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ABSTRACT

Knoevenagel condensation was employed to generate a set of molecules potentially capable
of inhibiting the RNA polymerase-¢'’/c" interaction in bacteria. Synthesis was achieved via
reactions between a variety of indole-7-carbaldehydes and rhodanine, N-allylrhodanine,
barbituric acid or thiobarbituric acid. A library of structurally diverse compounds was

examined by enzyme-linked immunosorbent assay (ELISA) to assess the inhibition of the
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targeted protein-protein interaction. Inhibition of bacterial growth was also evaluated using
Bacillus subtilis and Escherichia coli cultures. The structure-activity relationship studies
demonstrated the significance of particular structural features of the synthesized molecules
for RNA polymerase-¢'"'/¢" interaction inhibition and antibacterial activity. Docking was

investigated as an in silico method for the further development of the compounds.

Keywords: Antibacterial activity; Bacterial Transcription; RNA Polymerase; Structure-
activity relationship (SAR); Indole

The introduction of antibiotics to medicine has allowed the efficient treatment of bacterial
infections posing a substantial threat to human health and life.' This revolutionary progress is
now under threat by the emergence of bacterial resistance to antibiotics due to their excessive
and often unjustified use.” The rapidly developing antibiotic resistance problem among
highly pathogenic species is significantly escalated by continuously decreasing numbers of
new antibacterial drug candidates reaching the market." " Novel antibacterial agents that can
undergo successful development towards efficient antibiotics are urgently needed in order to
counteract the dramatically intensifying bacterial resistance to currently used drugs.™’

A key priority of antibacterial drug research is the identification of molecules exhibiting
novel mechanisms of activity rather than the development of existing classes of antibiotics to
which resistance has already occurred.”” Bacterial metabolic pathways, especially the gene
expression_processes, have been exploited as attractive drug targets.” One of the most
promising directions to explore is targeting bacterial transcription,”" the process of
transcribing genetic information encoded in DNA into RNA via the enzyme RNA polymerase
(RNAP).” Two forms of DNA-dependent RNAP are present in bacterial cells: the core

enzyme and the holoenzyme (HE)."”"

The HE is formed between the RNAP core enzyme,
which consists of five subunits (a288'w), and a transcription factor, such as a ¢ factor, giving

the enzyme transcription specificity by allowing it to recognize promoter sites on the DNA."”
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" Whilst a wide range of ¢ factors exist both within and between bacterial species, an
essential ¢ factor, ¢" in Gram-positive B. subtilis and ¢ in Gram-negative E. coli, is involved
in the transcription of ‘housekeeping’ genes.”'™"

A novel antibacterial strategy seeks to inhibit HE formation via disruption of the protein-
protein interaction (PPI) that occurs at the binding ‘hotspot’ between the highly conserved
solvent-exposed clamp helix (CH) region of the ' subunit of the RNAP core and region 2.2

% ¥ and thus inhibit bacterial transcription. As the ¢"/o" factors

of the ¢”"/c" factor,
demonstrate high structural similarity across a variety of bacteria species,""'” compounds that
inhibit the p-CH-¢"/¢",, interaction are expected to show broad spectrum activity.
Additionally, since ¢''/o" factors regulate transcription initiation only in bacterial cells,”
drugs targeting this PPI would be less likely to produce adverse effects.

Recently a series of benzoic acid-based molecules has been synthesized and evaluated for
transcription inhibitory activity, with compounds 1, 2, 3 and 4 (Figure 1) efficiently inhibiting
the interaction between core RNAP-and ¢, exhibiting 85-100% transcription inhibition at 10
uM.** Additionally, molecule 1 proved to be a good broad spectrum inhibitor of bacterial

growth showing MIC values of 12.5 and 6.25 ug/mL against Staphylococcus epidermidis and

E. coli, respectively.”



Figure 1. Highly active synthetic compounds inhibiting transcription initiation in bacteria.”

22-24

The pharmacophore model previously developed by our group based on a B. subtilis RNAP
homology model and the amino acids in ¢" found in mutagenesis studies to be responsible for
the RNAP HE formation" * was used for the design of several classes of structurally related
indole-based inhibitors of the f-CH-¢",, interaction such as bis-indole GKL003 5 (Figure
1).** In our preliminary studies involving isothermal titration calorimetry experiments, the
bis-indoles were found to inhibit transcription by competitively binding to the f-CH region
of the RNAP core enzyme.” Through the use of ELISA GKL003 5 was determined to inhibit
the PPI between -CH and B. subtilis ¢" by 63% at 15 uM.” Further development of this
series led to molecules 6 and 7 (Figure 1) as the most potent mono- and bis-indole-based
inhibitors, with of 86% and 60% inhibition of the f-CH-¢" PPI at 15 uM as measured by
ELISA, respectively, and they inhibited E. coli growth at 200 uM (16% and 21% inhibition,

respectively).””



