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Materials and Methods 
 
Strains 

Strains used in this study are listed in table S1. To construct the E. coli RNAP::3XFLAG 
strain, plasmid pRM678 was transformed into RL324 and recombination was selected by growth 
on LB-Kan plates (20). Plasmid loss from single-colony isolates was confirmed by loss of 
ampicillin-resistance. Replacement of rpoC with the rpoC::3XFLAG fusion was confirmed by 
western blot analysis of cell lysates separated by PAGE, using an antibody to the FLAG peptide. 
P1vir lysate grown on this strain was used to transduce RL1655 to give strain RL2081. Deletions 
of greA::kan and greB::kan were obtained from the Keio collection (21). Kan markers were 
excised with FLP recombinase to yield strains with the unmarked deletions (RL2849 and 
RL2850). The rpoC::3XFLAG allele was moved from RL2081 into these strains to yield strains 
RL2851 and RL2852. Mutation of the lacZ RBS (AGGAAA) to an orthogonal RBS sequence (o-
RBS: ATCCCT) was performed using oligo-mediated recombineering (22). Briefly, RL2081 was 
transformed with the pSIM6 plasmid, which contains the λ-derived Red recombination 
proteins and an Amp selection marker. Mutagenesis was directed by a ssDNA oligo (lacZ-
oRBS, table S1) with 42 nt of homology flanking either side of the mutation site. Colonies were 
blue-white screened for the absence of LacZ expression on X-gal/ITPG LB-Amp/Kan plates. 
Individual white colonies were restreaked and reselected, and the mutation verified using colony 
PCR to yield the final strain (RL2937).  

The B. subtilis RNAP::3XFLAG strain was constructed in multiple steps. First, a kan 
marker with 1 kb flanking homology to the last 1 kb of rpoC and 1 kb of sequence immediately 
downstream of rpoC was generated by overlap extension PCR (23). The kan marker was then 
transformed into CAG17168; double crossover recombinants were selected on LB-Kan plates. 
Next, the kan marker and 1 kb downstream homology was amplified from the chromosome using 
a primer that contained a NotI restriction site and the coding sequence for 3XFLAG.  In addition, 
the last 1 kb of the rpoC gene was amplified using a primer that contained a NotI site.  The two 
PCR products were digested with NotI, ligated together, and then the ligation product was 
amplified again by PCR. The final product was transformed into CAG74168, selecting for 
kanamycin resistance, which generated the rpoC::3XFLAG strain, CAG74145. 
 
Cell growth and harvesting 

For each sample, a monoclonal culture was grown at 37 ˚C from an OD (600 nm) 0.05 to 
early log-phase (OD 0.45 ± 0.05) in 500 mL of either MOPS EZ rich defined medium (Teknova) 
for E. coli, or LB medium for B. subtilis. Cells were harvested by filtration over 0.22 μm 
nitrocellulose filters (GE) and frozen in liquid nitrogen to simultaneously halt all transcriptional 
progress. Frozen cells (100 μg) were pulverized on a Qiagen TissueLyser II mixer mill 6 times at 
15 Hz for 3 min in the presence of 500 μL frozen lysis buffer (20 mM Tris pH 8, 0.4% Triton X-
100, 0.1% NP-40, 100 mM NH4Cl, 50 U/mL SUPERase•In; Ambion) and 1X protease inhibitor 
cocktail (Complete, EDTA-free, Roche), supplemented with 10 mM MnCl2. The lysate was 
resuspended on ice by pipetting. RQ1 DNase I (110 U total, Promega) was added and incubated 
for 20 min on ice. The reaction was quenched with EDTA (25 mM final), which releases 
polysomes from the transcript (fig. S2) and reduces contamination from ribosomal RNA and 



ribosome-associated tRNAs without affecting elongation complex stability (24). The lysate was 
clarified at 4 °C by centrifugation at 20,000 g for 10 min. The lysate was loaded onto a PD 
MiniTrap G-25 column (GE Healthcare) and eluted with lysis buffer supplemented with 1 mM 
EDTA. 

For the measurement of start codon pausing in lacZ (fig. S12), both the WT (RL2081) and 
mutant lacZ (RL2937) strains were grown in the presence of IPTG (1 mM) and bicyclomycin (20 
μg/mL; kind gift of Max Gottesman at Columbia University), which was necessary to prevent 
premature termination by Rho in the absence of translation.  

Total RNA purification 
Total RNA was purified from the clarified lysate using the miRNeasy kit (Qiagen). 1 μg of 

RNA in 20 μL of 10 mM Tris pH 7 was mixed with an equal volume of 2X alkaline 
fragmentation solution (2 mM EDTA, 10 mM Na2CO3, 90 mM NaHCO3, pH 9.3) and incubated 
for ~25 min at 95 °C to generate fragments ranging from 30-100 nt. The fragmentation reaction 
was stopped by adding 0.56 mL of ice-cold precipitation solution (300 mM NaOAc pH 5.5 plus 
GlycoBlue; Ambion), and the RNA was purified by a standard isopropanol precipitation. The 
fragmented mRNA was then dephosphorylated in a 50 μL reaction with 25 U T4 PNK (NEB) in 
1X PNK buffer (without ATP) plus 0.5 U SUPERase•In, and precipitated with GlycoBlue via 
standard isopropanol precipitation methods. 

