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Introduction 

1.1 Transcription and the central dogma of molecular biology 



Figure 1.1.1: An overview of the central dogma of molecular biology. The central dogma describes the 

transfer of sequential information that enables the genome (genotype) to inform the function 

of proteins that catalyse reactions involved in biological processes within a cell or organism, 

which results in observable traits (phenotype). 

 



→



⍺

Figure 1.1.2: a) Chemical structure of nucleoside triphosphates. b) Types of nitrogenous base. c) 

Chemical structure of DNA. 





1.2 The stages of transcription 
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1.3 Bacterial RNA polymerase 
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Table 1.3.1: Length and molecular weight of E. coli RNA polymerase subunits 
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Figure 1.3.1: Overview of the RNAP. Left – Downstream face of RNAP. Right – β’ face of RNAP. 

Structure adapted from PDB ID: 6XDR 
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1.3.2 ω subunit 
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Figure 1.3.2: a) Location of the DPBB domains in the RNAP claw in E.coli RNAP (PDB ID: 6ALH). Black 

square indicates the location of the zoomed in region shown in b). b) Zoom in of the 

T.thermophilus elongation complex (PDB ID: 2O5J) catalytic site highlighting the two Mg2+ 

cation coordinated by conserved aspartate triad and glutamate residues on the β’- and β- 

DPBB domains. 
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Figure 1.3.3: a) Structure of RNAP elongation complex showing transcription bubble and DNA-RNA 

hybrid interactions with the RNAP core showing the β’ (left) and β (right) interactions 

(Adapted from PDB ID 6XDR). b) Simplified cartoon schematic of the catalytic cleft, showing 

the channels within RNAP as well as the arrangement of the transcription bubble and DNA-

RNA hybrid. c) Linear schematic of a). 
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Figure 1.3.4: a) Switch regions in elongation complex. b) Mobile domains in RNAP. E. coli specific β’ 

sequence insertion 3 is outlined in red. c) All structures are adapted from PDB 6XDR. 

 

1.4 Comparison with Archaeal and Eukaryotic RNA polymerases 

β β



β



Figure 1.4.1: Comparison of bacterial, archaeal, and eukaryotic RNAPs (S. cerevisiae used as an 

example). Key is shown in Table 1.4.1.  

 

Table 1.4.1: RNAP subunit conservation between eukaryotic and prokaryotic organisms. Colours of cells 

correspond to colours in Figure 1.4.1. 
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β
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1.5 Conserved functions of RNA polymerase 

1.5.1 Nucleotide addition 

Å

Figure 1.5.1: a) Schematic diagram of the nucleotide addition cycle. Adapted from Nudler (2009). b) 

Mechanism of nucleophilic attack from incoming rNTP during nucleotide addition. Adapted from 

Roston, Demapan & Cui (2019). 
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1.5.2 Pausing 

≥



1.5.2.1 Elemental and hairpin-mediated pausing 

β
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Figure 1.5.2: A comparison of pre-translocated, paused and post-translocated intermediates. Top row 

shows rotation of the swivel module from pre→paused and paused→post translocated 

states. The middle row shows a cross section of the RNAP core, with the RNA pause 

hairpin highlighted. The area is highlighted by dotted lines are zoomed in on bottom row. 

The bottom row shows the base stacking of the DNA-RNA hybrid at the i and i+1 (circled in 

purple) sites. The two black lines in the lower middle panel shows the rotation of the base 

stacking in the paused relative to the pre-translocated states, showing that the template 

base is not available in the i+1 site. BH=bridge helix, SM=swivel module. 

 



1.5.2.2 Pause regulation by NusG/Spt5 

β

β



Figure 1.5.3: Comparison of E.coli RfaH and canonical NusG structures. a) overview of RfaH and NusG 

show that NGN domains bind conserved positions on RNAP. b) RfaH binds to a loop on 

the non-template strand ops loop, whereas canonical NusG stabilises the non-template 

strand backbone. Both stabilise the elongation state by stabilising the double-stranded 

DNA on the upstream edge of the transcription bubble. 



1.5.2.3 Cleavage activity and Secondary channel factors 

 



Figure 1.5.4: a) An overview of DSIF bound to RNAPII in eukaryotes. b) DSIF forms a DNA and RNA 

clamp that favours processive elongation. c) Upon recruitment of NELF, a pause-promoting 

complex is formed by NELF restricting the secondary channel and TFIIS binding. Rpb1 and 

2 are coloured as shown in Figure 1.4.1, remaining subunits coloured in grey. 





β’



σ factors

Figure 1.5.5: An overview of TFIIS (a) and GreB (b) bound paused structures, showing insertion of acidic 

tip residues into the active site via the secondary channel to promote cleavage. β and 

Rpb2+9 are hidden for clarity 

1.6 σ factors 

σ

σ

σ σ σ

σ

σ



1.6.1 σ70 family 

σ

Table 1.6.1: Overview of σ70 family members (Paget, 2015; Roberts et al., 2017). 

Group Function Examples 
1 Primary σ factor, for growth, cell division σ70,  
2 Dispensable for cell growth, stationary phase stress σS/σ38, σ32 
3 Sporulation, flagella biosynthesis, heat shock response σ28/FliA, σD, 

σWhiG, B.subtilis 
σF, σE, σG, σK 

4 Extracytoplasmic function (ECF) family, e.g., misfolded 
proteins in periplasm 

E. coli σE/σ24, 
B.subtilis σW, 
E.coli σFecI/σ19, P. 
aeruginosa σPvdS, 
S. coelicolor σR 

5 Clostridium specific toxin and bacteriocin genes TcdR, TetR, 
BotR, UviA 

Figure 1.6.1: Overview of σ70 family members and binding sites. Disc=discriminator element, σF=σ finger.  



σ factors

σ

σ

σ

σ

Figure 1.6.2: a) Domain map with residue range for subdomains of E. coli σ70. b-d) Structure of E. coli σ70 

closed complex (6PSQ). b) Downstream face of closed complex clamp. c) Top-down view 

looking into the catalytic site. d) cross section of claw. ⍺ and β subunits are hidden for 

clarity (Chen et al., 2020). e) R4.2 interaction with -35 consensus region and f) R2.3-3.0 

interaction with the discriminator and -10 consensus region. 
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1.6.1.1 σ70-mediated open complex formation 
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Figure 1.6.3: σ70 mediated open complex formation. a) an overview of the stepwise bubble opening 

in σ70 structures (PDB IDs: 6PSQ, 6PSR, 6PSS, 6PST, 6PSU, 6PSV, 6PSW). β 

subunit is transparent. b) Clamp opening widths (above) and base-specific pocket 

interactions during melting. Colour of boxes in the top panel represents the zoomed in 

positions in the corresponding box in the below panel. 
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1.6.1.2 σ70 group 2 & 3 regulation 
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1.6.1.3 σ70 group 4 (ECF) 
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1.6.1.4 UP elements, ⍺ -CTD factors and class I and II activators of σ70 
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1.6.1.5 RbpA and CarD activators 
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1.6.2 σ54 factor 
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Figure 1.6.4: Sequence logo of σ54 promoters taken from iPro54 database (Lin et al., 2014). All sequence 

logos were generated using WebLogo (Crooks et al., 2004).  
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σ factors

Figure 1.6.5: a) Domain map of σ54. b-d) Structure of E. coli σ54 closed complex (5NSR). Region II was 

not resolved in this structure. b) Downstream face of closed complex clamp. c) Top-down 

view looking into the catalytic site. d) cross section of claw. ⍺ and β subunits are hidden for 

clarity. e) Sequence logo of region I. f) Sequence logo of region III. Conserved R336 

indicated by an asterisk. 



1.7 ATPases associated with various cellular activities (AAA+) 

Table 1.7.1: Classification of AAA+ protein clades. PS1BH=part of the Pre-sensor 1 β hairpin superclade. 

Adapted from Puchades, Sandate & Lander (2020) and Khan, White & Brunger (2022). 

Clade Name Function Examples 

1 Clamp loader DNA replication and 
repair 

RFC3, T4 clamp loader, 
HolB 

2 Initiator DNA replication DnaA, DnaC, ORC/Cdc6 

3 Classic Type I  Protein polymer 
disassembly 

VPS4, Fidgetin, Bcs1 

Type II Vesicle fusion and 
protein disaggregation 

NSF, p97, Hsp104 

Type III 
(Protease) 

Protein degradation Yme1, AFG3L2, 26S 
protease 

⍺β⍺ ⍺



ATPases associated with various cellular activities (AAA+)

⍺β⍺ ⍺

Figure 1.7.1: a) structure of AAA+ interprotomer interface (PDB ID: 3M0E) showing in trans activity of 

R-fingers from adjacent subunit and ATP binding site within the ⍺-lid and ⍺β⍺ sandwich. b) 

overview of AAA+ protein clades and unique insertions. Figure adapted from Seraphim & 

Houry (2020).    
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ATPases associated with various cellular activities (AAA+)

Figure 1.7.2: Classical mechanism of AAA+ driven substrate translocation using a sequential hand over 

hand mechanism. a) Hexamer model showing ATP hydrolysis driven movement of subunit 

5 during 1 round of ATP hydrolysis. b) A schematic representation of the movements of the 

protomers during 1 round of ATP hydrolysis. c) hand-over-hand analogy of translocation. 

Adapted from (Puchades, Sandate & Lander, 2020) 

β



⍺ β

β

1.7.1 Bacterial Enhancer binding proteins 

σ

 



ATPases associated with various cellular activities (AAA+)

Table 1.7.2: An overview of the different groups of bEBPs. Abbreviations: RR = Response regulator, PRD 

= Phosphotransferase System Regulation Domain, PAS = Per-ARNT-Sim domain, V4R = 4-

vinyl reductase, ACT = aspartokinase, chorismate mutase, and TyrA, GAF = cGMP-specific 

phosphodiesterases, adenylyl cyclases and FhlA. (Reproduced with permission from (Gao et 

al., 2020) 

Group Examples R domain Mode of regulation C domain D domain 

1 NtrC, NtrC1, 
NtrC4, ZraR, 
DctD 

RR/PRD Phosphorylation 
from 2 component 
systems 

Clade 6 AAA+ HTH 

2 DmpR, 
AcoR, PheR, 
PrdR, XylR 

PAS/V4R/ACT Ligand binding Clade 6 AAA+ HTH 

3 NorR, NifA, 
FhlA 

GAF Ligand binding Clade 6 AAA+ HTH 

4 PspF, 
HrpR/S 

N/A Protein binding in 
trans 

Clade 6 AAA+ HTH 

5 FlgR, CtcC N/A Phosphorylation 
from 2 component 
systems 

Clade 6 AAA+ N/A 



1.7.2 Conserved AAA+ motifs in the C domain 

Figure 1.7.3: a) Schematic diagram of clade 6 AAA+ protein secondary structure. b) Model of PspF1-275 

hexamer showing ATP binding sites. Model was created by fitting in ATP molecules from 

the PspF1-275 structure (2C96) onto the intermediate complex structure (5NSS). c) PspF1-275 

hexamer contacting DNA and σ54-RI via its L1 loops. d) NtrC1 monomer crystal structure 

(PDB ID: 3M0E) showing the conserved domains found in AAA+ proteins, as well as the 

L1/L2 loops. Area highlighted is the active site, as enlarged in e). e) The active site of 

NtrC1. The E108 residue was modelled using PspF1-275 crystal structure (2C96). The 

residues are numbered as in E. coli PspF1-275. Figure adapted from Gao et al. (2020). 



ATPases associated with various cellular activities (AAA+)
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1.8 σ54-mediated open complex formation 

Figure 1.8.1: Structures in the open complex formation pathway. a) Overall structures of the different 

RPc (5NSR), RPi (5NSS), RPip (6GH6), RPo (6GH5), RPitc (6GFW) and RPe (taken from 

expressome structure 6XDR) complexes, viewed from the downstream face. [] = Transient 

intermediate. Asterisks indicates use of ADP.AlFx to capture hydrolysis intermediate state. b 

i) DNA melting and clamp opening during open complex formation. View from the top of the 

cleft, showing the RNAP pincers only for clarity. Region I is not resolved in RPip and RPitc. 

ii) side view of the transcription bubble in RPitc structure. RNA shown in magenta. 



σ54-mediated open complex formation
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1.9 Mechanisms of promoter escape 



Mechanisms of promoter escape
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1.9.1 RNA 5’ displacement 

Figure 1.9.1: Schematic mechanism of RNA displacement. 

 

σ

σ σ σ

σ σ σ σ

σ

σ

σ



Mechanisms of promoter escape

1.9.2 DNA scrunching 

Figure 1.9.2: Schematic mechanism of DNA scrunching driven σ displacement. 
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Project Aims

1.10 Project Aims 

Figure 1.10.1: Summary of the structural transitions being studied in this project. 

 

σ

σ

σ

σ

σ



Cryo-electron Microscopy 

2.1 Background 



Resolution limits

Figure 2.1.1: Schematic of 3D reconstruction method, demonstrating the principles of Fourier slice 

theorem - Fourier transforms of 2D projection images represent slices of a 3D Fourier 

transform. Discussed further in section 2.3. 

 

2.2 Resolution limits 

λ φ)

𝑦 = 𝐴𝑐𝑜𝑠(
2𝜋𝑥

𝜆
+ 𝜑)

λ φ

𝑓 = 𝑐/𝜆



Figure 2.2.1: Overview of wave equation. All waves contain amplitude, phase and wavelength 

 

θ

𝑠𝑖𝑛(𝜃) = 𝜆/𝐷



Resolution limits

Figure 2.2.2: a) Incident wave hitting an array of evenly spaced points. The resultant radiation of waves 

from each point interfere constructively or destructively dependent of the wavelength and 

phase, resulting in diffraction at specific angles θ. b) Lenses focus the diffracted light onto a 

back focal plane. 

 

θ

𝐷𝑚𝑖𝑛  =  
0.61𝜆

𝑁𝐴

 𝑛𝑠𝑖𝑛(𝜃)
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2.3 Amplitudes, phases and Fourier slice theorem 

Figure 2.3.1: Schematic representation of a double Fourier system. 

 



Electron microscope anatomy

⍺ β γ

2.4 Electron microscope anatomy 

Figure 2.4.1: Anatomy of the cryo-electron electron microscope 



2.4.1 Vacuum source 

2.4.2 Electron sources and coherence 



Electron microscope anatomy

2.4.3 Electron lenses 

𝑭 =  −𝑞𝑒(𝑬 + 𝒗 × 𝑩)



2.4.4 Cryobox and sample holders 

2.4.5 Energy filters 



Electron microscope anatomy

2.4.6 Detectors and Direct Quantum Efficiency (DQE) 

 



Figure 2.4.2: a) Overall structure of CCD chip. Incoming electrons must first enter a scintillator, which 

causes the electrons to scatter and emit photons. Often, spatial information is degraded 

due to backscattering and multiple photon emissions per electron scattering event. 

Photons then travel down the fibre optic bundle to hit the sensor. b) In the CCD sensor, 

each photon is counted and summed after a specified exposure time and amplified to 

produce the image. c) In DEDs, the incoming electrons hit the sensor directly. d) Each pixel 

in the sensor converts the electron to charge directly, and on-chip processing enables 

interpolation of electron position during the exposure. 



