC/PE, 10/90 ramping to 100/0, v/v) to give 6u as a beige
powder; R, 0.30 (PE/EtOAc: 40/60; v/v). '"H NMR (DMSO-dg) &:
2.07 (s, 3H, CH,), 3.71 (s, 3H, OCH,), 3.83 (s, 3H, OCH,), 6.62 (d,
1H, ] = 40 Hz), 691 (dd, 1H, J, = 8.1 Hz, J, = 1.1 Hz), 7.06 (t, 1H, |
=8.1 Hz), 7.25 (dd, 1H, J, = 80 Hz, J, = 1.3 Hz), 7.31 (d, 1H, J = 4.0
Hz), 1112 (br s, 1H, NH). '*C NMR (DMSO-d;) 8: 22.6 (CH,), 55.8
(OCHj;), 59.6 (OCH,), 110.4 (CH), 110.7 (CH), 1185 (CH), 122.7
(CH), 124.4 (CH), 127.9 (C), 128.1 (C), 141.5 (C), 144.2 (C), 1532
(C), 1662 (CO). IR: 3211 (Dyyy), 1569 (Fc—g), 1302 (Bc_g). HRMS:
[M + H]" caled for C,4H,4NO;S, 278.0851, found 278.0849.

General Synthetic Procedure E for the Synthesis of 7a—7c.
Compounds 7a—7¢ were prepared according to a procedure described
by Bhanu Prasad and Gilbertson or minor modifications thereof™ A
solution of 6a—6c (2.72 mmol) and 2-iodoethanol (27.2 mmol) was
heated to 90 °C under nitrogen atmosphere in a sealed tube during 3
h. The cold solution was diluted with ethyl acetate (100 mL), washed
with 2 M aqueous solution of NaOH (3 x 30 mL), brine solution (3 X
30 mL), dried over MgSO,, filtered, and concentrated under reduced
pressure to give the crude compound. The residue was purified by
flash column chromatography (silica gel, EtOAC/PE, 10/90 ramping
to 100/0, v/v) to give the desired compound.

2-((2-(5-Nitrothiophen-2-yl)phenyl}lamino)ethanol (7a). Com-
pound 7a was obtained as a red powder; Ry 0.25 (PE/EtOAc: 40/
60; v/v). '"H NMR (DMSO-d;) &: 3.16 (g, 2H, CH,0, ] = 5.8 Hz),
3.59 (g, 2H, CH,N, ] = 5.5 Hz), 4.79 (t, 1H, OH, J = 5.3 Hz), 5.32 (t,
IH, NH, ] = 5.5 Hz), 6.73 (t, 1H, ], = 7.4 Hz), 6.82 (d, 1H, J = 8.1
Hz), 7.26—7.33 (m, 2H), 742 (d, 1H, ] = 4.3 Hz), 8.18 (d, 1H, ] = 4.3
Hz). '*C NMR (DMSO-d;) &: 45.7 (CH,0), 59.1 (CH,N), 112.1
(CH), 117.0 (CH), 117.4 (C—N), 126.3 (CH), 1306 (CH), 130.8
(CH), 131.3 (CH), 146.1 (C), 149.0 (C), 150.0 (C). IR: 3214 (Tgy)-
HRMS: [M + H]* caled for C;,H,3N,0,S, 265.0647, found 265.0645.

2-((3-(5-Nitrothiophen-2-yl)phenyl)amino)ethanol (7b). Com-
pound 7b was obtained as a red powder; R; 0.50 (PE/EtOAc: 30/
70; v/v). '"H NMR (DMSO-d,) & 3.16 (q, 2H, CH,0, J = 5.7 Hz),
3.58 (g, 2H, CH,N, J = 5.7 Hz), 4.72 (t, 1H, OH, J = 5.4 Hz), 5.86 (1,
1H, NH, J = 53 Hz), 6.71 (d, 1H, J = 8.7 Hz), 695—6.97 (m, 2H),
7.18 (t, 1H, J = 7.9 Hz), 7.55 (d, 1H, ] = 43 Hz), 8.13 (d, 1H, J = 4.3
Hz). *C NMR (DMSO-d;) &: 45.3 (CH,0), 59.6 (CH,N), 108.8
(CH), 113.5 (CH), 114.3 (CH), 123.4 (CH), 130.0 (CH), 1313
(CH), 132.0 (C—-N), 148.7 (C), 149.7 (C), 153.0 (C). IR: 3274, 3113
(Dun)s 3179 (Do). HRMS: [M + HJ* caled for C,H;3N,058,
265.0647, found 265.0648.