Nascent RNA purification 
For nascent RNA purification, the clarified lysate was added to 0.5 mL anti-FLAG M2 

affinity gel (Sigma Aldrich) as described previously (7). The affinity gel was washed twice with 
lysis buffer supplemented with 1 mM EDTA before incubation with the clarified lysate at 4 °C 
for 2.5 h with nutation. The immunoprecipitation was washed 4 × 10 mL with lysis buffer 
supplemented with 300 mM KCl, and bound RNAP was eluted twice with lysis buffer 
supplemented with 1 mM EDTA and 2 mg/mL 3XFLAG peptide (Sigma Aldrich). Nascent RNA 
was purified from the eluate using the miRNeasy kit (Qiagen) and converted to DNA using a 
previously established library generation protocol (7). 

DNA library preparation and DNA sequencing 
The DNA library was sequencing on an Illumina HiSeq 2000. Reads were processed using 

the HTSeq Python package and other custom software written in Python 2.7. The 3′ end of the 
sequenced transcript was aligned to the reference genome using Bowtie (http://bowtie-
bio.sourceforge.net/) (25) and the RNAP profiles generated in MochiView 
(http://johnsonlab.ucsf.edu/mochi.html) (26).   

NET-seq data analysis 
Data analysis was performed using custom scripts written in Python 2.7. For pause 

detection, positions with counts greater than four standard deviations above the mean were 
scored as pauses. A list of pause positions identified using this criteria is included in the 
accompanying Gene Expression Omnibus submission (accession number GSE56720). Pause 
detection was largely independent of threshold choice: using a threshold value of two to four 
standard deviations above the gene average changed pause statistics only slightly, and did not 
affect the overall conclusions. To generate the pause consensus sequence logo, pause sequences 
were aligned at their 3′ end and submitted to weblogo.berkeley.edu (27). 



Single-molecule assay 
We used a previously described, high-resolution optical-trapping assay to follow single 

E. coli RNAP molecules under assisting load as they transcribed a 1450 bp section of the E. coli 
rpoB gene (Fig. 2D) (10, 11). Briefly, elongation complexes (ECs) were stalled 29 bp after a 
T7A1 promoter on a digoxigenin-labeled template derived from the pRL777 plasmid. These ECs 
were incubated with 600 nm avidin-coated beads along with 730 nm antidigoxigenin-coated 
beads to form a bead:DNA:RNAP:bead dumbbell as previously described (10). Transcription 
was restarted by adding transcription buffer containing a rate-limiting concentration of GTP 
(2.5 µM), along with a saturating concentration (1 mM) of the other nucleotide species. The 
nucleotide reaction mixture induced RNAP to pause at each template position that required GTP 
addition. Transcription data, taken at an assisting load of 18 pN using an optical force-clamp 
(28), were collected at 2 kHz, filtered at 1 kHz, then smoothed and decimated to a 100 Hz data 
rate. 
 
Single-molecule data analysis 

To align transcription records absolutely against the known DNA template, the pattern of 
pauses was autocorrelated against a mask of expected pause positions (corresponding to limiting 
GTP) generated from the template sequence (Fig. 2D), as described previously (11). The 
automated alignment algorithm was allowed to stretch (by up to 10%) and shift (by up to 2 nm) 
individual 20-nm sections of transcription records in order to maximize their overlap with the 
expected pause patterns. These stretching and shifting transformations allowed small variations 
in rise-per-base of dsDNA, as well as long-term drift of the system, to be compensated. The 
shifted traces were checked by eye after alignment, and in some cases, portions of the record 
were re-aligned by hand. Finally, pause durations at expected base positions were measured 
using a semi-automated algorithm: an initial guess to identify the pause was made by marking 
the points at which the polymerase entered and exited a ± 1.7 Å window around the expected 
pause position. These automatically chosen pause demarcation points were then checked by eye, 
and modified if transient noise on the trace caused misidentification of the start or end of the 
pause. Noisy sections of certain traces were discarded. Because the sequential addition of 2 or 
more rate-limiting GTPs results in small spatial separations of pauses, these events were most 
challenging to separate into clearly resolved pause events. However, to avoid biasing data 
collection, pauses at sequential template positions were included in the analysis wherever 
feasible. We attempted to correct for possible misincorporation events, by excluding outlier 
pauses significantly longer than average dwell time measured at the sequence location. 