Image formation

2.5 Image formation 

2.5.1 Scattering and contrast 



π



Image formation

2.5.2 Spherical and Chromatic aberration 

Å

  



2.5.3 Contrast transfer function estimation and correction 

𝐶𝑇𝐹 = −sin(−𝜋𝛥𝑓𝜆𝑘2 +
𝜋

2
𝐶𝑠𝜆3𝑘4)

𝛥𝑓 =

𝑘 =

𝐶𝑠 =

Figure 2.5.1: a) Schematic of scattering in an microscope. Unscattered beam shown in red. Higher 

spatial frequencies (purple) scatter at higher angles. b-c) Scattering results in a difference in 

path length Δl, that is dependent on spatial frequencies, which results in the resultant wave 

being imaged by the detector having different difference resultant intensities due to wave 

interference as it is focused into the detector. Star indicates position along the wave at point 

of impact. d-e) Argand diagrams showing that the difference in intensity ΔA between the 

unscattered background (Wu red) and resultant foreground (WR black) creates the contrast 

in the image. f) Plotting the resultant intensities vs spatial frequency results in the contrast 

transfer function. Area shaded green represents the spatial frequency range that is 

unaffected by contrast inversion.  



Image formation

Figure 2.5.2: a) Spherical and b) chromatic aberrations create an envelope that dampens the CTF (c). d) 

Thon rings observed in the power spectra of a micrograph, with the CTF inset. CTF image taken 

from Orlova & Saibil (2011). 



2.6 Cryo-EM sample preparation 

Figure 2.6.1: Schematic diagram of a holey grid 



Cryo-EM sample preparation



2.7 Data collection 

2.7.1 Pixel size and Nyquist frequency 

Å Å Å

Å



Data collection

2.7.2 Nominal Defocus 

2.7.3 Data acquisition rate and exposure time 



Å



Image Processing

2.8 Image Processing 

2.8.1 Motion Correction 

2.8.2 Particle picking 





Image Processing

2.8.3 Alignment 

2.8.4 Maximum likelihood approaches for refinement 



Figure 2.8.1: a) Single particle refinement involves aligning a set of noisy extracted particles with 

projection images from a reference.b i) Angular assignments are determined by calculating 

the probability of angles being correctly assigned. b ii) An alternative method of alignment is 

the maximum cross-correlation (CC) approach, which is suboptimal for noisy images. c) 

The aligned particles are then back-projected onto a low-pass filtered reference to produce 

the refined model, which can then be re-projected to produce improved reference 

projections, and the cycle is iterated until the accuracy in angular assignments converge.



Image Processing

2.8.5 2D and 3D classification 



2.8.6 Fourier shell correlation 



Image Processing

Figure 2.8.2: Fourier shell correlation measures the cross-correlation of the Fourier components of 2 

independent halves of the refinement map. The correlation between each spatial frequency 

is then plotted and the nominal resolution is determined by finding the resolution at the 

correlation cutoff of 0.143.

2.8.7 Model building 
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Å



Plasmid transformation

Materials & Methods 

3.1 Plasmid transformation 

⍺ β β ω

σ σ

°

  



Table 3.1.1: Proteins used in this investigation and statistics 

Component Molecular Weight (kDa) pI E (M-1cm-1)* No. Residues 
σ54 53.93 4.60 42400 477 
RNAP (α2ββ'ω subunits) 388.98 5.38 212130 3498 
PspF1-275 31.10 5.06 21430 275 
RNAP-σ54 442.89 5.23 254530 3975 
*Assuming all cysteines are reduced. Measured in water at 280 nm. pI = isoelectric 
point. E = extinction coefficient 

 

Table 3.1.2: List of plasmids used in this study and their corresponding genes.  

Genes Protein Tag Plasmid Vector Antibiotic used in 
plates and LB media 

Antibiotic 
Concentration 
(μg/ml) 

rpoA, 
rpoB, 
rpoC* 

α, β, β’ None pGEMABC 
(Murakami, 
2013) 

Ampicillin 100 

rpoZ* ω None pACYCDuet 
(Novagen) 
 

Chloramphenicol 100 

rpoN  σ54 6× His 
Tag 

pET28b 
(Novagen) 

Kanamycin 50 

pspF PspF1-275 
(AAA+ 
domain) 

6× His 
Tag 

pET28b 
(Novagen) 

Kanamycin 50 

*rpoA, rpoB, rpoC and rpoZ were coexpressed. E. coli BL21(DE3) were transformed with 
both pGEMABC (100 ng) and pACYCDuet (100 ng) 

 



Cell culture and induction

Table 3.1.3: Buffer recipes 

Buffers/Solutions Composition 
σ54 NiA  20 mM Tris-HCl pH 8, 500 mM NaCl, 5% v/v Glycerol, 10 mM 

Imidazole 
PspF1-275 NiA 50 mM NaH2PO4, 300 mM NaCl, 5% v/v glycerol 
σ54 NiB 70 mM NaCl, 500 mM Imidazole pH 8, 5% v/v Glycerol 
PspF1-275 NiB 50mM NaH2PO4, 50 mM NaCl, 500 mM imidazole pH 8, 5% 

glycerol 
HepA 20 mM Tris-HCl pH 8, 50 mM NaCl, 5% v/v Glycerol, 1 mM TCEP* 
HepB 20 mM Tris-HCl pH 8, 1 M NaCl, 5% v/v Glycerol, 1 mM TCEP* 
GF 20 mM Tris-HCl pH 8, 150 mM NaCl, 5% v/v Glycerol, 2 mM TCEP* 
GFPspF 10 mM Tris-HCl pH 8, 50 mM NaCl, 5% v/v Glycerol, 0.1 mM 

EDTA, 1 mM TCEP* 
TGET 10 mM Tris-HCl (pH 8), 5% v/v Glycerol, 1 mM EDTA, 2 mM 

TCEP*, NaCl◆ 
Lysis Buffer 
 

50 mM Tris-HCl pH 8, 1 mM EDTA, 2 mM TCEP*, 1 cOmplete™ 
protease inhibitor tablet per 50 ml* 

STA Buffer 25 mM Tris-Acetate, 8 mM Mg-Acetate, 10 mM KCl, 1 mM TCEP* 

2× Annealing buffer 20 mM Tris-HCl, 100 mM NaCl 
 

Buffer EM1 20 mM Tris-HCl, 150 mM NaCl, 10 mM MgCl2, 1 mM TCEP 
Buffer EM2 20 mM Tris-HCl, 150 mM KCl, 5 mM MgCl2, 5 mM TCEP 
Native-PAGE 
Binding buffer (5×) 

25% v/v Glycerol, 750 mM KCl, 100 mM Tris-HCl pH 8, 10 mM 
MgCl2 

* Added directly before use 
◆TGET was prepared with 100 mM, 250 mM, 500 mM, 800 mM and 1 M NaCl 

3.2 Cell culture and induction 

β

3.2.1 σ54 and PspF1-275 induction and expression 

°



3.2.2 RNAP core (α2ββ’ω) induction and expression 

°

 

 

3.2.3 Harvesting 

σ

 

3.3 Cell lysis 

σ



Protein purification

3.4 Protein purification 

3.4.1 σ54 wildtype and R336A mutant purification 

σ

σ

σ

σ



3.4.2 PspF1-275 purification 

×

10 mM Tris-HCl pH 8, 50 



Protein purification

mM NaCl, 5% v/v glycerol, 0.1 mM EDTA, 1 mM TCEP

3.4.3 RNAP core (α2ββ’ω) 



3.4.4 RNAP-σ54 formation 

σ

σ



Complex formation assays

3.5 Complex formation assays 

3.5.1 Nucleic acid scaffold preparation 

3.5.2 Native-PAGE 

σ

σ



Table 3.5.1: Recipe for native-PAGE gels and loading buffers 

Gel type Recipe (5 gels) 
Native-PAGE (4.5% TBE gel) 7.5 ml 30% Acrylamide (Sigma-Aldrich) 

5 ml 10× TBE  
37 ml H2O (to 50 ml) 
0.5 ml 10% ammonium persulfate 
50 μl Tetramethylethylenediamine 

Native-PAGE 
Binding buffer (5×) 

25% v/v Glycerol 
750 mM KCl 
100 mM Tris-HCl pH 8 
10 mM MgCl2 

3.6 Complex formation  

3.6.1 RP(-12/-11), RP(-11/-8) and RP(-11/-3) complexes 

σ



Cryo-EM sample preparation

3.6.2 RP(-10/-1) complexes 

σ

σ

3.6.3 RP5nt, 6nt, 7nt, 8nt and 9nt complexes 

σ

3.7 Cryo-EM sample preparation 



3.7.1 Sample preparation of RP(-11/-8) and RP(-11/-3) complexes 

σ

3.7.2 Sample preparation of RP(-10/-1), RP5nt, 6nt, 7nt, 8nt and 9nt complexes 

3.7.3 Data collection 

Sample Pixel Size 
(Å/pixel) 

Total Dose  
(e-/Å2) 

Defocus Range 
(μm) 

Total Movies 

RP(-11/-8) 1.1 50 -3 to -1 11 634 
RP(-11/-3) 1.06 40 -3 to -1 24 393 
RP(-10/-1) 1.1 40 -3 to -1 15 534 
RP5nt 1.1 30 -3 to -1 12 309 
RP6nt 1.06 40 -2.7 to -1 9188 
RP7nt 1.06 30 -3 to -1 4185 
RP8nt 1.072 40 -2.7 to -1 11 198 
RP9nt 1.06 30 -3 to -1 6121 



In vitro transcription assays

3.7.4 Image processing 

3.7.5 Model Building and refinement 

σ

3.8 In vitro transcription assays 

⍺

σ

⍺





Structural basis of σ54-mediated open complex formation 

4.1 Introduction 

σ σ

σ

⍺



σ

σ

σ

Figure 4.1.1: Schematic of σ54 mediated open complex formation. 

 

4.2 High resolution structure of closed and PspF1-275-engaged intermediate 

complexes 

σ



σ

σ

Å



σ

Figure 4.2.1: a) Domain map of σ54. b) Model and c) composite map of RPi(-12/-11). d) Model and e) 

map of RPc(WT) 

 

σ

σ



Å

Figure 4.2.2: σ54 interaction with the nifH promoter DNA reveals nucleation of the transcription bubble by 

region I and ELH, stabilised by major groove interactions via region III-RpoN and HTH. a) 

overview of the DNA binding elements of σ54 in the RPc conformation. b) RpoN and c) HTH 

interactions. d, e) ELH stabilises the flipped out base in the -12 position. f) M15 inserting in 

between the 2 DNA strands. 



σ

σ

σ

Figure 4.2.3: a) PspF1-275 ring highlighting arrangement of L1 loops contacting RNAP-σ54-DNA. b) Region 

I N-terminus as viewed from the top of the PspF1-275 ring. c) Schematic depiction of promoter 

arrangement with the nucleotide occupancies. d) Cartoon of the L1 loops contacting the 

region I N-terminus. 
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4.3 Analysis of RPi(-12/-11) PspF1-275 protomer coordination and 

interactions 



σ

β γ



Figure 4.3.1: a) overview of the PspF1-275 hexameric ring side and top views b) secondary structure 

schematic of PspF1-275. c) active site interactions include in trans contributions from R finger in 

adjacent protomers. d-i) Zoomed in views of the nucleotide binding pocket from each protomer. 
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σ

 

Figure 4.3.2: a) overview nucleotide binding state in the hexamer. b-e) alignment of the protomers by the 

⍺β sandwich subdomain. b) ATP bound protomers show a similar level of scrunching of the 

⍺β sandwich and ⍺ lid subdomains. c) ATP (protomer 1), ADP and apo bound comparison 

shows scrunching, with ATP → ADP → apo being the order from least to most closed. d) 

the proposed power stroke, comparing ATP and ADP-bound states. e) proposed priming 

transition, comparing protomer 2 and protomer 1, showing that the L1 loop in protomer 1 is 

in a more raised position. f i) The proposed power stroke on region I would pull region I 

through the PspF1-275 central pore. f ii) T86 from L1 packs against Q12 on region I, and likely 

exerts force on Q12 upon hydrolysis. 



σ
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Figure 4.3.3: The proposed conformational changes within the hexameric ring suggests that a) ATP 

hydrolysis from protomer 1 leads to detachment of protomer 1 from protomer 2 (red panel) 

and requires protomer 6 to move towards protomer 5 to prevent steric clashing (blue 

panel). Upon shifting of protomer 6, protomer 1 is free to hydrolyse and move to position 6 

(shown in grey) b) Protomer 2 is prevented from adopting a raised position by protomer 1; 

upon detachment, protomer 2 is free to move up into the raised position (shown in grey). 



⍺

σ

 



σ

Figure 4.3.4: Proposed mechanism of ATP hydrolysis and substrate translocation. a) Cartoon schematic 

of movement of protomer 1 during the power stroke leads to dissociation from protomer 2 

and shifting of protomer 6 towards protomer 5, facilitating protomer 2 L1 loop opening, and 

nucleotide release by protomer 6. b) Structural schematic showing direction of translocation 

facilitated by ATP hydrolysis. c) Cartoon schematic showing the movement of protomers 

down the central axis of PspF1-275 during ATP hydrolysis. 

 

σ
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4.4 Purification of intermediate complex protein components 

4.4.1 RNA polymerase 

σ

Figure 4.4.1. a) Elution profile of RNA polymerase from final anion exchange chromatography step. 

Concentration of buffer B is 1M TGET buffer, and is shown in green, OD280 is shown is blue 

and OD256 is shown in red. Shaded region in the elution profile represent pooled fractions, 

as shown in bold in the SDS-PAGE profile in b). b) SDS-PAGE gel of fractions from HiTrap 

Q anion exchange column. L= molecular weight ladder. 

 

 



4.4.2 σ54 

σ

σ

σ

σ

σ

Figure 4.4.2. a) Elution profile of σ54 from final gel filtration step. Shaded region in the elution profile 

represent pooled fractions, as shown in bold in the SDS-PAGE profile in b). b) SDS-PAGE 

gel of fractions from gel filtration column. L= molecular weight ladder. 

 

4.4.3 RNAP-σ54 holoenzyme 

σ σ



σ

Figure 4.4.3. a) Elution profile of σ54 from final gel filtration step. Shaded region in the elution profile 

represent pooled fractions, as shown in bold in the SDS-PAGE profile in b). b) SDS-

PAGE gel of fractions from gel filtration column. L= molecular weight ladder. 

 

4.4.4 PspF1-275 



Figure 4.4.4. a) Elution profile of PspF1-275 from final gel filtration step. Shaded region in the elution profile 

represent pooled fractions, as shown in bold in the SDS-PAGE profile in b). b) SDS-PAGE 

gel of fractions from gel filtration column. L= molecular weight ladder. 

