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Summary

The low G+C Gram positive bacteria represent some of the most medically and industrially
important microorganisms. They are relied on for the production of food and dietary
supplements, enzymes and antibiotics, as well as being responsible for the majority of
nosocomial infections and serving as a reservoir for antibiotic resistance. Control of gene
expression in this group is more highly studied than in any bacteria other than the Gram
negative model Escherichia coli, yet until recently no structural information on RNA
polymerase (RNAP) from this group was available. This review will summarise recent reports
on the high resolution structure of RNAP from the model low G+C representative Bacillus
subtilis, including the role of auxiliary subunits 6 and & and outline approaches for the

development of antimicrobials to target RNAP from this group.

Introduction

RNAP structures from multiple bacterial species have been determined. Within molecular
microbiology, two organisms have dominated research into transcription and its regulation.
Escherichia coli, a Gram-negative bacterium, has been extensively studied to understand fundamental
mechanistic aspects of transcription and its regulation e.g. (1). Bacillus subtilis, a Gram-positive
organism, has been extensively studied for the regulatory processes associated with the initiation of
differential gene expression followed by compartment-specific transcription activation and gene

expression during the developmental process of sporulation (2).

At a structural level, RNAP from E. coli (RNAPkc) has been studied for many years and with the
advent of modern cryo electron microscopy and single particle analysis techniques (cryoEM)(3), was
one of the first pseudo-atomic resolution multi-subunit RNAP structures solved (4). Prior to the
advent of these current resources, high resolution structural data from X-ray crystallography was
largely obtained from thermophiles for which little molecular biology data on transcription and its
regulation had been performed. Knowing the structure of RNAPgc allowed the reconciliation of
structural and functional data in one system which has enabled profound new insights into the

mechanisms of transcription and its regulation e.g. (5,6)(7,8).
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Such structural data on the Gram-positive B. subtilis system has been lagging, but high resolution
structures of several important complexes of B. subtilis RNAP (RNAPgs) have been recently
published that enable a similar reconciliation of structural and molecular data (9-11). Despite the
considerable similarity between all multi-subunit RNAPs from bacteria, there are important
mechanistic differences that can now be examined. For example, initiation complexes tend to undergo
multiple rounds of abortive initiation prior to leaving the promoter region and entering the elongation
phase in E. coli, but similar effects are not observed in B. subtilis (12,13). The concentration and
identity of the initiating NTP ([iNTP]) also has a major effect on transcription efficiency in B. subtilis
(14).

Increasing our understanding of transcription regulation through structure-function studies is
particularly important as B. subtilis is an industrially significant organism used in the production of
enzymes (proteases, lipases, amylases), surfactants, and antibiotics (bacitracin) which have highly
complex regulatory circuits controlling the expression of their genes. As a member of the Firmicutes,
it is closely related to many of the most important clinical pathogens such as Staphylococcus,
Streptococcus, Enterococcus, and Clostridia. In this review we will examine the structure of RNAPgs
and compare it with that of other bacteria, focussing on its unique features and auxiliary subunits and
include reference to homologous RNAPs from closely related Firmicutes pathogens and how this

information could be exploited in structure-based drug design.

Overall structure: RNA polymerases from the low G+C Firmicutes.

All bacterial RNAPs have a similar overall subunit composition comprising two o subunits that form
an asymmetric dimer scaffold upon which the catalytic  and ' subunits assemble (Fig. 1). Due to
the lack of lineage-specific inserts (see below) RNAPgs is more compact (shorter and narrower) than
other bacterial RNAPs: 150 A x 112 A x 123 A (L x W x H), vs 157 x 153 x 136 A; E. coli, 183 X
107 x 115 A; Mycobacterium smegmatis, and 170.1 x 110.1 x 127.8 A; Thermus thermophilus (10).

