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Abstract. Relevance. Growing resistance of bacterial pathogens to antibiotics is a fundamental threat to healthcare worldwide.
Many antibiotics currently used in clinical practice were developed decades ago, and their efficiency has been declining over
time. Research efforts focusing on identification and optimization of new promising antibacterial compounds and new molecular
targets in bacterial cells establish the foundation for developing new potent antibiotics relevant to modern day clinical needs. The
bacterial RNA polymerase is a validated target for a number of natural, semisynthetic, and synthetic antibacterial compounds.
This essential enzyme maintains a high potential for developing a new generation of antibiotics. Materials and methods. We
prepared a complex of recombinant Escherichia coli RNA polymerase with a new small-molecule transcription inhibitor, and
studied it using cryoelectron microscopy to determine the mechanism of inhibition. Results and discussion. The current work
establishes the molecular basis of RNA polymerase inhibition by the compound N-(9H-fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]
triazolo[4,3-a]pyridine-8-carboxamide (compound A) that blocks transcription through binding to a previously unknown binding
site. We describe interactions of the compound A with RNA polymerase and reveal its mechanism of action that involves steric
restriction of template DNA binding in the enzyme active site. We demonstrate that the compound A targets only certain types
of transcription complexes since its binding site is formed in part by a dissociable subunit of RNA polymerase. Conclusion.
The results of the study may be used for development of conjugates of rifamycins with the compound A to obtain a new class
of bacterial RNA polymerase inhibitors with a new mechanism of action.
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Introduction

Antibiotics are a pillar of modern medicine; however,
existing antibacterial drugs are increasingly proving
ineffective in treating infectious diseases due to the growing
prevalence of drug-resistant bacterial pathogens [1].
Revolutionary changes in structural biology, particularly
the increasing availability and efficiency of cryo-electron
microscopy, are leading to the rapid accumulation of solved
structures of biological macromolecules, facilitating the
dissemination of methods for the targeted design of
inhibitors of essential target molecules in bacterial cells
for the development of new antibacterial drugs [2—4]. The
structure of a complex of a biological macromolecule with
an inhibitor allows for a detailed study of the molecular
mechanism of inhibition, thereby creating the opportunity
for sequential structural modification and optimization
of the original inhibitor for the rational design of a new
inhibitor with increased affinity and efficacy.

Bacterial RNA polymerase is an enzyme essential
for gene expression, cell growth, and division [5].
During transcription, the bacterial RNA polymerase
core enzyme (with the subunit formula a23'®) binds
the o factor for specific recognition and binding to
the gene promoter and initiates de novo synthesis of
RNA transcript [6]. Bacterial RNA polymerase has
a shape commonly described as a “crab claw”, with
the active site at its base located deep within the main
binding channel for DNA and RNA substrates [7].

PHARMACOLOGY

The catalytic center of bacterial RNA polymerases is
formed by a rather conserved amino acid sequence
that has low homology with the catalytic centers of
eukaryotic RNA polymerases, which allows bacterial
RNA to be used as a target for the development of
broad-spectrum antibiotics with high selectivity [8—14].

Currently, antibiotics that inhibit bacterial RNA
polymerase and are approved for clinical use belong to
two classes: rifamycins and fidaxomicin. Rifamycins,
widely used to treat tuberculosis and other infectious
diseases [15], bind RNA polymerase in a shallow
pocket within the active site and sterically block
elongation of the RNA transcript after it reaches
a length of 2-3 nucleotides [16]. Fidaxomicin, used
to treat Clostridium difficile infections [17], binds to
RNA polymerase at switches, blocking conformational
changes required for the formation of an open promoter
complex [12]. A recent study analyzing components
of a library of small molecules that bind to bacterial
RNA polymerase revealed a novel component, N-(9H-
fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]triazolo[4,3-a]
pyridine-8-carboxamide (compound A), with
antibacterial activity [18]. This molecule was found to
inhibit transcription in rifamycin-resistant E. coli strains,
and mutations in RNA polymerase associated with
acquired resistance to compound A were located outside
the known binding sites of bacterial RNA polymerase
inhibitors. The aim of this work was to investigate the
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binding site of the inhibitor compound A in E. coli RNA
polymerase and to establish the molecular mechanism
of transcription inhibition.

