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SI Material and Methods 
 
Gene expression and protein purification. RfaH used in crystallization experiments and in 

vitro transcription assays was produced as described (1), as was RfaH used in NMR experiments 

(2), and RNAP for in vitro transcription assays (3). All expression plasmids are listed in Table 

S2. 

The purity was checked by SDS-PAGE, the absence of nucleic acids was checked by recording 

UV/Vis spectra on a Nanodrop ND-1000 spectrometer (PEQLAB, Erlangen, Germany). 

Concentrations were determined by measuring the absorbance at 280 nm (A280) in a 10 mm 

quartz cuvette (Hellma, Müllheim, Germany) on a Biospectrometer basic (Eppendorf, Hamburg, 

Germany). 

 

Isotopic labeling. 15N-labeled proteins were obtained from E. coli cells grown in M9 minimal 

medium containing (15NH4)2SO4 (Campro Scientific, Berlin, Germany) as sole nitrogen source 

(4, 5). Expression and purification were as described for the production of unlabeled proteins. 

 

Crystallization. RfaH was cocrystallized with ops9 DNA (5’-GCG GTA GTC-3’; IDT, 

Coralville IA) based on a published condition (1). The protein was dialyzed against 

crystallization buffer (10 mM tris(hydroxymethyl)aminomethane (Tris)/HCl (pH 7.8), 50 mM 

KCl, 2 mM DTT). ops9 (20 mM in H2O) was diluted with crystallization buffer and a 5-fold 

molar excess of MgCl2 before being added to RfaH in a molar ratio of 1:1 (complex 

concentration 400 µM).  

The RfaH:ops9 complex was crystallized by vapor diffusion techniques at 4 °C using the 

hanging-drop setup from a reservoir containing 21 % (v/v) PEG monomethyl ether (MME) 550, 
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44.4 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.0), 4 mM MgCl2 

(2 µl protein:DNA solution + 2 µl reservoir). Due to crystal instability crosslinking was carried 

out prior to harvesting by placing 4 µl of 25 % (v/v) glutaraldehyde next to the crystallization 

drop and resealing the well. After an incubation for 2 hours at 4°C the crystal was immersed in 

perfluoropolyether (Hampton Research) before being frozen in liquid nitrogen. 

 

Data collection and refinement. Diffraction data were collected at the synchrotron beamline 

14.1 operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring 

(Berlin-Adlershof, Germany) (6) at 100 K using a Pilatus 6M detector and a wavelength of 

0.9184 Å. Data were processed and scaled with XDS (7, 8) within the graphical user interface of 

XDSAPP (9). To obtain initial phases Patterson search techniques with homologous search 

model were performed by PHASER (10) using free RfaH (PDB ID 2OUG) as search model. To 

minimize the model bias a simulated annealing energy minimization using the PHENIX program 

suite (11) was performed. Subsequent rounds of model building and refinement were performed 

using COOT (12) and the PHENIX program suite (11).  

 

NMR spectroscopy. NMR experiments were performed on Bruker Avance 700 MHz 

spectrometer, which was equipped with cryogenically cooled, inverse triple resonance probe. 

Processing of NMR data was carried out using in-house routines. 2D spectra were visualized and 

analyzed by NMRViewJ (One Moon Scientific, Inc., Westfield, NJ, USA), 1D spectra by 

MatLab (The MathWorks, Inc., Version 7.1.0.183). Measurements involving RfaH were 

conducted at 15 °C, measurements with isolated ops9 at temperatures from 4-30 °C as indicated. 
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The initial sample volume was 500 µl, if not stated otherwise. The resonance assignments for the 

backbone amide protons of RfaH was taken from a previous study (2).  

The components in the measurement of the [15N]-RfaH:ops12 (5’-GGC GGT AGC GTG-3’; 

biomers.net GmbH, Ulm, Germany) interaction were in 10 mM K2HPO4/KH2PO4 (pH 7.5), 50 

mM KCl, 10 % D2O. For the determination of the secondary structure of ops9 (5’-GCG GTA 

GTC-3’; metabion international AG, Planegg/Steinkirchen, Germany) the DNA was in 20 mM 

Na2HPO4/NaH2PO4 (pH 7.0), 50 mM NaCl, 1 mM MgCl2, 10 % D2O. 

Interaction studies with chemical shifts changes in the fast regime on the chemical shift timescale 

were analyzed by calculating the normalized chemical shift perturbation (Δδnorm) according to 

Equation 1 for [1H,15N] correlation spectra. 

 

∆𝛿norm =  ∆𝛿 H!
!
+ 0.1 ∙ ∆𝛿 N!" !

  (1) 

where Δδ is the resonance frequency difference in ppm.  

