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Abstract

Bacterial RNA polymerase (RNAP) makes extensive contacts with duplex DNA downstream of 

the transcription bubble in initiation and elongation complexes. We investigated the role of 

downstream interactions in formation of catalytically competent transcription initiation complex 

by measuring initiation activity of stable RNAP complexes with model promoter DNA fragments 

whose downstream ends extend from +3 to +21 relative to the transcription start site at +1. We 

found that DNA downstream of position +6 does not play a significant role in transcription 

initiation when RNAP-promoter interactions upstream of the transcription start site are strong and 

promoter melting region is AT-rich. Further shortening of downstream DNA dramatically reduces 

efficiency of transcription initiation. The boundary of minimal downstream DNA duplex needed 

for efficient transcription initiation shifted further away from the catalytic center upon increasing 

the GC content of promoter melting region or in the presence of bacterial stringent response 

regulators DksA and ppGpp. These results indicate that the strength of RNAP-downstream DNA 

interactions has to reach a certain threshold to retain the catalytically competent conformation of 

the initiation complex and that establishment of contacts between RNAP and downstream DNA 

can be coupled with promoter melting. The data further suggest that RNAP interactions with DNA 

immediately downstream of the transcription bubble are particularly important for initiation of 

transcription. We hypothesize that these active center-proximal contacts stabilize the DNA 
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template strand in the active center cleft and/or position the RNAP clamp domain to allow RNA 

synthesis.
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Introduction

Formation of transcription initiation complex between RNA polymerase (RNAP) and 

promoter DNA is one of the most heavily regulated steps of bacterial gene expression. 

RNAP holoenzymes containing primary σ factors (σ70 in Escherichia coli) recognize and 

initiate transcription from most promoters present in a bacterial cell (1). The establishment 

of initial RNAP contacts with a σ70-dependent promoter is usually initiated through contacts 

with the –35 promoter element and upstream promoter DNA. These initial interactions are 

followed by the formation of a catalytically-competent open promoter complex (RPo) in 

which a stretch of ~13 base pairs of promoter DNA is unwound (forming the so-called 

“transcription bubble”), and the DNA coding strand is loaded into the active site, providing 

a template for RNA synthesis (2). The main source of energy driving the DNA strand 

separation is the strong interaction between σ70 and the non-template strand bases of the −10 

element and adjacent downstream nucleotides (2-5). RNAP interaction with the template 

strand segment of the transcription bubble is considerably weaker (6, 7). RNAP also forms 

multiple contacts with the duplex DNA downstream of the transcription bubble. These 

interactions extend from position +3, the first double-stranded position at the downstream 

edge of the transcription bubble, to as far as position +20 (2). The downstream DNA-RNAP 

contacts contribute to stabilization of transcription initiation and elongation complexes and 

may facilitate the nucleation and propagation of promoter DNA melting (8-11). It is unclear, 

however, whether formation of downstream RNAP-promoter contacts is strictly required for 

promoter melting (2). RNAP interactions with the downstream DNA are affected by a 

number of low molecular weight inhibitors and protein factors that target the initiation step 

of transcription, such as bacterial stringent response regulators DksA and ppGpp (12-16).

Contacts with the downstream duplex DNA are primarily made by the RNAP β’ subunit 

clamp domain (17-19). The β’-clamp can move relative to the RNAP mainframe assuming 

conformations that define the “open” and “closed” states of the RNAP active center cleft 

(17, 20-25). The movement of the β’-clamp and a ratcheting motion of the core and shelf 

modules of the central part of RNAP relative to each other alter the nucleic acid binding 

properties of RNAP and stability of transcription complexes (20-25). Structural analysis 

shows that RNAP interactions with the downstream DNA are essentially the same in 

bacterial initiation and elongation complexes where RNAP assumes a closed β’-clamp 

conformation (18,19). Chakraborty et al. proposed that, during the RPo formation, clamp 

opening allows DNA to be unwound and loaded in the RNAP active-center cleft. In turn, 

DNA loading and unwinding triggers the β’-clamp closure, leading to formation of stable 

initiation and elongation complexes (24). Consistent with this view, crystallographic studies 
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of an elongation complex bound to transcription inhibitor Gfh1 or a paused elongation 

complex reveal open-clamp RNAP structures in which most of downstream contacts are 

broken and the RNAP active site is blocked by a kinked conformation of the bridge-helix 

domain (23,25). It was proposed that a similar open-clamp RNAP conformation transiently 

arises during DNA translocation (23,25).

Considering the extent of RNAP-downstream DNA interactions and their dynamics, it is 

important to dissect RNAP contacts with specific positions of downstream segment and 

identify interactions targeted by regulatory factors. Because there is an interplay between the 

RNAP-downstream DNA interactions and catalytic activity, it is also of interest to determine 

a minimal set of downstream DNA contacts that is sufficient to support efficient 

transcription initiation. Here, we elucidated the role of RNAP-promoter downstream 

contacts in the formation of catalytically-competent transcription initiation complex by the 

Echerichia coli RNAP σ70 holoenzyme by measuring initiation activity of stable RNAP 

complexes with model promoter DNA fragments whose downstream ends extend from +3 to 

+21. Our approach allowed us to observe how the formation of the catalytically competent 

conformation of transcription initiation complex depends on the establishment of 

downstream RNAP-promoter interactions. We also investigated the interdependence 

between the extent of downstream RNAP-promoter contacts and inhibition of transcription 

initiation by DksA/ppGpp.

