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The increasing prevalence of multidrug-resistant pathogens necessitates the urgent development of new antimicrobial 
agents with innovative modes of action for the next generation of antimicrobial therapy. Bacterial transcription has been 
identified and widely studied as a viable target for antimicrobial development. The main focus of these studies has been the 
discovery of inhibitors that bind directly to the core enzyme of RNA polymerase (RNAP). Over the past two decades, 
substantial advancements have been made in understanding the properties of protein-protein interactions (PPIs) and 
gaining structural insights into bacterial RNAP and its associated factors. This has led to the crucial role of computational 
methods in aiding the identification of new PPI inhibitors to affect the RNAP function. In this context, bacterial transcriptional 
PPIs present promising, albeit challenging, targets for the creation of new antimicrobials. This review will succinctly outline 
the structural foundation of bacterial transcription networks and provide a summary of the known small molecules that 
target transcription PPIs.

1. Introduction
Bacterial infections have posed significant challenges to human 
health for centuries, and the discovery of antibiotics 
revolutionized the field of medicine by providing effective 
treatments 1. However, the rapid emergence and spread of 
antibiotic resistance among bacterial pathogens have 
compromised the efficacy of these life-saving drugs 2-4. 
Therefore, developing new antibacterial therapeutics with 
novel mechanisms of action is crucial to addressing the ongoing 
antibiotic resistance crisis. 

RNA plays a crucial role in the life cycles of organisms across the 
three domains of life, and its synthesis is referred to as 
transcription 5. Generally, RNA is synthesized using DNA as a 
template, resulting in the production of different types of RNA 
molecules, such as messenger RNA (mRNA), transfer RNA 
(tRNA), and ribosomal RNA (rRNA) 6. These RNA molecules are 
then utilized in translation, in which proteins are synthesized in 
a mRNA-dependent manner 7, 8. Notably, some RNA viruses use 
their RNA genome as a template to synthesize mRNA or make 
an complementary DNA (cDNA) molecule from the RNA 

(reverse transcription), subsequently using it to advance their 
life circle in host cells 9, 10. 

Bacterial transcription is an attractive target for the 
development of antibacterial agents 11, 12. Generally, there are 
two strategies targeting bacterial transcription. The first 
involves the direct inhibition of subunits within RNA polymerase 
(RNAP), while the second is the disruption of the contacts 
between transcription factors and RNAP core or other factors. 
Over the past decades, various classes of antibacterial agents 
have been developed to bind to different sites on bacterial 
RNAP, including clinically available compounds rifamycin and 
lipiarmycin 13, 14. In recent years, significant progress has been 
made in elucidating the structures and functions of 
transcription factors and their contacts with RNAP and other 
factors. Of note, the identification of critical residues, often 
referred to as “hotspots”, has facilitated the discovery of 
protein-protein interaction (PPI) inhibitors with potent 
antimicrobial activity. 

Previously, Ma et al. reviewed the bacterial transcription and 
inhibitors that bind to different sites on RNAP 11. More recently, 
the development of modulators of bacterial PPIs and natural 
products as antimicrobial agents are summarized 15, 16. In this 
perspective, we aim to present the current status of research 
on bacterial RNAP and transcription factors, especially those 
that have the potential to be targets for the development of 
next-generation antibacterial therapeutics. We will emphasize 
the inhibitors that have been identified thus far and discuss the 
methods used to screen the hit compounds and their 
subsequent optimization process. 
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2. RNA polymerase and clinically used inhibitors 
2.1. RNA polymerase 

In all three domains of life, multi-subunit RNAPs are the primary 
enzymes responsible for catalyzing the synthesis of RNA from a 
DNA template during transcription. Bacteria and archaea utilize 
only one type of RNAP to transcribe all their genes, whereas 
eukaryotes utilize four different types of RNAPs (RNAP I, II, III 
and IV) that transcribe specific subsets of genes without 

overlapping 17. Amongst, RNAP II is specifically responsible for 
the synthesis of mRNA. 
 
It becomes increasingly clear that all RNAPs are derived from a 
common ancestor, as evidenced by their amino acid sequence, 
subunit composition, structures, functions, and molecular 
mechanisms 18, 19. Moreover, the subunit arrangement of all 
RNAPs shares a common architecture consisting of five 
subunits, which form the universally conserved core of the 
RNAP 20. This core structure, which primarily represents the 
modern bacterial RNAP, accounts for about 75% of the protein 
mass in archaeal and eukaryotic RNAPs (Fig. 1) 21. 
 
Bacterial RNAP is the simplest form of RNAP found among the 
three domains of life and exists in two forms: the core enzyme 
and holoenzyme. The core enzyme consists of five subunits: α-
dimer (α2), β, β’ and ω 18. The binding of a single protein, the 
initiation factor σ, to the core enzyme results in the formation 

of a holoenzyme, which is the active form of RNAP that is 
essential for transcription initiation 22. 
 
Eukaryotic RNAP II, on the other hand, are composed of Rpb1 
to Rpb12 subunits, with the numbering based on the subunits 
in Saccharomyces cerevisiae, whereas the archaeal RNAP 
subunits are named Rpo1 to Rpo13 23. It is noteworthy that, 
although archaea and bacteria are both prokaryotes, at the 
molecular level, archaea RNAP is much more closely related to 

eukaryotes than bacteria. 24 This relationship is supported by 
molecular characterization and further reinforces the division 
between the bacterial and archaeal-eukaryotic branches of the 
universal tree of life. Notably, one of the structural evidence is 
the presence of a stalk-like protrusion in the core of archaeal 
and eukaryotic RNAP at a right angle to the transcription 
direction, which is absent in bacterial RNAP (Fig. 1) 25. 
 