 

RfaH:ops-TEC model. The composite model of RfaH bound to the ops-TEC was generated 

based on an available cryo EM structure of the E. coli TEC (13) and the complex of Pyrococcus 

furiosus Spt5 bound to the RNAP clamp domain (14). The Spt5:clamp complex was 

superimposed on the β’ subunit of the E. coli TEC, and then the RfaH:ops9 structure was 

positioned by superimposing RfaH-NTD on the NTD of Spt5 using COOT (12). Nucleotides 2, 

9, and 10 of ops9 were manually moved in COOT (12) to superimpose with the NT strand 

keeping the C3:G8 base pair intact so that G2 is the first paired nucleotide on the upstream end 

of the bubble. The sequence of the remaining ops element as well as the corresponding 

sequences in the T strand and the RNA were adapted.  
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Luciferase reporter assays. A selected lux reporter plasmid (Table S2) was co-transformed 

with a plasmid containing the rfaH gene (pIA947) or an empty vector (pIA957) into IA149 

(ΔrfaH in DH5αDE3) and plated on 100 µg/ml carbenicillin (Carb), 50 µg/ml chloramphenicol 

(Cam) lysogeny broth (LB) plates. Single colonies were inoculated into 3 ml of LB 

supplemented with Carb and Cam and incubated at 37°C. Overnight cultures were diluted into 

fresh LB with the antibiotics to optical density at 600 nm (OD600) ∼0.05 and grown at 37°C for 

6 hrs. No induction was required for the PBAD-controlled lux or Ptrc-controlled rfaH, as leaky 

expression from both these vectors was enough to produce a reproducible signal. Luminescence 

was measured at approximately equal density for all cultures in triplicates using FLUOstar 

OPTIMA plate reader (BMG LABTECH, Offenburg, Germany) and normalized for cell density. 

 

In vitro transcription assays. Templates for in vitro transcription were made by PCR 

amplifying pIA1087 (WT ops) or the plasmids having ops substitutions (Table S2) with a T7A1 

promoter-encoding primer (5’-

AAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTTACAGCCATCGAGCAGG

CAGCGGCAAAGCCATGG-3’) and a complementary downstream primer (DN: 5’-

AAATAAGCGGCTCTCAGTTT-3’). A second PCR was performed with primers 5’-

AAAAAGAGTATTGACTTAAAG-3’ and DN to reduce the concentration of the unused large 

primer, followed by purification via a QIAquick PCR purification kit (Qiagen, Valencia, CA). 

The resulting linear templates contained T7A1 promoter followed by an initial 24 nt T-less 

transcribed region; the run-off transcript generated on these templates is 79-nt long. Linear DNA 

template (30 nM), holo RNAP (40 nM), ApU (100 µM), and starting NTP subsets (1 µM CTP, 5 

µM ATP and UTP, 10 µCi [α32P]-CTP, 3000 Ci/mmol) were mixed in 100 µl of TGA2 (20 mM 
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Tris-acetate, 20 mM Na-acetate, 2 mM Mg-acetate, 5% glycerol, 1 mM DTT, 0.1 mM EDTA, 

pH 7.9). Reactions were incubated for 15 min at 37 oC; thus halted TECs were stored on ice. 

RfaH (or an equal volume of storage buffer) was added to the TEC, followed by a 2-min 

incubation at 37 oC. Transcription was restarted by addition of nucleotides (10 µM GTP, 150 µM 

ATP, CTP, and UTP) and rifapentin to 25 µg/ml. Samples were removed at time points indicated 

in the figures and quenched by addition of an equal volume of STOP buffer (10 M urea, 60 mM 

EDTA, 45 mM Tris-borate; pH 8.3). Samples were heated for 2 min at 95 oC and separated by 

electrophoresis in denaturing 8 % acrylamide (19:1) gels (7 M Urea, 0.5X TBE). The gels were 

dried and RNA products were visualized and quantified using FLA9000 Phosphorimaging 

System, ImageQuant Software, and Microsoft Excel. In vitro transcription assays were carried 

out in triplicates and averaged. 

 

Exonuclease footprinting. To assemble a scaffold TEC, the RNA primer and the template (T) 

strand were end-labeled with [γ32P]-ATP using T4 polynucleotide kinase (PNK; NEB). 

Following labeling, oligonucleotides were purified using QIAquick Nucleotide Removal Kit 

(Qiagen). To assemble a scaffold, RNA and T DNA oligonucleotides were combined in PNK 

buffer and annealed in a PCR machine as follows: 5 min at 45 °C; 2 min each at 42, 39, 36, 33, 

30, and 27 °C, 10 min at 25 °C. 12 pmoles of T/RNA hybrid were mixed with 14 pmoles of His-

tagged core RNAP in 30 µl of TB [20 mM Tris-Cl, 5% Glycerol, 40 mM KCl, 5 mM MgCl2, 10 

mM β-mercaptoethanol, pH 7.9], and incubated at 37 °C for 10 min. 15 µl of His-Select® HF 

Nickel Affinity Gel (Sigma Aldrich) was washed once in TB and incubated with 20 µg Bovine 

Serum Albumin in a 40-µl volume for 15 min at 37 °C, followed by a single wash step in TB. 