The structure-activity relationship (SAR) studies performed on a large family of
compounds related to 1-4 showed that incorporation of a carboxylic acid group significantly
increased their inhibitory activity against the A-CH-¢" interaction.”” Moreover, the
allylthodanine moiety was found to be essential for antibacterial activity.” These
observations were used to design a series of mono-indole compounds based upon .the
structures of 6 and 7 that incorporated features of 1-4. A focus was placed on including
compounds with lower molecular weight and increased polarity in order to overcome the

solubility issues encountered by the previous compounds.”™ *

These compounds were
synthesized and evaluated for their ability to inhibit the interaction between the f'-CH region
of RNAP core and ¢" factor by ELISA, and for antibacterial activity against B. subtilis and E.
coli. Biological evaluation was followed by molecular docking and SAR studies.

The indoles 8a and 8b were obtained following the well-established Bischler indole
synthesis modified by our group.”” The methyl 4,6-dimethoxyindole-2-carboxylate 9a was
afforded via the Hemetsberger indole synthesis.” The indoles 8a, 8b and 9a were formylated
under Vilsmeier-Haack conditions at position 7 (Scheme 1) to give the corresponding indole-
7-carbaldehydes 12a-c in yields of 85-95%.” The methyl ester 12¢ was also converted into
the carboxylic acid 13 via alkaline hydrolysis in 95% yield (Scheme 1).

In order to synthesize the benzyl ester 15, the methyl indole-2-carboxylate 9a was first
hydrolyzed to the indole-2-carboxylic acid 9b™ using a solution of potassium hydroxide in an
ethanol/water mixture, followed by DCC-mediated coupling reaction between the acid 9b and
benzyl alcohol in the presence of DMAP as a catalyst to give the benzyl indole-2-carboxylate
14 in 35% yield. Subsequent Vilsmeier-Haack formylation of the ester 14 furnished indole-7-

carbaldehyde 15 in 90% yield (Scheme 1).

Scheme 1. Synthesis of compounds 9b, 12-15.
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(a) POCI, (1.0 equiv), DMF, 0 °C ¢ room temp., 2 h, 85-95%; (b) KOH (excess), EtOH/H,O
3:1 (v/v), reflux, 2 h, 95-99%; (c) BnOH (1.2 equiv), DCC (3.0 equiv), DMAP (0.2 equiv),
DCM, 0 °C » room temp., 3 h, 35%; (d) POCI, (1.1 equiv), DMF, 0 °C * room temp., 12 h,
99%.

The reaction between indole-7-carbaldehyde 12a and rhodanine 16 was carried out in a 1:1
molar ratio in the presence of piperidine as a catalyst by heating in anhydrous ethanol under
reflux. However, as indicated by TLC analysis, even after 72 h the reaction did not proceed to
completion. In order to shift the reaction equilibrium towards the formation of the product
10a, the amount of rhodanine ‘was increased to 1.2 equivalents along with the addition of S-
alanine (2 equiv) and glacial acetic acid as a solvent.”” TLC analysis showed that the starting
indole-7-carbaldehyde 12a had been fully consumed after 3 h of heating under reflux. As the
product of the reaction was found to be very insoluble in the majority of commonly used
solvents such as EtOAc, EtOH or DCM, column chromatography was excluded as a potential
method for its purification. Therefore, a number of solvent mixtures were tested to
recrystallize the crude product. A DMF/MeOH mixture was finally used for recrystallization
to give the compound 10a as a dark red powder in 60% yield (Scheme 2). This method was
applied to the reactions of the indole-7-carbaldehydes 12b, 12¢, 13 and 15 with rhodanine 16

or allylrhodanine 17 to afford the desired products 10a-i in 30-68% yield (Scheme 2). The 'H



NMR spectra of the products display a characteristic singlet at around 7.80-8.50 ppm which
indicates the successful formation of the double bond linker.

The single crystal X-ray crystallographic analyses confirmed (Z)-stereochemistry of the
molecules 10c and 10d (Figure 2). This observation is in a good agreement with literature
data.”””

The Knoevenagel condensations between indole-7-carbaldehydes 12a-c¢ or 13 and
barbituric acid 18 or thiobarbituric acid 19 resulted in the formation of the compounds 11a-h
as dark red powders in 27-100% yield after recrystallization from a-DME/MeOH mixture
(Scheme 2).* The reactions were found to proceed efficiently by heating the substrates in

either an acetic anhydride/acetic acid 1:10 mixture or in acetic anhydride under reflux for 2 h.