2-((4-(5-Nitrothiophen-2-yl)phenyl)amino)ethanol (7¢c). Com-
pound 7c was obtained as a dark red powder; R; 0.35 (PE/EtOAc:
10/90; v/v). "H NMR (DMSO-d) &: 3.17 (q, 2H, CH,0, ] = 5.8 Hz),
3.56 (g, 2H, CH,N, ] = 5.8 Hz), 4.77 (t, 1H, OH, J = 5.4 Hz), 6.47 (t,

IH, NH, ] = 5.6 Hz), 6.66 (d, 2H, ] = 8.8 Hz), 738 (d, 1H, ] = 4.5
Hz), 7.57 (d, 2H, J = 8.7 Hz), 8.06 (d, 1H, J = 4.5 Hz). *C NMR
(DMSO-dg) 8: 45.1 (CH,0), 59.5 (CH,N), 112.1 (2CH), 118.4 (C—
N), 1204 (CH), 127.7 (2CH), 132.1 (CH), 145.7 (C), 151.2 (C),
154.8 (C). IR: 3310 (Dyy). HRMS: [M + H]* calcd for C,;H,3N,0,S,
265.0647, found 265.0644.

General Synthetic Procedure F for the Synthesis of 8a, 8c, and
8e—8i. To a cold solution (ice bath) of the corresponding amine (2.11
mmol) in THF (10 mL) was added dropwise 10 mL of concd HC}
solution (37%, ¢ = 12 mol-L™"), resulting in precipitation of a solid
from the first drop. The solution was stirred at 0 °C during 20 min.
The solid was filtered by suction on filter funnel (porosity 4) and
washed three times with 20 mL of cold pentane (—20 °C) to afford the
desired product.

2-(5-Nitrothiophen-2-yl)aniline Hydrochloride (8a). Compound
8a was obtained as a pale red powder in 37% yield. '"H NMR (DMSO-
dg) 8: 6.79 (br s, 3H, NH,*), 7.00 (t, 1H, J = 7.5 Hz), 7.16—7.19 (m,
1H), 7.34 (t, 1H, J = 8.3 Hz), 745 (dd, 1H, J = 7.7 Hz, ] = 1.3 Hz),
7.55 (d, 1H, J = 4.3 Hz), 8.18 (d, 1H, ] = 4.3 Hz). *C NMR (DMSO-
d¢) 8: 121.0 (CH), 121.4 (C), 122.9 (CH), 127.1 (CH), 130.7 (CH),
130.8 (CH), 131.0 (CH), 1384 (C), 1482 (C), 149.8 (C). IR: 2797
(Diss,’)- HRMS: [M + H]* caled for C,gHgN,0,S, 221.0385, found

221.0386.

4-(5-Nitrothiophen-2-yl)aniline Hydrochloride (8c). Compound
8c was obtained as a brown powder in 59% yield. '"H NMR (DMSO-
dg) 6:7.11 (d, 2H, | = 8.6 Hz), 7.54 (d, 1H, J = 4.4 Hz), 7.76 (d, 2H, |
= 8.6 Hz), 8.12 (4, 1H, J = 4.4 Hz), 8.54 (br 5, 3H, NH;*). C NMR
(DMSO-dg) 8: 120.5 (2CH), 123.1 (CH), 126.4 (C), 127.7 (2CH),
131.6 (CH), 1404 (C), 1483 (C), 1518 (C). IR: 2808 (Dyy,").
HRMS: [M + H]* caled for CygHgN, 0,8, 221.0385, found 221.0384.

1-(5-(3-Aminophenyl)thiophen-2-yl)ethanone Hydrochloride
{8e). Compound 8e was obtained as a pale yellow powder in 35%
yield. "H NMR (DMSO-d;) &: 2.55 (s, 3H, CH,), 7.29 (d, 1H, J = 8
Hz), 7.51 (4, 1H, ] = 7.9 Hz), 7.62—~7.69 (m, 3H), 7.97 (d, 1H, | = 4
Hz) (The signal for NH;" is not visible). '*C NMR (DMSO-d;) &:
26.4 (CHj), 119.0 (CH), 122.4 (CH), 123.5 (CH), 125.7 (CH), 130.7
(CH), 133.9 (C), 135.2 (CH), 135.8 (C), 143.3 (C), 145.0 (C), 190.8
(CO). IR: 2779 (Byy,'), 1618 (Vo). HRMS: [M + H]* caled for
C,H,,NOS, 218.0640, found 218.0641.