Structural studies of bacterial RNAP date back to the mid-1960s, 
and the crystallization of RNAP isolated from Thermus 
thermophilus was first reported in the late 1970s 26. In 1999, 
Darst et al. described the X-ray crystal structure of bacterial 
RNAP core enzyme (PDB 1HQM) (Fig. 2), which was isolated 
from T. aquaticus 26, 27. The core enzyme exhibits a crab claw 
shape, with a central active site and pincers that bind DNA 
between them 28. One arm of the claw is primarily the β subunit, 
and the other is primarily the β’ subunit. The assembly of the β 
and β’ subunits is aided by the dimer of the α subunit N-terminal 

Fig. 1 Evolution of RNAP structures in the three domains of life from the last universal common ancestor (LUCA). Bacteria: Thermus aquaticus (PDB 1I6V); Archaea: Saccharolobus 
shibatae (PDB 2WAQ); Eukaryotes: Saccharomyces cerevisiae RNAP II (PDB 1Y1W). Universally conserved RNAP core subunits are denoted in gray, while subunits unique to the 
archaeal-eukaryotic lineage are labeled and colored density blue. 
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domain (αNTD), and the ω subunit completely wraps around 
the C-terminal tail of β’ subunit 27, 28. 
 
Studies have shown that the active sites of RNAPs are highly 
conserved across the three domains of life. These active sites 
are located in the cleft formed by the largest RNAP subunits, 
β/β’ in Bacteria, Rpb1/Rpb2 in Eukarya, and Rpo1/Rpo2 in 
Archaea 29, 30. In the vicinity of the active site, the α-helical 
“bridge” (bridge helix, BH) connects the β and β’ clamps, and 
the two flexible α-helices form a “trigger” loop (TL). In addition 
to the active site, the cleft contains the primary, secondary, and 
RNA exit channels (Fig. 2). These structural features form the 
structural basis for the functions of RNAP 26. 
 
During bacterial transcription, the RNAP utilizes several 
channels to facilitate the process. The primary channel 
accommodates the double-stranded DNA (dsDNA) template 
and guides it into the active center cleft of the RNAP. The switch 
region facilitates conformational changes of the RNAP enzyme, 
enabling the proper loading of DNA into the active center cleft. 
Meanwhile, nucleoside triphosphates (NTPs) enter the active 

center through the secondary channel, serving as building 
blocks for RNA synthesis. As transcription proceeds, the 
RNA/DNA hybrid strand is threaded through the active center, 
and the RNA chain is extruded through the RNA exit channel 31. 
These channels, hence, play essential roles in the progression of 
bacterial transcription by facilitating the movement of DNA, 
NTPs, and the synthesized RNA within the RNAP complex. 
 
2.2. Inhibitors binding to bacterial RNAP directly 

RNAP is an essential enzyme for the viability of organisms and 
has consequently become a proven target for antibacterial 11, 16, 

32, anticancer 33 and antiviral 34, 35 drug discovery. In the context 
of bacteria, RNAP is a critical enzyme for gene expression, 
making it an attractive target for antibacterial therapies. 
Moreover, RNAP is highly conserved in a wide range of bacterial 

species, providing a basis for broad-spectrum activity. Together 
with its low conservation characteristic in eukaryotic RNAPs, 
which offers a basis for therapeutic selectivity, RNAP is a 
promising target for antibacterial drug development 36. 
 
Currently, bacterial RNAP is the target of two classes of 
antibacterial drugs in clinical use: rifamycin and lipiarmycin 
(fidaxomicin) 22. In addition, several other bacterial RNAP 
inhibitory agents have been reported, including sorangicin and 
GE23077 as primary channel inhibitors, streptolydigin, 
salinamide and CBR703 as inhibitors targeting the mobile 
element of the primary channel, tagetitoxin and microcin J25 as 
secondary channel inhibitors, and myxopyronins and 
squaramides as switch region inhibitors 11, 16. The binding sites 
of these inhibitors are illustrated in Fig. 3. However, despite 
their potential, none of them enter clinical use as 
antimicrobials. This is mainly due to their binding sites being 
located at or near the active site of RNAP, making the 

Fig. 2 Structural overview of RNAP core and functional motifs from T. aquaticus (PDB 1HQM). A) Secondary channel view; B) Primary channel view. The structure is represented as 
colored ribbons with important domains and structural elements indicated. The directions of primary, secondary and RNA exit channels are indicated by black dashed arrows.
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development of resistance through point mutations more likely. 
In addition, most of the molecules are natural products with 
complex structures which are difficult to prepare 11. 
 
Rifampicin. Rifampicin is one of the most successful antibiotics 
introduced in the 1960s and remains a first-line drug for the 
treatment of tuberculosis. In the crystal structure of T. 
aquaticus RNAP core complexed with rifampicin, it has been 
observed that rifampicin binds to a pocket within the β subunit 
of RNAP, located in the main RNA/DNA hybrid channel with 
more than 12 Å away from the active site of RNAP (Fig. 4) 37. 
Bacteria become resistant to rifampicin mainly through 
mutations in the residues of the binding pocket, as well as 
through other mechanisms, such as duplication of the target, 
the action of RNAP-binding proteins, modification of rifampicin 
itself, and alteration of cell permeability 38. 
 
Lipiarmycin. Unlike rifampin, lipiarmycin preferentially inhibits 
holoenzyme transcription at a much greater rate than the 
transcription of the core enzyme 39. Lipiarmycin targets the σ70 
(in Escherichia coli) subunit region 3.2 and the RNAP β’ subunit 
switch-2 element, which controls the clamping of promoter 
DNA within the RNAP active-site cleft. Upon binding, the 

isomerization of the closed-to-open promoter complex is 
disrupted 40. The Cryo-electron microscopy (Cryo-EM) structure 
of Mycobacterium tuberculosis RNAP holoenzyme in complex 
with fidaxomicin at 3.5 Å resolution demonstrated that the 
binding site of fidaxomicin on RNAP does not overlap with the 
binding sites of other RNAP inhibitors, including rifampicin (Fig. 
3 & 4) 41. 

3. Bacterial transcription cycle 
During the past few years, exciting progress has been made in 
understanding the bacterial transcription cycle, especially 
through the application of single-molecule techniques. These 
techniques enable us to visualize the real-time movements of 
RNAP on the DNA template, providing a wealth of quantitative 
and direct information about transcriptional structures and 
dynamics 42, 43. In general, the transcription cycle can be divided 
into three phases: initiation, elongation, and termination. While 
the RNAPs and general transcription cycle are conserved across 
the three domains of life, details of the regulators in each phase 
of the cycle can differ among and within different domains of 
life. In bacteria, the evolution of transcription factors is a good 
example of this. 
 
