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RNA polymerase (RNAP) inhibitors that block RNA chain elongation or disrupt DNA unwinding have long
served as frontline therapeutic agents. However, a major limitation of competitive inhibitors like
rifampicin is the rapid emergence of resistance due to point mutations at the RNAP active site.

Transcription initiation, the first step in mRNA synthesis, depends on the interaction between RNAP and

a sigma (o) factor. We targeted the conserved region of the RNAP-o* interaction interface to inhibit

transcription initiation. Mycobacterium tuberculosis o* was used as a template for inhibitor design due to
the extensive experimental structural data on Mycobacterial RNAP in the apo and holo forms, with

a promoter DNA fragment, as well as complexes with rifampicin and Nea-aroyl-N-aryl-phenylalaninamide
inhibitors. Sequence comparison and subsequent mutational analysis validated Asp319, Glu322, and
GIn323 in M. tuberculosis o* as critical residues for interaction with the RNAP B’ subunit. The interface

encompassing this polypeptide segment served as a target for inhibitor design. Structure-based virtual
screening (SBVS) of a Ugi reaction derived library (URDL) led to the identification of hydroxamate 2a that
could bind to M. tuberculosis o* (Kp 2.8 uM). Systematic exploration of SAR via 22 analogues led to non-
hydroxamate 2u as a superior binder (Kp 0.9 puM). Both 2a and 2u also displayed almost complete
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inhibition of transcription at 1 mM. In a whole-cell bactericidal assay, 2u exhibited clear bactericidal

activity against Staphylococcus aureus (MIC 50 uM) and M. tuberculosis (MIC 250 pM). Overall, this study
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1. Introduction

The transcription mechanism is essential for bacterial survival.
The multi-subunit RNA polymerase enzyme driving this mech-
anism is widely conserved across bacteria. The structure of
bacterial RNAPs is widely conserved despite differences in
amino acid sequences across RNAP homologues. Transcription
initiation, the first step of transcription, involves the recruit-
ment of the RNAP enzyme to the promoter DNA. This step,
which primarily serves as the checkpoint regulating gene
expression, can vary across bacterial species.' For example, in
the case of M. tuberculosis, when compared to the well-
characterized Escherichia coli RNAP, the open promoter RNAP-
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showcases the rational design of non-competitive inhibitors of M. tuberculosis transcription through
a systematic application of in silico screening and multicomponent reaction chemistry.

o” (holoenzyme) complex is inherently unstable and requires
accessory proteins like the RNAP- binding protein A (RbpA) and
Caspase recruitment domain (CarD) for transcript formation.>
Several other protein factors, like WhiB, modulate RNAP activity
under specific environmental stress conditions. Indeed, M.
tuberculosis RNAP has been better explored for development of
inhibitors than RNAP from other bacterial pathogens.* These
insights have been compiled in a recent review that also
provides a summary of all the antimycobacterial compounds
developed against the RNAP enzyme, specifically targeting the
transcription initiation step.* To date, peptides and small
molecules have been designed to target the base clamp region
in the B subunit, the switch region and bridge helix in the
' subunit, and the RNAP active site. However, a major draw-
back of rifampicin and other competitive modulators against
transcription or other essential cellular processes is the emer-
gence of drug-resistant mutations.>® It is worth noting in this
context that the RNAP-c factor interface, located away from the
active site, has not been extensively explored for inhibitor
design despite significant structural conservation across
bacterial homologues.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Targeting protein-protein interfaces is an emerging avenue for
the design of non-competitive ligands in a variety of disease
contexts despite several challenges.”® The interaction interface
between the RNAP and a o factor is well conserved across different
bacteria and its disruption may result in transcription inhibition.*
Ma et al. utilized a homology model of the Bacillus subtilis RNAP '~
o factor interface to develop a pharmacophore model to obstruct
RNAP-c factor binding. The pharmacophore model was used to
screen an in-house library of peptidomimetic compounds to obtain
inhibitors of RNAP B'-o factor interactions. One of the bisindole
derivatives, GKL003, was found to bind RNAP B’ and inhibit the
initiation of complex formation. The compound was also found to
inhibit transcription and bacterial growth in vitro, thus validating
the RNAP B'-o factor interface as a druggable target.” Based on the
new structural information, the authors further modified this
pharmacophore model and discovered compound C5 from
a commercial library that could inhibit transcription initiation in
vitro and showed antibacterial activity."> Recently, the same group
developed triaryl derivatives binding to the RNAP ' clamp helix
region-o interface and successfully demonstrated their activity
against Streptococcus pneumoniae.” These results demonstrate the
validity of computational design for developing small molecule
inhibitors of bacterial RNAP B'-c factor interactions and subse-
quent disruption of transcription. Here we describe an approach
towards structure-guided protein-protein interface inhibitors
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focussing on the rigid stretch of o”° that is occluded upon binding
the RNAP B’ subunit. We hypothesize that these inhibitors would
obstruct recruitment of the RNAP apo-enzyme to the promoter
DNA itself, thereby preventing transcription initiation.