 
Calculation of pause energetics 

The natural logarithm of the average dwell time was taken as a measure of the relative 
energetic barrier to elongation at each sequence position. For the single-molecule data, the dwell 
time was measured as described in the previous section. For the NET-seq data, the relative dwell 
time was determined from the total number of counts at a given position divided by the average 
over the gene. For both data sets, we used the same approach to analyze the sequence-specific 
contributions to next-nucleotide addition at the ith base under the footprint of RNAP. We 
partitioned our relative energetic barrier data into four subsets containing template positions that 
had each of the four possible species of nucleotide at the ith position under the RNAP footprint. 
The effective energy barriers for each of these sub-populations were then averaged, and the 
average effective contribution at each base position was then normalized, such that the sum over 



all base possibilities of the relative energetic contributions at each position was zero. Errors 
(± SD) were estimated by measuring the variability of energetic contributions at other base 
positions that are not expected to make contact with the polymerase.  

To determine the total energy at each position, we summed the energetic contribution of 
each base from position -1 to -11 upstream of the pause. The resulting energies for both pause 
and non-pause sequences are plotted in Fig. 2C. The separation of the cumulative probability 
curves along the x-axis indicates that pause-associated sequences have, on average, a higher 
energetic barrier for next-nucleotide addition. The slope of the curve is also shallower for pause 
sequences, suggesting that there may be greater variation in next-nucleotide energetics for pause 
sequences compared to non-pause sequences. 
 
RNA polymerases for in vitro transcription assays 

The single-molecule experiments were performed with biotin-labeled RNAP, modified by 
addition of biotin carboxyl carrier protein to the C-terminus of the β´ subunit, and purified as 
described previously (29). Ensemble transcription experiments were performed with wild-type E. 
coli RNAP overexpressed from plasmid pRM756 (table S1) and purified by Ni-NTA agarose 
affinity chromatography followed by chromatography on a HiTrap heparin column, as described 
previously (30). BtaRNAPII was purified from calf thymus by PEI precipitation, anion-exchange 
chromatography on High Q Sepharose, 8WG16 antibody affinity chromatography, and anion-
exchange chromatography, on Uno-Q as described previously (31). RspRNAP and MboRNAP 
were kind gifts from Chris Lennon and Agata Czyz, respectively (University of Wisconsin). 
TthRNAP was purified as described previously (32). NusG, GreA, and GreB were purified as 
described previously (33, 34). RfaH NTD was a kind gift from Pyae Hein (University of 
Wisconsin). TFIIS used here was TFIIS∆1-130, a derivative of TFIIS lacking the N-terminal 
mediator-interaction domain (35), and was a kind gift of C. Kane (University of California-
Berkeley). 
 
Ensemble in vitro transcription assays with bacterial RNAPs 

All DNA and RNA oligonucleotides were from IDT. FPLC-purified NTPs were from 
Promega Corp. Radionucleotides ([α-32P]GTP or [α-32P]UTP) were from Perkin-Elmer. 
Elongation complexes were assembled using reconstitution essentially as described elsewhere 
(30) but with 50 nM scaffold and 200 nM core RNAPs, or after initiation from a promoter (Fig. 
S6). For scaffold-based pause assays except for TthRNAP, complexes were reconstituted 2 nt 
upstream from the pause site, incubated with 10 μM [α-32P]GTP (20 Ci/mmol) for 5 min at 37 °C 
to form complexes halted 1 nt before the pause site. For scaffold-based assays on the anti-
consensus sequence except for TthRNAP, complexes were similarly reconstituted 2 nt upstream 
from the pause site, but incubated with 10 μM [α-32P]UTP (20 Ci/mmol) for 5 min at 37 °C to 
form complexes halted 1 nt before the site corresponding to the pause site on the consensus 
scaffold. Transcription was restarted by addition of 100 μM GTP and CTP to allow transcription 
through the pause signal, or 100 μM GTP, CTP, and UTP for the anti-consensus. For TthRNAP, 
complexes were reconstituted 14 nt upstream from the pause site (G16, fig S10), incubated with 
10 μM [α-32P]CTP (20 Ci/mmol) for 5 min at 37 °C to form C17 complexes halted 13 nt before 
the pause site. Transcription was restarted by addition of 100 μM GTP, CTP, ATP, and UTP and 
incubated at 37 °C (fig. S10B) or 50 °C (fig. S10C). Samples were removed at different time 
points and quenched by the addition of an equal volume of 2X urea STOP buffer (7 M urea, 
50 mM EDTA, 90 mM Tris-borate buffer pH 8.3, 0.02% bromophenol blue, and 0.02% xylene 