Results

RNAP forms stable complexes with N25cons promoter derivatives truncated downstream 
of the transcription start site

We reasoned that the role of downstream RNAP-promoter interactions in initiation complex 

formation may be investigated by analyzing properties of E. coli σ70 RNAP holoenzyme 

complexes with promoter derivatives truncated at different positions downstream of the 

transcription start site. However, activity studies of such complexes are compromised by the 

weakened binding of RNAP to promoter fragments with short downstream segments. For 

example, a certain length of downstream DNA is needed for formation of stable specific 

complexes on a strong phage T5 N25 promoter (9). Similar results were observed with 

derivatives of λPr promoter in this work (see below). While the saturation binding of RNAP 

to truncated T5 N25 fragments could be reached at sufficiently high template concentrations, 

formation of non-specific complexes made quantitative measurements impossible (data not 

shown). We therefore sought to maximize the strength of sequence-specific RNAP 

interactions with promoter elements, such that incomplete or non-specific RNAP binding to 

promoter DNA variants will not interfere with the analysis. To this end, the N25cons 

promoter (12) with consensus −35 element, consensus extended −10 elements, and an 

optimized UP element was chosen for analysis. The parent N25cons probe spans from 

positions −59 to +21 (probe 1, [−59/+21], Supplemental Table 1). Shorter probes had the 

same upstream boundary but their downstream edges were at positions +14, +8, +7, +6, +5, 

+4, or +3 (Supplemental Table 1). Binding of DNA probes to RNAP was detected using the 

RNAP beacon assay in which the interaction with DNA is revealed by increased 

fluorescence of RNAP holoenzyme carrying a fluorescent label upon specific interaction of 
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promoter with conserved region 2 of the σ70 subunit (5). Upon addition of 2 nM of each of 

the probes to 1 nM RNAP beacon, the fluorescent signal increased ~4-fold, reaching peak 

intensity in a few seconds. Representative traces and a control trace obtained with an 

upstream fork junction probe 33 that tightly binds to RNAP (26) are shown in Fig. 1A. 

Further increases in probe concentrations did not enhance signal amplitudes (data not 

shown) indicating that specific RNAP binding was saturated. The increases in fluorescence 

intensity observed in these experiments were much higher than that generated by a control 

non-promoter DNA at similar conditions (Fig. 1A). We also tested several locally 

mismatched, partially single-stranded (ss) and nicked analogs of the N25cons derivatives 

(see Table S1, probes 13-21). Binding of these probes to RNAP beacon caused the same 

enhance in fluorescence intensity as it was observed with probes 1-8. These results 

demonstrate that RNAP forms high-affinity specific complexes with all tested derivatives of 

N25cons promoter.

To determine relative stabilities of RNAP compelx with various N25cons probes, we used 

RNAP beacon-based competition-binding experiments. Competitive displacement of bound 

promoter fragments from their complexes with RNAP beacon was initiated by the addition 

of either heparin, a strong inhibitor of RNAP-DNA interactions, or a less potent inhibitor, 

DNA probe [−58/−14] (probe 28), which binds RNAP tightly but does not generate the 

fluorescent signal of the beacon (5). RNAP complexes with probes whose downstream 

edges extend to positions +21 and +14 were resistant to both competitors (Fig. 1B and C). 

Moving the edge of the duplex to base pairs +8 or +6 led to complex destabilization, the 

effect being most evident in the presence of heparin. Further shortening of the downstream 

DNA segment to positions +5, +4 and +3 increased complex stability (Fig. 1B and 1C). The 

RNAP beacon complexes with probes 13-21 were found to be heparin-resistant 

(representative data for mismatched probe 13 with downstream edge at +6 are shown in Fig. 

1B). Overall, the data in Fig. 1B and C show that RNAP contacts with the +7 to +21 

N25cons segment considerably strengthen the RNAP-promoter binding, as expected (9).

Transcription initiation activity of RNAP complexes with N25cons promoter fragments

The ability of truncated DNA fragments of N25cons promoter to serve as transcription 

initiation templates was determined using a standard abortive initiation in vitro transcription 

assay in which the synthesis of RNA trinucleotide CpApU from CpA dinucleotide primer 

and radiolabeled UTP was monitored. The activities of complexes formed on probes with 

downstream edges at +14, +8, and +7 were nearly identical to activity observed on the 

parent −59/+21 probe (Fig. 2A). Amounts of abortive RNA synthesized from probes with 

downstream edges at positions +6 and +5 were decreased relative to those produced on 

parental DNA by 1.5- and 3-fold, respectively (Fig. 2A). Shifting the downstream boundary 

to positions +4 and +3 led to much more dramatic ~30- and 50-fold drop in transcriptional 

activity, respectively. Neither raising the CpA or UTP concentrations nor changing the +3 to 

+6 segment sequence prevented the drop of activity observed upon moving the downstream 

edge of transcription templates from the +6 to the +4 position (see Fig. S1 and Table S2). 