 

4.5 Optimisation of complex assembly 

4.5.1 Choice of DNA scaffolds 

4.5.2 Native-PAGE and longer transcript gels of RNAP-σ54-DNA-PspF 

complexes 

σ



σ

ɣ

Figure 4.5.1. Native-PAGE gel of RNAP-σ54-PspF1-275 complexes trapped with ADP.AlFx and varying 

DNA mismatch lengths (lanes 4-10) 

 

 



Figure 4.5.2. a) Design of nifH DNA sequences. All mutations were done on the non-template strand, 

indicated in red. Consensus σ54 binding sequences highlighted. b) Short primed RNA assay 

detects ⍺-32P labelled GTP in short RNA transcripts show that all except RP(-11/-8) are 

transcription competent with dATP. Pre-opened (-10/-1) and fully duplexed (WT) DNA was 

used as positive and negative controls respectively.  



σ

4.6 RP(-11/-8) complexes 

4.6.1 Sample Preparation of the RP(-11/-8) complex 

Figure 4.6.1: Gel filtration profile of RP(-11/-8) and SDS-PAGE analysis of fractions. Fraction used in grid 

preparation is highlighted in bold. 



4.6.2 Image processing of RP(-11/-8) complexes 

Figure 4.6.2: Overall processing flowchart for RP(-11/-8) complexes. Arrow colour indicated class 

selected for further processing. Numbers below each class represents number of particles. For 

detailed breakdown, see figures below. 

 



σ

Figure 4.6.3: a) Pre-processing and 1st round of classification and refinement showed features of RNAP, 

σ54, DNA and PspF1-275. Numbers below each class represents number of particles. The first 

refinement showed preferential orientation, as indicated by the spherical (b) and flattened (c) 

angular distribution map of the first refinement. 
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σ
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Å
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Figure 4.6.4: a) Flowchart of PspF1-275-DNA-σ54 region I subtraction processing pipeline. Numbers below 

each class represents number of particles b) Local resolution maps of the 6 conformations 

found, including local resolution maps for global, PspF1-275-DNA-σ54 region I-focused and 

RNAP-σ54-DNA focused maps for each conformation. 



Figure 4.6.5: Angular distribution map of the global (i) RNAP-σ54-DNA (ii) and PspF1-275-DNA-region I (iii) 

focused refinement maps of conformations 1-6 (a-f). 

  



σ

 

Figure 4.6.6: FSC curves of the global (i), RNAP-σ54-DNA (ii), and PspF1-275-DNA-region I (iii) focused 

refinement maps of conformations 1-6 (a-f). 



Figure 4.6.7: a) Flowchart of RNAP-σ54-DNA subtraction processing pipeline. Numbers below each class 

represents number of particles. b) open clamp and c) closed clamp maps showing i) local 

resolution map ii) angular distribution and iii) FSC curves. 



σ

Figure 4.6.8: a) Flowchart of PspF1-275 subtraction processing pipeline. Numbers below each class 

represents number of particles. b) local resolution map c) angular distribution and d) FSC 

curve of PspF1-275 subtracted map. 



σ

4.6.3 Structural analysis of RP(-11/-8) 

Figure 4.6.9: a) Clamp opening across different composite maps of the 6 conformations. Maps and 

models were aligned by the β’ subunit. The outline of the inner edge of the pincers are 

highlighted in white, with the clamp width in brackets. The distances were measured from C⍺ 

atoms between residue 372 on the β subunit and 137 on the β’ subunit. b) PspF1-275 ring 

conformations, as viewed from the top of the ring. c) PspF1-275 ring conformations, as viewed 

from the top of the side. Each conformation has a different angle relative to the DNA.  
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4.6.3.1 PspF1-275-σ54-DNA interactions 

β



Figure 4.6.10: A comparison of the a) PspF1-275 tilt angles and b) DNA bending downstream of the -10 

position for RPi(-12/-11) and RP(-11/-8).  

⍺β ⍺



σ

Figure 4.6.11: RPi(-12/-11) and RP(-11/-8) aligned by PspF1-275 ring reveals differences in protomer 

arrangement. a) RPi(-11/-8) PspF1-275 is tilted in comparison to RPi(-12/-11), with a larger 

seam between protomers 6 and 1. Protomers 2 and 3 are hidden for clarity. b) the L1 

loops of protomers 4, 5, 6 and 1 are shifted in comparison to RPi(-12/-11), with the L1 

loop of protomer 6 moving away from protomer 1. 

 



Figure 4.6.12: Nucleotide occupancy changes between protomers 5 and 6. a-b) Overview of protomer 

arrangement and occupancy. Zoomed in views of protomers 5 and 6 are highlighted red 

and blue respectively. c) Zoomed in view of the active site of protomers 5 (top panels) and 

6 (bottom panels), showing protomer 5 becoming nucleotide bound, whereas protomer 6 

becomes apo. d-e) Alignment of protomers by the walker A motif shows that from -12/-11 

→ -11/-8 is associated with slight opening in protomer 5 (d) and scrunching and closing of 

the ⍺ lid and ⍺β sandwich subdomains in protomer 6 (e). 



σ
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σ

Figure 4.6.13: a) View of the RPi(-12/-11) complex from the β face. Zoomed in area in b) is highlighted. b) 

In the RP(-11/-8) conformation 3 structure, the -11G base on the template strand flips out 

and faces the ELH. 



Figure 4.6.14: Overview of potential RpoN and protomer 4 interactions in the RP(-11/-8) dataset. a) 

Zoomed out view of RPi(-12/-11).b) Density and models of the RpoN domain interactions 

with DNA and PspF1-275. Bottom panels are zoomed in views of protomer 4 and RpoN. 

The core binding domain and ELH are hidden for clarity. 



σ

4.7 RP(-10/-1) complex 

4.7.1 Sample preparation 



4.7.2 Image processing of RP(-10/-1) 

Figure 4.7.1: Overall processing workflow for RP(-10/-1) dataset. Arrow colour indicates class selected. 



σ

Å

Figure 4.7.2: a) Pre-processing and 1st round of classification and refinement of the RP(-10/-1) dataset 

showed features of RNAP, σ54, DNA and PspF1-275. The first refinement showed preferential 

orientation, as indicated by the spherical (b) and flattened (c) angular distribution map of the 

first refinement. 



σ

Å

⍺ σ

Figure 4.7.3: i) Local resolution maps ii) angular distribution maps and iii) Fourier-shell correlation curves 

of a) open clamp conformation. b) closed clamp conformation c) PspF1-275 ring d-f) Conformation 

1 and g-i) conformation 2 of the RP(-10/-1) complex. 



σ

4.7.3 Structural analysis of RP(-10/-1) 

β

Figure 4.7.4: a) The PspF1-275 tilt for RP(-10/-1) conformation is the same angle as RP(-11/-8) 

conformation 3. b) the DNA bending angle of the RP(-10/-1) is 73°, a sharper bend 

corresponding to a larger mismatch length and bubble size. 



⍺



σ

Figure 4.7.5:  a) DNA melting corresponds with changes in the region I N-terminus position, which 

suggests a pulling and potential unfolding of the ⍺1 helix (b) and protomer arrangement of 

the PspF1-275 ring (c).  a) Apo interface highlighted by dotted lines. Note that the colours of 

the protomer indicate its position along the central axis, shown by a vertical line in (c). 



σ

Figure 4.7.6: Comparison of the RPo(WT) structure with the previously published RPip(R336A) and 

RPo(R336A) mutant structures. a) The map and model of the RPo(WT) structure. b) 

Comparison of the upstream DNA path and clamp opening in the different structures. View 

looking at the upstream DNA from the top of the RNAP clamp. c) The ELH position and 

upstream DNA path in the different conformations.  



σ

4.8 Summary 

Figure 4.8.1: Schematic of open complex formation 

⍺



Structural basis of σ54 displacement in Bacterial Promoter Escape 

5.1 Introduction 

σ

σ σ

σ

σ



σ

σ

5.2 RP5-9nt complexes 

σ

σ

Figure 5.2.1: Re-assignment of RNA density in RPitc model. a) Overview of the cross-section old RPitc 

model. Zoomed in region is highlighted by white box. b) Zoomed in active site, showing only 

DNA template strand and RNA for clarity. Upon analysis of the RPitc density map, we found 

density for two additional nucleotides (5’-UpGGGGG-3’), despite the DNA scaffold only 

providing no complementary bases in on the template strand for the additional nucleotides, 

suggesting that σ54 initial transcription undergoes slippage or reiterative transcription. 



Figure 5.2.2: Design of the DNA-RNA scaffolds used in this investigation 
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5.2.1 5nt complexes reveal a novel passage of region II through the RNAP core 

Figure 5.2.3: Processing pipeline for the RP5nt dataset 
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Figure 5.2.4: Comparison of region II in RPo, RPitc and RP5nt (pre-translocated) complexes. a) Overview 

of the σ54 domain structure. RI is shown in white, as it is unresolved. b) Cross section of the 

RPo complex. Zoomed in region highlighted by white box. c) Cartoon and density of region 

II in each structure 
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Figure 5.2.5: a) Local resolution maps. b) Angular distribution maps. 
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Figure 5.2.6: FSC maps. 

 



Figure 5.2.7:a) Left: overview of RP5nt structure downstream face. Right: cross-section of RP5nt, with 

RII highlighted, and ⍺ and β  subunits hidden. b) RII entrance into the RNAP core. c) Left 

panel: cut through of the β’ face of the 5nt pre-translocated elongation complex. β  is 

not shown for clarity. Right panel: RII finger forms Van der Waals interactions with β’ that 

stabilise the kinked structure.  



σ

5.2.2 Longer transcripts causes scrunching of the region II finger 

Figure 5.2.8: Processing pipeline for the RP6nt dataset 

 

Figure 5.2.9: Processing pipeline for the RP7nt dataset 



Figure 5.2.10: Processing pipeline for the RP8nt dataset. 

Figure 5.2.11: Processing pipeline for RP9nt dataset 



σ

Figure 5.2.12: RNA, template DNA and RII densities and conformational changes at different transcript 

lengths. 
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σ σ
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5.2.3 Transcription extension drives increased perturbation of transcription 

bubble and extra-long helix densities. 



σ

Figure 5.2.13: Increased RNA leads to loss of ELH density. 
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5.3 Summary 

Figure 5.3.1: Proposed mechanism of σ54 displacement. 
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Discussion 

6.1 Mechanisms of σ54 mediated, PspF1-275-driven open complex formation 

⍺



σ

σ

 



6.2 σ70 mediated open complex formation comparison 

Figure 6.2.1: Comparison of between σ70 (a, b) and σ54 (c, d) upstream DNA binding elements. a, c) RNA 

exit channel indicated by a dotted white line. b, d) Top view of upstream DNA 

 

σ

σ

σ

σ

σ

β

β

β’



σ

σ

β σ

σ

σ

σ σ

Figure 6.2.2: Comparison of subdomains binding to the internal cleft in σ70 (a, PDB ID:6PSQ) and σ54 (b, 

PDB ID: 5NWT) 
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Figure 6.2.3: M. tuberculosis open complex formation involves open of the clamp to separate the switch 

region 2 (Sw2, orange) and fork loop 2 (FL2, cyan) in the final stages of DNA loading to 

enable template strand access to the catalytic site.  a) M. tuberculosis closed complex 

structure as viewed from the downstream clamp. b) bottom view of the M. tuberculosis 

closed complex structure, showing the internal active site. c) zoomed in region showing the 

FL2 and Sw2 movements from RPc→Cor-RP2→RP2→RPo. Adapted from Boyaci et al. 

(2019); Lilic, Darst & Campbell (2021). 



6.3 Mechanism of bEBP hydrolysis and coordination 
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Figure 6.3.1: a) Classical mechanism. T= ATP-bound, D= ADP-bound, E=Empty. Star indicates the 

protomer undergoing the power stroke, with the red dot indicating the residue remaining 

bound to the protomer as it translocates (red arrow). The protomer number is indicated in 

the circle, as opposed to the position number, which is indicated by the colours and 

number on the left hand side. b) ClpXP mechanism, with the RPi(-12/-11), RP(-11/-8) and 

RP(-10/-1) conformations fitted into the pathway C1,2,3 referring to conformation 1, 2 and 

3 respectively. 
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6.5 σ54-mediated promoter escape and comparison with σ70 

σ σ

σ σ σ σ

σ

σ σ

σ

σ

σ

σ

σ

σ



σ

σ



σ σ

Figure 6.5.1: Comparison of σ54 and σ70 (σA) initially transcribing complexes demonstrates that both utilise 

a similar mechanism of displacement of subdomains blocking the RNA exit channel, in 

which the 5’ end of the growing RNA displaces σ factor, causing it to fold backwards.



6.6 Eukaryotic perspectives 
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Figure 6.6.1: Comparison of eukaryotic and σ54 mechanisms in bubble stabilisation reveals common 

themes in bubble maintenance. TFIIH is shown in transparent for clarity. Coloration of 

RPB1 and RPB2 is the same as β’ and β subunits, with the rest being coloured in grey for 

clarity. 

σ



σ

σ

6.7 Summary and Future Perspectives 

σ



⍺

σ

σ





Bibliography 

Abdelkareem, M., Saint-Andre, C., Takacs, M., Papai, G., Crucifix, C., Guo, X., Ortiz, J. 

& Weixlbaumer, A. (2019) Structural Basis of Transcription: RNA Polymerase 

Backtracking and Its Reactivation. Mol Cell. 75 (2), 298-309 e4. doi: 

10.1016/j.molcel.2019.04.029. 

Abel, C.-B., Verónica, M.-F., I, G.-G. A. & Francisco, N. (2018) Subunits Common to 

RNA Polymerases. The Yeast Role in Medical Applications. 

Alberts, B., Heald, R., Johnson, A., Morgan, D., Raff, M., Roberts, K. & Walter, P. 

(2022) Molecular biology of the cell. W. W. Norton & Company. 

Bae, B., Chen, J., Davis, E., Leon, K., Darst, S. A. & Campbell, E. A. (2015) CarD uses 

a minor groove wedge mechanism to stabilize the RNA polymerase open promoter 

complex. Elife. 4. doi: 10.7554/eLife.08505. 

Basu, R. S., Warner, B. A., Molodtsov, V., Pupov, D., Esyunina, D., Fernandez-Tornero, 

C., Kulbachinskiy, A. & Murakami, K. S. (2014) Structural basis of transcription initiation 

by bacterial RNA polymerase holoenzyme. J Biol Chem. 289 (35), 24549-59. doi: 

10.1074/jbc.M114.584037. 



Baum, B. & Baum, D. A. (2020) The merger that made us. BMC Biol. 18 (1), 72. doi: 

10.1186/s12915-020-00806-3. 

Bellecourt, M. J., Ray-Soni, A., Harwig, A., Mooney, R. A. & Landick, R. (2019) RNA 

Polymerase Clamp Movement Aids Dissociation from DNA but Is Not Required for RNA 

Release at Intrinsic Terminators. J Mol Biol. 431 (4), 696-713. doi: 

10.1016/j.jmb.2019.01.003. 

Bepler, T., Morin, A., Rapp, M., Brasch, J., Shapiro, L., Noble, A. J. & Berger, B. 

(2019a) Positive-unlabeled convolutional neural networks for particle picking in cryo-

electron micrographs. Nature Methods. 16 (11), 1153-1160. doi: 10.1038/s41592-019-

0575-8. 

Bepler, T., Morin, A., Rapp, M., Brasch, J., Shapiro, L., Noble, A. J. & Berger, B. 