Materials and methods

E. coli RNA polymerase
E. coli RNA polymerase 670 holoenzyme was
prepared as described previously [9].

Sample preparation for cryo-electron microscopy

An aliquot of E. coli RNA polymerase
070 holoenzyme was thawed on ice, and 10 pL of
20 pM enzyme were mixed with 1 pL of 1 mM N-(9H-
fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]triazolo[4,3-a]
pyridine-8-carboxamide (Merck; CAS No. 2095432-38-3)
diluted in DMSO (Sigma-Aldrich), 2 pL of buffer (10 mM
Tris-HCI, pH 7.6, 100 mM NaCl, 0.1 mM EDTA, 5 mM
dithiothreitol), and 7 pL of distilled water. After 20 min of
incubation at 25 °C, the complex was immediately applied
to cryo-electron microscopy substrates. Substrates with cryo-
electron microscopy samples were prepared on a Vitrobot
Mark IV autoplunger (FEI/ThermoFisher) at 22 °C and
100% humidity in the blotting chamber. Samples (3 pL)
were applied to 2/1 Quantifoil Cu 300 holey-carbon grids
(Quantifoil), treated for 60 s in a PELCO surface charge
remover (Ted Pella) immediately before application. Grids
with samples were blotted with #595 filter paper disks for 7
s at 22 °C, after which they were flash-frozen by plunging
to liquid ethane cooled with liquid nitrogen. The prepared
grids with the sample were stored frozen in liquid nitrogen
until the beginning of experimental data collection.

Cryo-electron microscopy:
data acquisition and processing

Experimental data were collected at the Rutgers
University Cryo-Electron Microscopy and Nanoimaging
Facility (USA) on a Talos Arctica 200 keV electron
microscope (FEI/ThermoFisher) equipped with a GIF
Quantum K2 direct electron detector (Gatan). Data
were collected automatically using the EPU software
(FEI/ThermoFisher) at a nominal resolution of
130,000x, a calibrated pixel size of 1.038 A/pixel, and
a irradiance of 4.8 electrons/pixel/sec. Video images
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were recorded at 200 milliseconds/frame for 6 sec
(30 frames), resulting in a total cumulative irradiance
dose of 26.7 electrons/A2. The defocus distance ranged
from —1.25 pm to —2 pm. 2000 micrographs were
recorded from one sample substrate over 2 days.
Micrographs were normalized and corrected for
defects. Data processing was performed on a Tensor TS4
Linux GPU workstation equipped with four GTX 1080
Ti video cards (NVIDIA). Dose-dependent correction
of particle motion (3 x 3 tiles; b-factor = 150) was
performed using Motioncor2 [19]. Contrast transfer
function (CTF) estimation was performed using
CTFFIND-4.1[20]. Post-processing of images was
performed using Relion 3.0 [21]. Automatic particle
extraction using a Laplace-Gaussian filter yielded a set
of 364,630 particles. Particles were extracted using
a 250 x 250 pixel extraction square and subjected to
reference-free 2D classification, removing sparsely
populated and misshapen classes. This yielded a set of
107,112 selected particles. This set was then subjected
to 3D classification using C1 symmetry and a de
novo 3D model obtained using 3D_initial_model in
Relion 3.0. Classes with clear density corresponding
to RNA polymerase were combined and subjected to
automatic 3D refinement. The resulting particle set was
further refined using the “solvent flattening” setting
and postprocessed, with a final reconstruction of the
complex at a resolution of 3.9 A, determined according
to the Fourier distribution correlation (FSC) standard.
The initial atomic model was constructed based on
the 070 structure of the E. coli RNA polymerase
holoenzyme obtained by X-ray crystallography (PDB
4KN?7) [9]. The structure of compound A was drawn
in an online graphics editor, converted into a SMILES
formula in an online converter, and processed in the
eLBOW program [22] in PHENIX 1.20.1-4487 [23].
The resulting structure of compound A was manually
fitted into the additional electron density present in
the active site of the initial RNA polymerase model,
after which the model was subjected to several rounds
of manual refinement in Coot [24] and automated
refinement using real-space refinement in PHENIX
1.20.1-4487 [23]. Visualization of the resulting structure
was performed using Coot and PyMOL (Schrédinger).
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Results and discussion