The T/RNA/RNAP complex was mixed with the Affinity Gel for 15 min at 37 °C on a 
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thermomixer (Eppendorf) at 900 rpm, and washed twice with TB. 30 pmoles of the NT 

oligonucleotide were added, followed by incubation for 20 min at 37 °C, one 5-min incubation 

with TB-1000 in a thermomixer, and five washes with TB. The assembled TECs were eluted 

from beads with 90 mM imidazole in a 15-µl volume, purified through a Durapore (PVDF) 0.45 

µm Centrifugal Filter Unit (Merck Millipore), and resuspended in TB. The TEC was divided in 

two aliquots; one was incubated with 100 nM RfaH and the other – with storage buffer for 3 min 

at 37°C. For each time point, 5 µl TEC were mixed with 5 µl of Exo III (NEB, 40 U) and 

incubated at 21 °C. At times indicated in the Figure S2 legend, the reactions were quenched with 

an equal volume of Stop buffer (8 M Urea, 20 mM EDTA, 1x TBE, 0.5 % Brilliant Blue R, 

0.5 % Xylene Cyanol FF). 

 

Programs. All molecular structures were visualized using The PyMOL Molecular Graphics 

System (Version 1.7, Schrödinger, LLC.) Superpositions of protein and nucleic acid structures 

were prepared with COOT (12). Interactions between ops9 and RfaH were analyzed using 

LigPlot (15). 
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SI Tables 
 
Table S1. Data collection and refinement statistics. 
 
Data collection  
  Wavelength (Å) 0.9184 
  Space group P1 
  
Unit cell parameters  
  a, b, c (Å) 36.309 / 43.187 / 61.859 
  α, β, γ (°) 80.449 / 75.485 / 75.392 
  Resolution (Å)a 41.55-2.1 (2.2-2.1) 
  Unique/observed reflectionsa,b 19,931 / 107,345 (2,633 / 14,210) 
  Rsym (%) a,c 6.3 (42.9) 
  I/sIa 13.96 (3.47) 
  Completeness (%)a 97.3 (97.9) 
  Molecules per asymmetric unit 2 
  
Refinement statistics  
  Rwork (%)d 18.62 
  Rfree (%)e 23.34 
Number of atoms  
  Protein 4283 
  Nucleic acid 574 
  Water 116 
B-factors  
  Protein 56.062 
  Nucleic acid 87.427 
  water 48.058 
r.m.s. deviations  
  Bond lengths (Å) 0.013 
  Bond angles (°) 1.149 
 

a Highest-Resolution shell values are given in parentheses 
b Friedel mates were not treated as independent reflections 
c Rsym = Σh ΣI | Ii(h) - <I(h)> | / Σh ΣiI(h); where I are the independent observations of reflection h. 
d Rwork = Σh ||Fobs| - |Fcalc|| / Σh |Fobs| 
e The free R-factor was calculated from 5 % of the data, which were removed at random before 
the structure was refined. 
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Table S2. Plasmids. 

 

Name Description Source 

ops variants 

pIA1087 PBAD‒opsWT‒luxCDABE ref. (2) 

pZL6 PBAD‒ops(G2C)‒luxCDABE This work 

pZL7 PBAD‒ops(A7T)‒luxCDABE This work 

pZL12 PBAD‒ops(T11G ‒luxCDABE This work 

pZL14 PBAD‒ops(G5A)‒luxCDABE This work 

pZL21 PBAD‒ops(G4C)‒luxCDABE This work 

pZL22 PBAD‒ops(T6A)‒luxCDABE This work 

pZL23 PBAD‒ops(G8C)‒luxCDABE This work 

pZL24 PBAD‒ops(G12C)‒luxCDABE This work 

pZL25 PBAD‒ops(G1C)‒luxCDABE This work 

pZL26 PBAD‒ops(C3G)‒luxCDABE This work 

pZL27 PBAD‒ops(C9G)‒luxCDABE This work 

pZL28 PBAD‒ops(G10C)‒luxCDABE This work 

pIA1286 PBAD‒ops(C3G+G8C)‒luxCDABE This work 
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Gene expression vectors 

pVS10 PT7 promoter– E. coli rpoA–rpoB–rpoCHis6–rpoZ ref. (16) 

pVS12 E. coli rfaH in pTYB1 ref. (1) 

pIA238 E. coli rfaH in pET28a ref. (17) 
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SI Figures 
 

 

Figure S1. In vitro analysis of ops mutants. Transcript generated from the T7A1 promoter on a 

linear DNA template is shown on top; the transcription start site (bent arrow), ops element (green 
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box), and transcript end are indicated. Halted A24 TECs were formed as described in Methods 

on templates with single substitutions in the ops element. Elongation was restarted upon addition 

of NTPs and rifapentin in the absence or presence of 50 nM RfaH. Aliquots were withdrawn at 

10 s, 20 s, 40 s, 80 s, 160 s, 320 s, 640 s, and 1280 s and analyzed on 8% denaturing gels. 