To ensure transcription in a temporally and spatially 
coordinated manner during cell growth and development, the 
enzymatic activity of bacterial RNAP is tightly regulated by a 
host of transcription factors throughout all stages of the 
transcription cycle (Fig. 5) 44. These factors interact with RNAP 
through PPIs and directly modify its properties at different 
stages of transcription. Therefore, these factors and their 
binding sites on RNAP represent potential targets for 
developing novel drugs. 
 
 
 
 
 

Sorangicin

CBR703

Rifamycin
Kanglemycin
GE23077
Salinamide

Pseudouridimycin
Streptolydigin

Myxopyronins
Corallopyronin
Fidaxomicin

Fig. 3 RNAP inhibitors and their corresponding binding sites.

Fig. 4 X-ray structure of rifamycin in complex with RNAP (gray, PDB 1I6V) and Cryo-EM 
structure of fidaxomicin in complex with RNAP (density blue, PDB 6FBV). Rifamycin and 
fidaxomicin are colored red and green, respectively.
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3.1. Transcription initiation 

In bacteria, transcription initiation is a crucial regulatory step in 
gene expression regulated by σ factors 45. Although the RNAP 
core is competent for RNA polymerization, it requires a σ factor 
for promoter recognition and opening 46. Under normal growth 
conditions, all bacteria possess a primary housekeeping σ factor 
(such as σ70 in Gram-negative bacteria and σA in Gram-positive 
bacteria) that controls the transcription of essential genes 47. 
Furthermore, the σ70 family of sigma factors is further divided 
into four major groups. Group 1 comprises the primary σ factor, 
such as σ70 in E. coli. Groups 2 to 4 comprise alternative σ factors 

that play crucial roles in regulating the expression of specific 
regulons under stress conditions. These alternative σ factors 
competitively bind to the core RNAP, thereby directing it to 
specific promoters and regulating the transcription of genes 
associated with stress responses or specialized functions 48. 
 
Progress in structural biochemistry enables the visualization of 
the structure of σ factor and its interactions with the RNAP core 
enzyme. The primary σ factor is composed of four conserved 
regions: σ regions 1.1, 1.2 to 2.4, 3.0 to 3.2, and 4.1 to 4.2, that 
constitute four domains σ1.1, σ2, σ3 and σ4, respectively, along 
with a non-conserved region (σNCR) (Fig. 6A). Crystal structures 
of the RNAP holoenzyme show that the two amino-terminal 
domains of the σ subunit (σ2) interact with β’ clamp helices 
(β’CH), while σ4 interacts with β-flap-tip-helix (β-FTH) region of 
RNAP core, forming a V-shaped structure near the opening of 
the upstream DNA-binding channel of the active site cleft (Fig. 
6A) 49. During the core-to-holoenzyme conversion, structural 
changes of both the core enzyme and the σ factor occur in all 
the domains of life to facilitate DNA engagement 49. 
Subsequently, σ70 recognizes the promoter DNA around the -35 
and -10 elements to form an open promoter complex through 
the unwinding of the DNA double helix between the -10 
element and the transcription start site (Fig. 6B) 50. Although σ 
forms extensive contacts with the RNAP core, the most 
conserved interactions exist between σ2.2 and the β’CH region 
51. 
 
3.2. Transcription elongation 

Upon RNAP binding to the promoter, it melts the dsDNA and 
starts the polymerization of NTPs to produce an RNA molecule. 
The initial RNA transcript is typically 13 to 15 nucleotides in 

Fig. 5 The bacterial transcription cycle. The process contains three general phases: 
initiation, elongation, and termination. Some of the critical complexes assembled by 
RNAP and different transcription factors are illustrated.

Fig. 6 A) Bacterial RNAP holoenzyme and structural domains and functional motifs of σ factor. σ2.2 interacts with β’CH and σ4 interacts with β-β-FTH. B) The recognition of 
housekeeping promoter by holoenzyme forms an open promoter complex. σ4 interacts with the discriminator region. σ factor, non-template DNA (ntDNA), template DNA (tDNA), 
RNA and are colored green, red, black, magenta. Images are generated using PDB file 4LYN.
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length, with 7 to 9 nucleotides forming a pairing with the DNA 
template strand 52. Subsequently, the initiation complex 
undergoes promoter clearance and transition into the 
elongation complex. The elongation phase of transcription can 
be divided into two distinct phases: active translocation and 
pausing 53. During active translocation, the polymerase 
incorporates nucleotides into the growing RNA chain and moves 
forward along the DNA template 54. In contrast, the paused 
states represent off-pathway events in the NTP incorporation 
cycle 55. In these paused states, the polymerase can either 
remain stationary at a specific position on the DNA or diffuse 
backwards along the DNA before recovering from the pause. 
Throughout the elongation phase, diverse factors interact with 
the polymerase in both the on-pathway (active translocation) 
and off-pathway (pausing) phases, thereby modulating either 
the polymerase’s activity or its propensity to enter or remain 
paused. In E. coli, these factors include N-utilizing substance 
(Nus) factors, RfaH, ribosomal protein S4, Gre-factors (GreA, 
GreB), Mfd, and RapA (HepA) 44. 
 
NusA. NusA is a critical transcription factor that associates with 
RNAP and decreases the overall velocity of the process by 
increasing the pause frequency without affecting the duration 
of pauses 56. It binds to the RNAP core after the release of the σ 
factor and interacts directly with the α, β, β’ and the nascent 
RNA 57. 
 