(2019b) Positive-unlabeled convolutional neural networks for particle picking in cryo-

electron micrographs. Nat Methods. 16 (11), 1153-1160. doi: 10.1038/s41592-019-

0575-8. 

Bernecky, C., Plitzko, J. M. & Cramer, P. (2017) Structure of a transcribing RNA 

polymerase II-DSIF complex reveals a multidentate DNA-RNA clamp. Nat Struct Mol 

Biol. 24 (10), 809-815. doi: 10.1038/nsmb.3465. 

Blaha, G. M. & Wade, J. T. (2022) Transcription-Translation Coupling in Bacteria. Annu 

Rev Genet. 56, 187-205. doi: 10.1146/annurev-genet-072220-033342. 

Bordes, P., Wigneshweraraj, S. R., Schumacher, J., Zhang, X., Chaney, M. & Buck, M. 

(2003) The ATP hydrolyzing transcription activator phage shock protein F of Escherichia 



coli: identifying a surface that binds sigma 54. Proc Natl Acad Sci U S A. 100 (5), 2278-

83. doi: 10.1073/pnas.0537525100. 

Borner, T., Aleynikova, A. Y., Zubo, Y. O. & Kusnetsov, V. V. (2015) Chloroplast RNA 

polymerases: Role in chloroplast biogenesis. Biochim Biophys Acta. 1847 (9), 761-9. 

doi: 10.1016/j.bbabio.2015.02.004. 

Borukhov, S., Sagitov, V. & Goldfarb, A. (1993) Transcript cleavage factors from E. coli. 

Cell. 72 (3), 459-466. doi: 10.1016/0092-8674(93)90121-6. 

Boyaci, H., Chen, J., Jansen, R., Darst, S. A. & Campbell, E. A. (2019) Structures of an 

RNA polymerase promoter melting intermediate elucidate DNA unwinding. Nature. 1. 

doi: doi:10.1038/s41586-018-0840-5. 

Brueckner, F., Armache, K. J., Cheung, A., Damsma, G. E., Kettenberger, H., 

Lehmann, E., Sydow, J. & Cramer, P. (2009) Structure-function studies of the RNA 

polymerase II elongation complex. Acta Crystallogr D Biol Crystallogr. 65 (Pt 2), 112-

20. doi: 10.1107/S0907444908039875. 

Brueckner, F. & Cramer, P. (2008) Structural basis of transcription inhibition by alpha-

amanitin and implications for RNA polymerase II translocation. Nat Struct Mol Biol. 15 

(8), 811-8. doi: 10.1038/nsmb.1458. 

Buck, M., Gallegos, M.-T., Studholme, D. J., Guo, Y. & Gralla, J. D. (2000) The 

Bacterial Enhancer-Dependent ς54(ςN) Transcription Factor. doi: 

10.1128/JB.182.15.4129-4136.2000. 



Burgess, R. R., Travers, A. A., Dunn, J. J. & Bautz, E. K. (1969) Factor stimulating 

transcription by RNA polymerase. Nature. 221 (5175), 43-6. doi: 10.1038/221043a0. 

Busby, S. & Ebright, R. H. (1999) Transcription activation by catabolite activator protein 

(CAP). J Mol Biol. 293 (2), 199-213. doi: 10.1006/jmbi.1999.3161. 

Bush, M. & Dixon, R. (2012) The Role of Bacterial Enhancer Binding Proteins as 

Specialized Activators of σ54-Dependent Transcription. Microbiol Mol Biol Rev: Vol. 3. 

pp. 497-529. 

Carragher, B., Cheng, Y., Frost, A., Glaeser, R. M., Lander, G. C., Nogales, E. & Wang, 

H. W. (2019) Current outcomes when optimizing 'standard' sample preparation for 

single-particle cryo-EM. J Microsc. 276 (1), 39-45. doi: 10.1111/jmi.12834. 

Cartagena, A. J., Banta, A. B., Sathyan, N., Ross, W., Gourse, R. L., Campbell, E. A. & 

Darst, S. A. (2019) Structural basis for transcription activation by Crl through tethering 

of sigma(S) and RNA polymerase. Proc Natl Acad Sci U S A. 116 (38), 18923-18927. 

doi: 10.1073/pnas.1910827116. 

Cavaliere, P., Levi-Acobas, F., Mayer, C., Saul, F. A., England, P., Weber, P., Raynal, 

B., Monteil, V., Bellalou, J., Haouz, A. & Norel, F. (2014) Structural and functional 

features of Crl proteins and identification of conserved surface residues required for 

interaction with the RpoS/sigmaS subunit of RNA polymerase. Biochem J. 463 (2), 

215-24. doi: 10.1042/BJ20140578. 

Chakraborty, A., Wang, D., Ebright, Y. W., Korlann, Y., Kortkhonjia, E., Kim, T., 

Chowdhury, S., Wigneshweraraj, S., Irschik, H., Jansen, R., Nixon, B. T., Knight, J., 



Weiss, S. & Ebright, R. H. (2012) Opening and Closing of the Bacterial RNA 

Polymerase Clamp. Science. 337 (6094), 591--595. doi: 10.1126/science.1218716. 

Chaney, M., Grande, R., Wigneshweraraj, S. R., Cannon, W., Casaz, P., Gallegos, M. 

T., Schumacher, J., Jones, S., Elderkin, S., Dago, A. E., Morett, E. & Buck, M. (2001) 

Binding of transcriptional activators to sigma 54 in the presence of the transition st ate 

analog ADP-aluminum fluoride: insights into activator mechanochemical action. Genes 

Dev. 15 (17), 2282-94. doi: 10.1101/gad.205501. 

Chen, B., Doucleff, M., Wemmer, D. E., De Carlo, S., Huang, H. H., Nogales, E., 

Hoover, T. R., Kondrashkina, E., Guo, L. & Nixon, B. T. (2007) ATP ground- and 

transition-states of bacterial enhancer binding AAA+ ATPases support complex 

formation with their target protein, σ54. Structure. 15 (4), 429-40. doi: 

10.1016/j.str.2007.02.007. 

Chen, B., Sysoeva, T. A., Chowdhury, S., Guo, L., De Carlo, S., Hanson, J. A., Yang, 

H. & Nixon, B. T. (2010) Engagement of arginine finger to ATP triggers large 

conformational changes in NtrC1 AAA+ ATPase for remodeling bacterial RNA 

polymerase. Structure. 18 (11), 1420-30. doi: 10.1016/j.str.2010.08.018. 

Chen, J., Chiu, C., Gopalkrishnan, S., Chen, A. Y., Olinares, P. D. B., Saecker, R. M., 

Winkelman, J. T., Maloney, M. F., Chait, B. T., Ross, W., Gourse, R. L., Campbell, E. A. 

& Darst, S. A. (2020) Stepwise Promoter Melting by Bacterial RNA Polymerase. Mol 

Cell. 78 (2), 275-288 e6. doi: 10.1016/j.molcel.2020.02.017. 

Cheung, A. C. & Cramer, P. (2011) Structural basis of RNA polymerase II backtracking, 

arrest and reactivation. Nature. 471 (7337), 249-53. doi: 10.1038/nature09785. 



Cheung, A. C. & Cramer, P. (2012) A movie of RNA polymerase II transcription. Cell. 

149 (7), 1431-7. doi: 10.1016/j.cell.2012.06.006. 

Cramer, P. (2002) Multisubunit RNA polymerases. Current Opinion in Structural 

Biology. 12 (1), 89-97. doi: 10.1016/s0959-440x(02)00294-4. 

Cramer, P., Armache, K. J., Baumli, S., Benkert, S., Brueckner, F., Buchen, C., 

Damsma, G. E., Dengl, S., Geiger, S. R., Jasiak, A. J., Jawhari, A., Jennebach, S., 

Kamenski, T., Kettenberger, H., Kuhn, C. D., Lehmann, E., Leike, K., Sydow, J. F. & 

Vannini, A. (2008) Structure of eukaryotic RNA polymerases. Annu Rev Biophys. 37, 

337-52. doi: 10.1146/annurev.biophys.37.032807.130008. 

Crewe, A. V., Eggenberger, D. N., Wall, J. & Welter, L. M. (1968) Electron Gun Using a 

Field Emission Source. Review of Scientific Instruments. 39 (4), 576-583. doi: 

10.1063/1.1683435. 

Crick, F. (1970) Central Dogma of Molecular Biology. Nature. 227 (5258), 561. doi: 

doi:10.1038/227561a0. 

Croll, T. (2018) ISOLDE: a physically realistic environment for model building into low-

resolution electron-density maps. Acta Crystallographica Section D. 74 (6), 519-530. 

doi: doi:10.1107/S2059798318002425. 

Crooks, G. E., Hon, G., Chandonia, J. M. & Brenner, S. E. (2004) WebLogo: a 

sequence logo generator. Genome Res. 14 (6), 1188-90. doi: 10.1101/gr.849004. 



Cvetkovic, M. A., Ortega, E., Bellelli, R. & Costa, A. (2022) Multiple roles of Pol epsilon 

in eukaryotic chromosome replication. Biochem Soc Trans. 50 (1), 309-320. doi: 

10.1042/BST20210082. 

Dago, A. E., Wigneshweraraj, S. R., Buck, M. & Morett, E. (2007) A role for the 

conserved GAFTGA motif of AAA+ transcription activators in sensing promoter DNA 

conformation. J Biol Chem. 282 (2), 1087-97. doi: 10.1074/jbc.M608715200. 

Danev, R., Yanagisawa, H. & Kikkawa, M. (2021) Cryo-EM performance testing of 

hardware and data acquisition strategies. Microscopy (Oxf). 70 (6), 487-497. doi: 

10.1093/jmicro/dfab016. 

Danson, A. E., Jovanovic, M., Buck, M. & Zhang, X. (2019) Mechanisms of sigma(54)-

Dependent Transcription Initiation and Regulation. J Mol Biol. doi: 

10.1016/j.jmb.2019.04.022. 

Darst, S. A., Kubalek, E. W. & Kornberg, R. D. (1989) Three-dimensional structure of 

Escherichia coli RNA polymerase holoenzyme determined by electron crystallography. 

Nature. 340 (6236), 730-2. doi: 10.1038/340730a0. 

Darst, S. A., Ribi, H. O., Pierce, D. W. & Kornberg, R. D. (1988) Two-dimensional 

crystals of Escherichia coli RNA polymerase holoenzyme on positively charged lipid 

layers. J Mol Biol. 203 (1), 269-73. doi: 10.1016/0022-2836(88)90107-6. 

Delbeau, M., Omollo, E. O., Froom, R., Koh, S., Mooney, R. A., Lilic, M., Brewer, J. J., 

Rock, J., Darst, S. A., Campbell, E. A. & Landick, R. (2022) Structural and functional 

basis of the universal transcription factor NusG pro-pausing activity in Mycobacterium 

tuberculosis. doi: 10.1101/2022.10.21.513233. 



Dexl, S., Reichelt, R., Kraatz, K., Schulz, S., Grohmann, D., Bartlett, M. & Thomm, M. 

(2018) Displacement of the transcription factor B reader domain during transcription 

initiation. Nucleic Acids Res. 46 (19), 10066-10081. doi: 10.1093/nar/gky699. 

Donnat, C., Levy, A., Poitevin, F., Zhong, E. D. & Miolane, N. (2022) Deep generative 

modeling for volume reconstruction in cryo-electron microscopy. J Struct Biol. 214 (4), 

107920. doi: 10.1016/j.jsb.2022.107920. 

Dubochet, J., Adrian, M., Chang, J. J., Homo, J. C., Lepault, J., McDowall, A. W. & 

Schultz, P. (1988) Cryo-electron microscopy of vitrified specimens. Q Rev Biophys. 21 

(2), 129-228. doi: 10.1017/s0033583500004297. 

Dulin, D., Bauer, D. L. V., Malinen, A. M., Bakermans, J. J. W., Kaller, M., Morichaud, 

Z., Petushkov, I., Depken, M., Brodolin, K., Kulbachinskiy, A. & Kapanidis, A. N. (2018) 

Pausing controls branching between productive and non-productive pathways during 

initial transcription in bacteria. Nat Commun. 9 (1), 1478. doi: 10.1038/s41467-018-

03902-9. 

Eduljee, A. D. (2021) Structural and functional studies on transcriptional proofreading 

by GreA 

Étude structurale et fonctionnelle de l’activité de relecture par GreA au cours de la 

transcription. Université de Strasbourg,  

Egerton, R. F. (2016) The Transmission Electron Microscope. Physical Principles of 

Electron Microscopy. pp. 55-88. 



Ehara, H., Kujirai, T., Fujino, Y., Shirouzu, M., Kurumizaka, H. & Sekine, S. I. (2019) 

Structural insight into nucleosome transcription by RNA polymerase II with elongation 

factors. Science. 363 (6428), 744-747. doi: 10.1126/science.aav8912. 

Ehara, H., Kujirai, T., Shirouzu, M., Kurumizaka, H. & Sekine, S. I. (2022) Structural 

basis of nucleosome disassembly and reassembly by RNAPII elongation complex with 

FACT. Science. 377 (6611), eabp9466. doi: 10.1126/science.abp9466. 

Ehara, H., Yokoyama, T., Shigematsu, H., Yokoyama, S., Shirouzu, M. & Sekine, S. I. 

(2017) Structure of the complete elongation complex of RNA polymerase II with basal 

factors. Science. 357 (6354), 921-924. doi: 10.1126/science.aan8552. 

Elmlund, D., Le, S. N. & Elmlund, H. (2017) High-resolution cryo-EM: the nuts and 

bolts. Curr Opin Struct Biol. 46, 1-6. doi: 10.1016/j.sbi.2017.03.003. 

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. (2010) Features and development 

of Coot. Acta Crystallogr D Biol Crystallogr. 66 (Pt 4), 486-501. doi: 

10.1107/S0907444910007493. 

Erickson, G. J. & Smith, C. R. (1988) Maximum-Entropy and Bayesian Methods in 

Science and Engineering. 

Fang, C., Li, L., Zhao, Y., Wu, X., Philips, S. J., You, L., Zhong, M., Shi, X., O'Halloran, 

T. V., Li, Q. & Zhang, Y. (2020) The bacterial multidrug resistance regulator BmrR 

distorts promoter DNA to activate transcription. Nat Commun. 11 (1), 6284. doi: 

10.1038/s41467-020-20134-y. 



Fang, C., Philips, S. J., Wu, X., Chen, K., Shi, J., Shen, L., Xu, J., Feng, Y., O'Halloran, 

T. V. & Zhang, Y. (2021) CueR activates transcription through a DNA distortion 

mechanism. Nat Chem Biol. 17 (1), 57-64. doi: 10.1038/s41589-020-00653-x. 

Farnung, L., Ochmann, M., Engeholm, M. & Cramer, P. (2021) Structural basis of 

nucleosome transcription mediated by Chd1 and FACT. Nat Struct Mol Biol. 28 (4), 

382-387. doi: 10.1038/s41594-021-00578-6. 

Faruqi, A. R. & McMullan, G. (2018) Direct imaging detectors for electron microscopy. 

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment. 878, 180-190. doi: 

10.1016/j.nima.2017.07.037. 