Transcription initiation involves the RNAP holoenzyme, promoter DNA, and transcription factors
(TFs). The primary housekeeping o transcription factor in Bacillus subtilis, 6*, contains sub-domains
1.1, 62, 63.1, 632, and o4. The holoenzyme structure (core + ¢*) shown in Fig. 1A is based on the
complex with multidrug resistance regulator BmrR (9) and shows an open complex (DNA strands
separated at the —10 region, red oval, and template strand inserted in the active site within the primary

channel). In this structure much of the lineage-specific BIn5 insertion (see below) is missing, but the
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flexible B-flap tip, important in binding essential transcription factor NusA (15), is visible and binds
to the 64 domain that also binds the —35 promoter sequence (red circle, Fig. 1 A). In combination with
the transcription elongation complex (EC) (10), a near complete structure of the B. subtilis enzyme
can be modelled. The location of the primary (DNA binding) and secondary (NTP entry) channels
are marked as dashed circles in the EC and shown in Fig. 2B. It should be noted that the o-C terminal
domain that interacts with both transcription factors and DNA sequences was absent in all RNAPgs
structures reported to date, due to the highly flexible sequence connecting the N- and C-terminal
domains, and lack of DNA/transcription factor for the a-C terminal domain to bind to. The structure
of this important DNA and protein interaction domain has been solved in complex with the
transcription factor Spx (16) enabling inclusion in models based on transcription initiation or
antitermination complex structures from other organisms (17,18) making it possible to further

augment the structures presented here.

A small, highly conserved, ® subunit binds around the C-terminus of the B’ subunit and is associated
with enhancing subunit folding and incorporation of the ' subunit into the core structure (19,20). The
Bacilli and Lactobacilli, but not Clostridia, also possess an additional small subunit named e,
previously annotated as a second o subunit (dark green, Fig. 1A and B), who’s function has proven
to be enigmatic (21-23). Determination of the X-ray crystal structure of € revealed it showed
remarkable similarity to the E. coli phage T7 gp2 that binds the B’ jaw region of RNAP (labelled in
Fig. 1D) where it inhibits transcription initiation by the host cell RNAP (21,24). Based on this
similarity, it was hypothesised that € could be involved in phage protection through binding to the B’
jaw of RNAPgs (21,23). Determination of the structure of B. subtilis holoenzyme and a transcription
recycling complex comprising core RNAP with the ATP-dependent remodelling factor HelD
revealed € bound in a pocket formed mainly by the B’ and o subunits behind the secondary channel
on the downstream side of the enzyme (Fig. 1B; (9-11). The location of € overlaps that of the fIn10
and -12 inserts of Thermus thermophilus RNAP as well as a region of Archaeal/Eukaryotic Pol II
Rpo3/RPB3 associated with enzyme stability, suggesting a similar role for € in organisms, such as B.

subtilis, that are meso-thermophilic and capable of vigorous growth up to ~53 °C (10).

Major functional motifs in the § and ' subunits common to other bacterial RNAPs that are important
in DNA strand separation and rewinding (f fork loop, B’-rudder, -lid, -zipper) DNA clamping (-
protrusion, -gate loop, B’ clamp helices, N-terminal B’ clamp), DNA binding cleft flexibility ( switch
3) etc are all highly conserved in the B. subtilis enzyme and are labelled in Fig. 1C and D (10,11).
However, given the differences in aspects of transcription such as open complex stability (above)

between B. subtilis and E. coli, sequence differences and/or insertions (e.g. the B’ S13 insertion into
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the trigger-loop in E. coli), these regions remain important areas of focus in structure-function studies

in the Firmicutes.