Binding site and mechanism of transcription
inhibition of compound A

In the study identifying compound A as a bacterial
transcription inhibitor [18], mutations leading to
resistance to compound A were clustered in a small
segment of RNA polymerase comprising the [3' and ®
subunits (Figure 1a). For this reason, initial analysis
of the electron density map of the resulting RNA
polymerase complex with compound A expected to see
additional electron density at this site, corresponding to
the bound inhibitor. However, additional electron density,
with a size and geometry consistent with compound A,
was found away from the putative binding site, within
the main RNA polymerase channel near the catalytic
center and the rifamycin-binding site (Figure 1a).
compound A was inserted into this additional electron
density, and its interactions with RNA polymerase were
analyzed (Figure 1 b, c). The binding site of compound
A is a shallow pocket formed by amino acid residues
of the ' and 070 subunits. The ' subunit interacts with
compound A via ' amino acid residues L.255, D256, and
R259, which are part of the conserved structural element,
the ' lid, which contacts the active site RNA during
transcription and promotes the separation of RNA from
DNA in the RNA-DNA hybrid [25]. The 670 subunit
interacts with the inhibitor via 670 amino acid residues
1505, 1511, and F522, which are part of the conserved
domain 3.2 of the basic o-factor (Figure 1 b, ¢). Domain
3.2 of the o-factor interacts with RINA at the early stages
of transcription initiation, preventing its elongation after
reaching a length of 4-6 nucleotides [26] and blocking
the RNA exit channel from the transcription complex,
which triggers o-factor dissociation during the transition
from transcription initiation to elongation [27]. Thus,
since the binding site of compound A is present only
in the free RNA polymerase holoenzyme, the inhibitor
presumably blocks transcription at the stage of promoter
complex formation and is unable to affect transcription
at other stages. Modeling of the DNA open promoter
complex (PDB 4YLP) [28] into the derived structure of
the RNA polymerase complex with compound A shows
that binding of the template DNA strand leads to a steric
clash with one end of compound A (Figure 2), prevents
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the formation of contacts between the template DNA
strand and the amino acid residues of the f3' cap, and does
not allow the template DNA strand to assume a position
in the catalytic center that promotes optimal placement
of the first two ribonucleotides during the formation
of the first phosphodiester bond during transcription
initiation. The combination of these factors explains
the mechanism of bacterial transcription inhibition by
compound A. However, the obtained structure leaves
open the question of the allosteric mechanism of
resistance to the inhibitor of RNA polymerase variants
with mutations in the ' and w subunits, discovered in
a previous study [18].