Furthermore, the use of a catalyst was not crucial for these reactions.



Scheme 2. Synthesis of compounds 10a-i and 11a-h.
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(a) p-Alanine (2 equiv), CH,CO,H, 100 °C, 3 h (30-68%); (b) acetic anhydride or acetic
anhydride and CH,CO,H, 90 °C, 2 h (27-100%).



Figure 2. ORTEP diagrams of the crystal structures of the compounds 10c¢ (A) and 10d (B)

(front view, 50% probability thermal ellipsoids at 100 K shown).

The library of the seventeen synthesized molecules was evaluated for biological activity.
Firstly, the inhibition of the interaction between B. subtilis ¢" and the f'-CH region of the
core RNAP was examined by ELISA at 15 uM compound concentration and is expressed as a
percentage of the positive control (interaction between ¢" and f-CH in the absence of the

inhibitor) where the positive control interaction is 100%. Secondly, bacterial growth
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inhibition was evaluated at 0.2 mM compound concentration using two representative
species, B. subtilis (Gram-positive) and E. coli (Gram-negative), and is expressed as a
percentage of the positive control (bacterial growth in the absence of the inhibitor) where the
positive control bacterial growth is 100% (Table 1).**

Table 1. Evaluation of antibacterial activity of the synthesized molecules.

f'-CH-¢* Growth Growth
Entry clog interaction inhibition of inhibition of B.
P MW  inhibition at E. coli at subtilis at 0.2
15 pM by 0.2 mM [%] mM [ %]
ELISA [%]
10a 5.3 430.9 21 15 0
10b 6.1 471.0 34 14 8
10c 4.6 396.5 17 45¢ 444
10d 5.4 436.5 0 66 44
10e 33 378.4 3 28 45
10f 4.1 418.5 46 79" 22
10g 3.0 364.4 36 26 0
10h 3.9 404.5 74 30 21
101 5.7 494.6 63 28 6
11a 33 425.8 15 30¢ 414
11b 4.2 441.9 14 24 0
11c 2.6 391.4 45 0 83
11d 3.5 407.4 14 0 0
11e 1.3 373.3 28 20 89"
11f 2.2 389.4 17 57 91°
11g 1.1 359.3 28 0 0
11h 2.0 375.4 71 0 0
12 5.2 447.5 21 53 0

“ precipitation at 0.2 mM, P affects the exponential phase of bacterial growth.

The top three hits (10h, 10i and 11h) exhibited greater than 60% inhibition of the 4-CH-¢"
interaction in the ELISA assay at 15 uM (74%, 63% and 71%, respectively). However, 11h
was found to be inactive against both E. coli and B. subtilis, whilst 10h and 10i showed
moderate and low antibacterial activity.

Although compound 10f possessed only moderate #-CH-¢" inhibition of 46 % at 15 pM, it
showed good antibacterial activity against E. coli, with growth inhibition of 79% and
moderate activity against B. subtilis, showing potential for further development as an
antibacterial agent, particularly against Gram-negative bacteria. Similarly, compound 11¢
displayed only moderate inhibition of the PPI but inhibited the growth of B. subtilis (83% at
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0.2 mM), but showed no effect on E. coli growth. The molecules with high antibacterial
activity, but very low RNAP-¢ inhibitory activity, such as 11e and 11f (89% and 91%
inhibition of B. subtilis growth at 0.2 mM, respectively) might exhibit antibacterial activity
via additional mechanisms different from inhibition of the ,b"—CH—aA interaction. However,
compounds 10f, 11e and 11f were observed to affect the exponential phase of bacterial,
growth and this suggests that they inhibit transcription.”

To investigate potential problems of the compounds in reaching their. targets, calculated
logP values and molecular weights are provided in Table 1. Both values are high for 10i and
10b, possibly explaining the low growth inhibition observed, however, this is not the case for
10g, 10h, 11g and 11h, all of which however, contain donizable COOH groups that may
prevent efficient uptake by the bacteria. Compound 10d is very lipophilic, and this combined
with the fact that it does not inhibit the PPI, suggests a different mechanism of growth
inhibition. The compounds all incorporate substructures similar to those of the literature
compounds as exemplified by 1-4. These exhibited antibacterial activity against a mutated E.
coli strain deficient in multidrug efflux systems, but not against wild-type E. coli.”” * They
have also been shown to have off-target effects.” These issues could be related to the
presence of common interference substructures (PAINS)™ and will need to be investigated
further in the development of the compounds presented here. However, we have previously
not observed any interference in several detailed assays of compound 5 at different
concentrations.”