These results thus indicate that the downstream promoter segment encompassing nucleotides 

up to position +5 is required for efficient transcription initiation. RNAP contacts with base 

pairs at position +6 and +7 further stimulate transcription. In contrast, promoter segment 
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located downstream of +7 is not essential for initiation of RNA synthesis in the context of 

tested templates.

Next, we asked which step in the pathway to RPo formation is predominantly affected by 

shortening of the downstream segment. We hypothesized that templates truncated at +3, +4, 

and +5 positions may not be efficiently melted by RNAP, which would explain poor levels 

of transcription activity. To address this, we tested transcription activity from premelted 

promoter fragments that were similar to truncated ds probes [−59/+4] and [−59/+6] but 

contained a stretch of DNA with mismatched nucleotides spanning positions −3 to +1, 

which should facilitate loading of template stand into the RNAP catalytic cleft. As shown in 

Fig. 2B, the drop in activity levels with these templates was the same as with fully double-

stranded probes. Next, we tested a set of tailed N25cons derivatives carrying ds DNA 

segment at positions −59 to −5 followed by ss template DNA strand extending to positions 

+4, +5, +6, +8, or +21 (probes 15-19). As can be seen from Fig. 2C, RNAP complexes with 

tailed probes ending at +4 and +5 were much less active than complexes with probes 

carrying longer ss DNA tails. The longest tailed probe 15 was about 3-fold less active than 

the corresponding ds [−59/+21] probe (data not shown). Together the data presented above 

exclude defects in promoter melting as the main cause for the low transcriptional activity 

observed with deeply truncated probes.

Experiments with tailed probes that lack non-template strand bases downstream of the −5 

position seem to suggest that the template strand of the downstream segment is particularly 

important for transcription activity. This suggestion was supported by measurements of 

transcription activity from discontinuous N25cons derivatives that lacked a phosphate group 

between positions +4/+5 or +6/+7 of the template strand (probes 20 and 21, downstream 

edges of these probes were extended to +31 to prevent dissociation of short oligos used to 

construct the probes). The initiation activity from a probe with a break at +4/+5 was 8-fold 

lower than that from a probe with a break at +6/+7 (Fig. S2), while the initiation activity 

from a probe with a break at +6/+7 was only about 20% lower than that of ds [−59/+21] 

probe (data not shown). Overall, the results indicate that RNAP interactions with active 

center-proximal downstream nucleotides are most essential for retaining efficient initiation 

activity while RNAP contacts with a distal downstream promoter segment play 

supplementary role.

In the RNAP holoenzyme, the σ70 subunit region 1.1 (σ1.1) is positioned inside the RNAP 

main channel from where it is displaced by the downstream promoter segment upon RPo 

formation (27). Although σ1.1 is not strictly required for in vitro transcription, it modulates 

the kinetics of RPo formation at some promoters (28,29). σ1.1 is also involved in inhibition 

of transcription initiation by T7 phage gp2 protein (30, 31). Therefore, it seemed possible 

that σ1.1 could affect activity of RNAP complexes with truncated promoter fragments. 

However, the dependence of abortive transcription levels on the length of downstream 

duplex DNA in complexes with RNAP reconstituted with σ70 lacking region 1.1 was similar 

to that observed with wild-type σ70 RNAP holoenzyme (Fig. S3 and Fig. 2A, respectively). 

Thus, the observed dependence of transcription activity on downstream DNA segment 

length is not determined by σ1.1.
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Next, we hypothesized that shortening of downstream DNA segment could affect 

transcription initiation by shifting the balance between post-and pre-translocated registers of 

RPo from the former to the latter. This assumption can be experimentally tested since 

initiation complex in the pre-translocated register will be susceptible to the 

pyrophosphorolysis reaction (32). To detect pyrophosphorolysis in RNAP complexes with 

promoter fragments, we used a synthetic chimeric primer in which ATP is fused to 

rifampicin (Rif-ATP), thus stabilizing the priming nucleotide in the active center (33). Both 

the forward reaction of Rif-ApU synthesis from Rif-ATP and UTP, and the reverse reaction 

of UTP formation from Rif-ApU in the presence of pyrophosphate could be readily detected 

in RNAP complexes with –[−59/+21], [−59/+6], and [−59/+5] probes but not with probe 

[−59/+4] (Figs. S4A and B). Thus, both catalytic reactions are impaired in complexes with 

promoter DNA truncated at position +4. Therefore, changing the balance between post-and 

pre-translocated registers (whether it takes place or not) cannot account for the observed low 

activity on this template.

Overall, the results above suggest that the active center-proximal downstream interactions 

play a role in stabilizing a catalytically-competent conformation of promoter complex that is 

attained after the initial DNA melting step has occurred (See Discussion).