The crystal structure of NusA, isolated from M. tuberculosis 
(PDB 1K0R), shows that NusA is a multidomain protein 
consisting of an N-terminal domain (NTD) linked with C-terminal 
modules which have three RNA binding domains: one S1-like 
domain and two K homology domains (KH1 and KH2) 58 (Fig. 7A). 
Additionally, certain bacterial species, such as E. coli, possess 
two acidic repeats (AR1, AR2) at the C-terminus of NusA. AR2 

contacts with the C-terminal domain (CTD) of the RNAP α 
subunit (α-CTD), dissociating an auto-inhibitory interaction 
between AR2 and KH1 and facilitating the binding of RNA to 
NusA 59. The Cryo-EM structure of the E. coli NusA-RNAP 
complex (PDB 6FLQ) reveals specific contact points between 
NusA and paused state at histidine pause site (hisPEC). These 
contact points include: i) RNAP α1-CTD with NusA-AR2, ii) RNAP 
α2-CTD with NusA-NTD, iii) RNAP ω subunit with NusA-
KH1/KH2, and iv) RNAP β-FTH with NusA-NTD 60 (Fig. 7B). The 
S1, KH1, and KH2 domains of NusA are integrated together to 
form an extensive RNA-binding structure 58, while the NusA-
NTD interacts with the β-flap region of the RNA exit channel of 
RNAP 61. In addition, research has demonstrated that residues 
F59, R61, E94, and Q96 of the NusA NTD are required for its 
interaction with conserved residues L895, E899, K900, R903, 
and E908 in the β-FTH region of RNAP 62. 
 
NusG. NusG is an essential transcription factor, and is also the 
only universally conserved elongation factor across the three 
domains of life. Its homologous protein in archaea and 
eukaryotes is known as Spt5 63. NusG interacts with different 
partners and thereof exerts diverse, or even opposite, functions 
in the regulation of gene expression. However, its core role is to 
enhance transcription elongation and RNAP processivity 64. In E. 
coli, single-molecule assays have shown that the presence of 
NusG increases the pause-free velocity of RNAP by 10-20% 
while decreasing the frequency of pauses 65. This suggests that 
NusG facilitates efficient transcription elongation by reducing 
the frequency of pauses in E. coli. In contrast, NusG stimulates 
RNAP pausing by interacting with hairpin-dependent pause 
sites in the ntDNA strand in Bacillus subtilis 66. 
 
NusG is a two-domain protein consisting of the NusG N-terminal 
domain (NusGN), which binds to RNAP to regulate transcription 

Fig. 7 A) Crystal structure of NusA isolated from M. tuberculosis (PDB 1K0R). B) Surface representation of hisPEC-NusA complex. RNAP α1 subunit, α2 subunit, ω subunit, β-flap-tip-
helix, NusA, RNA hairpin and upstream and downstream DNA are indicated. The four interaction points are ①RNAP α1-CTD with NusA-AR2; ②RNAP α2-CTD with NusA-NTD; 
③RNAP ω subunit with NusA KH1/KH2; ④RNAP FTH with NusA-NTD (PDB 6FLQ).
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rates, and the C-terminal (NusGc) Kypride-Onzonis-Woese 
(KOW) motif, which recruits Rho for termination and NusE (S10) 
to link transcription and translation 67. Although a previous 
biochemical study demonstrated that NusG binds to RNAP 
weakly without nucleic acids, the crystal structure of the NusGN-
RNAP complex from E. coli (PDB 5TBZ) 67 was assembled in the 
absence of nucleic acids. This structure reveals that NusG binds 
to the central cleft of RNAP, which is surrounded by the β’CH, 
the protrusion, and the lobe domains (Fig. 8A) 67. When 
superimposed on the structure of the σS-transcription initiation 
complex, NusGN is observed to bind at the upstream fork 
junction, a position similar to σ2, which may stabilize the 

upstream junction and thus enhance transcription elongation 
and RNAP processivity (Fig. 8B) 67. 
 
In contrast, NusG stimulates transcription pausing in Gram-
positive bacteria like B. subtilis by identifying a conserved 
pause-inducing motif, −11TTNTTT−6, located on the ntDNA strand 
within the transcription bubble 66, 68. Structures of B. subtilis 
NusG and M. tuberculosis RNAP have been assembled to 
investigate the structural basis of NusG-dependent pausing 69. 
In the paused transcription complex (PTC), a specific interaction 
between NusG and ntDNA strand is observed (Fig. 8C). 
However, in the transcription elongation complex (TEC), the 

Fig. 8 A) Overall structure of the E. coli RNAP-NusG complex (PDB 5TBZ). B) Superimposition of the RNAP-NusG with E. coli σS-transcription initiation complex (PDB 5IPL) via the 
RNAP. C) Cryo-EM structure of NusG-dependent pausing-transcription complex (PTC) assembled by B. subtilis NusG and M. tuberculosis RNAP (PDB 8EHQ). D) Cryo-EM structure 
of M. tuberculosis RNAP elongation complex with B. subtilis NusG (PDB 8EOT). RNAP, NusG, σS, tDNA, ntDNA and RNA are colored gray, magenta, green, black, red and blue, 
respectively.
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ntDNA passes NusG and RNAP β-lobe domain without any 
interaction (Fig. 9D). The NusG-ntDNA interaction induces 
rearrangement of the transcription bubble, inhibiting the 
folding of the TL and allosterically affecting RNA synthesis 69. 
 
NusB. NusB is a protein involved in both transcription and 
translation processes. This factor, along with NusE and RNA 
boxA sequence, assemble the NusB-NusE-boxA RNA complex 
for λ N-mediated antitermination 70, 71. The solution structure of 
NusB from E. coli was determined by NMR spectroscopy (PDB 
1EY1), showing that NusB could be divided into two 
subdomains. The N-terminal subdomain is formed by helices α1 
to α3, while the C-terminal subdomain is formed by helices α4 
to α7 72. The overall structure of E. coli NusB resembles the M. 
tuberculosis NusB protein determined by X-ray diffraction (PDB 
1EYV), while the sequence alignment of NusB from E. coli and 
M. tuberculosis shows that the amino acid sequences are 57% 
homologous and 34% identical 72, 73. 
 