1-(5-(4-Aminophenyl)thiophen-2-yl)ethanone Hydrochloride
(8f). Compound 8f was obtained as a pale brown powder in 39%
yield. '"H NMR (DMSO-d;) 8: 2.53 (s, 3H, CH;), 7.31 (d, 2H, ] = 8.5
Hz), 7.60 (d, 1H, ] = 4.0 Hz), 7.80 (d, 2H, ] = 8.5 Hz), 7.94 (d, 2H, ]
= 8.5 Hz), 893 (br 5, 3H, NH,*). *C NMR (DMSO-d;) &: 26.3
(CHy), 122.1 (2CH), 124.9 (CH), 127.2 (2CH), 129.9 (C), 135.2
(CH), 136.1 (C), 142.6 (C), 150.6 (C), 190.5 (CO). IR: 2883 (Dyy,’),
1653 (Do—p)- HRMS: [M + H]* caled for C,,H,,NOS, 218.0640,
found 218.0640.

N-(5-(2-Aminophenyl)thiophen-2-yl)acetamide Hydrochloride
(8g). Compound 8g was obtained as a white powder in 49% yield.
'H NMR (DMSO-dg) 8: 2.10 (s, 3H, CH,), 6.72 (d, 1H, ] = 3.9 Hz),
7.33—7.40 (m, 3H), 7.44—7.52 (m, 2H), 9.32 (br 5, 3H, NH;"), 11.56
(s, 1H, NH). C NMR (DMSO-d;) &: 22.4 (CH,), 111.2 (CH),
123.5 (CH), 124.8 (CH), 127.1 (CH), 127.5 (2C), 128.1 (CH), 130.5
(CH), 1311 (C), 1412 (C), 1665 (CO). IR: 2803 (D),
1571(Dc—p). HRMS: [M + H]' caled for Cy,H,;N,08, 233.0749,
found 233.0752.

N-(5-(3-Aminophenyl)thiophen-2-yl)acetamide Hydrochloride
(8h). Compound 8h was obtained as a pink powder in 46% yield.
'H NMR (DMSO-dg) &: 2.10 (s, 3H, CH,), 6.66 (d, 1H, J = 4 Hz),
7.16 (d, 1H, ] = 7.8 Hz), 7.27 (d, 1H, J = 4 Hz), 7.41—7.48 (m, 2H),
7.56 (d, 1H, J = 7.8 Hz), 11.47 (s, 1H) (The signal for NH," is not
visible). '*C NMR (DMSO-d) &: 22.5 (CH,), 1115 (CH), 118.1
(CH), 120.2 (CH), 121.6 (CH), 122.9 (CH), 130.3 (CH), 131.4 (C),
134.1 (C), 135.8 (C), 140.4 (C), 166.5 (CO). IR: 2865 (Tyy,), 1571
(Pe—o). HRMS: [M + H]* caled for C,,H;N,08, 233.0749, found
233.0751.



N-(5-(4-Aminophenyl)thiophen-2-yl)acetamide Hydrochloride
(8i). Compound 8i was obtained as a beige powder in 51% yield. 'H
NMR (DMSO-d;) 8: 2.09 (s, 3H, CH;), 6.65 (d, 1H, ] = 4.0 Hz), 7.27
(d, 1H, ] = 4.0 Hz), 7.36 (d, 2H, | = 8.5 Hz), 7.66 (d, 2H, ] = 8.5 Hz),
10.29 (br s, 3H, NH,*), 11.48 (s, 1H, NH). '*C NMR (DMSO-d;) é:
22.5 (CH,), 116.5 (CH), 121.4 (CH), 123.7 (2CH), 125.5 (2CH),
130.3 (C), 1316 (C), 134.1 (C), 140.2 (C), 166.4 (CO). IR: 2816
{I_JNH;)J 1564 (ﬁ‘::cl HRMS: [M + H]+ caled for C]anNzOS,
233.0749, found 233.0747.