The Pribnow box interacting domain (o,) of o factors
belonging to the ¢’® family share significant commonality in
the RNAP interaction interface. We utilized the M. tuberculosis
f’ and o, interface (in particular with the primary, essential o
factor o*) for the ligand strategy thus building upon the
extensive structural information on the Mycobacterial RNAP
complexes with multiple experimentally determined structural
models.* A structure-based high throughput-virtual screening
(HTVS) strategy was employed using the Ugi reaction-derived
library (URDL) with high synthetic tractability that was re-
ported by our laboratory earlier.” The synthesis of hit molecules
and SAR studies resulted in the identification of an experi-
mentally validated scaffold that could be further developed for
the design of non-competitive RNAP inhibitors.

2. Results and discussion

2.1 Identification and experimental validation of critical *
residues in RNAP interactions

Across multiple structural complexes, interactions between
residues in the coiled-coil region of the B’ domain and domain 2
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Fig. 1 Identification of conserved residues on o” that form critical interactions at the RNAP B'—c” interface. (A) M. tuberculosis RNAP (PDB ID
5UH5) depicting key residues in the RNAP p'—c” interface (B’ subunit shown in orange and o® shown in red). (B) Structure-based sequence
alignment reveals the conservation of the residues of the target RNAP '~ interface across bacteria. (C) Structure-based sequence alignment
of targeted residues in M. tuberculosis ¢ factors. (D) Validation of the target residues by in vitro transcription assay (please refer to the Experi-

mental section for details).
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Fig. 2 (A) RNAP p'—o,* complex (PDB ID: 5UH5) in M. tuberculosis (B) conserved amino acids on o,” (Chain F) crucial for binding RNAP
B’ domain. (C) Surface model representation of the interaction between 2a (Green sticks) and o binding site. The solvent-accessible surface is
color-coded based on the polarity (D) Intermolecular 3D Interactions between ligands 2a (Green sticks) and o,” binding site residues.

of a ¢ factor were noted (Fig. 1A and B). For example, in M.
tuberculosis o,", a cluster of four residues (Asp319, Glu322,
GIn323 and Leu326) interact with B’ residues (Arg350, Arg353,
Leu357, Leu360, Asn369 and Glu370) (Fig. 1A). From this
interface, conserved interacting residues among M. tuberculosis
o factors were identified by performing a structure-based
sequence alignment using all M. tuberculosis o factor
sequences (Fig. 1B and C). To evaluate the significance of the
target site of o* binding to the RNAP, residues that were
considered crucial were evaluated by mutational analysis. The
mutants of ¢*, including D319K, Q322K, E323K, and KKK (a
triple mutant where all three residues- D319, Q322, and E323
were replaced by a positively charged residue, K) were exam-
ined. An in vitro transcription assay was performed with these
mutants using the M. tuberculosis rRNA AP3 promoter. We note
that the D319K mutant exhibited a relatively minor effect on

14094 | RSC Adv, 2026, 16, 14092-14106

transcription activity, whereas the Q322K and E323K mutants
showed no significant alteration in transcription. However, the
triple mutant (KKK), encompassing all three mutations,
demonstrated a notable and significant impact on transcrip-
tional activity. These observations revealed that for M. tubercu-
losis o* mediated transcription, the interaction between o*
residues Asp319, Glu322, and GIn323 with the B’ domain is
crucial. Thus, we hypothesized that small molecules binding to
this region of M. tuberculosis o* could prevent RNAP-c* inter-
action leading to the inhibition of M. tuberculosis transcription.