NusE. NusE, also known as ribosomal protein S10, is a 
component of the 30S ribosomal subunit. It interacts with NusB 
to improve the affinity of the boxA RNA to the complex, thus 
stabilizing the NusB-NusE-RNA ternary complex 74. The 
structure of NusE displays the presence of two α-helices 
(residues 13 to 30, 80 to 87), two β-sheet (residues 5 to 9 and 
95 to 99), and a large ribosomal binding loop consisting of 
residues 43 to 69 75. S10Δloop mutant study has indicated that the 
ribosomal binding loop in E. coli is dispensable for the 
transcriptional functions of NusE 76. An NMR study has further 
identified the binding sites of NusE on NusB, which involves 
residues 63 to 81 and 18 to 23 77. The crystal structure of the 
NusB-S10Δloop complex (PDB 3D3B) (Fig. 9A) displays that NusB 
and S10Δloop approach each other via complementary 
electrostatic surfaces, and the interfaces between them involve 
a mixture of hydrophobic and hydrophilic interactions (Fig. 9A) 
76. 
 
In addition to its contact with NusB, NusE also binds to the 
NusGC to anchor the NusB-NusE-boxA RNA complex to RNAP 78. 
The interaction between NusGC and NusE has been identified 
through an NMR study (PDB 2KVQ) (Fig. 9B). The structure 
demonstrates that NusE engages L1 and L2 loops on NusGc, 
which are also involved in binding to the Rho factor during Rho-
dependent termination 79. The competition between NusE and 
Rho for binding to NusGc provides a plausible explanation for 
the inability of Rho to terminate transcription, ensuring the 
stability of the NusB-NusE-boxA RNA complex and preventing 
premature transcription termination mediated by Rho. 
 
Gre factors. The prokaryotic elongation factors Gre factors, for 
example, GreA in most bacteria and both GreA and GreB in E. 
coli, are reported to enhance the transcription rates of RNAP by 
suppressing pausing events and inducing RNA cleavage through 
binding within the secondary channel of RNAP upon 
backtracking 80. During this process, RNAP undergoes a reverse 
sliding motion along the DNA, dissociating the 3’ end of the 
newly synthesized RNA from the template DNA strand, and 

extruding it into the secondary channel of RNAP 81. GreA and 
GreB promote an internal hydrolytic cleavage of the RNA within 
the backtracked complex catalyzed by the active center of RNAP 
82. The cleavage event enables the continuation of RNA 
synthesis from the processed end, thereby overcoming the 
pausing and facilitating transcription elongation. Similar 
functions to prokaryotic Gre factors are performed by TFIIS in 
eukaryotic RNAP II and archaeal RNAP 83. However, there is no 
structural or sequence similarity between prokaryotic Gre 
factors and eukaryotic TFIIS 84. 
 
Structurally, both GreA and GreB share a comparable 
arrangement comprising an coiled-coil NTD and a globular CTD 
85, 86. The NTD is responsible for readthrough and cleavage 
stimulatory activities, while the CTD contributes to high-affinity 
binding with the core of RNAP. Despite their similar 
architectures, there are notable differences in the activities of 
the two factors 87, 88. GreB exhibits a significantly higher binding 
affinity to RNAP, approximately 100-fold tighter than that of 
GreA. Additionally, while GreA only induces cleavage of only 2 
to 3 nucleotides of backtracked RNA, GreB is capable of cleaving 
RNA fragments up to 18 nucleotides. Upon backtracking, RNAP 
undergoes conformational changes to form a backtracking 
complex (BC) that allows a Gre factor to access the active site of 
RNAP. In E. coli, the pre-cleavage complex (PDB 6RIN) of RNAP-
GreB reveals that the NTD of GreB extends directly to the active 
site through the secondary channel of RNAP (Fig. 10A) 84. 
Consequently, two acidic residues located at the tip of the NTD, 
namely D41 and E44, are positioned in close proximity to the 
catalytic site of RNAP (Fig. 10B). Outside the RNAP active site 
channel, the GreB-CTD interacts exclusively with two α helices 
from the β’ that form a part of the entrance rim of the 
secondary channel 84. This interaction is critical for the binding 

Fig. 9 A) Crystal structure of NusB-S10Δloop complex (PDB 3D3B) and details of the 
interactions between NusB and NusE. B) Crystal structure of NusE-NusGc complex and 
details of the interactions (PDB 2KVQ).
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of GreB to RNAP. In particular, two residues within this domain, 
Asp121 and Pro123, have been identified as crucial for the 
binding affinity of GreB to RNAP through alanine scanning 
experiment 89. 
 
3.3. Transcription termination 

Transcription termination is a critical process that ensures 
accurate transcription of the DNA and allows for the recycling 
of RNAP at the end of transcription. Generally, RNAP undergoes 
programmed transcription termination through two distinct 
pathways: factor-independent (intrinsic) and factor-dependent 
termination. Intrinsic termination in bacteria relies on the core 
enzymatic activity of RNAP and the presence of a terminal 
uridine-rich segment on the template DNA chain 90. Biochemical 
and single-molecule studies have provided insights into the 
sequential intermediate states of intrinsic termination. Initially, 
RNAP halts at the terminator (referred to as the “pause state”). 
Afterwards, the nascent RNA forms a partial RNA hairpin 
structure known as the “hairpin-nucleation state” within RNAP. 
Finally, the RNA hairpin fully folds in the “hairpin-completion 
state”, leading to the dissociation of the RNA from the template 
DNA strand 91. Factor-dependent termination, on the other 
hand, requires specific termination factors that are critical for 
genomic stability and RNAP recycling 92. In E. coli there are 
mainly two distinct termination factors, including Rho and Mfd 
93. 
 
Rho factor. Rho belongs to the RecA superfamily of ATPases and 
is a close homolog of F1-ATPase 94. Rho-dependent termination 
is a process where the Rho factor plays a key role. It begins with 
Rho binding to specific sequences called Rho utilization (rut) 
sequences on the nascent RNA using its primary binding site 
(PBS) in an open-ring state. Then, it recognizes a short 
pyrimidine-rich RNA sequence using its secondary binding site 
(SBS), which triggers a conformational change into the active 

state in a closed-ring form. Once in the active state, Rho moves 
along the RNA molecule in the 5’ to 3’ direction, with the 
consumption of ATP in the process, leading to the disruption of 
the TEC. The Rho-dependent termination process is generally 
modulated by two elongation factors, NusA and NusG 95. NusA 
helps keep Rho in the open-ring state to maintain the 
transcription elongation, while NusG activates Rho by 
facilitating the isomerization of the helicase from an open-ring 
to a closed-ring state 96, 97. 
 