cyanol). Samples were heated for 2 min at 95 °C and separated by electrophoresis though 20% 
denaturing polyacrylamide (19:1) gels in 0.5X TBE (45 mM Tris-borate pH 8.3, 1.25 mM 
EDTA). Rates were determined by performing single- or double-exponential fits of the fraction 
of RNA at the pause position relative to the total amount of RNA at this position and beyond as 
a function of time. Relative pause strengths (τ0) shown in Fig. 3C and fig. S7 correspond to the 
area under the pause RNA fraction vs. time, and were calculated as the product of pause 
efficiency, E, and pause dwell time, τ, (E·τ  or E/ke, where ke is the pause escape rate (36)) and 
reported as the average pause strength relative to wild type ± SD from ≥3 experimental 
replicates. The fraction of RNA species present in the reaction was normalized to 1 for each time 
point and the change in pause RNA fraction over time was then fit to a single- or double-
exponential decay equation, E1·e-k1·t + E2·e-k2·t, where the slower rate represented a minor 
fraction of complexes (E2 and k2) that may enter a backtracked state or was omitted for single-
exponential fits when the slow phase was negligible (E2=0). The total pause efficiency, E, was E1 
+ E2. Pause escape rates for regulators (Fig. 3C) were determined by adding the regulators to 
reactions after the incorporation labeling step at concentrations indicated in the legend. GreA and 
GreB gave similar results; the GreA/B pause escape rate shown in Fig. 3C is the average of 3 
replicates with GreA and one replicate with GreB. 
 To determine consensus pause kinetic parameters (Vmax and KNTP; Fig. 3B), pause escape 
rates were measured over a range of GTP concentrations (10 µM – 20 mM) using a KinTek 
quench-flow apparatus, as described previously (30), except that a weighted average of slow and 
fast rates (based on relative E) was used for GTP concentrations at which two rates were evident 
(typically ≤100 µM GTP). Briefly, 1.2 µM RNA (8342), 1 µM template DNA (8334), and 2 µM 
non-template DNA (8333) were annealed to form a nucleic-acid scaffold and then reconstituted 
with RNAP (250 nM RNAP, 200 nM scaffold) in 1X MB (20 mM Tris-HCl, pH 7.9, 20 mM 
NaCl, 0.125 mM EDTA, 15 mM MgCl2, 5% glycerol, 25 mg acetylated BSA/mL, and 2 mM β-
mercaptoethanol) for 15 min at room temperature. Complexes were diluted 2 fold in 1X MB, 
supplemented with MgCl2 to 5 mM greater than the NTP concentration, and then incorporation 
labeled with 2 µM [α−32P]GTP.  Labeled ECs (20 µL) were injected into one sample loop and 
NTPs (20 µL; varying [GTP]) and 2 mM CTP in transcription buffer were injected into the other 
loop. Reactions were performed for predetermined times at 37 °C. The samples were quenched 
with 2 M HCl (40 µL) and immediately neutralized to pH 8.0 by addition of 3 M Tris base 
(40 μL). The RNA was phenol extracted, ethanol precipitated, suspended in formamide loading 
dye, separated on a denaturing polyacrylamide (17.5%; 8 M urea) 0.5X TBE gel, and quantified 
using a Phosphorimager. Pause escape rates for each GTP concentration were determined in 
triplicate by using KaleidaGraph (Synergy Software) to fit pause decay to a single- or double-
exponential.  These rates were used to determine the pause escape Vmax of 0.5 ± 0.1 s-1 and KGTP 
of 2.5 ± 1 mM (Fig. 3B). Kinetic parameters for the his pause shown for comparison in Fig. 3B 
were determined by the same methods and were reported previously (37).  
 
Ensemble in vitro transcription assays with mammalian RNAPII 
 Elongation complexes were assembled using reconstitution essentially as described 
previously (38), but with 150 nM scaffold and 20 nM BtaRNAPII.  Complexes were 
reconstituted 2 nt upstream from the pause site, incubated with 10 μM [α-32P]GTP (20 Ci/mmol) 
for 3 min at 30 °C to form complexes halted 1 nt before the pause site. If present, TFIIS was then 
added to 300 nM and allowed to bind for 3 minutes at 30 °C. Transcription was restarted by 
addition of 10 μM CTP to allow transcription through the pause signal. Samples were removed at 



different time points and quenched by the addition of an equal volume of 2X urea STOP buffer. 
Samples were heated for 2 min at 95 °C and separated by electrophoresis though 20% denaturing 
polyacrylamide (19:1) gels in 0.5X TBE. Rates were determined as described above. 
 

Supplementary Text 
Determination of consensus sequence contributions to pausing in vitro 