2.2 Structure-based virtual screening (SBVS) against the
identified c” site

Based on mutational analysis we selected a region around the
residues Asp319, Glu322, and GIn323 of ¢* as the target site for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compounds with different substitutions at the P1 position of 2a
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ZT

OH

D R Docking score (kcal mol ™) MMGBSA score (kcal mol %) Binding affinity Kp, (uM)
2a H —4.239 —64.28 2.8 £ 0.8 uyM
HO
2b —0.225 —67.07 237 + 181 uM
X
2¢ | _ —4.269 —-91.73 0.124 + 84.0 uyM
N
Cl
2d —3.679 —60.14 0.699 £ 0.487 uM

the SBVS (PDB ID 5UHS5, Fig. 2A). Earlier we reported a manually
curated library of synthetically tractable molecules derived from
the Ugi reaction (URDL) for virtual screening.’*'® The URDL
molecules occupy property space of protein-protein inhibitors
and provide an opportunity for the systematic exploration of
multicomponent reactions in medicinal chemistry.'”** These
molecules are close to protein—protein inhibitors in chemical
space and thus suitable for the given target. Moreover, most of
the URDL molecules are drug-like and can be obtained in 1-2
synthetic steps under mild conditions.'® Thus, URDL is a suit-
able library for quick hit validation and SAR studies in the given
scenario. The 5773 unique ligands in URDL were screened
against M. tuberculosis c* structure (PDB ID 5UH5) employing
the HTVS mode of the Schrodinger Suite to perform in silico
screening (see SI). The hits were identified based on the docking
scores and interactions with the conserved residues (Asp319,
Glu322, and GIn323) found important for fostering interactions
with RNAP. The hits were subsequently subjected to further
analysis using the MMGBSA scoring.

This in silico screening resulted in structurally close hits
among which compound 2a was found to be most promising
(SI, Fig. S1) with a docking score of —4.01 kcal mol™" and
a molecular mechanics with generalized born and surface area
(MMGBSA) score of —64.28 kcal mol " (Table 1). While the
hydroxamate group of 2a displayed hydrogen bonding and non-
classical hydrogen bond interactions with Gln322, Glu323, and
GIn362 (Fig. 2C and D), the phenyl ring and ter¢-butyl groups of

© 2026 The Author(s). Published by the Royal Society of Chemistry

2a remain solvent-exposed (Fig. 2C). The compound 2a was
originally designed as a selective inhibitor of human histone
deacetylase-6 (HDAC-6). However, it displayed weak inhibitory
activity against HDAC-6 and low cytotoxicity.” Compound 2a
fulfilled the criteria to be included in URDL owing to its
convenient two step synthesis through Ugi reaction. For the
experimental validation, we synthesized 2a (over 95% purity by
HPLC) and evaluated it for binding by Micro Scale Thermo-
phoresis (MST). Pleasingly, 2a displayed a strong binding with

Binding studies
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Fig. 3 Dose-response curve of binding between compound 2a and
RbpA-6," complex.
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Fig. 4 SAR plan around 2a. Ugi MCR allows the exploration of regions
P1-P4 by employing diverse aldehydes, acid, isonitrile, and amine
components.
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o" with a dissociation constant (Kp) of 2.8 + 0.8 uM (Fig. 3), thus
validating the computational design. These results encouraged
us to carry out a SAR study for this series of compounds.

2.3 Chemistry

One of the reasons for using URDL was that the basic scaffold of
these molecules could be assembled in a single-pot multicom-
ponent reaction. Moreover, a series of analogues can be quickly
generated by simply using a different set of building blocks.*>*
Accordingly, for the SAR study we planned to explore different
regions P1-P4 of 2a scaffold arising from the four building
blocks of the Ugi reaction (Fig. 4).

Initially, we followed the synthetic procedure reported in the
literature report to obtain the intermediate 1a. Thus, a mixture
of 4-aminomethyl benzoic acid methyl ester, formaldehyde,
benzoic acid, and tert-butyl isocyanide was stirred at 15-25 °C,
providing 1a with satisfactory yield (Scheme 1).* The same
method was used to obtain Ugi adducts 1b-1r from other

R3NH R’
[o) b (o) N
~ — JY N
o Hydroxyaminolysis R2 o “OH
o
2a-2r
(30%-60%)
N
;,7( NN H
o o NH,
(o]
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(0]
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2t
(53%)
H
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e X o) ) NH,
o
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I S \ oH
(o]
2v o
(83%)

Scheme 1 Synthesis of derivatives of hit compound 2a. Reagents and conditions: (a) EtsN, MeOH (anhydrous), molecular sieves 4 A, N,, 15-25 °
C, 48 h, (b) NH,OH-HCL, KOH, 0 °C, 4 h, (c) NH,NH,-H,O, EtOH, 6 h, reflux. (d) O-methylhydroxylamine hydrochloride, methanolic KOH, 0 °C,
4 h, (e) 7 N ammonia in MeOH, NaOMe, 25 °C, 24 h, (f) MeOH, H,O, NaOH, 4 h, 25 °C.
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Fig. 5 Comparison of the binding poses of 2a with (A) 2b, (B) 2c, and (C) 2d.