Recently, several structures of the Rho-NusG and Rho-TEC 
complexes have been reported, providing insights into the 
molecular interactions involved in the Rho-dependent 
termination 97-100. One such structure is the pre-termination 
complex (PTC) assembled by the elongation complex (EC), NusA, 
NusG and Rho (PDB 6XAV). In this complex, the Rho hexamer 
interacts with RNAP subunits in an open-ring conformation, and 
several critical interfaces between Rho and RNAP are 
determined 99. The structure of the PTC displays that NusG 
bridges RNAP and Rho factor using its NTD and CTD, while NusA 
stabilizes PTC and directs the nascent RNA into the central 
channel of Rho hexamer. This arrangement facilitates the 
interactions between the components of the complex (Fig. 
11A). Also, structures of functional Rho-dependent PTCs with 
the Rho hexamer in a closed-ring state have been reported 100. 
In these structures, the Rho hexamer is positioned at the 
opening of the RNA exit channel of RNAP for direct passage of 
the RNA from the TEC into and through the Rho hexamer, 
enabling the uridine-rich SBS ligand to bind to Rho SBS site. On 
the other hand, a trans-supplied RNA oligomer acts as the PBS 
ligand and interacts with the Rho PBS site (PDB 8E6X, 8E6V) 100. 
This complex reveals that Rho monomers form three critical 
protein-protein interfaces with NusG-CTD, the β-subunit flap-
tip of RNAP and the ω subunit (Fig. 11B). 

Fig. 10 A) Cryo-EM structure of E. coli RNAP backtracked elongation complex bound to GreB transcription factor (PDB 6RIN). B) A closed view of GreB-NTD engaged in RNAP active 
site. GreB, β’ BH and β’ TL, tDNA, ntDNA and RNA are colored cyan, blue, green, black, red and magenta, respectively.
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Mfd factor. Mfd, also known as transcription-repair coupling 
factor (TRCF), is a widely conserved bacterial protein links 
between DNA repair and transcription processes. Its major role 
is to recognize stalled RNAP at sites of DNA lesions. Once Mfd 
identifies the stalled RNAP, it recruits DNA excision repair 
machinery to the damaged site and promotes the dissociation 
of elongation complex 101. Unlike Rho-dependent termination 
that involves RNA, Mfd functions as an ATP-dependent DNA 
translocase that binds to both DNA and RNAP simultaneously 
and consumes ATP to remove RNAP from the DNA template, 
clearing the transcriptional roadblock caused by DNA lesions 
and to facilitate efficient DNA repair 102. Studies also reveal that 
Mfd contributes to the rapid development of antibiotic 
resistance in various bacterial species by augmenting mutation 
rates 103, 104. This can be partially attributed to Mfd-dependent 
termination, which promotes mutagenic DNA repair through 
error-prone gap-filling mechanisms 105. Therefore, Mfd may be 
a potential target for antimicrobial drug development to 
overcome antimicrobial resistance. 

4. Development of bacterial transcription 
inhibitors 
The structural studies of RNAP and its interactions with 
transcription factors provide abundant information for the 
structure-based drug design. We believe that the 
interdependent interactions between the RNAP core and 
transcription factors hold promise as targets for developing 
next-generation antibacterial agents, as these interactions are 
critical to gene expression. Moreover, confirmation of the 
“hotspots” through biological methods or theoretical 
calculations can accelerate the identification of PPI inhibitors, 
including those targeting bacterial transcription. In the 
following section, we would like to introduce some bacterial 
transcription inhibitors targeting PPI between RNAP and 
transcription factors. 
 
4.1. Inhibitors of RNAP-s factor interaction 

Sigmacidins (C3 series). C3 (1) (Fig. 12) was discovered by in 
silico screen of a drug-like compound library 106. Initial 
evaluation using a split-luciferase assay showed that C3 
exhibited an IC50 of 6.40 ± 0.71 µM against the PPI between CH 

Fig. 11 A) Cryo-EM structure of E. coli Rho-dependent transcription pre-termination complex bound with NusG with Rho hexamer in open state (PDB 6XAV). B) E. coli Rho-dependent 
transcription pre-termination complex (PDB 8E6X and 8E6V) with Rho hexamer in closed state. Rho hexamer, NusG, NusA, tDNA, ntDNA, PBS ligand and SBS are colored forest green, 
magenta, orange, black, red, pale blue and density blue. Interfaces between Rho and RNAP, NusA or NusG are circled with dashed rings.
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and σ 107. However, its antimicrobial activity against 
Streptococcus pneumoniae was moderate, with a minimum 
inhibitory concentration (MIC) of 256 µg/mL 107. 
 

To enhance the antibacterial properties of C3, a comprehensive 
and systematic optimization strategy was employed, resulting 
in the synthesis of dozens of derivatives, such as compounds 2 
to 4 107-109 (Fig. 11). Compound C3-005 (2), featuring 3,4-diCl 
substituents on the left benzene ring instead of the 2-NH2, 
notably improved the antibacterial activity against S. 
pneumoniae with a MIC value of 8 µg/mL 107. Strikingly, 
compound 3, incorporating a benzyl benzoic acid moiety, 
demonstrated to be a up-and-coming antibacterial agent with a 
MIC value of low to 1 µg/mL 108. Furthermore, compound 4, 
characterized by an aminomethylene linker instead of a 
carbonyl linker, proved to be an efficient antimicrobial agent, 
with a MIC value of 1 µg/mL against S. pneumoniae and IC50 

value of 6.8 ± 0.7 µM in disrupting the formation of RNAP 
holoenzyme. This compound also demonstrated time-
dependent inhibition of bacterial growth and exerted inhibitory 
effects on bacterial central metabolism, suggesting its 
bacteriostatic effect with the reduced release of exotoxin 109. 
Further sulfonamidyl derivatives of C3 also showed good 
antimicrobial activity 110. The C3 series of compounds was 
coined sigmacidins to reflect the inhibitory function by 
mimicking s factor and the benzoic acid structure 111. 
 