3-(5-Nitrothiophen-2-yl)aniline Hydrochloride (8b). Hydrochloric
acid gas was formed by the slowly addition of concd solution of
sulfuric acid (97%, 15 mL) to NaCl (40 g). This gas was cannulated in
a cold solution (ice bath) of 6b (2.37 mmol) in THF (10 mL) during
20 min resulting in precipitation of a solid. The solution was filtered by
suction on filter funnel (porosity 4) and washed three times with 20
mL of a cold pentane (—20 °C) to give 8b as a green powder in 89%
yield. '"H NMR (DMSO-d,) &: 7.36 (dd, 1H, ] = 8.0 Hz, J = 1.1 Hz),
7.54 (t, 1H, ] = 7.9 Hz), 7.64—7.73 (m, 3H), 8.18 (d, 1H, ] = 4.4 Hz),
9.09 (br s, 3H, NH,"). *C NMR (DMSO-dy) &: 118.9 (CH), 123.2
(CH), 123.5 (CH), 124.6 (CH), 130.8 (CH), 131.3 (CH), 132.6 (C),
136.4 (C), 149.7 (C), 150.1 (C). IR: 2816 (By;y,'). HRMS: [M + H]"
caled for CigHN,0,8, 221.0385, found 221.0385.

1-(5-(2-Aminophenyl)thiophen-2-yl)ethanone Hydrochloride
(8d). To a cold solution (ice bath) of 6g (1.81 mmol) in & mL of
THF was added dropwise 18 mL of concd HCl solution (37%, ¢ = 12
mol-L™"). The solution was stirred at 0 °C during 20 min. The solvent
was evaporated under reduce pressure. Twenty-five mL of diethyl
ether was added, and the solution was concentrated under reduce
pressure. This operation was repeated 10 times resulting in formation
of 8d as a brown solid in 96% yield. '"H NMR (DMSO-dy) 8: 2.56 (s,
3H, CH,), 7.17 (t, 1H, ] = 7.0 Hz), 7.33—7.42 (m, 2H), 747 (4, 1H,
= 7.5 Hz), 7.62 (d, 1H, J = 3.9 Hz), 8.00 (d, 1H, ] = 3.9 Hz), 8.27 (br
s, 3H, NH,'). ®C NMR (DMSO-d,) &: 26.5 (CH,), 122.9 (C), 125.5
(CH), 1259 (C), 1289 (CH), 1302 (CH), 131.1 (CH), 1334 (C),
134.7 (CH), 1442 (C), 146.7 (CH), 190.8 (CO). IR: 2714 (Byw,)),
1623 (Dc—o). HRMS: [M + H]" calcd for C,H,;NOS, 218.0640,
found 218.0641,

4.3. Bacterial Strains and Growth Conditions. All bacteria used
in this study were cultivated according to American Type Culture
Collection (ATCC) guidelines (www.atcc.org). Bacillus subtilis JH642,
Bacillus anthracis 34F2, Salmonella enterica 14028s, and Escherichia coli
MG1655 were grown in lysogeny broth (LB). Tryptic soy broth
(TSA) was used for the cultivation of Staphylococcus aureus TCH1516
USA300. Streptococcus pyogenes GAS M1 5448, Streptococcus agalactiae
GBS CoHl, Listeria monocytogenes 10403s, and Enterococcus faecalis
V583 were grown in brain heart infusion broth (BHI). For plating the
bacteria, 1.7% agar was added to the respective broth. All bacteria were
routinely grown at 30 or 37 °C under agitation at 200 rpm. For E. coli
protein expression strain BL21 (DE3) was used, and a final
concentration of 100 gg/mL ampicillin and 50 pg/mL kanamycin
was utilized to maintain expression plasmids.

4.3.1. Construction of Kinase Expression Plasmids. To construct
expression strains for cytoplasmic fragments of B. subtilis HKs PhoR
and ResE, B. subtilis stain JH642 genomic DNA was subjected to PCR
amplification with the following two primer pairs: phoRf-5'-
GAGTCAGCTAGCAATGTAGCCACAGAAC-3'/phoRr-5'-
CCTTTGGGATCCTTAGGCGGACTTTTC-3' and resEf-5'-
CTCCGACATATGAGAGAAGGCGCG-3'/resEr-5'-GGAACAG-
GATCCTTCGGCAAATTCAGAC-3'.

The two corresponding PCR products encode entire cytoplasmic
fragments for PhoR (residues 186—589) and ResE (residues 203—
589). The DNA fragments were cloned into Nhel and BamHI (PhoR)
or Ndel and BamHI (ResE) sites of vector pET28a, resulting in
vectors pET-PhoR and pET-ResE. These vectors are capable of
expressing hexa-his-tagged recombinant soluble proteins fragment of
PhoR and ResE, respectively.