Fei, X., Bell, T. A., Jenni, S., Stinson, B. M., Baker, T. A., Harrison, S. C. & Sauer, R. T. 

(2019) Structures of the ATP-fueled ClpXP proteolytic machine bound to protein 

substrate. doi: 10.1101/704999. 

Feng, X., Noguchi, Y., Barbon, M., Stillman, B., Speck, C. & Li, H. (2021) The structure 

of ORC-Cdc6 on an origin DNA reveals the mechanism of ORC activation by the 

replication initiator Cdc6. Nat Commun. 12 (1), 3883. doi: 10.1038/s41467-021-

24199-1. 

Filipovski, M., Soffers, J. H. M., Vos, S. M. & Farnung, L. (2022) Structural basis of 

nucleosome retention during transcription elongation. Science. 376 (6599), 1313-1316. 

doi: 10.1126/science.abo3851. 

Franklin, R. E. & Gosling, R. G. (1953) Molecular configuration in sodium 

thymonucleate. Nature. 171 (4356), 740-1. doi: 10.1038/171740a0. 



Fuchs, G., Voichek, Y., Benjamin, S., Gilad, S., Amit, I. & Oren, M. (2014) 4sUDRB-seq: 

measuring genomewide transcriptional elongation rates and initiation frequencies within 

cells. Genome Biol. 15 (5), R69. doi: 10.1186/gb-2014-15-5-r69. 

Fujiwara, R., Damodaren, N., Wilusz, J. E. & Murakami, K. (2019) The capping enzyme 

facilitates promoter escape and assembly of a follow-on preinitiation complex for 

reinitiation. Proc Natl Acad Sci U S A. 116 (45), 22573-22582. doi: 

10.1073/pnas.1905449116. 

Furth, J. J., Hurwitz, J. & Anders, M. (1962) The Role of Deoxyribonucleic Acid in 

Ribonucleic Acid Synthesis. Journal of Biological Chemistry. 237 (8), 2611-2619. doi: 

10.1016/s0021-9258(19)73796-x. 

Gajos, M., Jasnovidova, O., van Bommel, A., Freier, S., Vingron, M. & Mayer, A. (2021) 

Conserved DNA sequence features underlie pervasive RNA polymerase pausing. 

Nucleic Acids Res. 49 (8), 4402-4420. doi: 10.1093/nar/gkab208. 

Gallegos, M. T. & Buck, M. (2000) Sequences in sigma(54) region I required for binding 

to early melted DNA and their involvement in sigma-DNA isomerisation. J Mol Biol. 297 

(4), 849-59. doi: 10.1006/jmbi.2000.3608. 

Gao, F., Danson, A. E., Ye, F., Jovanovic, M., Buck, M. & Zhang, X. (2020) Bacterial 

Enhancer Binding Proteins—AAA+ Proteins in Transcription Activation. Biomolecules. 

10 (3), 351. doi: 10.3390/biom10030351. 

Geszvain, K. & Landick, R. (2004) The Structure of Bacterial RNA Polymerase. The 

Bacterial Chromosome. pp. 283-296. 



Girbig, M., Xie, J., Grotsch, H., Libri, D., Porrua, O. & Muller, C. W. (2022) Architecture 

of the yeast Pol III pre-termination complex and pausing mechanism on poly(dT) 

termination signals. Cell Rep. 40 (10), 111316. doi: 10.1016/j.celrep.2022.111316. 

Glaeser, R. M., Nogales, E. & Chiu, W. (2021) Single-particle Cryo-EM of Biological 

Macromolecules. IOP Publishing. https://dx.doi.org/10.1088/978-0-7503-3039-8. 

Glyde, R., Ye, F., Darbari, V. C., Zhang, N., Buck, M. & Zhang, X. (2017) Structures of 

RNA Polymerase Closed and Intermediate Complexes Reveal Mechanisms of DNA 

Opening and Transcription Initiation. Molecular Cell. 67 (1), 106--116.e4. doi: 

10.1016/j.molcel.2017.05.010. 

Glyde, R., Ye, F., Jovanovic, M., Kotta-Loizou, I., Buck, M. & Zhang, X. (2018) 

Structures of Bacterial RNA Polymerase Complexes Reveal the Mechanism of DNA 

Loading and Transcription Initiation. Mol Cell. 70 (6), 1111-1120 e3. doi: 

10.1016/j.molcel.2018.05.021. 

Guo, X., Myasnikov, A. G., Chen, J., Crucifix, C., Papai, G., Takacs, M., Schultz, P. & 

Weixlbaumer, A. (2018) Structural Basis for NusA Stabilized Transcriptional Pausing. 

Mol Cell. 69 (5), 816-827 e4. doi: 10.1016/j.molcel.2018.02.008. 

Haag, J. R. & Pikaard, C. S. (2011) Multisubunit RNA polymerases IV and V: purveyors 

of non-coding RNA for plant gene silencing. Nat Rev Mol Cell Biol. 12 (8), 483-92. doi: 

10.1038/nrm3152. 

Han, H., Monroe, N., Sundquist, W. I., Shen, P. S. & Hill, C. P. (2017) The AAA ATPase 

Vps4 binds ESCRT-III substrates through a repeating array of dipeptide-binding 

pockets. Elife. 6. doi: 10.7554/eLife.31324. 

https://dx.doi.org/10.1088/978-0-7503-3039-8


Hao, M., Ye, F., Jovanovic, M., Kotta-Loizou, I., Xu, Q., Qin, X., Buck, M., Zhang, X. & 

Wang, M. (2022) Structures of Class I and Class II Transcription Complexes Reveal the 

Molecular Basis of RamA-Dependent Transcription Activation. Adv Sci (Weinh). 9 (4), 

e2103669. doi: 10.1002/advs.202103669. 

Harden, T. T., Herlambang, K. S., Chamberlain, M., Lalanne, J.-B., Wells, C. D., Li, G.-

W., Landick, R., Hochschild, A., Kondev, J. & Gelles, J. (2020) Alternative transcription 

cycle for bacterial RNA polymerase. Nature Communications. 11 (1), 1-11. doi: 

doi:10.1038/s41467-019-14208-9. 

Harden, T. T., Wells, C. D., Friedman, L. J., Landick, R., Hochschild, A., Kondev, J. & 

Gelles, J. (2016) Bacterial RNA polymerase can retain sigma70 throughout 

transcription. Proc Natl Acad Sci U S A. 113 (3), 602-7. doi: 

10.1073/pnas.1513899113. 

Heel, M. v. (2014) Principles of Phase Contrast (Electron) Microscopy.  

Herbert, K. M., Greenleaf, W. J. & Block, S. M. (2008) Single-Molecule Studies of RNA 

Polymerase: Motoring Along RNAP: RNA polymerase. Annu Rev Biochem. doi: 

10.1146/annurev.biochem.77.073106.100741. 

Hirschman, J., Wong, P. K., Sei, K., Keener, J. & Kustu, S. (1985) Products of nitrogen 

regulatory genes ntrA and ntrC of enteric bacteria activate glnA transcription in vitro: 

evidence that the ntrA product is a sigma factor. Proc Natl Acad Sci U S A. 82 (22), 

7525-9. doi: 10.1073/pnas.82.22.7525. 

Hsu, L. M. (2009) Monitoring abortive initiation. Methods. 47 (1), 25-36. doi: 

10.1016/j.ymeth.2008.10.010. 



Hsu, L. M., Vo, N. V. & Chamberlin, M. J. (1995) Escherichia coli transcript cleavage 

factors GreA and GreB stimulate promoter escape and gene expression in vivo and in 

vitro. Proc Natl Acad Sci U S A. 92 (25), 11588-92. doi: 10.1073/pnas.92.25.11588. 

Huang, R. C., Maheshwari, N. & Bonner, J. (1960) Enzymatic synthesis of RNA. 

Biochem Biophys Res Commun. 3, 689-94. doi: 10.1016/0006-291x(60)90088-7. 

Hubin, E. A., Fay, A., Xu, C., Bean, J. M., Saecker, R. M., Glickman, M. S., Darst, S. A. 

& Campbell, E. A. (2017) Structure and function of the mycobacterial transcription 

initiation complex with the essential regulator RbpA. Elife. 6. doi: 10.7554/eLife.22520. 

Hunt, T. P. & Magasanik, B. (1985) Transcription of glnA by purified Escherichia coli 

components: core RNA polymerase and the products of glnF, glnG, and glnL. Proc 

Natl Acad Sci U S A. 82 (24), 8453-7. doi: 10.1073/pnas.82.24.8453. 

Hurwitz, J., Bresler, A. & Diringer, R. (1960) The enzymic incorporation of 

ribonucleotides into polyribonucleotides and the effect of DNA. Biochemical and 

Biophysical Research Communications. 3 (1), 15-19. doi: 10.1016/0006-

291x(60)90094-2. 

Imashimizu, M., Tanaka, K. & Shimamoto, N. (2011) Comparative Study of 

Cyanobacterial and E. coli RNA Polymerases: Misincorporation, Abortive Transcription, 

and Dependence on Divalent Cations. Genet Res Int. 2011, 572689. doi: 

10.4061/2011/572689. 

Jessop, M., Felix, J. & Gutsche, I. (2021) AAA+ ATPases: structural insertions under the 

magnifying glass. Curr Opin Struct Biol. 66, 119-128. doi: 10.1016/j.sbi.2020.10.027. 



Jishage, M., Iwata, A., Ueda, S. & Ishihama, A. (1996) Regulation of RNA polymerase 

sigma subunit synthesis in Escherichia coli: intracellular levels of four species of sigma 

subunit under various growth conditions. J Bacteriol. 178 (18), 5447-51. doi: 

10.1128/jb.178.18.5447-5451.1996. 

Joly, N. & Buck, M. (2011) Single Chain Forms of the Enhancer Binding Protein PspF 

Provide Insights into Geometric Requirements for Gene Activation*. J Biol Chem: Vol. 

14. pp. 12734-42. 

Joly, N., Burrows, P. C. & Buck, M. (2008) An intramolecular route for coupling ATPase 

activity in AAA+ proteins for transcription activation. J Biol Chem. 283 (20), 13725-35. 

doi: 10.1074/jbc.M800801200. 

Joly, N., Schumacher, J. & Buck, M. (2006) Heterogeneous nucleotide occupancy 

stimulates functionality of phage shock protein F, an AAA+ transcriptional activator. J 

Biol Chem. 281 (46), 34997-5007. doi: 10.1074/jbc.M606628200. 

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., 

Tunyasuvunakool, K., Bates, R., Žídek, A., Potapenko, A., Bridgland, A., Meyer, C., 

Kohl, S. A. A., Ballard, A. J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R., 

Adler, J., Back, T., Petersen, S., Reiman, D., Clancy, E., Zielinski, M., Steinegger, M., 

Pacholska, M., Berghammer, T., Bodenstein, S., Silver, D., Vinyals, O., Senior, A. W., 

Kavukcuoglu, K., Kohli, P. & Hassabis, D. (2021) Highly accurate protein structure 

prediction with AlphaFold. Nature. 596 (7873), 583-589. doi: 10.1038/s41586-021-

03819-2. 



Jun, S. H., Hirata, A., Kanai, T., Santangelo, T. J., Imanaka, T. & Murakami, K. S. 

(2014) The X-ray crystal structure of the euryarchaeal RNA polymerase in an open-

clamp configuration. Nat Commun. 5, 5132. doi: 10.1038/ncomms6132. 

Kang, J. Y., Mishanina, T. V., Bao, Y., Chen, J., Llewellyn, E., Liu, J., Darst, S. A. & 

Landick, R. (2022) An ensemble of interconverting conformations of the elemental 

paused transcription complex creates regulatory options. bioRxiv. doi: 

10.1101/2022.09.11.507475. 

Kang, J. Y., Mishanina, T. V., Bellecourt, M. J., Mooney, R. A., Darst, S. A. & Landick, 

R. (2018a) RNA Polymerase Accommodates a Pause RNA Hairpin by Global 

Conformational Rearrangements that Prolong Pausing. Mol Cell. 69 (5), 802-815 e5. 

doi: 10.1016/j.molcel.2018.01.018. 

Kang, J. Y., Mishanina, T. V., Landick, R. & Darst, S. A. (2019) Mechanisms of 

Transcriptional Pausing in Bacteria. J Mol Biol. 431 (20), 4007-4029. doi: 

10.1016/j.jmb.2019.07.017. 

Kang, J. Y., Mooney, R. A., Nedialkov, Y., Saba, J., Mishanina, T. V., Artsimovitch, I., 

Landick, R. & Darst, S. A. (2018b) Structural Basis for Transcript Elongation Control by 

NusG Family Universal Regulators. Cell. 173 (7), 1650--1662.e14. doi: 

10.1016/j.cell.2018.05.017. 

Kang, J. Y., Olinares, P. D. B., Chen, J., Campbell, E. A., Mustaev, A., Chait, B. T., 

Gottesman, M. E. & Darst, S. A. (2017) Structural basis of transcription arrest by 

coliphage HK022 Nun in an Escherichia coli RNA polymerase elongation complex. doi: 

doi:10.7554/eLife.25478. 



Kapanidis, A. N., Margeat, E., Ho, S. O., Kortkhonjia, E., Weiss, S. & Ebright, R. H. 

(2006) Initial transcription by RNA polymerase proceeds through a DNA-scrunching 

mechanism. Science. 314 (5802), 1144-7. doi: 10.1126/science.1131399. 

Kater, L., Wagener, N., Berninghausen, O., Becker, T., Neupert, W. & Beckmann, R. 

(2020) Structure of the Bcs1 AAA-ATPase suggests an airlock-like translocation 

mechanism for folded proteins. Nat Struct Mol Biol. 27 (2), 142-149. doi: 

10.1038/s41594-019-0364-1. 

Kettenberger, H., Armache, K.-J. & Cramer, P. (2003) Architecture of the RNA 

Polymerase II-TFIIS Complex and Implications for mRNA Cleavage. Cell. 114 (3), 347-

357. doi: 10.1016/s0092-8674(03)00598-1. 

Kettenberger, H., Armache, K. J. & Cramer, P. (2004) Complete RNA polymerase II 

elongation complex structure and its interactions with NTP and TFIIS. Mol Cell. 16 (6), 

955-65. doi: 10.1016/j.molcel.2004.11.040. 

Khan, Y. A., White, K. I. & Brunger, A. T. (2022) The AAA+ superfamily: a review of the 

structural and mechanistic principles of these molecular machines. Crit Rev Biochem 

Mol Biol. 57 (2), 156-187. doi: 10.1080/10409238.2021.1979460. 

Kimanius, D., Dong, L., Sharov, G., Nakane, T. & Scheres, S. H. W. (2021) New tools 

for automated cryo-EM single-particle analysis in RELION-4.0. Biochem J. 478 (24), 

4169-4185. doi: 10.1042/BCJ20210708. 

Kohl, H. & Reimer, L. (2008) Transmission Electron Microscopy. Springer Series in 

Optical Sciences. 5 edn., Springer New York, NY. 



Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. (2014) Quantifying the local resolution of 

cryo-EM density maps. Nat Methods. 11 (1), 63-5. doi: 10.1038/nmeth.2727. 