aldehydes, acids, and isocyanide components. The reported
sodium methoxide-mediated hydroxyaminolysis, however, yiel-
ded unsatisfactory results with isolated yields up to 30% for the
hydroxamates. Nonetheless, the usage of KOH base at low
temperature worked well for the conversion of ester group to the
desired hydroxamates (2a-2r) in good to satisfactory yields
(Scheme 1).*° Since the modeling studies implied an important
role of hydroxamate function in forming H-bonds (Fig. 2D), we
also synthesized analogues with alternative moieties at region
P4. Thus, analogues 2s-2v were obtained from 1a using the
appropriate nucleophiles, while acid derivative 2v was obtained
by base-mediated hydrolysis of the ester 1a.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The purity (=95%) of all compounds was confirmed using
reverse-phase HPLC. The 1D NMR spectra of most of the
compounds revealed the presence of two sets of NMR signals
due to the cis—trans amide bond rotamers (Fig. S3).*** It was
further confirmed by performing NMR spectroscopy of 2a at
a higher temperature (60 °C) which led to the merging peaks
due to the rapid interconversion of two isomers. (SI, Fig. S2)

2.4. Modeling, binding studies and SAR analysis

The binding affinity of all ligand derivatives for M. tuberculosis
o” was evaluated using MST, as shown in Tables 1-4. Overall, we
did not find significant correlation between experimental

RSC Adv, 2026, 16, 14092-14106 | 14097
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Fig. 6 Comparison of the binding poses 2a with (A) 2e, (B) 2g, (C) 2m, (D) 2n, (E) 2i, (F) 2L, and (G) 2h.

binding and the in silico docking score. There could be several
reasons for this observation. First, pose-scoring algorithms
often fail to fully account for the entropic penalties and des-
olvation effects associated with binding events occurring in
cellular environment. More importantly, these compounds
feature a tertiary amide moiety, which exists as a mixture of cis

14098 | RSC Adv, 2026, 16, 14092-14106

and trans rotamers. Because the ground-state energy difference
(AG) between these rotamers is negligible in tertiary amides,
both forms are sampled during ligand preparation in the
Schrodinger suite and subsequently evaluated during the
docking process.' In a biological assay, the observed affinity is
a macroscopic result of the equilibrium between these two

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Compounds with substitution at the P2 position of 2a

View Article Online

RSC Advances

ZI

D R Docking score (kcal mol™) MMGBSA score (kcal mol™) Binding affinity K, (UM)
2a @/ —4.239 —64.28 2.8 4+ 0.8 uM
HSC\ _ _
2e 4.742 118.68 6.03 + 3.81 uM
I X
of N —4.107 —57.73 141 + 81 uM
OoN
2g Qﬂ _0.116 —46.76 7.7 + 4.48 uM
B
2h N~ —3.753 —86.37 162 + 139 uM
Cl
Cl
2i ©1 —3.965 —95.04 906 + 165 pM
H
N
2j m ~1.234 —57.84 78.5 + 66.2 tM
H
N
2k \ | —3.800 —68.15 26.7 + 21.4 uM
s~ NH
21 —4.311 —88.31 65 £ 57 uM
HN-N
2m &/\S —3.902 —61.85 12.5 & 66.2 M
~I
2n O — —4.049 —75.34 3.5 4 5.4 uM
OH
20 —3.465 —81.39 68 + 32 uM

S
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species, which may interconvert at different rates depending on
the specific analogue and assay conditions. However, docking
scores reflect most favourable binding for a single rotamer
(whether cis or trans). Furthermore, the hydrophobic nature of
the substituents resulted in poor aqueous solubility for several
compounds. Nevertheless, we noted a few SAR patterns that we
discuss below.

Initially, we screened analogues 2b-2d by varying aldehyde
components at the P1 region. While analogue 2b with a 4-
hydroxyphenyl ring (Kp, 237.3 uM), did not show good binding,
compound 2¢ (Kp 0.124 pM) and 2d (Kp, 0.699 pM, Table 1) di-
splayed significant affinity as compared to the 2a. All three
analogues displayed a different orientation than 2a (Fig. 5A-C).
The analogue 2c featuring a pyridine ring at the P1 position
displayed a distinct binding pose from 2a and suggested strong
binding with o*. However, the key interactions with Glu323 and
GIn322 were preserved (Fig. 5B). However, we did not synthesize
more analogues in this series, given the liability associated with
the inflated molecular weight and higher lipophilicity due to the
replacement of -H (in 2a) with other aromatic substituents.