Transcription initiation from N25cons derivatives with GC-rich promoter discriminator 
segment

The sequence of N25cons within the DNA-melting region (−11 to +2) has low GC content 

that favors the separation of DNA strands. Base substitutions increasing the GC content of 

the region between the −10 element and the transcription start site (termed the 

“discriminator”) hinder the RPo formation in many promoters (34). We wondered whether 

increasing the GC content of N25cons discriminator influences the dependence of 

transcription initiation activity on the length of the downstream DNA segment. Therefore, 

we measured abortive initiation activity from N25cons derivatives in which the 

discriminator segment sequence AGATTC was changed to AGCCGC (probes 22-27, Table 

S1). The RNAP beacon assay experiments showed that probes with increased GC 

discriminator content specifically bound RNAP with affinity nearly as high as the affinity of 

original probes 1-8 (Fig. S5). For the longest probes, discriminator sequence change 

conferred a ~1.5-fold decrease in activity (data not shown). The relative activities from 

substituted probes are plotted in Fig. 3, along with similar data for original N25cons 

derivatives (see Fig. 2A). As can be seen, complexes formed on GC rich discriminator 

probes with downstream edges at +8 and +6 were poorly active (about 20% of activity of 

parental probe 22), in contrast to high relative activities from similar N25cons derivatives 

with AT rich discriminator (Fig. 3). As expected, activity from the shortest probe 27 with 

downstream edge at +4 was very low (2% of longest GC rich probe 22 activity).

The data in Fig. 3 thus demonstrate that the dependence of transcription initiation activity on 

downstream promoter DNA length is modulated by the GC content of discriminator. A 

plausible explanation for this observation is that the melting of the N25cons derivatives with 

low GC discriminator content is driven mainly by RNAP interactions with the DNA strands 

within the transcription bubble, whereas less energetically favorable melting of probes 
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bearing discriminator with high GC content must be coupled with formation of extended 

downstream RNAP-promoter contacts. The mechanistic basis for such coupling may be due 

to a sharp kink in DNA near the transcription start site that is introduced once RNAP 

contacts with the downstream duplex are established upon the RPo formation and that 

should stabilize the melted promoter conformation (2,18,19).

RNAP complexes with derivatives of the λPr promoter

To exclude a possibility that a sharp drop in transcription initiation activity observed upon 

shortening of promoter fragments from +6 to +4 is specific for the N25cons promoter, we 

analyzed the RNAP-binding kinetics and transcription initiation activities of four λ Pr 

promoter fragments. The parent probe is a [−62/+21] derivative of λ Pr in which a 

nonconsensus G at −12 is changed to consensus T to improve the binding. Other probes are 

derivatives of [−62/+21] truncated at positions +10, +6, and +4 (see Table S1, probes 

29-32). Transcription initiation activity observed on the template shortened to +10 was the 

same as activity from the parental template, whereas complex with template ending at +6 

was less active (28% residual activity) (Fig. 4). Upon moving the downstream edge to the +4 

position, transcription activity sharply decreased (1% of activity on parental probe), in 

agreement with data obtained with N25cons-based template series. The longest [−62/+21] 

probe generated high fluorescent signal upon binding to the RNAP beacon, which suggests 

that the binding was specific and strong (Fig. S6). However, the fluorescent signals 

generated by shorter λ Pr probes were considerably lower than that generated by [−62/+21] 

(Fig. S6), indicating weaker RNAP binding to these probes. Nevertheless, overall trends 

detected with shortened λ Pr fragments clearly follow results obtained with N25cons and its 

derivatives.

Effect of DksA and ppGpp on RNAP binding to model promoter fragments

Transcription factor DksA and alarmone ppGpp synergistically regulate bacterial 

transcription initiation in response to various cell stresses (e.g. during stringent response) 

(35). DksA belongs to a class of transcription regulators that bind in the RNAP secondary 

channel, whereas ppGpp binding site is located between the β’ and ω subunits on the outer 

surface of RNAP (36-38). Neither of the two regulators interacts directly with DNA. DksA/

ppGpp inhibit transcription by destabilizing short-lived RPo formed on sensitive promoters 

(16,35). It was proposed that by binding to the mobile trigger loop domain in RNAP 

secondary channel, DksA induces an allosteric change in the position of the RNAP clamp, 

thus affecting the downstream DNA contacts in RPo (39).

To characterize potential regulatory role of RNAP-downstream promoter interactions in RPo 

formation, we investigated how DksA/ppGpp affect the properties of RNAP complexes 

formed on model promoter fragments. We measured the combined effect of 2 μM DksA and 

100 μM ppGpp, concentrations that cause maximal effects on in vitro transcription (40). The 

effect of DksA alone was also determined in some experiments. We found that fast 

formation of high-affinity complexes between RNAP and N25cons-based promoter 

fragments was not compromised by DksA/ppGpp, while noticeable decrease in competitor 

resistance of the preformed complexes was observed (representative data are shown in Fig. 