Kurkela, J., Fredman, J., Salminen, T. A. & Tyystjarvi, T. (2021) Revealing secrets of the 

enigmatic omega subunit of bacterial RNA polymerase. Mol Microbiol. 115 (1), 1-11. 

doi: 10.1111/mmi.14603. 

Lamour, V., Hogan, B. P., Erie, D. A. & Darst, S. A. (2006) Crystal structure of Thermus 

aquaticus Gfh1, a Gre-factor paralog that inhibits rather than stimulates transcript 

cleavage. J Mol Biol. 356 (1), 179-88. doi: 10.1016/j.jmb.2005.10.083. 

Landick, R. (2021) Transcriptional Pausing as a Mediator of Bacterial Gene Regulation. 

Annu Rev Microbiol. 75, 291-314. doi: 10.1146/annurev-micro-051721-043826. 

Lane, W. J. & Darst, S. A. (2010) Molecular evolution of multisubunit RNA polymerases: 

structural analysis. J Mol Biol. 395 (4), 686-704. doi: 10.1016/j.jmb.2009.10.063. 

Larson, M. H., Mooney, R. A., Peters, J. M., Windgassen, T., Nayak, D., Gross, C. A., 

Block, S. M., Greenleaf, W. J., Landick, R. & Weissman, J. S. (2014) A pause 

sequence enriched at translation start sites drives transcription dynamics in vivo. 

Science. 344 (6187), 1042-7. doi: 10.1126/science.1251871. 

Lee, J. & Borukhov, S. (2016) Bacterial RNA Polymerase-DNA Interaction-The Driving 

Force of Gene Expression and the Target for Drug Action. Front Mol Biosci. 3, 73. doi: 

10.3389/fmolb.2016.00073. 



Li, G. W., Burkhardt, D., Gross, C. & Weissman, J. S. (2014) Quantifying absolute 

protein synthesis rates reveals principles underlying allocation of cellular resources. Cell. 

157 (3), 624-35. doi: 10.1016/j.cell.2014.02.033. 

Li, L., Fang, C., Zhuang, N., Wang, T. & Zhang, Y. (2019) Structural basis for 

transcription initiation by bacterial ECF sigma factors. Nat Commun. 10 (1), 1153. doi: 

10.1038/s41467-019-09096-y. 

Li, L., Molodtsov, V., Lin, W., Ebright, R. H. & Zhang, Y. (2020) RNA extension drives a 

stepwise displacement of an initiation-factor structural module in initial transcription. 

doi: 10.1073/pnas.1920747117. 

Li, X., Mooney, P., Zheng, S., Booth, C. R., Braunfeld, M. B., Gubbens, S., Agard, D. 

A. & Cheng, Y. (2013) Electron counting and beam-induced motion correction enable 

near-atomic-resolution single-particle cryo-EM. Nat Methods. 10 (6), 584-90. doi: 

10.1038/nmeth.2472. 

Liebschner, D., Afonine, P. V., Baker, M. L., Bunkoczi, G., Chen, V. B., Croll, T. I., 

Hintze, B., Hung, L. W., Jain, S., McCoy, A. J., Moriarty, N. W., Oeffner, R. D., Poon, 

B. K., Prisant, M. G., Read, R. J., Richardson, J. S., Richardson, D. C., Sammito, M. 

D., Sobolev, O. V., Stockwell, D. H., Terwilliger, T. C., Urzhumtsev, A. G., Videau, L. L., 

Williams, C. J. & Adams, P. D. (2019) Macromolecular structure determination using X-

rays, neutrons and electrons: recent developments in Phenix. Acta Crystallogr D Struct 

Biol. 75 (Pt 10), 861-877. doi: 10.1107/S2059798319011471. 



Lilic, M., Darst, S. A. & Campbell, E. A. (2021) Structural basis of transcriptional 

activation by the Mycobacterium tuberculosis intrinsic antibiotic-resistance transcription 

factor WhiB7. Mol Cell. 81 (14), 2875-2886 e5. doi: 10.1016/j.molcel.2021.05.017. 

Lin, H., Deng, E. Z., Ding, H., Chen, W. & Chou, K. C. (2014) iPro54-PseKNC: a 

sequence-based predictor for identifying sigma-54 promoters in prokaryote with 

pseudo k-tuple nucleotide composition. Nucleic Acids Res. 42 (21), 12961-72. doi: 

10.1093/nar/gku1019. 

Lin, J., Shorter, J. & Lucius, A. L. (2022) AAA+ proteins: one motor, multiple ways to 

work. Biochem Soc Trans. 50 (2), 895-906. doi: 10.1042/BST20200350. 

Liu, B., Hong, C., Huang, R. K., Yu, Z. & Steitz, T. A. (2017) Structural basis of bacterial 

transcription activation. Science. 358 (6365), 947-951. doi: 10.1126/science.aao1923. 

Liu, B., Zuo, Y. & Steitz, T. A. (2016) Structures of E. coli sigmaS-transcription initiation 

complexes provide new insights into polymerase mechanism. Proc Natl Acad Sci U S 

A. 113 (15), 4051-6. doi: 10.1073/pnas.1520555113. 

Liu, Y., Yu, L., Pukhrambam, C., Winkelman, J. T., Firlar, E., Kaelber, J. T., Zhang, Y., 

Nickels, B. E. & Ebright, R. H. (2022) Structural and mechanistic basis of reiterative 

transcription initiation. Proc Natl Acad Sci U S A. 119 (5). doi: 

10.1073/pnas.2115746119. 

Lo, Y. H., Sobhany, M., Hsu, A. L., Ford, B. L., Krahn, J. M., Borgnia, M. J. & Stanley, 

R. E. (2019) Cryo-EM structure of the essential ribosome assembly AAA-ATPase Rix7. 

Nat Commun. 10 (1), 513. doi: 10.1038/s41467-019-08373-0. 



Maeda, H., Fujita, N. & Ishihama, A. (2000) Competition among seven Escherichia coli 

σ subunits: relative binding affinities to the core RNA polymerase. Nucleic Acids Res: 

Vol. 18. pp. 3497-503. 

Majumder, P., Rudack, T., Beck, F., Danev, R., Pfeifer, G., Nagy, I. & Baumeister, W. 

(2019) Cryo-EM structures of the archaeal PAN-proteasome reveal an around-the-ring 

ATPase cycle. Proc Natl Acad Sci U S A. 116 (2), 534-539. doi: 

10.1073/pnas.1817752116. 

Malinen, A. M., Bakermans, J., Aalto-Setala, E., Blessing, M., Bauer, D. L. V., Parilova, 

O., Belogurov, G. A., Dulin, D. & Kapanidis, A. N. (2022) Real-Time Single-Molecule 

Studies of RNA Polymerase-Promoter Open Complex Formation Reveal Substantial 

Heterogeneity Along the Promoter-Opening Pathway. J Mol Biol. 434 (2), 167383. doi: 

10.1016/j.jmb.2021.167383. 

Martinez-Fernandez, V., Garrido-Godino, A. I., Miron-Garcia, M. C., Begley, V., 

Fernandez-Pevida, A., de la Cruz, J., Chavez, S. & Navarro, F. (2018) Rpb5 modulates 

the RNA polymerase II transition from initiation to elongation by influencing Spt5 

association and backtracking. Biochim Biophys Acta Gene Regul Mech. 1861 (1), 1-13. 

doi: 10.1016/j.bbagrm.2017.11.002. 

Meka, H., Werner, F., Cordell, S. C., Onesti, S. & Brick, P. (2005) Crystal structure and 

RNA binding of the Rpb4/Rpb7 subunits of human RNA polymerase II. Nucleic Acids 

Res. 33 (19), 6435-44. doi: 10.1093/nar/gki945. 

Milo, R. & Phillips, R. (2015) Cell Biology by the Numbers. CRC Press. 



Mohamed, A. A., Vazquez Nunez, R. & Vos, S. M. (2022) Structural advances in 

transcription elongation. Curr Opin Struct Biol. 75, 102422. doi: 

10.1016/j.sbi.2022.102422. 

Mooney, R. A. & Landick, R. (2003) Tethering sigma70 to RNA polymerase reveals high 

in vivo activity of sigma factors and sigma70-dependent pausing at promoter-distal 

locations. Genes Dev. 17 (22), 2839-51. doi: 10.1101/gad.1142203. 

Mukhopadhyay, J., Das, K., Ismail, S., Koppstein, D., Jang, M., Hudson, B., 

Sarafianos, S., Tuske, S., Patel, J., Jansen, R., Irschik, H., Arnold, E. & Ebright, R. H. 

(2008) The RNA polymerase "switch region" is a target for inhibitors. Cell. 135 (2), 295-

307. doi: 10.1016/j.cell.2008.09.033. 

Murakami, K. S. (2013) X-ray crystal structure of Escherichia coli RNA polymerase 

sigma70 holoenzyme. J Biol Chem. 288 (13), 9126-34. doi: 

10.1074/jbc.M112.430900. 

Murayama, S., Ishikawa, S., Chumsakul, O., Ogasawara, N. & Oshima, T. (2015) The 

Role of alpha-CTD in the Genome-Wide Transcriptional Regulation of the Bacillus 

subtilis Cells. PLoS One. 10 (7), e0131588. doi: 10.1371/journal.pone.0131588. 

Nakane, T., Kotecha, A., Sente, A., McMullan, G., Masiulis, S., Brown, P., Grigoras, I. 

T., Malinauskaite, L., Malinauskas, T., Miehling, J., Uchanski, T., Yu, L., Karia, D., 

Pechnikova, E. V., de Jong, E., Keizer, J., Bischoff, M., McCormack, J., Tiemeijer, P., 

Hardwick, S. W., Chirgadze, D. Y., Murshudov, G., Aricescu, A. R. & Scheres, S. H. W. 

(2020) Single-particle cryo-EM at atomic resolution. Nature. 587 (7832), 152-156. doi: 

10.1038/s41586-020-2829-0. 



Naryshkina, T., Kuznedelov, K. & Severinov, K. (2006) The role of the largest RNA 

polymerase subunit lid element in preventing the formation of extended RNA-DNA 

hybrid. J Mol Biol. 361 (4), 634-43. doi: 10.1016/j.jmb.2006.05.034. 

Niu, W., Kim, Y., Tau, G., Heyduk, T. & Ebright, R. H. (1996) Transcription activation at 

class II CAP-dependent promoters: two interactions between CAP and RNA 

polymerase. Cell. 87 (6), 1123-34. doi: 10.1016/s0092-8674(00)81806-1. 

Noe Gonzalez, M., Blears, D. & Svejstrup, J. Q. (2021) Causes and consequences of 

RNA polymerase II stalling during transcript elongation. Nat Rev Mol Cell Biol. 22 (1), 3-

21. doi: 10.1038/s41580-020-00308-8. 

Nudler, E. (2009) RNA polymerase active center: the molecular engine of transcription. 

Annu Rev Biochem. 78, 335-61. doi: 10.1146/annurev.biochem.76.052705.164655. 

Orlova, E. V. & Saibil, H. R. (2011) Structural analysis of macromolecular assemblies by 

electron microscopy. Chem Rev. 111 (12), 7710-48. doi: 10.1021/cr100353t. 

Paget, M. S. (2015) Bacterial Sigma Factors and Anti-Sigma Factors: Structure, 

Function and Distribution. Biomolecules: Vol. 3. pp. 1245-65. 

Park, J., Kang, M. & Kim, M. (2015) Unraveling the mechanistic features of RNA 

polymerase II termination by the 5' -3' exoribonuclease Rat1. Nucleic Acids Res. 43 (5), 

2625-37. doi: 10.1093/nar/gkv133. 

Pettersen, E. F., Goddard, T. D., Huang, C. C., Meng, E. C., Couch, G. S., Croll, T. I., 

Morris, J. H. & Ferrin, T. E. (2021) UCSF ChimeraX: Structure visualization for 



researchers, educators, and developers. Protein Sci. 30 (1), 70-82. doi: 

10.1002/pro.3943. 

Puchades, C., Sandate, C. R. & Lander, G. C. (2020) The molecular principles 

governing the activity and functional diversity of AAA+ proteins. Nat Rev Mol Cell Biol. 

21 (1), 43-58. doi: 10.1038/s41580-019-0183-6. 

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. (2017) cryoSPARC: 

algorithms for rapid unsupervised cryo-EM structure determination. Nat Methods. 14 

(3), 290-296. doi: 10.1038/nmeth.4169. 

Rappas, M., Schumacher, J., Niwa, H., Buck, M. & Zhang, X. (2006) Structural basis of 

the nucleotide driven conformational changes in the AAA+ domain of transcription 

activator PspF. J Mol Biol. 357 (2), 481-92. doi: 10.1016/j.jmb.2005.12.052. 

Ray-Soni, A., Bellecourt, M. J. & Landick, R. (2016) Mechanisms of Bacterial 

Transcription Termination: All Good Things Must End. Annu Rev Biochem. 85, 319-47. 

doi: 10.1146/annurev-biochem-060815-014844. 

Revyakin, A., Liu, C., Ebright, R. H. & Strick, T. R. (2006) Abortive Initiation and 

Productive Initiation by RNA Polymerase Involve DNA Scrunching. doi: 

10.1126/science.1131398. 

Riley, P. A. (1970) A suggested mechanism for DNA transcription. Nature. 228 (5271), 

522-5. doi: 10.1038/228522a0. 



Ringel, R., Sologub, M., Morozov, Y. I., Litonin, D., Cramer, P. & Temiakov, D. (2011) 

Structure of human mitochondrial RNA polymerase. Nature. 478 (7368), 269-73. doi: 

10.1038/nature10435. 

Roberts, M., Rowley, G., Kormanec, J. & Zalm, M. E. J. (2017) The Role of Alternative 

Sigma Factors in Pathogen Virulence. In: Gurtler, J.B., Doyle, M.P. & Kornacki, J.L. 

(eds.) Foodborne Pathogens: Virulence Factors and Host Susceptibility. Cham, 

Springer International Publishing, pp. 229-303. 

Rohou, A. & Grigorieff, N. (2015) CTFFIND4: Fast and accurate defocus estimation 

from electron micrographs. J Struct Biol. 192 (2), 216-21. doi: 

10.1016/j.jsb.2015.08.008. 

Rosenthal, P. B. & Henderson, R. (2003) Optimal determination of particle orientation, 

absolute hand, and contrast loss in single-particle electron cryomicroscopy. J Mol Biol. 

333 (4), 721-45. doi: 10.1016/j.jmb.2003.07.013. 

Roston, D., Demapan, D. & Cui, Q. (2019) Extensive free-energy simulations identify 

water as the base in nucleotide addition by DNA polymerase. Proceedings of the 

National Academy of Sciences. 116 (50), 25048-25056. doi: 

10.1073/pnas.1914613116. 

Russo, C. J., Scotcher, S. & Kyte, M. (2016) A precision cryostat design for manual 

and semi-automated cryo-plunge instruments. Rev Sci Instrum. 87 (11), 114302. doi: 

10.1063/1.4967864. 



Saba, J., Chua, X. Y., Mishanina, T. V., Nayak, D., Windgassen, T. A., Mooney, R. A. & 

Landick, R. (2019) The elemental mechanism of transcriptional pausing. Elife. 8. doi: 

10.7554/eLife.40981. 