Potential of a new binding site for
the development of antibiotics

Given the low affinity of compound A for bacterial
RNA polymerase (Kd ~ 3 pM) [18], the potential of
the inhibitor as a platform for the development of
a new stand-alone antibiotic seems low. However,
in recent years, studies of the activity of drug
conjugates based on drugs used in clinical practice
have become increasingly common in the field of
medicinal chemistry. A recent study provides an
example of the successful development of a new type
of antibiotic by chemical conjugation of rifabutin
with metronidazole, which made it possible to
achieve a synergistic effect and high efficacy in the
treatment of infectious diseases caused by H. pylori,
including drug-resistant strains [14]. We note that
in RNA polymerase, compound A and rifamycin
antibiotics such as 25-O-benzoyl-rifabutin [13]
and TNP-2198 [14] are separated by a distance of
9-12.9 A (Figure 3 a, b). This observation suggests
that compound A and rifamycin antibiotics can be
conjugated using a linker to create novel antibacterial
compounds with enhanced affinity for bacterial RNA
polymerase. Such conjugates may have a different
mechanism of transcription inhibition than both parent
molecules, based on complete steric blocking of the
template-strand DNA loading to the active site of the
RNA polymerase holoenzyme by a linker connecting
the two pharmacophores. The synthesis and testing of
such compounds will be the subject of future research.
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Figure 1. Structural basis of bacterial RNA polymerase inhibition. (a) Model of the transcription initiation complex of E. coli RNA
polymerase. RNA polymerase, rifampin, and compound A are shovvn in gray, red, and green, respectively. The Mg?* ion in the
active site is shown as a yellow sphere. Amino acid residues in the B’ and w subunits, mutations in which lead to resistance

to the inhibitory action of compound A, are shown in the enzyme structure as blue and orange spheres. (b) The binding site of
compound A. Some structural elements of the binding site that obscure the view have been omitted for clarity. The experimental
three-dimensional electron density of compound A is shown as a blue grid with an embedded atomic model of compound
A colored according to atomic composition. The 8" and 670 subunits are shown in gray and orange, respectively. The side
chains of the amino acid residues of the B’ and 670 subunits interacting with compound A are colored according to their atomic
composition. (¢) Schematic representation of the interactions of compound A with the amino acid residues in the binding site.
Van der Waals interactions are shown as blue arcs, hydrogen bonds are indicated by blue dashed lines, and the m-stacking
interaction is marked with the letter T.

Figure 2. Mechanism of bacterial transcription inhibition by compound A. Some structural elements of RNA polymerase that
obscure the overview have been omitted for clarity. compound A, B, B, and 670 subunits are shown as in Figure 1a-b. The DNA
model is shown in blue. The collision of the template-strand DNA with compound A in the open promoter complex of E. coli RNA
polymerase is shown by the red dotted oval
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Figure 3. Relative positioning of compound A and rifamycin antibiotics in the binding sites of bacterial RNA polymerase. Some
structural elements of RNA polymerase that obscure the overview have been omitted for clarity. Compound A, B, 8', and 670
subunits are shown as in Figure 1b. (a) Modeling of compound A and 25-0-benzoyl-ribofabutin in the active site of E. coli RNA
polymerase. The atomic model of 25-0O-benzoyl-ribofabutin is shown in red. The minimum distance between compound A and
25-0-benzoyl-ribofabutin is shown as a dotted line. (b) Modeling of compound A and TNP-2198 in the active site of E. coli RNA
polymerase. The atomic model of TNP-2198 is shown in magenta. The minimum distance between compound A and TNP-2198
is shown as a dotted line.