To determine how changes to the consensus sequence affected pausing by RNAP, we 
measured the rates at which RNAP added the next nucleotide after the pause on a series of 
scaffolds with single or multiple substitutions at different locations of the consensus scaffold 
(Fig 3C and fig. S7). To aid reconstitution, the consensus scaffold contained non-complementary 
bases in the non-template strand opposite the 8-nt core RNA:DNA hybrid, positions for which 
DNA-DNA base-pairing should have little or no effect on pausing. The effects of different 
substitutions on consensus pausing are attributable to discrete, previously described interactions 
of RNAP with separate parts of the scaffold that combine additively to create a multipartite 
pause signal that traps RNAP in an off-line state (13, 39, 40). Substitutions at -10 and -11 reveal 
that RNA:DNA base-pairing in an overextended hybrid rather than G in the unpaired RNA 
contributes to pausing, consistent with prior observations (41) and Gilbert's first proposal of a 
pause mechanism in which difficulty in unwinding the RNA:DNA hybrid inhibits nucleotide 
addition (42). Substitutions in the RNA:DNA hybrid (positions -2, -3, and -5) are consistent with 
a modest contribution to pausing from interactions between RNAP and the hybrid (13, 39, 40, 
43, 44). Effects of substitutions at -1 and +1 are consistent with the consensus pause sequence 
(Fig. 2) and previous reports that pausing is favored when pyrimidines at the RNA 3′ end  react 
with incoming purine NTPs (13, 15, 45, 46). Abrogation of pausing by removal of the 
nontemplate G at +1 could suggest interaction of the nontemplate G makes an additive 
contribution to consensus pausing of magnitude similar to hybrid overextension and downstream 
DNA interaction, consistent with the proposal by Ebright and co-workers (47), but also is 
consistent with a positive contribution of base-pairing between the nontemplate strand G and 
template strand C that could inhibit translocation. The effects of downstream substitutions are 
consistent with prior suggestions that interactions of duplex DNA near +2 to +4 and +5 to +8  
with the downstream DNA entry channel of RNAP also facilitate pausing (13, 40, 46, 48, 49).  

Although we found evidence for backtracking at the consensus pause site (fig. S8), our 
results strongly suggest the major barrier to pause escape occurs in the non-backtracked 
elemental pause state (12, 14, 37), especially at in vivo concentrations of NTP. We note, 
however, that variations in the sequence might change the propensity for backtracking and that 
we have not yet systematically explored the effect of sequence changes on the extent of 
backtracking, including for the substitutions shown in Fig. 3C and fig. S7.  



 

Fig. S1. Schematic of the NET-seq protocol. 
Actively transcribed RNA is isolated from bacteria via immunoprecipitation of FLAG-tagged 
RNAP molecules and converted to a DNA library sequenced with deep coverage.  



 

Fig. S2. Polysome profiles of E. coli cell lysates. 
Treatment of lysate with 25 mM EDTA chelates Mg2+ and leads to release of cotranslating 
ribosomes, reducing rRNA and tRNA contamination. 
 



 

Fig. S3. Immunoprecipitation of RNAP.  
Western blot detecting FLAG-labeled RpoC in immunoprecipitation samples corresponding to 
input lysate, unbound lysate, and eluted protein. 



 

 

Fig. S4. NET-seq profiles for well-characterized regulatory pauses. 
(A)-(C) Attenuation control regions show large peaks in RNAP density (arrows) with single-
nucleotide resolution. Previously mapped pause positions (underlined sequence) for thrL (50), 
leuL (51), and ivbL (52) are shown for comparison. None of the peaks were observed in 
mRNA-seq profiles prepared from the same lysate (orange). (D) A strong transcriptional pause is 
observed in vivo within the RNase P RNA subunit that matches previous in vitro data (53). This 
pause was shown to be required for proper folding and activity of RNase P. (E) The ops pause 
(2), which directs recruitment of the RfaH anti-termination factor, leads to a large peak in RNAP 
density in the 5′ UTR of rfaQ. 



 

Fig. S5. Receiver-operating characteristic (ROC) analysis for the prediction of pauses using 
next-nucleotide energetics. 
The optimal energy threshold was determined by maximizing the Youden index (J). 



 