C5 (DSHS00507). Compound C5 (5) (Fig. 13) was discovered by 
an in silico screening of a drug-like compound library 106. 
Notably, a refined pharmacophore model, which incorporated 
optimized conditions and was based on the PPI between σA2.2 
and β’CH region 112, was developed and utilized for comparison. 
The published article demonstrated that both compounds 1 and 
5 showed about 80% inhibitory activity against RNAP 
holoenzyme formation by inhibiting in vitro β’CH-σA interaction 
at 500 µM, whereas compound 5 displayed inhibition activity 
even at lower concentrations. Moreover, an isothermal titration 
calorimetry (ITC) experiment confirmed that there were no 
interactions between compound C5 and human Rpb1-CH, 
indicating its specific antibacterial activity. Meanwhile, 

antibacterial assays further corroborated the efficacy of 
compound C5, particularly against Gram-positive bacteria. For 
instance, the MIC value for B. subtilis was found to be ≤50 µM, 
while it was approximately 100 µM for community-acquired 
methicillin-resistant Staphylococcus aureus (CA-MRSA) 106. 
 
GKL003. GKL003 (6) (Fig. 14), a bis-indole derivative, was 
discovered through a virtual screening approach targeting β’CH-
σA2.2 interaction 112, 113. Experimental analysis using native gel 
electrophoresis revealed that GKL003 can inhibit RNAP 

holoenzyme formation in vitro by specifically targeting the PPI 
between σA2.2 and β’CH region. Moreover, ITC experiments 
demonstrated that GKL003 specifically binds to the same region 
of β’CH that is required for interacting with σA2.2, exhibiting a 
remarkable inhibition constant (Ki) value of approximately 0.6 
nM. Further competition assays showed that GKL003 
competitively inhibited the interaction between RNAP core and 
σA in vitro. Despite its excellent activity demonstrated in vitro, 
GKL003 exhibited limited efficacy against bacterial growth (≥1 
mM), probably due to its poor ability to traverse bacterial 
membranes 112. 
 
The optimization process of GKL003 led to the development of 
a bis-indole library, focusing on assessing their activity against 
the interaction between RNAP and σ70/σA 114. In order to 
develop smaller compounds with improved cell membrane 
penetration capabilities, the bis-indole scaffold was simplified 
into mono-indole or related benzofuran scaffolds, resulting in 
the synthesis of compounds 7 (GLK046) to 9 (Fig. 14). The 
obtained results showed that some of these derivatives 
exclusively inhibited E. coli and B. subtilis growth. However, the 
inhibitory rates of these compounds against β’CH-σ2.2 
interaction were relatively modest 115-118. 
 
Anthranilic acid derivatives. Anthranilic acid derivatives (10 to 
12) (Fig. 15) were identified as RNAP-σ70 inhibitors through 
virtual screening using a pharmacophore model based on a 
flexible alignment of several molecules with unknown or diverse 
binding sites on RNAP 119. To assess their efficacy, an in vitro 
transcription assay was conducted, which revealed that 
compounds 10 to 12 possessed RNAP inhibition levels 
exceeding 20% at 200 µM. Subsequently, a series of derivatives 
were synthesized to explore the structure-activity relationship 
(SAR), resulting in the discovery of compound 13 as the most 
potent inhibitor. Further experiment demonstrated that 
compound 13 possessed the highest in vitro activity against the 
E. coli RNAP-σ interaction, with an IC50 value of 9 µM. 
 

 
Fig. 12 Chemical structure of compound 1 and its derivatives (2 to 4) along with their 
activity against S. pneumoniae.

 
Fig. 13 Chemical structure of compound 5.
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SB series compounds. Using a multiwell enzyme-linked 
immunosorbent assay (ELISA)-based approach, several small 
molecules (referred to as the “SB series”) that inhibit the σ-
RNAP interaction were discovered for the first time 120, 121. 
Among these molecules, compound 14 (Fig. 16) demonstrated 
the ability to inhibit the binding of E. coli σ70 to RNAP, with an 

IC50 value of 2 µM in the ELISA assay. Furthermore, compound 
14 exhibited antibacterial effects against both Gram-positive 
and Gram-negative bacteria. For example, the MIC against S. 
pneumoniae was 2 µg/mL, against Bacillus anthracis was 0.1 
µg/mL, and against Bacteroides sp. was 1 µg/mL. To explore the 
SAR of compound 14, a comprehensive study was conducted, 
resulting in developing a series of phenyl-furanyl-rhodanines 
(PFRs) as antibacterial inhibitors of RNAP, including SB7 and SB8 

122. SB7 (15) and SB8 (16) exhibited IC50 values of 3 and 1.8 µM, 
respectively, in inhibiting RNAP-σ interaction. Though the SB 
series compounds could block σ-RNAP interaction, their precise 
binding site remains unclear. 
 
4.2. Inhibitors of NusB-NusE interactions 

Nusbiarylins. Nusbiarylins represents a new class of 
antibacterial agents which specifically target bacterial rRNA 
synthesis. The nomenclature “nusbiarylins” was assigned to this 
series of compounds due to their interaction with the NusB 
protein and their distinctive biaryl structure 123. The first 

member of this class, MC4 (17) (Fig. 17), was discovered 
through an in silico screening approach utilizing a 
pharmacophore model previously described 124. In vitro assays 
confirmed that MC4 effectively interrupted the NusB-NusE 
interaction, with an IC50 value of approximately 35 µM, and 
displayed a binding affinity to NusB with a dissociation constant 
(Kd) approximately 1.5 µM. In particular, MC4 exhibited 
significant growth inhibitory activity against a panel of S. aureus 
strains, with MIC as low as 8 µg/mL 125. 
 