We subsequently probed the P2 region by incorporating
different acid component in the Ugi reaction. In this series,
compounds 2e, 2g, 2m, and 2n displayed better binding and
fostered all key interactions like 2a (Fig. 6A-D). Compound 2g
with a para-nitrophenyl substitution has Ky, (7.70 + 4.48 uM)
comparable to 2a but showed a very distinct binding pose than
the latter. According to the modelling study, 2g missed a few
crucial interactions with Glu323 and GIn362 (Fig. 6B). The
analogue 2m with a smaller pyrazole at P2 showed a lower Kp

Table 3 Compounds with substitution at the P3 position of 2a

View Article Online
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value (12.5 £+ 66.2 pM) and displayed H-bond interactions
comparable to 2a. In addition, the pyrazole ring of 2m fostered
an additional H-bond with GIn322 (Fig. 6C). The compound 2n
displayed binding (Kp 3.5 + 5.4 uM) comparable to 2a but
a different pose resulting in fewer interactions with the
conserved residues (Fig. 6D). Other molecules in the P2 series
(2h, 2i, and 2I) showed very poor binding (Table 2) with ¢*. The
investigation of the binding poses revealed that compounds 2h
and 2i with 2-chloropyridine, and 2-chlorophenyl respectively,
exhibited very different binding poses lacking crucial interac-
tions with GIn362 (Fig. 6G and E). Compound 21 with thiazoli-
dine showed comparable binding poses and retained
interactions like 2a (Fig. 6F). In general, except for 2a and 2g,
the six-membered aromatic rings at P2 displayed poor binding
affinity. In contrast, compounds with smaller substituents, such
as a methyl group (2e, Kp 6.03 & 3.81 pM) or furyl (2n, Kp, 3.5 £
5.4 uM), seem to retain strong binding.

Next, we investigated the P3 region by varying the isonitrile
component of the reaction. Replacing the ter¢t-butyl group of 2a
with the benzyl 2p, cyclohexyl 2q, and naphthyl 2r rings was
detrimental to the binding affinity (Table 3). Interestingly, the
binding poses of all three analogues (2p, 2q and 2r) was similar
to 2a (Fig. 7). The compounds 2p and 2q retained the key
interactions with all three conserved amino acids while 2r di-
splayed interactions with only two amino acids (Glu323 and
GIn322, Fig. 7). Due to the limited availability of the commer-
cially available isonitriles, we could not evaluate further diver-
sity at this position.

H
N

(o)

\n/\N

ZT

OH

ID

~

Docking score (kcal mol™)

MMGBSA score (kcal mol ) Binding affinity Ky, (uM)

.

—4.239
2p @\}L —5.040
2q O/% —4.868
2r —~1.309
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—64.28 2.8 + 0.8 uM
—68.17 255 + 181 pM
—70.85 412 + 170 pM
—94.38 1690 + 1310 pM
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Fig. 7 Comparison of the binding poses 2a with 2q, 2p, and 2r.

Finally, we investigated the role of hydroxamate moiety (P4)
in target engagement as suggested by the docking pose of 2a
(Fig. 2D). Indeed, the replacement of hydroxamate with

Table 4 Compounds with substitution at the P4 position of 2a

View Article Online
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hydrazide (2s) or methoxyacetamide (2t) significantly weakened
binding (Table 4) underscoring the role of free ~-OH of hydr-
oxamate. Similarly, replacement of hydroxamate with a carbox-
ylic acid (2v) or an ester groups (1a) also markedly reduced
binding. Interestingly, converting hydroxamate into an amide
in 2u resulted in a 3-fold improvement in binding (Kp 0.9 uM)
compared to 2a. Notably, 2a and 2u adopt highly similar biding
poses, with hydroxamate and amide groups nearly superim-
posable and both fostering equivalent interactions with Glu323
(Fig. 8A). In contrast, derivatives 2s, 2t, 2v, and 1a bind in
a distinct orientation that lack key H-bond interactions with
conserved residues. Collectively, these data indicate that the
presence of an appropriately oriented H-bond donor capable of
engaging Glu322 and GIn362 is a critical requirement for strong
binding to o*, a feature retained only in 2a and 2u within this
subset of compounds.