S7A, B and C).
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We next studied the effects of DksA/ppGpp on RNAP binding to short promoter fragments 

(probes 34-37 in Table S1). RNAP binding to the upstream fork junction probe bearing the 

−35 element (probe 34) was insignificantly improved by DksA/ppGpp (Fig. 5A). However, 

DksA/ppGpp noticeably affected the rate of RNAP binding to downstream fork junction 

probe (probe 35), which consisted of ss DNA segment −11/+2 corresponding to the non-

template strand part of the transcription bubble followed by downstream ds segment of 

N25cons from +3 to +16 (Fig. S8A). Because of the very high affinity of this downstream 

fork junction to RNAP (Kd <0.2 nM (9)), the destabilizing effect of DksA/ppGpp on 

complex formation could not be quantified directly. Therefore, we performed an RNAP 

beacon competition binding assay using a similar downstream fork junction probe but 

carrying a non-consensus T at −8 position (probe 36), which weakened the interaction with 

RNAP (9). The RNAP occupancies and Kd values were determined in samples containing 1 

nM RNAP beacon and 2 nM downstream fork junction probe 36 in the absence and presence 

of DksA/ppGpp as described in Supplementary Material (see Fig. S9 and accompanying 

text). The results showed that DksA/ppGpp cause a 16-fold decrease in the apparent affinity 

of downstream fork junction to RNAP (Fig. 5B). Since DksA/ppGpp did not influence 

RNAP binding to the ss oligo probe −11/+2 corresponding to the ss DNA part of the fork 

junctions (Fig. S8B), these experiments indicate that DksA/ppGpp considerably weaken 

RNAP interaction with the downstream duplex.

Inhibition of transcription initiation from N25cons derivatives by DksA and ppGpp

DksA/ppGpp did not noticeably affect transcription initiation from longest [−59/+21] and 

[−59/+14] probes with AT-rich discriminators. Abortive transcript synthesis from shorter 

[−59/+8], [−59/+6], and [−59/+5] probes decreased ~3 and ~10-fold upon the addition of 

DksA alone or both DksA and ppGpp, respectively (Fig. 6A). The inhibitory effect was 

specific since no change in activity was observed in the presence of D74A DksA mutant that 

binds RNAP without affecting transcription (data not shown) (41). DksA/ppGpp also 

inhibited abortive initiation from premelted [−59/+6] probe 13 (Fig. S10).

A known feature that contributes to susceptibility of promoter complexes to inhibition by 

DksA/ppGpp is a GC-rich discriminator sequence (35). Consistently, we found that RNAP 

complexes with probes bearing a GC-rich discriminator region were more susceptible to 

DksA/ppGpp than RNAP complexes with original N25cons derivatives. Activity of parent 

GC-rich discriminator containing probe with downstream edge at +21 was only slightly 

decreased in the presence of DksA/ppGpp (by 1.4-fold), however activities of probes with 

downstream edges at +14 and +10 decreased 3.3 and 15-fold, respectively (Fig. 6B). The 

abortive RNA synthesis from shorter probes 25-27 was barely detectable in the presence of 

DksA/ppGpp (Fig. 6B). Thus, DksA/ppGpp significantly increase the minimal length of 

downstream DNA segment required for efficient transcription initiation from model 

templates. This is fully consistent with suppression of downstream RNAP-promoter 

interactions by DksA/ppGpp (Fig. 5B). These results emphasize the interdependence 

between establishment of the downstream interactions and RPo formation and suggest that 

weakening of downstream RNAP-promoter contacts by DksA/ppGpp may be the cause of 

inhibition of transcription initiation from promoters on which the RPo formation is relatively 

energetically unfavorable.
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Discussion

Structural and biochemical analyses of transcriptional complexes have revealed multiple 

RNAP interactions with downstream DNA. These interactions are dynamic and can change 

coordinately with conformational changes in RNAP (17-25). The role of downstream 

RNAP-DNA contacts in bacterial transcription initiation is not fully understood and is 

subject to debate (reviewed in Refs. 2, 42). To investigate significance of discrete 

downstream interactions in formation of catalytically-competent initiation complexes, we 

here analyzed the ability of model promoter derivatives bearing gradually truncated 

downstream segments to serve as transcription initiation templates. Interpretation of such 

activity measurements is potentially hindered by low stability of RNAP complexes with 

promoter fragments lacking downstream sequences (9). This complication was resolved by 

using derivatives of an optimized for binding N25cons promoter, which formed specific 

high-affinity complexes with RNAP (Fig. 1A).

Our results reveal a previously unknown effect of active center proximal downstream DNA 

interactions on transcription initiation. We found that the efficiency of transcription 

initiation greatly decreases upon shortening of the downstream promoter segment from +6 to 

+4. In contrast, promoter segment located downstream to +7 is not essential for initiation in 

the context of templates based on the N25cons sequence (Fig. 2A), while it increases the 

strength of RNAP-template binding, as seen from Fig. 1B and C. Similar results were 

obtained with derivatives of the λ Pr promoter (Fig. 4). These data indicate that active 

center-distal downstream interactions are dispensable for retaining the catalytically-

competent conformation of initiation complex when RNAP-promoter interactions upstream 

of the start site are optimized.