The SAR investigation of MC4 focused on the substitution of the 
benzyl rings and the bridge connecting them (Fig. 17) 123, 124, 126, 

127. Some of the derivatives (18 to 22) exhibited a dramatically 

 

Fig. 15 Chemical structure of 6 (GLK003) and its derivatives 7 to 9 with mono-indole 
scaffold.

   
Fig. 14 Chemical structures of compound 9 to 13 and their in vitro activities against E. 
coli RNAP-σ interaction (IC50 value or percentage inhibition at 200 μM (SD <40%)).

 
Fig. 17 Chemical structure of compounds 14 to 16.

Fig. 16 SAR studies of MC4 and the structures of its derivatives. MIC values represent minimal inhibitory concentrations against S. aureus. 
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improved activity against a panel of pathogens, with MICs 
ranging from 0.25 to 2 µg/mL against methicillin- and 
vancomycin-resistant S. aureus, while demonstrating negligible 
cytotoxicity. However, the improvement in antibacterial 
efficacy was not very consistent with the NusB-NusE inhibitory 
action, which might be due to diverse cell membrane 
permeability. 
 
Compounds 23 and 24. Compounds 23 and 24 (Fig. 17) were 
identified to be potent PPI inhibitors, with IC50 values of 6.1 µM 
and 19.8 µM, respectively in inhibiting NusB-NusE interaction. 
These compounds were discovered through an in silico 
screening of the mini-Maybridge compound library 128. Further 
optimization of compound 24 resulted in the discovery of 
several derivatives with enhanced potency. Amongst, 
compound 25 showed 100% inhibition against both B. subtilis 
and E. coli at 200 µM 129. 

 
4.3. Inhibitors of Rho factor 

Bicyclomycin. Bicyclomycin (26) is an antibiotic which was 
initially isolated from the culture filtrate of Streptomyces 
sapporonensis 130. It exerts its antibacterial activity by binding 
to the secondary RNA binding (tracking) site on the Rho and 
hence affecting the poly(C)-dependent ATPase activity of the 
Rho factor in E. coli. This activity follows a non-competitive 
kinetic pattern concerning ATP 131, 132. The extrapolated Ki for 
bicyclomycin was 2.8 μM in the presence of ribo(C)10, whereas 
it increased to 26 μM in its absence 132. 

 
BI-K0058. BI-K0058 (27) was identified as an inhibitor of the 
poly(C)-dependent Rho-catalyzed hydrolysis of ATP through an 
in vitro ATPase assay on a chemical library containing 30,000 
compounds. It effectively inhibits the ATPase activity of Rho 
with an IC50 of 25 µM. Additionally, BI-K0058 exhibited 

significant antimicrobial activity against two bacterial strains, 
Neisseria gonorrhoeae and Moraxella catharralis, with MICs 
ranging from 2.5 to 5 µM 133. 
 

5. Discussion and conclusions 
The continuing threat of multidrug resistance in bacterial 
infections, coupled with a lack of innovation in the discovery of 
new antimicrobial agents, underscores the pressing need for 
novel therapeutics. However, between 2010 and 2018, the 
Food and Drug Administration (FDA) only approved eight new 
antibacterial agents, which were all derived from established 
drug classes 134. In 2019, the FDA approved Lefamulin, a first-in-
class semi-synthetic pleuromutilin antibiotic with a unique 
mechanism of action. Lefamulin inhibits protein synthesis by 
binding to the peptidyl transferase center of the 50S bacterial 

ribosome, making it a viable treatment option for community-
acquired bacterial pneumonia (CABP) in humans 134, 135. 
However, the potential cost of Lefamulin may present a barrier 
to its widespread use, with intravenous treatment estimated at 
$205 and oral treatment at $275 per day 136. Therefore, the 
search for new strategies to discover novel antibiotics remains 
both valuable and urgent.  
 
This review has summarized the effectiveness and efficiency of 
targeting bacterial RNAP as a strategy for antibacterial therapy, 
exemplified by clinically utilized drugs, rifamycin and 
lipiarmycin. This innovative approach disrupts the formation of 
transcription complex and possess some advantages, in which it 
has potential to reduce the development of drug resistance. 
This is primarily because developing resistance to PPI inhibitors 
typically requires the occurrence of dual mutations, which 
incurs a higher energy cost. 
 
Structural biology is critical in facilitating drug discovery by 
providing valuable insights into the three-dimensional 
structures of macromolecules and their interactions with 
corresponding partners. Over the past 20 years, a general 
framework of the structural basis for bacterial transcription 
cycles has been gradually revealed. By analyzing the interfaces 
between RNAP and its associated factors, critical domains or 

 
Fig. 18 Chemical structures of compounds 23 to 25. 

 

Fig. 19 Chemical structures of Bicylomycin and BI-K0058.
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hotspots have been identified, providing key clues for structure-
based drug design. 
 
Recently, there have been more and more outstanding research 
efforts towards the inhibition of bacterial transcriptional PPIs, 
especially some remarkable successes using in silico virtual 
screening techniques that utilize pharmacophore models 
constructed on the basis of the structural information. By 
screening or designing bioactive compounds with a known 
target, rapid modifications are allowed to enhance the 
selectivity of the compounds. However, it is worth noting that 
hit compounds with good activity on purified targets or bacteria 
may lose potency or become inactive after modifications. This 
can partially be attributed to the alternations in their 
interactions with the target or changes in permeability. Despite 
these challenges, targeting transcriptional PPIs remains a valid 
but underdeveloped strategy for antibiotic discovery. 
 
Finally, the small molecular antibacterial agents described here 
are still at a preliminary stage of development and not yet 
considered clinical drugs. Though some of the most active 
compounds exhibit very low MIC values, they often require 
appropriate modifications to optimize their pharmacokinetic 
properties and enhance their drug-like characteristics, for 
instance, bioavailability, metabolic stability, and toxicity. 
Nevertheless, the comprehensive information outlined here 
serves as a useful foundation for the further development of 
next-generation antimicrobial agents targeting transcriptional 
PPIs. By building upon this knowledge and employing strategies 
to enhance the pharmacokinetic properties of these 
compounds, it is possible to pave the way for the eventual 
clinical translation of these promising agents into effective 
antibacterial therapies. 
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