2.5 Invitro transcription and RNAP-c* holoenzyme complex
assembly

Next, we evaluated all compounds for their ability to inhibit
transcription. The in vitro transcription assay was performed
using freshly purified RNAP (comprising the o, B, B’ and w
subunits) along with the associated transcription factors o,
RbpA, and CarD to drive transcription from a DNA template
with the M. tuberculosis TRNA AP3 promoter element. Multiple

D R Docking score (kcal mol ) MMGBSA score (kcal mol ) Binding affinity Kp, (uM)
2a % N\cl-)IH —4.239 —64.28 2.8 + 0.8 uM
NH
2s g_NIH 2 —-3.796 —54.16 510 + 508 uM
2t g\N/ ~ ~2.925 ~53.38 420 £ 0.9 M
H

2u é—NHz —4.260 —86.14 0.9+ 3 uM
2v —4.042 —38.84 89 + 0.01 yM

$—OH
la g_()\ —4.042 —59.26 1200 £+ 0.5 M
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Fig. 8 Comparison of the binding poses of 2a with (A) 2u, (B) 2t & 2s, (C) 2v, and (D) 1a.

protein preparations were evaluated to obtain an enzyme
sample that was free from the E. coli ¢’° contaminant. Only
batches of freshly purified enzyme that that did not show any
transcript in the absence of ¢ in the in vitro transcription
assays were subsequently used for the assays to evaluate effect
of ligand binding. Synthesized RNA transcripts were quantified
using the fluorescent RiboGreen® reagent, which selectively
binds RNA. A decrease in fluorescence intensity relative to the
control indicated inhibition of transcription by the test
compounds. A critical step in this context involves DNAse
treatment to the reaction mixture to ensure that there is no

14102 | RSC Adv, 2026, 16, 14092-14106

contamination due to traces of the promoter DNA template. As
expected, no transcript was detected in the absence of rNTPs,
confirming that the assay only reported on the mRNA formed
due to RNAP activity (Fig. 9A and B). The well characterized anti-
mycobacterial therapeutic agent, rifampicin (maintained at 1
mM), served as a positive control and was seen to completely
abolish transcript formation. It is important to reiterate in this
context that rifampicin is a competitive inhibitor of RNAP as
opposed to the compounds evaluated in this study that are
protein-protein interaction inhibitors.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Transcription inhibition by protein—protein interaction inhibitors.
bition of transcription in vitro by compound 2a (B) In vitro transcription

As expected, compound 2a displayed dose-dependent inhi-
bition of transcription indicating with almost 50% inhibition at
500 pM and complete inhibition at 1 mM concentration
(Fig. 9A). Evaluation of other analogues in the same assay

A) (B)
A | A
B B
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D D
E E
F F
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Fig. 10 In vitro screening of compounds against M. tuberculosis and
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(A) Normalized fluorescence intensity showing dose-dependent inhi-
assays of selected o* binders were evaluated at a fixed concentration.

highlighted 2u as another potent inhibitor of transcript
formation (1 mM concentration, Fig. 2B) correlating well with
its strong binding affinitiy (Table 4). In contrast, compounds
such as 2b, which showed weak binding, and others like 2¢, 2d,

© D)

50 uM

A

B

C

D

E 100 M
F

G

H

A [100.00| 0.39
B | 50.00 | 0.20
C | 25.00 | 0.10
D | 12.50 | 0.05
E | 625 [DMSO
F | 3.13 [DMSO
G| 156 | UT
H| 078 | UT

S. aureus. (A and B) Image of the 96-well plate showing effect of

compounds on M. tuberculosis H37Rv (A) and S. aureus (B) growth after 10 days and 48 h of incubation, respectively (top). Compounds were
screened at 250 uM in (A) and 100 uM in (B) according to the scheme shown in the table (bottom). (C) Growth inhibition of S. aureus was
determined in a 96-well plate in the presence of different concentrations of the active inhibitor (2u) varying from 100-0.10 uM, according to

a scheme shown in the table (bottom). Image of the plate captured after

48 h of incubation reveals 2u inhibits S. aureus growth at an MIC of 50

uM (top). (D) Examination of 2u reveals complete inhibition of growth at 50 uM and 100 uM concentrations (with LoD <10 CFU) in comparison to
untreated (UT) bacteria, thus indicating a bactericidal effect against S. aureus. DMSO and UT bacteria were simultaneously used as the vehicle and

the negative controls, respectively.
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21, 2p and 2q, despite having relatively better binding profiles,
did not produce a notable reduction in transcription. Interest-
ingly, derivatives with substitutions at positions P2 and P3,
notably 2m and 2r, exhibited moderate transcription inhibition
of up to 50% (Fig. 9B).