4.3.2. Purification of His-Tagged Proteins. Hexa-his-tagged PhoR,
ResE, and IreK were purified from E. coli BL21(DE3) ca::;ying the
respective plasmids pET-PhoR, pET-ResE, and pCJK111.”" Starter

cultures were grown in 25 mL LB for 12—16 h. One | LB was
inoculated to an optical density at 600 nm (ODgy) of 0.05. When
cultures reached an ODygy, of 0.6, the temperature was shifted to 16
°C, and protein expression was induced by the addition of 1 mM
IPTG. Protein expression was allowed to continue for 12—15h. Cells
were harvested and suspended in 5x (w/v) buffer A (50 mM Tris and
200 mM NaCl), and crude lysates were prepared by passage through a
French pressure cell. The cell lysates were cleared of cell debris by
centrifugation (at 6000Xg for 20 min and 4 °C and at 80,000xg for 1 h
at 4 °C). The cleared supernatant was incubated with Ni-NTA agarose
(Qiagen) for 12—16 h at 4 °C. Following an initial wash step with
buffer A, the proteins were eluted with the same buffer containing 250
mM imidazole and dialyzed against buffer A. To verify the successful
purification of the respective protein, samples were analyzed by SDS-
polyacrylamide gel electrophoresis. Other purified proteins utilized
here were kind gifts from other laboratories. B. subtilis WalK***%'? was
a gift from Marta Perego, WalK2"> %' was a gift from Liang Tang.

4.3.3. Kinase Assay and ICs; Determination. Autophosphorylation
assays of HKs (PhoR, ResE and WalK) and serine/threonine kinase
(IreK) were performed similar to a previously described assay of
Igarashi et al.” Briefly, for initial inhibition screens, a 20 uL reaction
contained 4 L 5X kinase reaction buffer (250 mM Epps, 100 mM
MgCl,, 0.5 mM EDTA, 25% glycerol, pH 8.5) and 2 uM of the
respective kinase, Putative HK inhibitors dissolved in DMSO were
added to the reactions to a final concentration of 1 mM and all
reactions contained a final concentration of 10% DMSO. Following a 5
min exposure, ATP was added to the reaction mixture to a final
concentration of 1 mM (0.3125 uM [y-** ATP] and ~1 mM ATP).
The reaction was stopped by addition of $X SDS-PAGE loading buffer
(300 mM Tris/HCI pH6.8, 50% glycerol, 10% SDS, 25% -
mercaptoetanol, 0.05% bromphenol blue). The samples were
subjected to SDS-PAGE immediately after inactivation. SDS-PAGE
gels were exposed to an imaging plate for approximately 15 h. The
scanner Typhoon FLA 7000 (GE Healtcare Life Sciences) was used
for the detection of radiolabeled kinases. For evaluation of the signal
intensity and determination of ICs, values, the software ImageJ (NIH)
and GraphPad Prism 6 (Graph Pad Software) were used. For IC,,
determination, as described by Igarashi et al,”” the assay was modified
by dropping kinase concentration to 0.5 uM and ATP to a final
concentration of 2.5 gM. The ratio of cold and hot ATP had to be
determined empirically for each kinase to allow for proper signal
detection and was 1:1 for PhoR, 1:10 for ResE, and 1:4 for WalK.
Compounds were added to final concentrations of 0, 6.25, 12.5, 25, 50,
100, 200, 400, and 800 M prior to addition of ATP and keeping
DMSO concentrations constant.

4.3.4. Gyrase Assay. E. coli gyrase (catalog no. M0306S) and its
substrate (pUC19; catalog no. N04718) were purchased from NEB.
The gyrase-catalyzed supercoiling reaction was set up according to the
manufacturer. Briefly, each reaction contained 1 Unit gyrase, 75 ng
substrate, 2% DMSOQ, and 3 uL of gyrase buffer (NEB) in a final
volume of 15 uL. When appropriate the compound solution was added
to the reaction mixture to obtain a final concentration of 6.25, 12.5, 25,
50, 100, 200, 400, and 800 uM of the respective compound keeping
DMSO concentrations constant. Ciprofloxacin, a known gyrase
inhibitor, was used as control and added to the reaction mixture to
a final concentration of 200 uM. The samples were incubated for 30
min at 37 °C. Afterward the reaction was stopped with DNA loading
dye. The samples were analyzed by agarose gel electrophoresis
immediately after inactivation

4.3.5. Determination of the Antimicrobial Activity of the
Compounds. The antimicrobial activity of all compounds was
evaluated in vitro against seven reference Gram-positive and two
Gram-negative bacteria (see Bacterial strains and growth conditions)
utilizing the following two assays.