Across the eubacteria the § and ' subunits contain lineage-specific inserts that are largely of unknown
function (25,26). Despite the role of most of these lineage-specific inserts being unknown, the pi9
insert in the P subunit of E. coli RNAP has recently been putatively implicated in coupling
transcription and translation under certain conditions (27). Elucidation of the structure of RNAPgs
revealed the structure of the only major lineage-specific insert in Firmicutes RNAPs (labelled BIn5
in Fig. 1C) (10). Reconciliation of data from previous studies indicates that the BIn5 insert is involved
in binding to the C-terminal tudor domain of helicase/translocase PcrA (28,29) that is known to
interact strongly with RNAP (28,30-32). The BIn5 insert is located within the major lobe of the 3
subunit which is one of the least highly conserved regions in bacterial RNAPs and is the site of many
other lineage-specific inserts (25,26) raising the possibility this part of RNAP may be important in
providing a platform for lineage-specific transcription factor interaction modules. Overall, due to the
lack of lineage-specific inserts (excepting BInS), RNAP from B. subtilis and other low G+C Gram
positive bacteria represent the smallest multi-subunit RNAPs: B. subtilis o:pp'we, 352.32 kDa;
Mycobacterium tuberculosis 02pp'®, 363.19 kDa; cf. E. coli a2pp'®, 389.05 kDa.

The 6 subunit

Many Firmicutes also contain a small 6 subunit that is tightly associated with and present at
approximately equimolar concentrations with respect to RNAP (30,33). d is a bipartite protein of 173
amino acids with a globular N-terminal domain and unstructured highly acidic C-terminal domain of
approximately equal sizes (34,35). It has been implicated in multiple regulatory roles associated with
transcription initiation, inhibition of non-specific transcription, transcription complex recycling and
transcription termination (23,36-41). The binding site of 6 on RNAP has been the subject of
considerable speculation. Independent studies placed it adjacent to the RNA exit channel (42) or close
to/inside the DNA binding cleft (43). Determination of the structure of a B. subtilis RNAP-HelD-o
recycling complex by (11) showed 6 binds on the ' subunit close to the DNA binding cleft, consistent
with findings of in vivo cross-linking mass spectrometry studies (43), reconciling the observed
biochemical effects of & on transcription with the structure of a d-containing transcription complex.
In subcellular localisation studies of & and RNAP in dual fluorescent protein labelled cells, & perfectly
colocalised with RNAP and was present at similar levels suggesting it is associated with RNAP
throughout all stages (initiation, elongation, termination) of the transcription cycle (33). Assuming

the N-terminal domain of & remains bound around the B’ jaw/N-terminal B’ clamp region and the
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acidic unstructured C-terminal domain is both mobile and flexible, we may propose a mechanism for
modulation of transcription (Fig. 2). A closed initiation complex, based on the open complex structure
of (9) in which the N-terminal 61,1 domain (44) that competes with nucleic acid binding in the primary
channel can be modelled in situ based on equivalent structures from E. coli (24) is shown in Fig. 2A.
As the transcription initiation complex transitions from a closed to open complex, the 61.1 domain
swings out of the primary channel as unwound DNA enters, placing the single stranded template
strand with the transcription start site nucleotide located in position for base pairing with the initiating

nucleotide triphosphate (9,45).

Upon o1.1 dissociation during formation of the open complex, the & C-terminal domain would be able
to access DNA within the primary channel (Fig. 2B). The highly negative charge of the & C-terminal
domain would encourage dissociation of weakly bound DNA (poor/non-specific promoter sequences
bound by o-factors) (23,36). The cryo EM structure of the E. coli RNAP paused EC (PDB ID 6FLP)
was used as a template to model termination hairpin RNA in the RNAPgs EC. The model suggests
that the highly flexible C-terminal domain of 6 is able to interact with both DNA and the RNA
transcript in the active site (Fig. 2B and C), consistent with the observation that & is much more
efficient at displacing RNA from an EC than it is DNA (37). In pause/termination complexes the
negatively charged & C-terminal domain would aid the dissociation of RNA facilitating transcription

termination and transcription complex recycling (Fig. 2C) (11,36,41).

Comparison of RNAPgs with RNAP from other Firmicutes.