The synthesized compounds, 10a-i and 11a-k, were docked using Genetic Optimized
Ligand Docking (GOLD) through the Discovery Studio (DS) interface onto the f-CH region
of a new RNAP homology model. This was repeated with the most active compound from the
SB series, 1, as well as the three active compounds from the GKL series, 5, 6 and 7. %

Compounds with carboxylic acid groups were also docked in their negatively ionized
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deprotonated state. As the solvent exposed residue side chains are not static in the core
enzyme, it was deemed to be important to allow flexibility in the amino acid side chains in
and around the binding hotspot area.” The side chains of the residues in the PPI hotspot on f3"-
CH™ were set to flexible in the docking protocol, allowing transient pockets or grooves to
appear in the relatively flat f-CH surface to facilitate greater interaction with  small

molecules.
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v ' . _
Figure 3. Positions and intermolecular interactions of ¢*,, and docked compounds at the /5"

CH binding hotspot™ of a B. subtilis RNAP holoenzyme homology model. Hotspot residues
coloured in cyan, a critical Arg267 residue in green, and hydrogen bond interactions are
shown as magenta dashed lines. (A) ¢" 2.2 region in homology model of HE. (B) Docked

1(1). (C) Docked 10h(1). (D) Docked 10i. (1) indicates deprotonated carboxylic acid group.
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Table 3. Docking results for synthesized compounds and known inhibitors.

Entry Ca}rboxyllc Docking GOLD

Acid Group Score
State

10a - 49.2
10b - 51.8
10c - 52.1
10d - 453
10e - 50.7
10f - 54.2
10g COOH 55.5
10g(1) CoOO 66.2
10h COOH 54.8
10h(1) CoOO 71.2
10i - 63.6
105 - 504
11a - 42.7
11b - 45.7
11c - 47.3
11d - 51.0
1le - 514
11f - 50.8
11g COOH 47.8
11g(1) CoOO 62.0
11h COOH 51.2
11h(1) COoO 70.7
1 COOH 59.6
1(1) COoO 67.6
5 - 74.1
6 - 56.3
7 - 68.0

It was observed that the majority of the docked compounds were placed by GOLD into a
groove running between Arg264 and Arg267 on the f"-CH region, as shown in Figure 3.
Although this position does not cover the entire hotspot area, it does allow strong interactions
with the three arginine residue that are most important in the PPI, namely Arg264, Arg267
and Arg270 as identified from mutagenesis data.”* This position also has great potential to
interrupt interactions with the ¢"-Glu277 residue, which has been identified as playing an

important role in the PPI as part of the ¢",, hotspot.”
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Figure 4. Relationship between docking GOLD scores and #~CH-¢" interaction inhibition of

synthesized compounds 10a-i and 11a-h along with known active inhibitors 5-7.%*

The compounds were mapped to the published pharmacophore from our group™ (data not
shown), however, no level of correlation with the biological data was observed. In
comparison to the pharmacophore mapping results, there was good correlation between the
p'-CH-¢" inhibition activities-and the highest GOLD score of each compound (R* = 0.64),
taking into account the structural diversity of the compounds (Figure 4). Furthermore, the two
compounds with the highest #-CH-¢" inhibitory activities, 10h and 11h, achieved the two
highest GOLD scores of 71.2 and 70.7, respectively. The high GOLD scores observed also
suggest that the ELISA results were likely due to strong interaction with the f’-CH region,
rather than being artifacts of interference compounds. Although the high GOLD scores for
10h and 11h were only obtained by the ionised forms of both compounds, the non-ionisable
compound with the highest #-CH-¢" inhibition, 10i, also achieved the best docking result of
all neutral synthesized compounds with a GOLD score of 63.6. This trend was also seen with
the known inhibitors, 1, § and 7, the docking results of which all showed GOLD scores close

to 70. With a GOLD score of 56.3, mono-indole 6 scored the lowest out of the known
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inhibitors, consistent with it exhibiting the lowest f’~CH-¢" inhibition of the four.” These
results show that docking shows potential as a tool in the future development of RNAP HE
formation inhibitors.