The low activity of [−59/+4] and [−59/+5] probes can not be bypassed by pre-opening of the 

transcription start site (Fig. 2B and C). The abortive RNA synthesis from [−59/+4] template 

was also not improved upon deletion of σ70 subunit region 1.1, which blocks downstream 

DNA loading into the active center channel (Fig. S3) (27,31,43). Therefore, RNAP 

interactions with the downstream DNA segment proximal to the transcription start site are 

likely to be required after promoter melting has occurred. Interestingly, shortening of the 

downstream DNA segment from position +6 to positions +5, +4 and +3 somewhat increased 

the complex resistance to competitor challenge (Fig. 1B and C). This result suggests that a 

short segment of the active center-proximal duplex downstream DNA (up to +6 position) 

destabilizes the complex. We speculate that establishment of RNAP contacts with the +3/+6 

positions might account for this effect by weakening some other interactions within the 

RNAP-promoter complex. Displacement of σ70 region 1.1 may play a role in this process, 

however the confirmation of this conjecture requires further studies that are beyond the 

scope of this work. Measurements of transcription initiation and pyrophosphorolysis from 

promoter fragments using a chimeric rifampicin-ATP compound as a primer suggest that 

poor activity of [−59/+4] probe cannot be explained by changes in the translocation 

equilibrium of complexes on shortened templates (Fig. S4A and B). In principle, correct 

loading of the template strand of short probes into the active center may be somehow 

affected by fraying of the downstream probe termini. However, the fact that substitutions of 
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A’s for G and C at positions +3 and +4 did not improve activity of [−59/+4] compared to 

[−59/+6] (Table S2) argues against such an explanation.

In a bacterial initiation complex structure, downstream DNA nucleotides within +3 to +6 

duplex segment are contacted by switch 1 and switch 2 domains, as well as by rudder and N-

terminal β’ region which are parts of the β’ clamp (Fig. 7) (19). The “switch region” is 

located at the base of the clamp and serves as a hinge at which clamp moves from open to 

closed conformation (17). It has been proposed that direct contacts between the switch 

region and DNA phosphates might coordinate clamp closure and DNA binding (17,22). 

Thus, the large increase in the initiation activity observed upon extension from +4 to +6 in 

the context of [−59/+4] and [−59/+6] probes may be explained by postulating that extension 

of downstream DNA induces the proper clamp closure required to set up the active center 

for catalysis. This is consistent with observed inhibitory effect on transcription of the 

compounds that “freeze” conformation of the clamp (14, 24). The inhibitory effect of the 

template strand break between +4 and +5 positions (Fig. S2) may thus be a consequence of 

distortion of the catalytically competent active center conformation caused by the physical 

discontinuity of the template DNA. On the other hand, the RNAP-promoter contacts 

downstream from +4 may be required to position the template strand near the transcription 

start site. Indeed, breaks in the template-strand segment of the transcription bubble and 

mutations in RNAP that have been shown to affect RNAP contacts with this segment impair 

the catalytic properties of initiation complexes (19,44-47). These observations suggest that 

the template strand may be bound in the active center cleft relatively loosely. The proposed 

effects of downstream contacts on either the active center or template strand conformation 

are not mutually exclusive.

We found that the boundary of a minimal downstream DNA duplex needed for efficient 

initiation of RNA synthesis shifts further away from the catalytic center under conditions 

that hamper the RPo formation. This effect was observed when the GC content of the 

N25cons discriminator sequence was increased or in the presence of bacterial stringent 

response regulators DksA and ppGpp (Figs. 3 and 6B). The former result suggests that 

highly energetically unfavorable melting of the GC-rich discriminator is coupled with 

establishment of extended downstream DNA contacts with RNAP. In contrast, such 

coupling is not required when the discriminator sequence is AT-rich. As seen in Fig. 6B, the 

negative effects caused by DksA/ppGpp and by high GC content of promoter discriminator 

on the efficiency of initiation from promoter fragments are additive.

DNA footprinting data and mutational analysis indicate that DksA disrupts RNAP 

interactions with the rrnB P1 promoter DNA between positions −6 and +6 (16). This implies 

that DksA may target RNAP interactions with the promoter melting region and with the 

downstream promoter duplex. We found that DksA/ppGpp weaken the downstream RNAP-

promoter interactions 16-fold but have insignificant effects on RNAP binding to the 

upstream part of promoter (Fig. 5A and B). Taken together with the fact that the RPo 

formation can be coupled with establishment of the downstream RNAP-promoter 

interactions, this suggests that weakening of downstream interactions by DksA/ppGpp may 

lead to destabilization of initiation complexes formed on promoters whose melting is 

reversible. We note that our results do not exclude the possibility that DksA/ppGpp may also 
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affect RNAP contacts with the template strand segment of the transcription bubble. Furman 

et al. reported that deletion of a species-specific insertion in the β’ (called i6) or a partial 

deletion of the β’ jaw domain make RNAP hypersensitive to DksA (48). Our data suggest 

that this observation might in part be a consequence of these deletions directly or indirectly 

weakening RNAP interactions with the downstream duplex DNA (11,49,50).

