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Abstract: 

Initiation is a rate-limiting step in transcription.  We employed a series of approaches to examine the kinetics 

of RNA polymerase (RNAP) transcription initiation in greater detail.  We show that, contrary to 

expectations, RNAP exit kinetics from later stages of initiation (e.g. from a 7-base transcript) was markedly 

slower than from earlier stages.  Further examination implicated a previously unidentified intermediate in 

which RNAP adopted a long-lived backtracked state during initiation.  In agreement, the RNAP-GreA 

endonuclease accelerated transcription kinetics from otherwise delayed initiation states and prevented RNAP 

backtracking.  Our results indicate a previously uncharacterized RNAP initiation state that could be exploited 

for therapeutic purposes and may reflect a conserved intermediate among paused, initiating eukaryotic 

enzymes.   

 

One Sentence Summary: 

A previously undiscovered RNA polymerase initiation state is described, in which the nascent RNA 

backtracks and the enzyme pauses. 
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Main Text: 

Transcription of genomic DNA requires formation of an RNA polymerase (RNAP)-promoter initially-

transcribing complex (RPITC), in which RNAP unwinds DNA and generates a mechanically-stressed 

intermediate (1) through DNA scrunching (2, 3). The interaction of the σ70 RNAP subunit with the promoter 

creates a physical roadblock for the nascent RNA transcript (4, 5). For productive transcription to take place, 

this roadblock has to be removed (4, 6), otherwise RNAP enters repeated cycles of unsuccessful transcription 

attempts (7, 8). To quantitatively study the mechanism of transcription initiation by RNAP, we developed a 

single-round quenched kinetics assay (Fig. 1) to probe the kinetics of transcription by directly counting the 

number of transcripts produced per a given time.   Using this assay, we examined the kinetics of E. coli 

RNAP transcription from distinct RPITC states generated via NTP starvation (Figs. 1A & 1B).  Because 

transcription initiation is much slower than elongation (i.e. initiation is rate-limiting) (9), the synthesis of 

relatively short, yet full-length RNA products (39- and 41-base transcripts) reflects the rate of transcription 

initiation (Figs. 1C & 1D).  

 We anticipated that RNAP transcription kinetics from a late RPITC≤i state (‘exit kinetics’) would be 

similar, if not faster, than from an early RPITC≤j state (i>j).  Strikingly, however, we observed that exit 

kinetics from the RPITC≤4, RPITC≤6, or RPITC≤7 states were slower than from RPITC=2 state (Fig. 1D).  In fact, 

whereas exit kinetics from RPITC=2 was similar to that of RNAP already in the elongation state (RDE=11), exit 

kinetics from RPITC≤7 was at least 3.5-fold slower (Table S1).  These results suggest that, contrary to existing 

models, a previously undetected state exists for RNAP initiation complexes (RP*ITC≤i, Fig. 1E).  Importantly, 

this state is transient and overall RNAP activity remains unchanged, given that all “delayed” RNAP 

complexes (RPITC≤4, RPITC≤6, or RPITC≤7) eventually transition to elongation (Fig. 1D). RNAP activity was 

assessed as described in the Methods and Materials section. 

 It is well-established that elongating RNAP enzymes can backtrack and pause (10, 11).  In such 

circumstances, the nascent RNA 3’-end backtracks into the secondary channel, where it is subject to 

endonucleolytic cleavage by the GreA-RNAP complex (10, 12, 13).  To test whether delayed exit kinetics for 

RPITC≤7 was due to backtracking during initiation, we assessed the effect of GreA using our single-round 
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quenched kinetics assay.  As shown in Figs. 2A & 2B, 1 µM GreA accelerated the exit kinetics from RPITC≤7 

relative to the exit kinetics from RPITC=2. (~50% recovery from the RP*ITC≤7 delayed state; see Methods and 

Materials and Table S1). These results are consistent with GreA-dependent release of RNAP from a 

backtracked and paused state during initiation.   