B. subtilis itself is a biologically and industrially significant organism, being important in soil health
and promotion of plant growth, protection from plant pathogens, the industrial production of enzymes
(e.g. proteases/amylases), supplements (e.g. nicotinic acid), and antibiotics (e.g. bacitracin), as a
probiotic, as a foodstuff (e.g. in natto), and in the study of regulation of gene expression, especially
during cellular differentiation in sporulation (2). As the most studied member of the low G+C Gram-
positive Firmicutes it is also an important model, and closely related to major pathogens including B.
cereus, B. anthracis, Staphylococcus sp., Streptococcus sp., Enterococcus sp. and Clostridium sp.
Organisms such as the Enterococci are associated with dissemination of antibiotic resistance
determinants, and many clinical isolates of Staphylococcus now carry resistance to one or more
antibiotics. S. aureus is commensal in about 30% of the population and an opportunistic pathogen
that remains a major burden on health systems through nosocomial infections, which has been
exacerbated in recent years by the rise of community acquired infections (especially methicillin-

resistant; MRSA infections) (46). Organisms such as C. difficile are associated with diseases difficult
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to treat successfully with many antibiotics (e.g. C. difficile associated diarrhoea (CDAD) relapse is
common following vancomycin treatment), and represent a significant burden in terms of both
morbidity and mortality to health systems (47). While fidaxomicin was approved by the FDA for
treatment of CDAD in 2011, resistance to this drug (lipiarmycin) was first reported in 1977 (48,49),
and it is clear new derivatives are needed, as well as a new arsenal of novel compounds to slow the

rise of antibiotic resistant infections.

Sequence alignment of RNAP subunits from representatives of these organisms was performed using
B. subtilis 168, S. aureus USA300, E. faecalis V583, S. pyogenes M1 GAS, C. difficile 630 and C.
perfringens 13 sequences and the resulting CLUSTAL alignment outputs mapped onto the B. subtilis
elongation complex (PDB ID 6 WV]J) in ChimeraX (50,51) with the nucleic acids removed for clarity.
The resulting homology sequence maps are shown in Fig. 3 along with a phylogenetic tree produced
in MrBayes (52,53) for the rpoC (B’ subunit) using the E. coli rpoC sequence as an outlier to root the
tree. The bootstrap probability values of 1 indicate absolute confidence in the branch divisions and
lengths, and agree perfectly, as expected, with the segregation of B. subtilis and S. aureus to the
Bacilli, S. pyogenes and E. faecalis to the Lactobacilli, and C. difficile and C. perfringens to the
Clostridia.

The level of sequence conservation is high, especially in the B and ' clamps, active site and 3 flap
where the majority of the functional motifs (see Fig. 1C and D) are found. Although the BInS5 is
present in all of the organism from which sequences were selected, the level of sequence conservation
is relatively low in the major 3 lobe and BIn5 region (Fig. 3C), consistent with the hypothesis (above)
that this region maybe important for providing class/order/species-specific binding sites for
transcription factors. B. subtilis-specific sequences that are absent in the other organisms, such as the
10 amino acid insert at B E696-G705 that protrudes from the bottom of the structure are shown in
yellow (Fig. 3B and C). Given the industrial and medical importance of this group of bacteria, regions
of identity/difference can be targeted in functional studies or exploited in the rational design of

inhibitor compounds as new antimicrobial leads.

Antimicrobial development options

Transcription is an underutilised target for new antibiotic development, although significant efforts
are currently underway to identify promising new leads and to improve the properties of existing
clinical compounds (48,54). Many promising compounds fail to make it to market as broad spectrum
antibiotics due to the problems of identifying hits that are able to cross the outer membrane of Gram

negative bacteria, despite showing excellent activity against Gram positives. Infections due to the


https://doi.org/10.1101/2021.06.06.447298
http://creativecommons.org/licenses/by-nc-nd/4.0/

241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.06.447298; this version posted June 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Firmicutes, including S. aureus, C. difficile, vancomycin-resistant Enterococcus, and drug resistant
Streptococcus (Group A and B), have been identified by the Centre for Disease Control (CDC) as
organisms of major clinical concern for which new approaches/treatments for infection are required
(47), and there is a case for developing more narrow spectrum drugs that target this group.

Nevertheless, significant hurdles still remain that must be dealt with (55).