Overall, the data presented here argue that for transition of RNAP promoter complex to a 

catalytically competent state, the strength of RNAP-downstream DNA interaction has to 

reach a certain threshold. The results show that downstream interactions not only contribute 

to general stability of promoter complexes but also modulate the catalytic efficiency, 

providing a possible mechanistic basis for transduction of regulatory signals from the 

downstream part of promoter complex to the RNAP active center.

Materials and methods

Proteins

Wild-type Escherichia coli RNAP core was purchased from Epicenter. Wild-type E. coli σ70 

subunit and the σ70 derivative labeled at position 211 with fluorescent label 5-

tetramethylrhodamine were prepared as in (5), the σ70 deleted for region 1.1 (residues 

1-104) was a gift from S. Wigneshweraraj. RNAP core enzyme carrying 6xHis-tag at the C-

terminus of β’ subunit was purified as described (51). The wild type 6xHis-tagged DksA 

was prepared by cloning dksA gene into pET33b+ vector (Novagen) between NheI and XhoI 

sites resulting in pET33-NPH-DksA expression plasmid. DksA-D74A mutation was 

introduced into pET33-NPH-DksA using QuickChange Site-Directed Mutagenesis Kit 

(Stratagene). The wild type and the mutant 6xHis-tagged DksA proteins were overexpressed 

in BL21(DE3) E.coli and purified by chelating Ni-NTA agarose followed by size-exclusion 

chromatography on Superdex 75 HR column as described (40). RNA polymerase 

holoenzymes were prepared as in (52).

DNA Probes

DNA oligonucleotides were synthesized by Integrated DNA Technologies. Double-stranded 

and tailed DNA probes were prepared as in (5). The structures of DNA probes used are 

presented in Supplementary Table S1 and are also schematically depicted in main figures.

In vitro abortive initiation and pyrophosphorolysis

Abortive transcription reactions were performed in a final volume of 10 μl and contained 

200 nM E. coli core enzyme (Epicentre) supplemented with 500 nM σ70, 5 μM DksA, 100 

μM ppGpp (TriLink Biotechnologies) (where indicated), and 50 nM various DNA templates 

prepared as described above in standard transcription buffer (30 mM Tris-HCl [pH 7.9], 40 

mM KCl, 10 mM MgCl2, 2 mM β-mercaptoethanol). Reactions were mixed as indicated and 

incubated for 10 min at 37 °C, followed by the addition of CpA RNA dinucleotide primer 

(200 μM), cold UTP (20 μM), and [α-32P] UTP (3000 Ci/mmol). Where indicated, the 

chimerical compound Rif-ATP prepared as in (33) or ATP were used as primers in 

concentration 2 μM. The reactions were incubated for a further 10 min at 37 °C and then 

terminated by the addition of an equal volume of urea-formamide loading buffer. The 
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reaction products were resolved on a 20% (w/v) polyacrylamide denaturing gel and 

visualized using a PhosphorImager. To determine relative initiation activities of 

transcription templates, abortive transcription initiation experiments were repeated at least 

three times. For most measurements, standard deviations were less than 25%. For shortened 

templates where very low transcription activity was observed (less than 7% of activity 

observed on full-sized starting templates), standard deviations were ≤40%.

To obtain the radioactively labeled Rif-ApU dinucleotide for pyrophosphorolysis 

experiments, the abortive initiation reactions were performed in transcription buffer in a 

final volume of 50 μl and contained 15 μM E. coli RNAP core enzyme with 10-histidine 

tagged β’ subunit supplemented with 30 μM σ70, 50 μM Rif-A. After 5 minutes incubation at 

37 °C reaction was supplemented with 10 μM N25cons [−59/+21] promoter DNA and 

further incubated for 10 minutes. Next, 4 μl [α-32P] UTP (3000 Ci/mmol) was added 

followed by 2 minutes incubation. After that, the transcription complex was incubated for 5 

minutes at room temperature with Ni-NTA-agarose beads with occasional mixing. Unbound 

RNAP and nucleotides were washed out with 1 ml of water and the bound RNAP-Rif-ApU-

DNA ternary complex was incubated in 30 μl of water for 5 minutes at 80 °C to release 

newly synthetized radioactively labeled Rif-ApU. The resulting supernatant with Rif-ApU 

was treated with DNase I to eliminate the presence of promoter DNA followed by heat 

inactivation of DNase I. Pyrophosphorolysis of Rif-ApU was performed in 10 μl of 

transcription buffer for 5 minutes at 37 °C in the presence of 500 μM sodium pyrophosphate 

(Sigma). The reaction products were resolved on a 20% (w/v) polyacrylamide denaturing gel 

and visualized using a PhosphorImager.