The f'-CH-¢" inhibitory activities and antibacterial activities along with the docking results
of the synthesized molecules were also analyzed for possible structure-activity relationships.
It was observed that the replacement of the 3-phenyl and 3-(4'-chlorophenyl) group with a
carboxylic acid or ester at the 2-position of the indole backbone led to-greatly increased
ability to inhibit the f’-CH-¢" interaction, as can be seen in a comparison between the f'-CH-
¢ inhibitory activities of 11b and 11d with 11h. This was furthér supported by the predicted
binding modes from the docking analysis, wherein the carboxylic acid and ester groups at the
2-position were predicted to form hydrogen bonds with Arg267 and Arg270 (Figure 3),
whilst no interaction was predicted for the phenyl groups at the 3-position with the protein.
This was consistent with the fact that both the 3-phenyl group and the 3-(4'-chlorophenyl)
group were unable to map to any feature on the pharmacophore. These observations show
that he 3-phenyl group in not essential for the antibacterial activity of the compounds.

It was also observed that a carboxylic acid group at the 2-position of the indole system
produced much higher $'-CH-¢" inhibitory activities than those observed for the esters at this
position. This is apparent when comparing the #-CH-¢" inhibitory activities of 10f with 10j
(46% and 74%, respectively) or 11f with 11h (17% and 71%, respectively). This may be due
to the carboxylic acid group’s ability to ionize and form charge-charge interactions with the
arginine groups of the binding hotspot, typically Arg270, as suggested by the docking results.
However, the incorporation of a CO,Me group at the 2-position improved antibacterial
activity. This is shown in the comparison of compounds 10h and 10f, where inhibition of the
E. coli growth increased from 30% to 79% or the compounds 10i and 10e, where inhibition of

the B. subtilis growth increased from 6% to 45% when the CO,H group was replaced by the
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CO,Me group. Moreover, such a replacement resulted in a dramatic increase in antibacterial
activity against both E. coli and B. subtilis for the molecules 11g and 11e, or 11h and 11f.
Notably, the CO,Me group was present in all the inhibitors that affected the exponential
phase of bacterial growth (10f, 11e and 11f). This may be due to the increase in clogP of the
esters, allowing greater passive diffusion through the bacterial cell membrane.

It was observed that the RNAP-¢ inhibitory activity of the esters could be improved by
replacing the CO,Me group with a larger CO,Bn group, as shown via comparison of 10f and
10i. This change increased the f-CH-¢" inhibitory activity from 46% to 63%, which may be
the result of an increase in hydrophobic interactions. This is in'agreement with the docking
results, which show the benzyl ring interacting with Met287 with a different predicted mode
of binding to the other esters (Figure 3). However, this modification resulted in a decrease in
antibacterial activity, possibly due to the increase in molecular weight resulting in a reduction
in passive transport through bacterial membranes. This result highlights a potential future
direction in modification of the ester group with other less bulky, less hydrophobic groups.

Comparison of the activities of the molecules 10g, 10h, 11g and 11h indicates that the
allylrhodanine (present in the molecule 10h) is most beneficial for RNAP-¢ inhibitory
activity among the 5- and 6-membered heterocyclic rings. The N-allyl group of
allylrhodanine 17 is important not only for RNAP-¢ inhibitory activity, but also for
antibacterial activity as highlighted in the case of the compounds 10e and 10f.

In conclusion, 17 novel compounds were successfully synthesized utilizing Knoevenagel
condensation. The ability of the compounds to inhibit the interaction between ¢”,, and the A"
CH region of the core RNAP was evaluated by ELISA at 15 uM. Antibacterial activity of the
molecules was determined based on the inhibition of E. coli and B. subtilis growth in culture
at 0.2 mM. The compounds were then docked onto the solvent exposed face of the f'-CH

region of a B. subtilis ¢ homology model using GOLD. The SAR studies supported by the
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molecular docking resulted in the identification of molecular features potentially beneficial
for inhibition of the f-CH-¢" interaction and bacterial growth. Modifications of the ester
group at the C2 position of the indole are a promising direction for the design of compounds
that exhibit high inhibition of both the RNAP-¢ assembly formation and bacterial growth. In
particular, a methyl group could be replaced with ethyl, n-propyl or iso-propyl groups as.the
larger ester groups could enhance RNAP-¢ inhibitory activity as observed for the benzyl
ester. As confirmed by calculation of molecular properties and much fewer solubility-related
issues encountered during the examination of antibacterial activity, this research has
delivered compounds with significantly improved aqueous <solubility compared to the

*** and mono-indoles™, This is'mainly due to reduction of

previously synthesized bis-indoles
molecular weight and size, and increase in hydrophilicity by the incorporation of polar groups
such as the carboxylic group. Furthermore, this study has demonstrated that in silico docking
using GOLD shows potential as a tool for the further development of RNAP-¢ inhibitors and

future studies may benefit immensely through implementation of this technique during lead

development.
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