Sadian, Y., Baudin, F., Tafur, L., Murciano, B., Wetzel, R., Weis, F. & Muller, C. W. 

(2019) Molecular insight into RNA polymerase I promoter recognition and promoter 

melting. Nat Commun. 10 (1), 5543. doi: 10.1038/s41467-019-13510-w. 

Scheres, S. H. (2012) RELION: Implementation of a Bayesian approach to cryo-EM 

structure determination. J Struct Biol: Vol. 3. pp. 519-30. 

Scheres, S. H. (2016) Processing of Structurally Heterogeneous Cryo-EM Data in 

RELION. Methods Enzymol. 579, 125-57. doi: 10.1016/bs.mie.2016.04.012. 

Schilbach, S., Aibara, S., Dienemann, C., Grabbe, F. & Cramer, P. (2021) Structure of 

RNA polymerase II pre-initiation complex at 2.9 A defines initial DNA opening. Cell. 184 

(15), 4064-4072 e28. doi: 10.1016/j.cell.2021.05.012. 

Schumacher, J., Zhang, X., Jones, S., Bordes, P. & Buck, M. (2004) ATP-dependent 

transcriptional activation by bacterial PspF AAA+protein. J Mol Biol. 338 (5), 863-75. 

doi: 10.1016/j.jmb.2004.02.071. 

Seraphim, T. V. & Houry, W. A. (2020) AAA+ proteins. Curr Biol. 30 (6), R251-R257. 

doi: 10.1016/j.cub.2020.01.044. 

Shi, W., Jiang, Y., Deng, Y., Dong, Z. & Liu, B. (2020a) Visualization of two 

architectures in class-II CAP-dependent transcription activation. PLoS Biol. 18 (4), 

e3000706. doi: 10.1371/journal.pbio.3000706. 



Shi, W., Zhou, W., Zhang, B., Huang, S., Jiang, Y., Schammel, A., Hu, Y. & Liu, B. 

(2020b) Structural basis of bacterial sigma(28) -mediated transcription reveals roles of 

the RNA polymerase zinc-binding domain. EMBO J. 39 (14), e104389. doi: 

10.15252/embj.2020104389. 

Shin, Y., Qayyum, M. Z., Pupov, D., Esyunina, D., Kulbachinskiy, A. & Murakami, K. S. 

(2021) Structural basis of ribosomal RNA transcription regulation. Nat Commun. 12 (1), 

528. doi: 10.1038/s41467-020-20776-y. 

Skene, P. J., Hernandez, A. E., Groudine, M. & Henikoff, S. (2014) The nucleosomal 

barrier to promoter escape by RNA polymerase II is overcome by the chromatin 

remodeler Chd1. Elife. 3, e02042. doi: 10.7554/eLife.02042. 

Spitz, F. & Furlong, E. E. (2012) Transcription factors: from enhancer binding to 

developmental control. Nat Rev Genet. 13 (9), 613-26. doi: 10.1038/nrg3207. 

Steitz, T. A. (1998) A mechanism for all polymerases. Nature. 391 (6664), 231-2. doi: 

10.1038/34542. 

Stepanova, E. V., Shevelev, A. B., Borukhov, S. I. & Severinov, K. V. (2009) 

Mechanisms of action of RNA polymerase-binding transcription factors that do not bind 

to DNA. Biofizika. 54 (5), 773-90. 

Stevens, A. (1960) Incorporation of the adenine ribonucleotide into RNA by cell 

fractions from E. coli B. Biochemical and Biophysical Research Communications. 3 (1), 

92-96. doi: 10.1016/0006-291x(60)90110-8. 



Sutherland, C. & Murakami, K. S. (2018) An Introduction to the Structure and Function 

of the Catalytic Core Enzyme of Escherichia coli RNA Polymerase. EcoSal Plus. 8 (1). 

doi: 10.1128/ecosalplus.ESP-0004-2018. 

Svetlov, V. & Nudler, E. (2009) Macromolecular micromovements: how RNA 

polymerase translocates. Curr Opin Struct Biol. 19 (6), 701-7. doi: 

10.1016/j.sbi.2009.10.002. 

Sydow, J. F., Brueckner, F., Cheung, A. C., Damsma, G. E., Dengl, S., Lehmann, E., 

Vassylyev, D. & Cramer, P. (2009) Structural basis of transcription: mismatch-specific 

fidelity mechanisms and paused RNA polymerase II with frayed RNA. Mol Cell. 34 (6), 

710-21. doi: 10.1016/j.molcel.2009.06.002. 

Sydow, J. F. & Cramer, P. (2009) RNA polymerase fidelity and transcriptional 

proofreading. Curr Opin Struct Biol. 19 (6), 732-9. doi: 10.1016/j.sbi.2009.10.009. 

Syed, A. & Gralla, J. D. (1997) Isolation and properties of enhancer-bypass mutants of 

sigma 54. Mol Microbiol. 23 (5), 987-95. doi: 10.1046/j.1365-2958.1997.2851651.x. 

Sysoeva, T. A., Chowdhury, S., Guo, L. & Nixon, B. T. (2013) Nucleotide-induced 

asymmetry within ATPase activator ring drives sigma54-RNAP interaction and ATP 

hydrolysis. Genes Dev. 27 (22), 2500-11. doi: 10.1101/gad.229385.113. 

Tan, L., Wiesler, S., Trzaska, D., Carney, H. C. & Weinzierl, R. O. (2008) Bridge helix 

and trigger loop perturbations generate superactive RNA polymerases. J Biol. 7 (10), 

40. doi: 10.1186/jbiol98. 



Tiwari, P., Kaila, P. & Guptasarma, P. (2019) Understanding anomalous mobility of 

proteins on SDS-PAGE with special reference to the highly acidic extracellular domains 

of human E- and N-cadherins. Electrophoresis. 40 (9), 1273-1281. doi: 

10.1002/elps.201800219. 

Toulme, F., Mosrin-Huaman, C., Sparkowski, J., Das, A., Leng, M. & Rahmouni, A. R. 

(2000) GreA and GreB proteins revive backtracked RNA polymerase in vivo by 

promoting transcript trimming. EMBO J. 19 (24), 6853-9. doi: 

10.1093/emboj/19.24.6853. 

Turowski, T. W. & Boguta, M. (2021) Specific Features of RNA Polymerases I and III: 

Structure and Assembly. Front Mol Biosci. 8, 680090. doi: 

10.3389/fmolb.2021.680090. 

van Eeuwen, T., Li, T., Kim, H. J., Gorbea Colon, J. J., Parker, M. I., Dunbrack, R. L., 

Garcia, B. A., Tsai, K. L. & Murakami, K. (2021) Structure of TFIIK for phosphorylation 

of CTD of RNA polymerase II. Sci Adv. 7 (15). doi: 10.1126/sciadv.abd4420. 

Vassylyev, D. G., Vassylyeva, M. N., Perederina, A., Tahirov, T. H. & Artsimovitch, I. 

(2007) Structural basis for transcription elongation by bacterial RNA polymerase. 

Nature. 448 (7150), 157-62. doi: 10.1038/nature05932. 

Vassylyeva, M. N., Svetlov, V., Dearborn, A. D., Klyuyev, S., Artsimovitch, I. & 

Vassylyev, D. G. (2007) The carboxy-terminal coiled-coil of the RNA polymerase beta' -

subunit is the main binding site for Gre factors. EMBO Rep. 8 (11), 1038-43. doi: 

10.1038/sj.embor.7401079. 



Vishwakarma, R. K., Qayyum, M. Z., Babitzke, P. & Murakami, K. S. (2022) Allosteric 

mechanism of transcription inhibition by NusG-dependent pausing of RNA polymerase. 

bioRxiv. doi: 10.1101/2022.10.28.514324. 

von Loeffelholz, O. & Klaholz, B. P. (2021) Setup and Troubleshooting of Volta Phase 

Plate Cryo-EM Data Collection. Methods Mol Biol. 2305, 291-299. doi: 10.1007/978-1-

0716-1406-8_14. 

Vos, S. M., Farnung, L., Boehning, M., Wigge, C., Linden, A., Urlaub, H. & Cramer, P. 

(2018a) Structure of activated transcription complex Pol II -DSIF-PAF-SPT6. Nature. 

560 (7720), 607-612. doi: 10.1038/s41586-018-0440-4. 

Vos, S. M., Farnung, L., Linden, A., Urlaub, H. & Cramer, P. (2020) Structure of 

complete Pol II-DSIF-PAF-SPT6 transcription complex reveals RTF1 allosteric 

activation. Nat Struct Mol Biol. 27 (7), 668-677. doi: 10.1038/s41594-020-0437-1. 

Vos, S. M., Farnung, L., Urlaub, H. & Cramer, P. (2018b) Structure of paused 

transcription complex Pol II-DSIF-NELF. Nature. 560 (7720), 601-606. doi: 

10.1038/s41586-018-0442-2. 

Voutsina, A., Riva, M., Carles, C. & Alexandraki, D. (1999) Sequence divergence of the 

RNA polymerase shared subunit ABC14.5 (Rpb8) selectively affects RNA polymerase III 

assembly in Saccharomyces cerevisiae. Nucleic Acids Res. 27 (4), 1047-55. doi: 

10.1093/nar/27.4.1047. 

Wagner, T., Merino, F., Stabrin, M., Moriya, T., Antoni, C., Apelbaum, A., Hagel, P., 

Sitsel, O., Raisch, T., Prumbaum, D., Quentin, D., Roderer, D., Tacke, S., Siebolds, B., 

Schubert, E., Shaikh, T. R., Lill, P., Gatsogiannis, C. & Raunser, S. (2019) SPHIRE-



crYOLO is a fast and accurate fully automated particle picker for cryo-EM. 

Communications Biology. 2 (1), 218. doi: 10.1038/s42003-019-0437-z. 

Wald, J., Fahrenkamp, D., Goessweiner-Mohr, N., Lugmayr, W., Ciccarelli, L., Vesper, 

O. & Marlovits, T. C. (2022) Mechanism of AAA+ ATPase-mediated RuvAB-Holliday 

junction branch migration. Nature. 609 (7927), 630-639. doi: 10.1038/s41586-022-

05121-1. 

Wang, B. & Artsimovitch, I. (2020) NusG, an Ancient Yet Rapidly Evolving Transcription 

Factor. Front Microbiol. 11, 619618. doi: 10.3389/fmicb.2020.619618. 

Wang, B., Sexton, R. E. & Feig, M. (2017) Kinetics of nucleotide entry into RNA 

polymerase active site provides mechanism for efficiency and fidelity. Biochim Biophys 

Acta Gene Regul Mech. 1860 (4), 482-490. doi: 10.1016/j.bbagrm.2017.02.008. 

Wang, D., Bushnell, D. A., Huang, X., Westover, K. D., Levitt, M. & Kornberg, R. D. 

(2009) Structural basis of transcription: backtracked RNA polymerase II at 3.4 

angstrom resolution. Science. 324 (5931), 1203-6. doi: 10.1126/science.1168729. 

Wang, F., Redding, S., Finkelstein, I. J., Gorman, J., Reichman, D. R. & Greene, E. C. 

(2013) The promoter-search mechanism of Escherichia coli RNA polymerase is 

dominated by three-dimensional diffusion. Nat Struct Mol Biol. 20 (2), 174-81. doi: 

10.1038/nsmb.2472. 

Wang, H., Schilbach, S., Ninov, M., Urlaub, H. & Cramer, P. (2022) Structures of 

transcription preinitiation complex engaged with the +1 nucleosome. Nat Struct Mol 

Biol. doi: 10.1038/s41594-022-00865-w. 



Wang, Y., Severinov, K., Loizos, N., Fenyö, D., Heyduk, E., Heyduk, T., Chait, B. T. & 

Darst, S. A. (1997) Determinants for Escherichia coli RNA polymerase assembly within 

the β subunit. Journal of Molecular Biology. 270 (5), 648-662. doi: 

10.1006/jmbi.1997.1139. 

Wang, Z., Zhao, S., Li, Y., Zhang, K., Mo, F., Zhang, J., Hou, Y., He, L., Liu, Z., Wang, 

Y., Xu, Y., Wang, H., Buck, M., Matthews, S. J. & Liu, B. (2021) RssB-mediated 

sigma(S) Activation is Regulated by a Two-Tier Mechanism via Phosphorylation and 

Adaptor Protein - IraD. J Mol Biol. 433 (3), 166757. doi: 10.1016/j.jmb.2020.166757. 

Watson, J. D. & Crick, F. H. (1953) Molecular structure of nucleic acids; a structure for 

deoxyribose nucleic acid. Nature. 171 (4356), 737-8. doi: 10.1038/171737a0. 

Webster, M. W. & Weixlbaumer, A. (2021) Macromolecular assemblies supporting 

transcription-translation coupling. Transcription. 12 (4), 103-125. doi: 

10.1080/21541264.2021.1981713. 

Weiss, S. B. & Gladstone, L. (1959) A Mammalian System for the Incorporation of 

Cytidine Triphosphate into Ribonucleic Acid1. Journal of the American Chemical 

Society. 81 (15), 4118-4119. doi: 10.1021/ja01524a087. 

Weissenberger, G., Henderikx, R. J. M. & Peters, P. J. (2021) Understanding the 

invisible hands of sample preparation for cryo-EM. Nat Methods. 18 (5), 463-471. doi: 

10.1038/s41592-021-01130-6. 

Werner, F. & Grohmann, D. (2011) Evolution of multisubunit RNA polymerases in the 

three domains of life. Nature Reviews Microbiology. 9 (2), 85. doi: 

doi:10.1038/nrmicro2507. 



Wilkins, M. H., Stokes, A. R. & Wilson, H. R. (1953) Molecular structure of 

deoxypentose nucleic acids. Nature. 171 (4356), 738-40. doi: 10.1038/171738a0. 

Williams, C. J., Headd, J. J., Moriarty, N. W., Prisant, M. G., Videau, L. L., Deis, L. N., 

Verma, V., Keedy, D. A., Hintze, B. J., Chen, V. B., Jain, S., Lewis, S. M., Arendall, W. 

B., 3rd, Snoeyink, J., Adams, P. D., Lovell, S. C., Richardson, J. S. & Richardson, D. 

C. (2018) MolProbity: More and better reference data for improved all -atom structure 

validation. Protein Sci. 27 (1), 293-315. doi: 10.1002/pro.3330. 

Williams, D. B. & Carter, C. B. (2009) Pumps and Holders. Transmission Electron 

Microscopy. pp. 127-140. 

Winkelman, J. T., Nickels, B. E. & Ebright, R. H. (2021) CHAPTER 1. The Transition 

from Transcription Initiation to Transcription Elongation: Start -site Selection, Initial 

Transcription, and Promoter Escape. RNA Polymerases as Molecular Motors: Chemical 

Biology. pp. 1-24. 

Wong, C., Tintut, Y. & Gralla, J. D. (1994) The domain structure of sigma 54 as 

determined by analysis of a set of deletion mutants. J Mol Biol. 236 (1), 81-90. doi: 

10.1006/jmbi.1994.1120. 