Fluorometric assays

Fluorescence measurements were performed using a QuantaMaster QM4 spectrofluorometer 

(PTI) in transcription buffer [40 mM Tris–HCl (pH 8.0), 100 mM NaCl, 5% glycerol, 1 mM 

DTT and 10 mM MgCl2] containing 0.02% Tween 20 at 30°C. Final assay mixtures (800 

μl) contained 1 nM labeled RNAP holoenzyme reconstituted with the σ70 derivative labeled 

at position 211 with 5-tetramethylrhodamine (RNAP beacon) and DNA probes at various 

concentrations. The fluorescence intensities were recorded with an excitation wavelength of 

550nm and an emission wavelength of 578 nm. Time-dependent fluorescence changes were 

monitored after manual-mixing of RNAP beacon (800 μl) and a DNA probe (~20 μl) in a 

cuvette; the mixing dead-time was 15 s. The experimental variation of relative signal 

amplitude changes among replicate measurements usually did not exceed 10% of the 

average value.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

RNAP RNA polymerase

RPo open promoter complex

Kd dissociation constant

Rif rifampicin

ds double-stranded

ss single-stranded
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Highlights

The role of downstream promoter interactions in transcription initiation is unclear.

Downstream promoter interactions can be coupled with formation of open complex.

DksA and ppGpp weaken downstream promoter interactions.

Weakening of downstream promoter interactions can inhibit open complex 

formation.
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Figure 1. Measuring of RNAP interactions with derivatives of N25cons promoter using the 
RNAP beacon assay
(A) Time dependence of the increase in fluorescence upon mixing 1 nM RNAP beacon with 

2 nM indicated N25cons derivatives whose downstream ends were located between 

positions +3 to +21, 2 nM upstream fork junction or 2 nM non-promoter DNA probe.

(B, C) The effect of downstream end position on resistance of RNAP beacon complexes 

with truncated N25cons derivatives to heparin or [−58/−14] DNA competitor. Time-

dependent changes of the fluorescence signal were measured upon the addition of either 20 
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μg/ml heparin (B) or 4 nM [−58/−14] (C) to RNAP beacon complexes with N25cons 

derivatives formed as in panel (A).

The structures of the DNA probes are shown in Table. S1 (probes 1-8, 13, 28, 33). The 

structure of non-promoter DNA probe is shown in Fig. S5. The numbers in the panels 

indicate positions of downstream edges of the probes, “+6 mismatched” in panel B refers to 

probe 13 with downstream end at +6 containing a mismatched segment spanning positions 

−3 to +1.
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Figure 2. Abortive transcript synthesis from N25cons derivatives
Abortive transcript synthesis from: (A) duplex probes 1-8 with downstream edges at 

+21,+14, +8, +7,+6,+5,+4, and +3. (B) probes 13, 14 with downstream edges at +6 and +4 

containing a mismatched segment spanning positions −3 to +1. (C) tailed probes 15-19 

bearing a double-stranded DNA segment at positions −59 to −5 followed by single-stranded 

template strand extensions ending at positions +4, +5, +6, +8, and +21.
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Figure 3. Abortive transcript synthesis from N25cons derivatives with GC rich promoter 
discriminator segment
Abortive transcript synthesis activities from probes 22-27 containing a GC rich 

discriminator region are plotted along with similar data for original N25cons derivatives 1-8. 

The plotted data were averaged from three independent experiments.
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Figure 4. Abortive transcript synthesis from λPr derivatives
Abortive transcript synthesis from duplex probes 29-32 with downstream edges at 

+21,+10,+6, and +4.
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Figure 5. The effect of DksA/ppGpp on binding of upstream and downstream fork junction 
probes to RNAP
(A) curve 1, titration of RNAP beacon with upstream fork junction (probe 34). Curve 2, 

same as curve 1, but RNAP beacon was preincubated with 2 μM DksA and 100 μM ppGpp 

for 2 min prior to the addition of downstream fork junction. The Kd values were determined 

by fitting the dependence of relative fluorescence signal amplitude (F/Fo) on probe 

concentration to a chemical equilibrium equation (5).

(B) RNAP occupancy by downstream fork junction 36 was measured in samples containing 

1 nM RNAP beacon or RNAP beacon preincubated with 2 μM DksA and 100 μM and 2nM 

of downstream fork junction probe.
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Figure 6. The effect of DksA and ppGpp on abortive transcript synthesis from N25cons 
derivatives
(A) Abortive transcript synthesis from probes with AT-rich discriminator (probes 1-3, 5-7). 

(B) The effects of DksA/ppGpp on abortive transcript synthesis from probes with AT rich 

and GC rich discriminator sequences. The activity values are presented as percentage of 

activities of the corresponding parental probes 1 and 22 with edges at +21. The plotted data 

were averaged from three independent experiments.
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Figure 7. The template strand +5 and +6 nucleotides interact with switch 1 and β’ clamp
Light blue, DNA non-template strand; red, +5 and +6 template stand nucleotides; magenta, 

rest of DNA template strand; green, β’ clamp; brown, bridge helix; dark blue, switch 1; grey, 

rest of RNAP. The structure of RNAP complex with a downstream promoter fragment is 

from Ref. 19.
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