4.3.6. Disk Diffusion Assay. The Kirby—Bauer disk diffusion
susceptibility assay was used to determine the sensitivity of bacteria to
selected compounds according to the Clinical Laboratory Standards
Institute (CLSI) guidelines.” Briefly, the bacteria were grown on
Mueller—Hinton (MH), TSA, or BHI agar plates with disks containing
various compounds. Initially the bacteria were streaked out on LB,



TSA, or BHI agar plates. The next morning a few colonies were
suspended in saline to reach a final ODyy, of 0.2. Suspensions of cells
were evenly distributed on dry MH agar plates with a cotton swap.
Paper disks containing either 0.16, 0.8, 4, 20, 100, or 500 ug of the
respective compounds were placed on the agar plates. Vancomycin (30
pg/disk) and ampicillin (10 ug/disk) were used as controls. After 20 h,
the antimicrobial activity of the compounds were evaluated. We
considered a compound as antimicrobial if it showed a clear zone of
growth inhibition comparable to the control.

4.3.7. Determination of the Minimal Inhibitory Concentration
(MIC) and Minimal Bactericidal Concentration (BAC). The MIC of
the tested compounds was determined by the 2-fold serial broth (LB,
BHI or THB Broth medium) dilution method in 96-well plates (Fisher
Scientific Co.) according to CLSI guidelines.” Briefly, each well
contained a cell density of (3—7) X 10° cfu/mL; compound
concentrations ranging from 0.5 to 128 pg/mL. After incubation for
20 h at 37 °C, MICs were read as the lowest concentration of the
compound that completely inhibited growth. Additional the minimal
bactericidal concentration (MBC) that kills >99.99% of the starting
inoculum was determined. Ten uL of the wells that did not support
growth were spotted on agar plates. MBCs were read the following day
as spots with less than 5 colonies.

To test adjuvants effect on the bacterial resistance, a panel of clinical
bacterial strains having different resistance mechanisms was selected.
Five resistant isolates were tested: three Echerichia coli isolates: G28
(with betalactamase, amoxicillin resistant), GO2 (ofloxacin-resistant),
ARS 108 (with extended spectrum betalactamase (ESBL), third
cephalosporins generation resistant), and two Staphylococcus aureus:
C1P1S (with penicillinase, penicillin G resistant) and CIBP13
(meticillin-resistant (MRSA)). Two strains of S. aureus (ATCC
29213) and E. coli (ATCC 25922) have been used as quality control.
MICs and MBCs of a panel of antibiotics including f-lactams
(amoxicillin (AMX), cloxacillin (CLX), penicillin G (PNG),
cefotaxime (CTX)) and quinolone (ofloxacin (OFX)) were
determined by the broth microdilution method as described by the
European Commitee of Antimicrobial Susceptibility Testing (EU-
CAST). The bacterial inoculum was set at 10° bacteria per mL. Tests
were carried out in triplicate with or without fixed concentration (25
ug/mL) of adjuvants. To determine the MBC, the dilution
representing the MIC and at least two of the more concentrated
test product dilutions are plated and enumerated to determine viable
coloning forming unit (CFU)/mL. In parallel, the effect of all
adjuvants used without antibiotic was tested on the resistant isolates
with growing concentrations of adjuvants.

4.3.8. Determination of Bactericidal and or Bacteriostatic
Activity of Compounds 6d and 6e. Growth curves with B. subtilis
JHG642 were performed to distinguish whether compounds 6d and 6e
are bactericidal or bacteriostatic. B. subtilis was grown in 5 mL LB
overnight. The following morning 20 mL LB was inoculated to a
starting ODggg of 0.05. As soon as the culture reached an ODygy of 0.5
to 0.6, the additives were added to the culture. The antibiotics
chloramphenicol and vancomycin served as control. Growth of the
cultures was routinely measured before and after addition of the
substances for several hours. Similar assays were also performed for S.
aureus, however for handling purposes with fewer time points and in
smaller volume.

4.3.9. Hemolysis Assay. Hemolytic activity of the thiophen
derivatives was determined as previously described.”’ Briefly, sheep
red blood cells (RBCs) were washed 3 times with phosphate buffered
saline. Each hemeolysis reaction contained 2% (v/v) RBC, 10%
DMSO, and 1 mM of the respective compounds. Samples were
incubated for 45 min at 37 °C under agitation at 100 rpm. Controls
contained either no compounds or H,O (100% lysis of RBCs). After
incubation, the RBCs were separated from the remaining reaction
mixture by centrifugation at 900g and 4 °C. Hemolytic activities of the
compounds or lack thereof were determined visually.
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