To further test the effect of GreA during RNAP transcription initiation, we performed in vitro 

transcription assays in which 32P-labeled RNAP transcripts were quantitated following poly-acrylamide gel 

electrophoresis (PAGE).  This enabled identification of various abortive initiation products (band assignment 

in Fig. S1A) and thus allows determining whether GreA catalyzes cleavage of short transcripts during 

transcription initiation.  As shown in Figs. 2C & 2D, the 7-base abortive RNA product was not generated in 

the presence of GreA.  Because GreA stimulates cleavage only of “backtracked” RNA (i.e. with the 3’-end 

inserted into the secondary channel), these data, combined with our single-round kinetics data, confirmed 

that RNAP is capable of backtracking during transcription initiation. However, we cannot confirm whether 

only one base or more were cleaved by GreA in this assay (see Methods and Materials).  

Although reduced NTP levels may occur in vivo (e.g. metabolic stress), the absence of select NTPs is 

unlikely.  Therefore, we next asked whether RNAP backtracking during initiation would occur under more 

physiologically relevant conditions.  We initially examined transcription with the quenched kinetics assay 

under NTP concentration imbalance (UTP and GTP >> ATP and CTP).  Consistent with the results 

described above, we observed a delay in exit kinetics from the RPITC=2 state under conditions of NTP 

imbalance (compared to equimolar conditions; Fig. S2) at each of the two different promoter templates 

tested (Fig. S3).   

The single-round quenched kinetics and transcription assays with 32P-labeled UTP are ensemble 

experiments, which cannot reliably detect rare events. Indeed, with all NTPs in equimolar amounts (100 

µM), we did not observe the 7-base abortive transcript, suggesting that when NTPs are abundant, RNAP 

rarely backtracks from RPITC≤7 state (Fig. S1B).  To detect potentially rare intermediates under more 

physiologically relevant conditions of equimolar NTPs, we implemented magnetic tweezers experiments 

with supercoiled promoter templates (Fig. 3A).  This assay allowed us to track individual RNAP complexes 
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over time and simultaneously detect and identify distinct RPITC states, based upon well-established changes 

in DNA extension (3). In the absence of GreA, we observed short- and long-lived RPITC states (Figs. 3B, 3D, 

3F & 3H).  The lifetimes spent in RPITC states are summarized in a histogram fitted with a double 

exponential in which 90% of events (n=216) were short-lived (τ = 300±40 s SEM), and 10% were long-lived 

(τ = 2600±700 s SEM; Fig. 3H, blue). Correlating these data with DNA bubble sizes (representing distinct 

RPITC states; Figs. 3A & 3F) revealed that 90% of events were characterized by a 15 ± 3 bp transcription 

bubble (SD).  The remaining 10% of events were characterized by a more homogeneous 10 ± 1 bp 

transcription bubble (SD).  In agreement, correlative analyses (Fig. 3D) indicated RPITC states with a shorter 

bubble (<12 bases) can be long-lived (~2200 ± 350 s SEM, n=37;Fig. 3D oval) whereas RPITC states with a 

larger bubble (>12 bases) were generally shorter-lived (~1100 ± 110 s SEM, n=179).  

These data suggested that, in addition to the well-characterized RPITC state (Fig. 3A), a subset of 

RNAP complexes entered a distinct, long-lived state characterized by a smaller transcription bubble (denoted 

RP*ITC in Fig. 3A, 3B & 3C). We hypothesized that this long-lived initiation intermediate represented 

backtracked RNAP previously characterized in our quenched kinetics and gel-based transcription assays.  If 

correct, the addition of GreA would be expected to markedly reduce the number of these long-lived events.  

In agreement, RPITC states (n=209) became uniformly short-lived (τ = 350 ± 30 s SEM) in the presence of 

GreA, with transcription bubbles of larger sizes (16 ± 2 bases (SEM); Figs. 3C, 3E, 3G & 3H). Experiments 

completed on a different promoter template showed the same trend (Fig. S4). In summary, without GreA, the 

bubble size in most events is small, while with GreA there is an increase in the number of events associated 

with larger bubble size as well as a net reduction in lifetime (Fig. S4D & S4E, quadrants).  Collectively, 

these data further support the existence of a long-lived backtracked state during initiation and reveal a role 

for GreA in preventing RNAP from entering this state.   