Fig. S6. Transcription of the consensus pause sequence initiated from a λ  PR promoter 
shows a strong transcriptional pause. 
Halted complexes (A26) were formed by incubating 40 nM RNAP with 25 nM linear DNA 
template (prepared by PCR from pRM1002; table S1; methods), 150 µM ApU, 2.5 µM ATP and 
UTP, and 1 µM [α-32P]-GTP for 15 minutes at 37 °C. Transcription was resumed by addition of 
100 µM of all 4 NTPs plus 150 µg rifampicin/mL. Samples were removed at 0, 2, 6, 10, 15, 30, 
45, 60, and 120 seconds. Pause escape rate = 0.09 ± 0.007. 
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Fig. S7. Effects on pausing of base substitutions in the consensus pause sequence. 
(A) Full sequence of consensus pause scaffold used in this study (reconstituted from 
oligonucleotides 8333, 8334, and 8342; table S1; Fig. 3A). Nucleotides in italics indicate non-
complementary positions in the non-template strand that aid reconstitution of the elongation 
complex but that do not affect pausing. RNA nucleotides in lower case were added after initial 
reconstitution by extension with α-32P-labeled or unlabeled NTPs. The semicircle around non-
template strand +1G indicates proposed interactions of the base at this position with a pocket in 
the RNAP β subunit (47). (B) Full sequence of the anti-consensus pause scaffold used in this 
study (reconstituted from oligonucleotides 8952, 8953, and 8954; table S1; Fig. 3A). Blue 
shading indicates segments of the scaffold changed from consensus bases favoring pausing to the 
bases least represented at pauses (Fig. 2B) and therefore most likely to favor rapid nucleotide 
addition. Note that the most conserved bases at the pause, -1C and +1G, were not changed in the 
anti-consensus scaffold. (C) Effects of base substitutions on pause strength (SD of ≥ 3 replicates 
at 100 µM GTP; pause efficiency times pause dwell time calculated as described in the 
supplementary methods). The portion of the scaffold in which substitutions were made is shown 
above the results, with lines drawn from the positions of substitutions to depictions of the 
substitutions (blue shading indicates bases that were changed in the variant scaffolds; table S1). 
The "-" symbol at -1 and +1 indicates an abasic nucleotide used to test effects of non-template 
strand base interactions with the β subunit NT pocket (47). Detailed interpretations of the effects 
of the substitutions is provided in the supplementary text. Pause strengths of the hisL hairpin-
stabilized pause and the anti-consensus pause are shown for reference. 
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Fig. S8. Effect of transcript cleavage factor GreA on consensus sequence pausing. 
(A) Schematic indicating the reactions taken during the pause assay shown in panel C conducted 
on the consensus scaffold shown in fig. S7A. Constant specific activity [α−32P]GTP was used 
during the labeling and extension parts of the assay to ensure that the cleavage and re-extension 
of the transcript did not alter its specific activity. (B) Schematic of the experiment shown in 
panel C. (C) Pause assay on consensus scaffold without (left panel) or with (right panel) 1 µM 
GreA. The bands are labeled with numbering shown in fig. S7A. The appearance of the cleavage 
product pGpC in the presence of GreA suggests that GreA can induce backtracking of a 
consensus paused complex that is not backtracked in the absence of GreA (Fig. 3D), consistent 
with prior suggestion that GreA can stabilize backtracking by RNAP (54). (D) Quantitation of 
the pause RNA (C17) as a function of time from the data shown in panel C (± SD from 
3 replicates). Although GreA may slightly increase the efficiency of pausing, consistent with its 
interaction in the secondary channel of RNAP, the absence of overall effect of GreA on 
consensus pausing establishes that the barrier to consensus pause escape occurs at the step of 
GTP binding to or reaction with the non-backtracked C18 complex, rather than entry into a 
backtracked state from which it can be rescued by GreA.  
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Fig. S9. Consensus pause sequence also leads to pausing by RNAPs from diverse lineages. 
Pausing on the consensus and anti-consensus scaffold by RNAPs from Mycobacteria bovis (A) 
and Rhodobacter pseudomonas (B). Pause assays were performed using the scaffolds shown in 
fig. S7A and S7B and as described in supplementary methods. Pause strength at C17 was 
quantified as described in the supplementary methods and is depicted in Fig. 3C with SD from 3 
replicates. 
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Fig. S10. Pausing by TthRNAP on consensus and anti-consensus scaffolds. 
(A) Representative pause assays were performed using Eco or Tth RNAPs reconstituted on the 
scaffolds shown in which longer DNA duplexes were used to ensure annealing when higher 
temperatures were used for TthRNAP (e.g., 50 °C). Portions of the sequence highlighted in blue 
denote the sequences that are changed between the scaffolds. The sequence of the starting RNA 
is capitalized whereas nucleotides that are added by incorporation are shown in lower-case. 
Nascent RNAs were 3′-end labeled by incorporation of [α-32P]CMP to form C17 complexes 
(time 0). Transcription was then restarted by addition of 100 µM ATP, GTP, CTP, and UTP and 
samples were removed at the times indicated. (B) Transcription with Eco or Tth RNAPs at 37 °C. 
(C) Transcription by T thRNAP at 50 °C. Pausing behavior of TthRNAP relative to that 
exhibited by EcoRNAP is consistent with previous work (14, 15). 
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Fig. S11. Pausing by BtaRNAPII on the consensus and anti-consensus scaffold. 
Representative pause assays were performed using calf thymus RNAPII (BtaRNAPII) 
reconstituted on the consensus (top two panels) or anti-consensus (lower panel) pause scaffolds 
as shown in fig. S7 and described in the supplementary methods. Nascent RNAs were 3′-end 
labeled by incorporation of [α-32P]GMP (consensus) or [α-32P]UMP (anticonsensus) one nt 
upstream from the pause (time 0), and then samples were removed at the times indicated after 
addition of CTP to 100 µM, GTP to 10 µM, and, for the anticonsensus, UTP to 100 µM. For the 
consensus pause assay +TFIIS, human TFIIS lacking the N-terminal domain (∆1-130; see 
supplementary methods) was added to 300 nM to the G16 complexes prior to the addition of 
CTP. Samples were removed from the reactions at the times indicated, then processed and 
separated on 20% polyacrylamide denaturing gels as described in the supplementary methods. 
The RNAs were quantified by phosphorimaging. Triplicate data for the consensus 
scaffold + TFIIS and the anti-consensus scaffolds were used to calculate pause strengths shown 
in Fig. 3C.  



 

Fig. S12. LacZ RBS is required for start codon pausing. 
A strong start codon pause is observed for lacZ in the WT strain (black). Mutation of upstream 
elements of the pause consensus sequence, located within the RBS, abolishes the start codon 
pause in the mutated strain (purple). 