Fidaxomicin is a semi-synthetic macrolide that inhibits transcription initiation and was approved for
use in CDAD in 2012. C. difficile (and other Clostridia) are exquisitely sensitive to fidaxomicin, but
this is not a property shared by most other Firmicutes with some Streptococci being > 500 x more
resistant than C. difficile (56). Structures of fidaxomicin in complex with RNAP from Mycobacterium
tuberculosis have been solved (57,58) enabling modelling of the drug bound to the B. subtilis
holoenzyme (PDB ID 7CKQ) with sequence alignments to pathogenic Firmicutes homology mapped
as in the previous section (Fig. 4A). Other than the homodichloro-orsellenyl moiety that is adjacent
to the B-flap tip and —35 promoter sequence binding o region 4, the bulk of fidaxomicin is buried
within the enzyme at the base of the RNAP clamp. All of the RNAP and o sequences the remaining
bulk of fidaxomicin interacts with (switch regions Sw2, Sw3, Sw4 and the o finger; (57,58)) are
highly conserved (pink, Fig. 4A, right side box) consistent with the broad spectrum activity of this
compound in in vitro transcription assays (although E. coli holoenzyme is quite resistant to
fidaxomicin; (57)). Increasing the spectrum of activity of fidaxomicin may depend on improving cell
permeability properties, especially for organisms such a S. pneumoniae, where production of a

capsule layer may inhibit efficient cell penetration.

An area of antimicrobial research that is showing promise for compounds highly active against
Firmicutes is the development of compounds that inhibit the essential interaction between RNAP and
o”. Establishment of a functional holoenzyme complex is dependent on the interaction between a
small region of the 622 region with the B’ clamp helix (CH) (59,60). These sequences are highly
conserved in the Firmicutes (Fig. 4B), and across the eubacteria, making this an excellent target for
the development of molecules that inhibit this essential protein-protein interaction (PPI) (48,61).
Multiple research programs involving high-throughput small molecule screens, structure-based drug
design, and small peptide antagonists have yielded promising results (62-71). PPIs are an attractive
target for drug development as simultaneous complementary mutations are required at two unlinked
genetic loci to confer resistance to a compound whilst retaining the interaction, which has the

potential to substantially reduce the rate at which resistance develops (72).
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Mutagenesis studies to quantify the importance of specific amino acid residues in formation of
holoenzyme have been determined (Fig. 4B right, (59)) that have enabled the construction of
pharmacophores for screening compound libraries for potential inhibitor molecules. A major issue
with such a target is that the interaction site between 622 and the B’ clamp helix is relatively flat
making binding specificity and avidity potentially problematic. Nevertheless, compounds have been
developed that are highly specific for bacterial initiation complexes, showing no binding activity
against human RNAP, and that target initiation complex formation in live bacterial cells as
determined by cytological assay (65). Whilst many of these compounds show limited or no activity
against Gram negative bacteria, excellent results have been obtained against Gram positive bacteria,
including those carrying resistance to multiple antibiotics providing an avenue for development of

new drugs effective against Gram positive pathogens (65,66,69,70).

Concluding statement

Determination of the structure of RNAP from B. subtilis now opens the way to undertake detailed
structure-function studies on the mechanism of transcription in this Gram-positive model, particularly
with respect to mechanistic aspects that are different to E. coli helping provide a more holistic
understanding of the mechanism of microbial transcription. In addition, this structural information
will be important in providing a platform for the rational design and subsequent development of new

lead antibiotics to combat infections caused by the Firmicutes.
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512
513  Figure 1. Structure of B. sutbtilis RNAP. Panel A shows the structure of RNAP holoenzyme, and

514  Panel B an elongation complex. Subunit colouring; a1 cream, o brown, B blue, B’ yellow, ¢ dark
515 green, o pale green, ¢ grey. Template strand DNA is shown in dark purple, non-template strand DNA
516 in pink, and RNA in orange. The —10 and —35 promoter elements are ringed in Panel A, and the
517  primary and secondary channels circled in Panel B. Panels C and D show key functional elements of
518 the B and B’ subunits, respectively, as defined by (11). B subunit elements in Panel B; C-terminal 3
519  clamp dark green, B switch 3 purple, B flap pale green, f connector vermillion, B protrusion yellow,
520 P fork loop blue, B gate loop orange, BIn5 red. B’ subunit elements in Panel C; B’ dock purple, ' lid
521  yellow, B’ zipper orange and clamp helix (CH) orange, B’ rudder pale green, B’ clamp blue, B’ shelf
522 and jaw dark blue, bridge helix (BH) pink, trigger loop (TL) dark green. Up, and downstream sides
523  of RNAP are indicated for reference.