Wong, H. C., Chen, J., Mouche, F., Rouiller, I. & Bern, M. (2004) Model-based particle 

picking for cryo-electron microscopy. J Struct Biol. 145 (1-2), 157-67. doi: 

10.1016/j.jsb.2003.05.001. 

Wu, J. G., Yan, Y., Zhang, D. X., Liu, B. W., Zheng, Q. B., Xie, X. L., Liu, S. Q., Ge, S. 

X., Hou, Z. G. & Xia, N. S. (2022) Machine Learning for Structure Determination in 



Single-Particle Cryo-Electron Microscopy: A Systematic Review. IEEE Trans Neural 

Netw Learn Syst. 33 (2), 452-472. doi: 10.1109/TNNLS.2021.3131325. 

Xie, J., Libri, D. & Porrua, O. (2023) Mechanisms of eukaryotic transcription termination 

at a glance. J Cell Sci. 136 (1). doi: 10.1242/jcs.259873. 

Yakhnin, A. V., FitzGerald, P. C., McIntosh, C., Yakhnin, H., Kireeva, M., Turek -

Herman, J., Mandell, Z. F., Kashlev, M. & Babitzke, P. (2020) NusG controls 

transcription pausing and RNA polymerase translocation throughout the Bacillus subtilis 

genome. Proc Natl Acad Sci U S A. 117 (35), 21628-21636. doi: 

10.1073/pnas.2006873117. 

Yamamoto, K., Yamanaka, Y., Shimada, T., Sarkar, P., Yoshida, M., Bhardwaj, N., 

Watanabe, H., Taira, Y., Chatterji, D. & Ishihama, A. (2018) Altered Distribution of RNA 

Polymerase Lacking the Omega Subunit within the Prophages along the Escherichia 

coli K-12 Genome. mSystems: Vol. 1. 

Yang, C., Fujiwara, R., Kim, H. J., Basnet, P., Zhu, Y., Gorbea Colon, J. J., Steimle, S., 

Garcia, B. A., Kaplan, C. D. & Murakami, K. (2022) Structural visualization of de novo 

transcription initiation by Saccharomyces cerevisiae RNA polymerase II. Mol Cell. 82 

(3), 660-676 e9. doi: 10.1016/j.molcel.2021.12.020. 

Yang, Y., Darbari, V. C., Zhang, N., Lu, D., Glyde, R., Wang, Y.-P., Winkelman, J. T., 

Gourse, R. L., Murakami, K. S., Buck, M. & Zhang, X. (2015) Structures of the RNA 

polymerase-s54 reveal new and conserved regulatory strategies. Science. 349 (6250), 

882--886. doi: 10.1126/science.aab1478.Structures. 



Yang, Y., Liu, C., Zhou, W., Shi, W., Chen, M., Zhang, B., Schatz, D. G., Hu, Y. & Liu, 

B. (2021) Structural visualization of transcription activated by a multidrug-sensing MerR 

family regulator. Nat Commun. 12 (1), 2702. doi: 10.1038/s41467-021-22990-8. 

Yang, Z., Fang, J., Chittuluru, J., Asturias, F. J. & Penczek, P. A. (2012) Iterative stable 

alignment and clustering of 2D transmission electron microscope images. Structure. 20 

(2), 237-47. doi: 10.1016/j.str.2011.12.007. 

Yao, R. W., Wang, Y. & Chen, L. L. (2019) Cellular functions of long noncoding RNAs. 

Nat Cell Biol. 21 (5), 542-551. doi: 10.1038/s41556-019-0311-8. 

Ye, F., Gao, F., Liu, X., Buck, M. & Zhang, X. (2022) Mechanisms of DNA opening 

revealed in AAA+ transcription complex structures. Sci Adv. 8 (51), eadd3479. doi: 

10.1126/sciadv.add3479. 

Ye, F., Kotta-Loizou, I., Jovanovic, M., Liu, X., Dryden, D. T., Buck, M. & Zhang, X. 

(2020) Structural basis of transcription inhibition by the DNA mimic protein Ocr of 

bacteriophage T7. Elife. 9. doi: 10.7554/eLife.52125. 

Yip, K. M., Fischer, N., Paknia, E., Chari, A. & Stark, H. (2020) Atomic-resolution 

protein structure determination by cryo-EM. Nature. 587 (7832), 157-161. doi: 

10.1038/s41586-020-2833-4. 

Zaros, C., Briand, J. F., Boulard, Y., Labarre-Mariotte, S., Garcia-Lopez, M. C., 

Thuriaux, P. & Navarro, F. (2007) Functional organization of the Rpb5 subunit shared by 

the three yeast RNA polymerases. Nucleic Acids Res. 35 (2), 634-47. doi: 

10.1093/nar/gkl686. 



Zenkin, N., Yuzenkova, Y. & Severinov, K. (2006) Transcript-assisted transcriptional 

proofreading. Science. 313 (5786), 518-20. doi: 10.1126/science.1127422. 

Zhang, G., Campbell, E. A., Minakhin, L., Richter, C., Severinov, K. & Darst, S. A. 

(1999) Crystal Structure of Thermus aquaticus Core RNA Polymerase at 3.3 Å 

Resolution. Cell. 98 (6), 811-824. doi: 10.1016/s0092-8674(00)81515-9. 

Zhang, K., Pintilie, G. D., Li, S., Schmid, M. F. & Chiu, W. (2020) Resolving individual 

atoms of protein complex by cryo-electron microscopy. Cell Res. 30 (12), 1136-1139. 

doi: 10.1038/s41422-020-00432-2. 

Zhang, N. & Buck, M. (2015) A perspective on the enhancer dependent bacterial RNA 

polymerase. Biomolecules. 5 (2), 1012--1019. doi: 10.3390/biom5021012. 

Zhang, N., Joly, N. & Buck, M. (2012) A common feature from different subunits of a 

homomeric AAA+ protein contacts three spatially distinct transcription elements. 

Nucleic Acids Res. 40 (18), 9139-52. doi: 10.1093/nar/gks661. 

Zhang, N., Joly, N., Burrows, P. C., Jovanovic, M., Wigneshweraraj, S. R. & Buck, M. 

(2009) The role of the conserved phenylalanine in the sigma54-interacting GAFTGA 

motif of bacterial enhancer binding proteins. Nucleic Acids Res. 37 (18), 5981-92. doi: 

10.1093/nar/gkp658. 

Zhang, N., Simpson, T., Lawton, E., Uzdavinys, P., Joly, N., Burrows, P. & Buck, M. 

(2013) A Key Hydrophobic Patch Identified in an AAA+ Protein Essential for Its In Trans 

Inhibitory Regulation. J Mol Biol. 425 (15), 2656-69. doi: 10.1016/j.jmb.2013.04.024. 



Zhang, S., Aibara, S., Vos, S. M., Agafonov, D. E., Luhrmann, R. & Cramer, P. (2021) 

Structure of a transcribing RNA polymerase II-U1 snRNP complex. Science. 371 

(6526), 305-309. doi: 10.1126/science.abf1870. 

Zhang, X. & Wigley, D. B. (2008) The 'glutamate switch' provides a link between 

ATPase activity and ligand binding in AAA+ proteins. Nat Struct Mol Biol. 15 (11), 1223-

7. doi: 10.1038/nsmb.1501. 

Zhang, Y., Feng, Y., Chatterjee, S., Tuske, S., Ho, M. X., Arnold, E. & Ebright, R. H. 

(2012) Structural basis of transcription initiation. Science. 338 (6110), 1076-80. doi: 

10.1126/science.1227786. 

Zhao, K., Liu, M. & Burgess, R. R. (2010) Promoter and regulon analysis of nitrogen 

assimilation factor, sigma54, reveal alternative strategy for E. coli MG1655 flagellar 

biosynthesis. Nucleic Acids Res. 38 (4), 1273-83. doi: 10.1093/nar/gkp1123. 

Zheng, S. Q., Palovcak, E., Armache, J. P., Verba, K. A., Cheng, Y. & Agard, D. A. 

(2017) MotionCor2: anisotropic correction of beam-induced motion for improved cryo-

electron microscopy. Nat Methods. 14 (4), 331-332. doi: 10.1038/nmeth.4193. 

Zhu, C., Guo, X., Dumas, P., Takacs, M., Abdelkareem, M., Vanden Broeck, A., Saint -

Andre, C., Papai, G., Crucifix, C., Ortiz, J. & Weixlbaumer, A. (2022) Transcription 

factors modulate RNA polymerase conformational equilibrium. Nat Commun. 13 (1), 

1546. doi: 10.1038/s41467-022-29148-0. 

Zivanov, J., Nakane, T., Forsberg, B. O., Kimanius, D., Hagen, W. J., Lindahl, E. & 

Scheres, S. H. (2018) New tools for automated high-resolution cryo-EM structure 

determination in RELION-3. Elife. 7. doi: 10.7554/eLife.42166. 



Zuo, Y., De, S., Feng, Y. & Steitz, T. A. (2020) Structural Insights into Transcription 

Initiation from De Novo RNA Synthesis to Transitioning into Elongation. iScience. 23 (9), 

101445. doi: 10.1016/j.isci.2020.101445. 



 

Appendix 



 
Supplementary Table 1: Chromatography methods used in purification procedures 

Column Name Type Maximum 
Pre-
column 
Pressure 
(mPa) 

Column 
Volume 
(ml) 

Sample 
Application 
type 

Flow Rate (ml/min) Column Volumes for each method phase Elution Gradient 
(%) Equili-

bration 
Column Wash Elution 

Equilibration Sample 
Application 

Column 
Wash 

Elution Pre-
elution 
minimum 
hold 

Elution Post 
elution 
maximum 
hold 

Start End Type 

HisTrap™ HP Nickel Affinity 0.5 5 Direct 5 2 3 4 5 12 5 15 5 10 100 Linear 

HiTrap™ 
Heparin HP 

Heparin 
Affinity 

0.5 5 Direct 4 2 2 2 5 6 3 6 5 4 100 Linear 

Bio-Rex™ 70 Cation 
Exchange 

0.3 30 Direct 1 1 1 1 2 3 1.5 3.5 2 0 100 Linear 

HiTrap™ Q HP  Anion 
Exchange 

0.5 5 Direct 4 2 2 2 5 6 3 6 5 4 100 Linear 

HiPrep™ 26/10 
Desalting 

Desalting/Size 
Exclusion 

0.5 53 Direct 1 5 N/A 5 1.5 N/A N/A 1.5 N/A N/A N/A Isocratic 

Superdex 
Hiload® 75 
16/600 

Size 
Exclusion 

0.5 120 Injection 
(10ml 
loop) 

1 1 N/A 1 1.5 N/A N/A 1.1 N/A N/A N/A Isocratic 

Superose 6 
10/300 
Increase 

Size 
Exclusion 

2 24 Injection 
(500μl 
loop) 

0.35 0.35 N/A 0.35 3 N/A N/A 1.2 N/A N/A N/A Isocratic 

 



Supplementary Table 2: Model validation statistics for intermediate complexes 

Sample RP(-11/-8) 
conformation 1 

RP(-11/-8) 
conformation 2 

RP(-11/-8) 
conformation 3 

RP(-11/-8) 
conformation 4 

RP(-11/-8) 
conformation 5 

RP(-11/-8) 
conformation 6 

RP(-
10/-1) 

pre-RPo 
state 

Non-
hydrogen 
atoms 

26960 26819 26953 26928 26832 26903 26931 19635 

Protein 
residues 5154 5125 5153 5148 5128 5143 5165 3581 

Nucleic acid 
residues 68 68 68 68 68 68 64 87 

Ligands 5 Mg2+ 5 Mg2+ 5 Mg2+ 5 Mg2+ 5 Mg2+ 5 Mg2+ 5 
Mg2+ 1 Mg2+ 

 5 ADP 5 ADP 5 ADP 5 ADP 5 ADP 5 ADP 5 ADP  

 5 AF3 5 AF3 5 AF3 5 AF3 5 AF3 5 AF3 5 AF3  

B factors 
(Å2) 

        

Protein 191.59 273.75 225.37 397.12 595.25 882.62 349.0
9 105.54 

Nucleic acid 461.16 289.8 438.31 640.15 235.94 284.5 385.7
2 296.67 

Ligands 121.29 563.98 171.92 585.45 307.84 706.08 344.0
7 326.69 

R.m.s. 
deviations 

        

Bond lengths 
(Å) 0.007 0.002 0.003 0.01 0.002 0.011 0.002 0.004 

Bond angles 
(°) 1.032 0.641 0.655 0.758 0.653 0.904 0.543 0.857 

MolProbity 
score 2.52 1.52 1.68 2.11 2.09 2.42 1.83 2.09 

Clashscore 23.55 3.53 4.7 11.71 10.91 19.19 6.79 8.4 

Poor 
rotamers (%)   - - - - - - - - 

Ramachandr
an plot 

        

Favored (%) 85 93.84 93.31 90.73 90.57 0.2 92.78 86.1 
Disallowed 
(%) 0.43 0.04 0 0.12 0.08 86 0.02 0.84 

 

 

  



Supplementary Table 3: Model validation statistics for longer transcript complexes 

Sample RP5nt pre-translocated RP5nt post-translocated RP6nt RP7nt RP8nt RP9nt 

Refinement       

Model composition       

    Non-hydrogen atoms 29164 28821 28681 28965 28878 28605 

    Protein residues 3668 3668 3638 3635 3617 3617 

    Nucleic acid residues 102 100 101 104 105 103 

    Ligands 2 Zn2+ 2 Zn2+ 2 Zn2+ 2 Zn2+ 2 Zn2+ 2 Zn2+ 
 1 Mg2+ 1 Mg2+ 1 Mg2+ 1 Mg2+ 1 Mg2+ 1 Mg2+ 
       

B factors (Å2)       

    Protein 47.31 40.32 63.05 50.02 42 37.68 

    Nucleic acid 97.46 95.31 101.33 101.62 156.55 180.21 

    Ligands 58.23 27.99 58.31 54.39 33.57 46.53 

R.m.s. deviations       

    Bond lengths (Å) 0.004 0.003 0.005 0.005 0.005 0.003 

    Bond angles (°) 0.672 0.604 0.71 0.765 0.681 0.643 

 Validation       

    MolProbity score 2.29 1.85 1.99 1.96 1.95 1.95 

    Clashscore 8.32 8.71 10.84 11.06 10.12 11.03 

    Poor rotamers (%)   1.66 0.27 0.42 0.37 0.37 0.34 

 Ramachandran plot       

    Favored (%) 94.21 94.37 93.3 94.13 93.59 94.28 

    Disallowed (%) 0.05 0.03 0.03 0.03 0.03 0.08 
 

  



Supplementary Movie 1: A morph movie showing the monomer conformational changes between 

protomers 

 

Supplementary Movie 2-3: A morph movie showing the proposed conformational changes within the 

hexameric ring, top and side views 

 

Supplementary Movie 4-6: A morph movie showing the conformational changes from RP(-12/-11) to 

RP(-11-8) conformation 3 to RP(-10-1) within the hexameric ring and DNA, top and side views 

 

Supplementary Movie 7: A morph movie showing the conformational changes in region II and ELH upon 

extension of RNA from 5nt pretranslocated to 9nt. 