To determine if the observed transcriptional inhibition is
due to the direct disruption of the RNAP-c” interaction, we
employed MST to quantify the binding affinity (Kp) of the
holoenzyme complex. Under baseline conditions (5% DMSO),
o” bound to RNAP with an apparent Kp, of 109 + 50 nM (Fig. S3A
and Table S1). Pre-incubation with the negative control 2p
(Table 3) resulted in a comparable binding affinity (Kp, of 143 +
22 nM, Fig. S3B and Table S1). In contrast, the introduction of
compound 2u led to a marked decrease in binding strength,
with the apparent Ky, increasing to 1.78 &+ 2.7 pM. This repre-
sents an approximately 16-fold reduction in binding affinity
relative to the untreated control. These results together with
inhibition of transcription in the in vitro assay (Fig. 9) demon-
strate that 2a and 2u specifically and substantially weakens the
RNAP-c”* interaction.

2.6 Antibacterial studies

Finally, we evaluated the most promising analogues 2a and 2u
together with other analogues in whole-cell growth inhibition
assays against M. tuberculosis (H37Rv). Initial screening showed
no inhibition of mycobacterial growth at concentrations up to
50 uM (data not shown). Given that 2a inhibits in vitro tran-
scription significantly only at 700 uM (Fig. 9A), higher concen-
trations were tested. A 5% DMSO control (equivalent to that in
500 uM compound) inhibited M. tuberculosis growth, so results
obtained with 250 uM compound concentrations were consid-
ered. While most of the compounds remain ineffective,
a notable complete inhibition of growth was observed for
analogue 2u at 250 uM, as assessed by visualizing the pellet
formation after 10 days of incubation at 37 °C in a U-bottom 96-
well plate (Fig. 10A). This data likely reflects stronger tran-
scription inhibition by 2u at this concentration or permeation
liabilities of the polar hydroxamate moiety, which impedes
passive diffusion of 2a across membranes.”>>* Hydroxamates
are also known to suffer hydrolytic cleavage in cellular envi-
ronments, unlike the more robust amide functionality in 2u.”®

To investigate whether the observed lack of antibacterial
potency was a result of chemical instability, particularly
regarding the hydroxamate moiety in 2a, stability studies were
conducted in phosphate-buffered saline (PBS). Both 2a and its
amide control 2u, were monitored via HPLC over 48 hours.
Neither compound exhibited significant degradation or
changes in chromatographic profiles over 48 hours (Fig. S4),
indicating sufficient chemical stability, at least under the assay
conditions.

Given the pronounced structural similarity between RNAP
homologues (despite sequence differences) and the conserved
nature of the RNAP-o* binding interface across bacterial
species, we also evaluated these analogues against the Gram-
positive pathogen Staphylococcus aureus. Freshly grown S.
aureus cultures were incubated with individual compounds at

14104 | RSC Adv, 2026, 16, 14092-14106
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100 pM concentration in a U-bottom 96-well plate, and growth
was assessed by visualizing pellet formation after 48 h incuba-
tion at 37 °C. Among the 18 analogues tested, only 2u
completely inhibited growth (Fig. 10B), consistent with its
strong ¢ binding affinity, and potent inhibition of in vitro
transcription as well as M. tuberculosis H37Rv growth. Subse-
quently, a minimum inhibitory concentration (MIC) was
determined by incubating S. aureus with serial dilutions of 2u,
which revealed that 2u inhibits growth of S. aureus at an MIC of
50 pM (Fig. 10C). Most importantly, plating an aliquot of S.
aureus treated with 50 or 100 uM 2u and untreated culture on LB
agar plate clearly established the bactericidal effect of the
inhibitor (Fig. 10D).

Notably, compound 2a, the hydroxamate derivative of 2u,
once again proved inactive in the whole cell assay, despite
comparable transcription inhibition. This could be due to
ineffective binding of 2a with S. aureus o* indicated by the
docking studies discussed below (Section 2.7). Nevertheless,
2u's modest antibacterial potency against both pathogens vali-
dates the rational design strategy targeting the conserved RNAP-
o* interface for the discovery of novel transcription inhibitors.

2.7 Molecular docking of 2u with o* of S. aureus

To predict binding modes, we performed molecular docking of
both, 2a and 2u, with the ¢* of S. aureus (PDB 8X6F) obtained
using cryo-electron microscopy.*® Superimposition of S. aureus
and M. tuberculosis o* structures enabled the identification of
binding site for docking into S. aureus o* (Fig. S5A and S5B).