 

 

Fig. S13. Bacterial NET-seq results for B. subtilis. 
(A) Histogram of pause frequency for highly transcribed genes (n = 1437, gene average >1 
read/bp) within the protein coding sequence. (B) The pause energetics indicate that pausing is 
strongly associated with ATP addition. 



 
Fig. S14. Model of the role of transcriptional pausing in translation initiation. 
RNAP pausing at the start codon could direct folding of the 5′-UTR into structures that preserve 
accessibility of the RBS once transcription resumes. Upper pathway: RNAP pauses at the start 
codon, allowing formation of RNA structure upstream of the RBS. The RBS is left unstructured 
when transcription resumes, promoting translation initiation. Lower pathway: RNAP does not 
pause at the start codon, leading to the formation of RBS-occluding structures in the nascent 
transcript that inhibit ribosome binding.  



 

Table S1. Bacterial strains, plasmids, and oligonucleotides used in this study. 
 

Stock # Name Description 
Source or 

Note 
Strains 
RL1655 MG1655 Escherichia coli K12; F- λ- ilvG- rfb-50 rph-1 (55) 
RL324 JC7623  λ- F- recB21 recC22 sbcB15 thr-1 leuB6 thi-1 

lacY1 galK2 ara-14 xyl-5 mtl-1 proA2 his4 argE3 
rpsL31(Str) tsx-33 supE44 

(20) 

RL2081  MG1655 rpoC::3XFLAG This work 
RL2688  ∆greA::kan; Keio collection (21) 
RL2690  ∆greB::kan; Keio collection (21) 
RL2849  MG1655 ∆greA This work 
RL2850  MG1655 ∆greB This work 
RL2851  MG1655 ∆greA rpoC::3XFLAG This work 
RL2852  MG1655 ∆greB rpoC::3XFLAG This work 
RL1293 CLT252 ∆greA::Cm C. 

Turnbough 
RL2858  MG1655 ∆greA::Cm ∆greB rpoC::3XFLAG This work 
RL2937  MG1655 o-RBS lacZ rpoC::3XFLAG This work 
CAG74168 168 Bacillus subtilis subtilis 168; trpC2 (56) 
CAG74145 JMP27 168; rpoC::3XFLAG-kan This work 
Plasmids 
2956 pRM756 Expresses wild-type E. coli RNAP (α2ββ´ω) with 

His10 tag on the β´ C-terminus 
(30) 

1777 pRL777 T7 A1 rpoB´ DNA template plasmid for single-
molecule transcription 

(57) 

2878 pRM678 rpoC::3X FLAG This work 
5302 pRM1002 λPR-consensus pause This work 
Oligonucleotides (5´→3´) 
8333 NT, 