Positions of the paused and run-off transcripts are indicated with arrows. Pause sites within the 

ops region are numbered relative to the ops consensus sequence and color-coded.  
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Fig. S2. RfaH recruitment to RNAP transcribing through ops element. (A) Schematic of Exo 

III footprinting of free and RfaH-bound TECs. Numbers indicate the upstream footprint 

boundaries relative to the active site. (B) The G8 TEC was assembled on the scaffold, with RNA 

and template (T) DNA strands labeled with [γ32P]-ATP and PNK, and walked in one-nucleotide 

steps to C9, G10, and U11 positions in the presence of the matching NTP substrates. (C) RfaH 

was added to 50 nM, where indicated. Following the addition of Exo III, the reactions were 

quenched at indicated times (0 represents an untreated DNA control) and analyzed on a 12% 
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urea-acrylamide (19:1) gel in 0.5X TBE. Numbers indicate the distance from the RNAP active 

site. TEC structures are shown below each set, with the translocation states inferred from 

previous analyses.   
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Figure S3. Analysis of RfaH:ops interactions. (A) Superposition of free RfaH (PDB ID 2OUG, 

blue) and RfaH in the RfaH:ops9 complex (RfaH-NTD, green; RfaH-CTD, cyan), both in ribbon 

representation. The superposition is based on Cα atoms, yielding a root mean square deviation 

value of 0.72 Å. (B) Two-dimensional view of ops9:RfaH interactions. Water molecules are 
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shown as cyan spheres. Bases are labeled in blue, amino acids in green. Hydrogen bonds 

between amino acids and DNA are shown as pink dashed lines, water-mediated hydrogen bonds 

as blue dashed lines. Van-der-Waals interactions are indicated in red. (C) Crystal packing of 

RfaH:ops9 crystals (space group P1). The content of one asymmetric unit is shown in color, 

molecules from neighboring asymmetric units are in grey (all molecules in ribbon 

representation). The panel shows an enlargement of the arrangement of DNA molecules from 

neighboring asymmetric units. Bases are shown as sticks (oxygen, red; nitrogen, blue; carbon, 

according to backbone color) and are labeled. Hydrogen bonds are indicated by dashed lines.  
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Figure S4: Secondary structure of isolated ops9 and RfaH:ops9 interaction in solution. (A) 

Downfield region of the 1D [1H] NMR spectra of ops9 DNA measured at the temperatures 

indicated. The region characteristic for imino protons involved in Watson-Crick base pairs is 

highlighted in yellow. The inferred secondary structure of ops9 DNA is shown to the right. (B) 

RfaH:ops12 interaction in solution. [1H, 15N]-HSQC-derived normalized chemical shift 

perturbations vs. residue position in RfaH. The chemical shift perturbation were obtained from a 

titration of 15N-RfaH with ops12 (for spectra see Fig. 3D). Horizontal lines: significance levels of 

Δδnorm = 0.04 ppm, black; = 0.1 ppm, orange, = 0.15 ppm, red. Disappearing signals are 

highlighted in red. The domain arrangement of RfaH is indicated above.  
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Figure S5: Specificity of RfaH for ops. Superposition based on backbone atoms of NusG-NTD 

(PDB ID 2K06, light blue) and RfaH-NTD (taken from the RfaH:ops9 structure, green; root 

mean square deviation: 4.3 Å). Both proteins in ribbon representation. (B) Structure-based 

sequence alignment of NusG and RfaH. Amino acids the side chains of which are involved in 

direct interactions with nucleobases in the RfaH:ops9 complex and corresponding residues in 

NusG are highlighted in pink. (C) Structure of RfaH-NTD in (left) surface representation colored 

according to its electrostatic potential (from -3kBT/e, red, to +3kBT/e, blue) and (right) ribbon 

representation with residues the side chains of which are involved in interactions with 

nucleobases in the RfaH:ops9 structure shown as sticks (C atoms, pink; N atoms, blue). (D) 
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Structure of NusG-NTD (PDB ID 2K06) in (left) surface representation colored according to its 

electrostatic potential and (right) ribbon representation. Residues corresponding to the amino 

acids of RfaH highlighted in (C) are shown as sticks (C atoms, pink; N atoms, blue; O atoms, 

light red). 
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