The docking pose of 2u in S. aureus c* closely resembled its
pose in M. tuberculosis o* (Fig. S5C vs. Fig. 8A). In both cases, the
amide -NH, fostered a H-bond with GIn202 (S. aureus
numbering; GIn362 in M. tuberculosis). Compound 2u also
formed an additional H-bond with the conserved residue
Asp159 (Asp319 in M. tuberculosis). In contrast, compound 2a
adopted different orientations in the o* factors of both organ-
isms (Fig. S5D vs. Fig. 8A). It lacked the H-bond with GIn202 in
S. aureus o* unlike its interaction with the corresponding
GIn362 in M. tuberculosis o*. However, 2a retained a H-bond
with Asp159 in S. aureus o*.

Compound 2a also exhibited a slightly lower docking score
with 8. aureus ¢* compared to 2u (3.03 vs. 3.30 kcal mol™).
Together, this molecular modeling study supports the stronger
interaction of 2u with S. aureus ¢* than 2a, consistent with its
superior antibacterial activity against S. aureus.

Overall, the data suggest that both 2a and 2u remain stable
under assay conditions and their poor cellular activity may be
due to the reduced passive permeation. This is especially true
for M. tuberculosis where the notoriously impermeable, lipid-
rich mycomembrane pose a well-documented challenge in
drug discovery.”” In contrast to 2a, 2u seems to maintain similar
binding pose in ¢ factors of both S. aureus and M. tuberculosis.

3. Conclusions

In summary, this is the first report describing a rational
approach for the design of non-competitive inhibitors of M.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tuberculosis transcription by targeting RNAP-c* interface. Using
sequence alignment and mutational analysis we established the
o* residues important for interacting with RNAP. We system-
atically explored a focussed MCR-based library (URDL), occu-
pying protein-protein inhibitor chemical space, for the
identification of c* binders. SBVS approach combined with an
efficient synthetic protocol expediated hit identification
yielding a hydroxamate compound 2a (K 2.8 uM). The MCR
modularity allowed for rapid SAR exploration across P1-P4
regions, generating 22 analogues in 1-2 steps. Ligand binding
and in vitro transcription assays revealed hydroxamate (2a) and
amide (2u) as potent RNAP-¢* disruptors, with nearly identical
docking poses with significant interactions with the conserved
o* residues. Unfortunately, the whole-cell activity was not
significant against M. tuberculosis, likely due to restricted
penetration across the mycomembrane. Nonetheless, amide 2u
exhibited bactericidal activity against S. aureus (MIC 50 pM),
displaying broader applicability of this scaffold for antimicro-
bial development.

While inhibitors of RNAP-c* interface of other bacterial
species are reported, a direct comparison of these inhibitors
with our series is not possible given the inherent differences in
the transcription machineries of M. tuberculosis and other
bacterial species. Structurally, our lead inhibitors 2a and 2u are
distinct than the other reported inhibitors. Nonetheless, these
compounds show similarity to reported inhibitors in terms of
higher micromolar concentrations required to inhibit the
growth of S. aureus in culture."***

Overall, this series is a viable starting point for the devel-
opment of broad-spectrum bacterial RNAP inhibitors. The
facile, two-step synthesis demonstrated here highlights the
utility of MCRs in accelerating the drug discovery cycle. Future
efforts will prioritize amide-based analogues to improve cellular
permeability and antibacterial potency. Additionally, combina-
tion studies evaluating potential synergy with competitive RNAP
inhibitors, such as rifampicin, remains to be examined.
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Abbreviations

BPB Bromophenol blue

CarD Caspase recruitment domains

DMSO Dimethyl sulfoxide

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

Kp Dissociation constant

HEPES  2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid

HPLC High-performance liquid chromatography

HRMS High-resolution mass spectrometry

HTVS High throughput virtual screening
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MIC minimum inhibitory concentration

MMGBSA Molecular mechanics with generalised born and
surface area

MST Microscale thermophoresis

NMR Nuclear magnetic resonance

PAGE Polyacrylamide gel electrophoresis

RbpA RNA polymerase-binding protein A

RNAP RNA polymerase

NTPs A ribonucleotide triphosphate

SAR Structure-activity relationship

SLS Sodium lauryl sulphate

TLC Thin layer chromatography

URDL Ugi reaction-derived library

UT Untreated
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