Conclusion
The obtained results expand the existing list of

inhibitor binding sites in bacterial RNA polymerase and
provide an opportunity for the rational design of new
antibacterial drugs that inhibit bacterial transcription by
binding to this site. Further research in this direction can
be aimed at creating dual inhibitors based on rifamycins
and compound A-like conjugates that bind to bacterial
RNA polymerase at both binding sites simultaneously.
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AHnHoTanusa. AknyaibHocmsb. PacTyiasi ycTORUMBOCTb OaKTepHabHBIX MAaTOreHOB K aHTHOHMOTHKAM IpeJCTaB/sieT
co6oli GpyHZaMeHTaIbHYIO YTPO3y [jIs1 3[paBOOXpaHeH st BO BceM MUpe. MHOrve aHTUOMOTHKH, UCIO/Ib3yeMble B HACTOSIIIIee
BpeMsi B KIIMHUUECKOU MpakKTHKe, ObI/IM pa3paboTaHbl jeCATUNIeTHs Ha3a/l, ¥ UX 3Q(eKTUBHOCTb CO BpeMeHeM CHIKAEeTCsl.
VicenenoBaHusi, HarpaB/ieHHbIe HA WIeHTU(UKALIMIO U ONTUMU3aLUI0 HOBBIX MePCIeKTUBHBIX aHTHOAKTepUaIbHBIX COeJMHEeHHH
Y HOBBIX MOJIEKY/ISIPHBIX MUILIIeHel B 6akTeprabHBIX KJIeTKax, 3aK/1abIBal0T OCHOBY [ijisl pa3pab0TKH HOBBIX CHITBHOZJEHCTBY-
IOIMX aHTHOMOTHKOB, OTBEUAFOIIMX COBPEMeHHBIM KJIMHIYeCKUM roTpebHocTsiM. bakTepuanbHas PHK-nonuMepasa siesieTcst
TIO/ITBEP)KJeHHOM MHUILLIEHBIO /1751 Psifia IPUPO/HBIX, MOTYCHHTETHYeCKUX U CHHTeTHYeCKUX aHTHOAKTepHalbHbIX COeJMHEHUM.
OTOT BaXKHBIN epMeHT 00s1a/jaeT BBICOKMM TTOTEHIMAIOM Ji/isi pa3paboTKH HOBOTO MOKOJIEHUsI aHTHOMOTHKOB. Mamepuasbl
u MemoOdbl. Ml TIonyuriv Komruiekc pekombuHanTHori PHK-nionumepasel Escherichia coli ¢ HOBBIM HU3KOMOJIEKY/ISIPHBIM
WHTUOWTOPOM TPAHCKPUITLMY Y U3YUH/IH ero C TIOMOILbI0 KPUO3TeKTPOHHON MUKPOCKOMHH /ISl OTIpe/ie/IeHUs] MeXaHh3Ma
uHrubupoBaHus. Pesyibmambi u 0bcyxcoeHue. B nanHOM paboTe ycTaHOB/IeHA MOJIEKy/IsipHasi OCHOBa MHIMOWPOBaHUs
PHK-nonumepas3si coepunervieM N-(9H-duyopen-9-un)-3-(2-metunnponun)-[1,2,4]tpua3zonol4,3-a]nupuaun-8-kapbokca-
MHIOM (coefHeHHe A), KOTOpoe G/IOKHUpYeT TPAHCKPHITLMIO TTYTeM CBSI3bIBAHHsI C PaHee HEM3BEeCTHBIM CaliTOM CBSI3bIBAHMS.
Me1 ornvcbiBaeM B3auMo/ieticTBue coefuHeHusi A ¢ PHK-momMepa3oit ¥ packpbiBaeM ero MeXaHW3M [1eACTBUS], KOTOPBIM
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BKJIIOUAET CTepUUeCKOoe OrpaHUUeHHte CBs3bIBaHUs MaTpuuHOU [THK B akTMBHOM 1]eHTpe hepmeHTa. MBI [eMOHCTPUPYEM, UTO
coeUHEHHe A HarleJIeHO TOJIBKO Ha OTIpe/ie/IeHHbIe TUIThI TPAHCKPHITIIMOHHBIX KOMITJIEKCOB, TIOCKO/IBKY €TI0 CAUT CBSI3bIBAHUS
yacTUYHO 00pa3oBaH Aucconuupyemon cyoseaunuiiert PHK-momumepasbl. BbigoObl. Pe3ynbTaThl UCCIeIOBAHUS MOTYT OBITh
WCTIO0/Tb30BaHBbI /1151 pa3paboTKH KOHBIOraTOB PU(PAMHUIIMHOB C COeTUHEHUEM A C 1]e/TbIO TIOTyUeHUsT HOBOTO K/lacCa MHTMOWTOPOB
6akrepuanbHOi PHK-o/MMepasbl C HOBBIM MEXaHHU3MOM /1€HCTBUS.
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