consensus 
pause 

GGTCAGTACGTCCGGTCGATCTTCGCCCGTAAATTCAGA
TCTTCCAGTGG 

8334 T, 
consensus 
pause 

CCACTGGAAGATCTGAATTTACGGGCGCAACTATGCCGG
ACGTACTGACC 

8342 R, 
consensus 
pause 

UUUUUUGGCAUAGUU 

8953 NT, anti-
consensus 

GGTCAGTACGTCCTTGCCAGCTGCGTTGTAGTGGGCAGA
TCTTCCAGTGG 

8954 T, anti-
consensus 

CCACTGGAAGATCTGCCCACTACAACGACCACCAAAAG
GACGTACTGACC 



8952 R, anti-
consensus 

UUUUUUUUUUGGUGG 

8609 NT, -1 C to 
A mutant 

GGTCAGTACGTCCGGTCGATCTTAGCCCGTAAATTCAGA
TCTTCCAGTGG 

8610 T, -1 C to A 
mutant 

CCACTGGAAGATCTGAATTTACGGGCTCAACTATGCCGG
ACGTACTGACC 

9074 NT, -1 C 
TO T 
mutant 

GGTCAGTACGTCCGGTCGATCTTTGCCCGTAAATTCAGA
TCTTCCAGTGG 

9075 T, -1 C to U 
mutant 

CCACTGGAAGATCTGAATTTACGGGCACAACTATGCCGG
ACGTACTGACC 

8607 T, -2 mutant CCACTGGAAGATCTGAATTTACGGGCGTAACTATGCCGG
ACGTACTGACC 

8873 T, -3 mutant CCACTGGAAGATCTGAATTTACGGGCGCGACTATGCCGG
ACGTACTGACC 

8875 R, -3 mutant UUUUUUGGCAUAGUC 
8874 T, -5 mutant CCACTGGAAGATCTGAATTTACGGGCGCAAATATGCCGG

ACGTACTGACC 
8876 R, -5 mutant UUUUUUGGCAUAUUU 
8604 NT, -

10mismatch 
GGTCAGTACGTCCGTTCGATCTTCGCCCGTAAATTCAGA
TCTTCCAGTGG 

8605 T, -10 
mismatch 

CCACTGGAAGATCTGAATTTACGGGCGCAACTATGACGG
ACGTACTGACC 

8601 NT, -11 
mismatch 

GGTCAGTACGTCCTGTCGATCTTCGCCCGTAAATTCAGA
TCTTCCAGTGG 

8602 T, -11 
mismatch 

CCACTGGAAGATCTGAATTTACGGGCGCAACTATGCAGG
ACGTACTGACC 

8969 NT, -1 
abasic 

GGTCAGTACGTCCGGTCGATCTT-
GCCCGTAAATTCAGATCTTCCAGTGG 

8965 NT, +1 
abasic 

GGTCAGTACGTCCGGTCGATCTTC-
CCCGTAAATTCAGATCTTCCAGTGG 

8979 NT, +2 to 
+11 mutant 

GGTCAGTACGTCCGGTCGATCTTCGATGTGGTGGGCAGA
TCTTCCAGTGG 

8980 T, +2 to +11 
mutant 

CCACTGGAAGATCTGCCCACCACATCGCAACTATGCCGG
ACGTACTGACC 

8975 NT, +2 to 
+4 mutant 

GGTCAGTACGTCCGGTCGATCTTCGATGGTAAATTCAGA
TCTTCCAGTGG 

8976 T, +2 to +4 
mutant 

CCACTGGAAGATCTGAATTTACCATCGCAACTATGCCGG
ACGTACTGACC 

8977 NT, +5 to 
+8 

GGTCAGTACGTCCGGTCGATCTTCGCCCTAGTATTCAGA
TCTTCCAGTGG 

8978 T, +5 to +8 CCACTGGAAGATCTGAATACTAGGGCGCAACTATGCCGG
ACGTACTGACC 

lacZ-oRBS  T*C*GTATGTTGTGTGGAATTGTGAGCGGATAACAATTTC
ACACATCCCTCAGCTATGACCATGATTACGGATTCACTG
GCCGTCGTTTT*A*C (*denotes phosphorothioate bonds) 



Table S2. Alignment statistics. 
The total number of aligned reads and the number of transcripts followed (each with an average 
density of at least 1 read/bp) for each sample.  
 
Sample Aligned reads Transcripts followed 
E. coli, WT (RL2081) 33,630,893 1,984 
E. coli, ΔgreA (RL2851) 49,046,813 2,077 
E. coli, ΔgreB (RL2852) 30,130,047 2,095 
E. coli, ΔgreA / ΔgreB (RL2858) 38,792,824 1,557 
E. coli, WT (RL2081) + 20 ug/mL BCM 34,119,727 1,923 
E. coli, lacZ-oRBS (RL2937) + 20 ug/mL BCM  47,676,729 1,945 
B. subtilis, WT (CAG74145) 17,217,456 1,564 
 
 



Table S3. Demonstration of specificity in the purification of nascent transcripts. 
Two IPs were performed using the protocol detailed above. IP1 used a mixed lysate of two 
strains: (1) a strain endogenously expressing FLAG-labeled RNAP and (2) a strain expressing 
unlabeled RNAP and GFP. IP2 was performed on lysate from a strain expressing both FLAG-
labeled RNAP and GFP. If free RNA does not reassociate with RNAP after cell lysis, then qPCR 
of GFP transcripts (normalized based on the levels of an endogenous gene, ompA) should not 
detect GFP transcripts, while the second IP should detect a significant population of GFP 
transcripts due to their transcription by FLAG-labeled RNAP. qPCR on the RNA that copurified 
from each IP quantified the ompA:GFP ratio, which is summarized in the table. These results 
show that nascent transcripts expressed in the same cells as a FLAG-labeled RpoC are purified at 
least 41-fold more than mature messages.  
 

Sample IP 1 IP 2 
GFP (a.u.) 0.4 15.5 
ompA (a.u.) 22.7 21.3 
ompA/gFP 56.8 1.4 
IP 1 / IP 2 41 fold enrichment 

 



 

Table S4. List of previously characterized regulatory pauses observed by NET-seq. 
The nucleotide associated with the peak in RNAP density is underlined, while the next-
nucleotide to be added to the transcript 3′ end is shown in lowercase. 
 

Pause location Pause sequence 

hisL CAGGCGATGTGTGCTgGAAG 

ilvL TGCGGGGCTGCACTTgGACG 

ivbL CGTGCGTGTGGTGGTgGTCG 

leuL GCGCGGTAGACGAGTgAGCG 

mgtL GTAAGGCTTCGCCACgCCTG 

rfaQ (ops) CTGGGGCGGTAGCGTgCTTT 

pheL GAGGCGTTTCGTCGTgTGAA 

pheM AGGAGGCTAGCGCGTgAGAA 

pyrL ATTTTGTCTTACCGCgTCTG 

rnpB GGGGGGGAAACCCACgACCA 

thrL (1) ACGGTGCGGGCTGACgCGTA 

thrL (2) GGTGCGGGCTGACGCgTACA 

tnaC CACCGCCCTTGATTTgCCCT 

trpL CAGTGTATTCACCATgCGTA 
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