524
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A Closed Complex B Open Complex C Termination complex

Terminator
Hairpin

Figure 2. A model for d subunit activity during transcription initiation and termination. In all
panels RNAP subunits are coloured as in Figure 1 with the addition of ¢ region 1.1 (c1.1) shown in
lavender, the N-terminal domain of 6 (6-NTD) in orange, and the C-terminal domain (6-CTD) in red.
Panel A shows a closed transcription initiation complex with the 6-NTD bound around the B’ shelf.
The CTD is not shown (see text for details). ol.1 is shown in primary channel with the arrow
indicating the dissociation of 61.1 from this site during the transition from a closed to open intiation
complex. Panel B shows an open complex in which promoter DNA strands have separated and the
template strand has moved into the active site within the primary channel. 3-CTD is shown moving
into the primary channel where, due to its polyanionic nature it is able to compete with DNA in the
primary channel helping to prevent transcription initiation from cryptic/weak promoters. Panel C
shows a model of a transcription termination complex with a RNA hairpin (terminator hairpin). . in
the RNA exit channel. The polyanionic 3-CTD is able to disrupt the RNA-DNA hybrid upstream
from the active site aiding dissociation of RNA from the complex and RNAP recycling following

termination of transcription.
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Figure 3. Mapping sequence conservation of pathogenic Firmicutes to B. subtilis RNAP. Panel
A shows a Bayesian tree of sequence alignments of the § subunit of B. subtilis (Bsu), S. aureus
(Sau), E. faecalis (Efa), S. pyogenes (Spy), C. difficile (Cdf), and C. perfringens (Cpf). The
sequence of E. coli  subunit (Eco) was used to root the tree. Tree scale represents amino acid
substitutions per site. Bootstrap values are shown on the branches. Panels B and C show up- and
downstream views of RNAP, respectively. Subunits are labelled as well as the common to
Firmicutes BIn5 insert, and B. subtilis-specific f E696-G705 insert (yellow). A colour scale for
sequence conservation shown on the structures is shown on the bottom left of Panel B with

sequences 100% conserved pink, 0% conserved cyan and >0, <100 in white.
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Figure 4. Transcription inhibition drug targets in Firmicutes RNAP. Panel A shows sequence
conservation mapping of pathogenic Firmicutes with colouring as in Figure 3 mapped onto the B.
subtilis RNAP holoenzyme. The a», and ' subunits and o4 domain are labelled for reference. The ¢
subunit which is not conserved in Clostridia is shown in yellow. Fidaxomicin (Fidax) is shown
docked in the holoenzyme structure (box), which is shown in an enlarged box on the right (see text
for details). The structure of fidaxomicin is shown above the right hand box approximately aligned
for reference with the homodichloro-orsellenyl and macrolide core labelled for reference. Panel B,
left, shows B. subtilis holoenzyme with core subunits coloured grey and ¢* in pale blue. The box
indicates the interaction site between the B’ CH and o2 regions essential for formation of
holoenzyme. Sequence alignments of the relevant regions are shown adjacent to the holoenzyme.

Note, C. difficile encodes two ¢ subunits, but only the alignment for sig4/ is shown as sigA?2 is not
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expressed to a significant level during vegetative growth. Strain labelling is the same as in Figure 3.
The right hand side shows enlarged regions of the ' CH and 2.2 regions with amino acids involved
in formation of the holoenzyme colour coded according to their importance as determined from

mutagenesis studies (59). The colour ramp indicates the relative binding activity mutation causes to

holoenzyme formation.
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