Our results demonstrate the existence of a previously uncharacterized state in which RNAP 

backtracks and pauses during transcription initiation, and revealing the key roles of GreA and NTP 

availability in regulating the flux in or out of this state.  Because basic mechanisms of transcription by RNA 
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polymerases are broadly conserved (14) (e.g. scrunching (2, 3, 15), similar mechanistic role of σ70 and 

TFIIB (16, 17), trigger-loop function in catalysis (18-22)), it will be important to determine whether similar 

backtracked states are adopted during transcription initiation by eukaryotic RNA polymerases.  Mammalian 

RNA polymerase II (Pol II) pauses during early stages of transcription, and this represents a common 

regulatory intermediate (23). Potentially, a mechanistic intermediate of paused mammalian Pol II enzymes 

may involve RNA backtracking; such backtracked intermediates may help explain why TFIIS, a eukaryotic 

ortholog of GreA, has been linked to transcription initiation and assembles with Pol II at the promoter (24-

26).  Finally, we emphasize that, because RNAP transcription initiation is rate-limiting and highly regulated 

in vivo, this previously unidentified backtracked/paused RNAP state may lead to potential new strategies for 

molecular therapeutics. 
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Fig. 1: Quenched kinetics transcription results identify an initiation-related stalled state. (A) 

Representative promoter sequence used here to show how by changing the initially transcribed sequence 

(ITS, cyan), different NTP-starved states can be generated (RPITC=2, RPITC≤4, 6, 7, RDE=11). Other regions of 

the promoter include the promoter recognition sequence (PRS, pink) and the elongation sequence (yellow), 

including a probe target complementary sequence (red). All promoters measured are described in Fig. S3. 

(B) Schematic of RNAP run-off transcription starting from a particular NTP-starved state. Upon 

supplementing all NTPs, transcription kinetics starts and transcripts are quantified via hybridization to a 

FRET probe. (C) Example of quenched kinetics data generated from quantification of run-off transcripts. (D) 

Run-off kinetics from various NTP-starved states. Kinetics starting from late initiation states (e.g. RPITC≤7, 

blue) are slower than from an earlier initiation state (e.g. RPITC=2, black). (E) A schematic of RNAP 

transcription initiation based upon classical models and the novel intermediate described here. We identify a 

slower initiation pathway (highlighted red) involving RNAP backtracking, in which backtracked RNA is 

ultimately cleaved or abortively released. 
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Fig. 2: GreA rescues the initiation-related delay and cleaves backtracked RNA in initiating RNAP. (A) 

Run-off transcription kinetics is slower when starting from RPITC≤7 (blue) than from RPITC=2 (black). (B) 

With 1 µM GreA, the delay in transcription initiation is reduced.  (C & D) Gel-based abortive initiation 

kinetics: without GreA, NTP-starved RPITC≤7 produced abortive transcripts of up to 7 bases long, whereas 

this product is not produced with 1 µM GreA, suggesting 1-2 bases of 3’-backtracked RNA is cleaved by 

GreA during initiation. 

 

Fig. 3: Backtracking in initiation correlates with RNAP pausing in the presence of equimolar NTPs. 

(A) Schematics of the magnetic tweezer transcription assay (see Materials and Methods). Representative 

bead extension trajectories shown for single-molecule transcription experiments without (B) or with (C) 1 

µM GreA unwinding levels (grey lines) shown, indicating different bubble sizes imposed by different RNAP 

states (below). Yellow lines highlight typical lifetimes in each state. Unwinding levels and RPITC and RP*ITC 

lifetimes are summarized in scatter plots without (D) or with (E) 1 µM GreA; their 1D projections are shown 

in (F), (G), and (H). Ellipse in (D) highlights events with long lifetimes and reduced unwinding (see also in 

(F)), that are absent with GreA (E, G). 20-50 DNA templates used for each condition, with 5-10 transcription 

pulses per template. 
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Fig.	1	Lerner,	Chung	et	al.	
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Fig.	2	Lerner,	Chung	et	al.	
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Fig.	3	Lerner,	Chung	et	al.	
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