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Abstract 

During transcription initiation, the RNA polymerase holoenzyme (RNAP) and the promoter form 
an open complex. For many promoters, this interaction involves upstream DNA wrapping, 
downstream promoter bending, and associated large-scale protein rearrangements. Although 
these processes have been reported across the life kingdom, their structure, energetics, and role 
in transcription remain an area of active research. Using optical tweezers, we find that these 
processes become energetically and reversibly coupled after the formation of the open promoter 
complex, providing the main contribution to their stability. Using electron microscopy and single 
particle analysis, we find that the interaction encompasses from positions -76 to +18 along the 
template, that it involves an overall DNA bent angle of ~245°, and that the upstream wrapping is 
enabled by interactions between the C-terminal domains of RNAP9s alpha subunits and proximal 
and middle upstream promoter regions. The energy associated with upstream wrapping, 
downstream bending and its coupling to downstream rearrangements does not require specific 
upstream promoter sequence, and correlate positively with the rate of transcription DNA bubble 
formation as reported by a real-time fluorescence assay. Our results suggest that the coupling 
between upstream and downstream events are part of a cis-regulatory network established after 
the opening of the DNA bubble, that could furnish a control mechanism of gene expression by 
protein factors and regulatory metabolites. 

Summary  

The first step of gene expression involves transcription of DNA into RNA by RNA polymerase 
(RNAP). RNAP recognizes a promoter sequence forming the transcriptionally active open 
complex. For several promoters, DNA wraps around the RNAP. We find that upstream wrapping 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


contacts are energetically coupled and occur cooperatively with downstream rearrangements in 
the open complexes, providing the largest contribution to their stability. We also determined that 
upstream wrapping is enabled by interactions between non-specific upstream promoter regions 
and RNAP α subunit C-terminal domains.  Significantly, the strength of these contacts correlates 
with the rate of DNA bubble opening, and is regulated by factors such as the transcriptional 
regulator ppGpp. We suggest that any modulator altering upstream wrapping and downstream 
rearrangements could finely tune gene expression in response to the needs of the cell 

Introduction 

Transcription in prokaryotes is initiated when the RNA polymerase holoenzyme (RNAP) 
recognizes specialized DNA promoter sequences. Upon enzyme binding, the DNA-protein 
complex undergoes a series of conformational changes4upstream wrapping, downstream 
bending, accommodation of downstream DNA within the cleft formed by the β′-jaw/β9-clamp 
domains of RNAP, transcription DNA bubble formation, folding of downstream mobile elements 
(DME) in the β′-jaw, and the repositioning of the σ701.1 domain4leading to the formation and 
stabilization of the open complex (RPo) [1], [2]. Promoter sequences and several transcription 
regulators (proteins and metabolites such as guanosine tetra-phosphate, ppGpp) [3] combine to 
produce a context-dependent kinetic pathway for open complex formation, where the relative 
stabilities of the various intermediates in this process are specific of each promoter [1], [2]. Before 
the enzyme can escape from the promoter into processive elongation, the open complex 
undergoes multiple cycles of abortive initiation, releasing short RNA products. Accordingly, open 
complex formation and its escape from the promoter constitute major regulatory checkpoints in 
transcription throughput.  

Most open complex studies have focused on the core promoter elements (such as -10 and -35 
boxes and their direct vicinity), which are involved in sequence-dependent recognition by the 
enzyme, as well as in DNA bubble formation [1], [2], [4]3[6]. However, various lines of evidence 
indicate that a more extended portion of the promoter DNA wraps around the enzyme, both in 
prokaryotic and in mammalian pre-initiation open complexes [7], [8]. Specifically, fluorescence 
(»pR) [9] and footprinting assays (»pR, lacUV5, galP1, T7A1, malT, Bla, Alu156) [8], [10]3[15], 
electron microscopy (EM) and atomic-force microscopy (AFM) (adenovirus major late promoter, 
»pR, rrnB P1, tyrT, hdeABp,) [7], [16]3[19], and crosslinking (adenovirus major late promoter) [20], 
indicate that 50, 100 or more base pairs upstream of the transcription start site wrap around the 
enzyme. AFM data showed that wrapping of the »pR promoter may involve interactions of the 
alpha carboxy terminal domains (αCTD) of the RNAP with upstream AT-rich sequences [21]. 
Although upstream wrapping per se contributes little to open complex stability [22], [23], these 
DNA contacts with the enzyme are thought to play a regulatory role in DNA bubble formation and 
downstream promoter-RNAP interactions in open complexes [22], [24]3[27]. Also large-scale 
rearrangements associated to downstream bending, such as folding of downstream mobile 
elements in the β′-jaw (DME), and the repositioning of the σ701.1 domain, have been proposed to 
stabilize the open complex [1], [6], [28]. Thus, upstream wrapping and downstream 
rearrangements may play an important role in the formation and stabilization of open complexes 
which can, in turn, be subjected to modulation by metabolites such as ppGpp or transcription 
factors such as DksA [3]. Despite the critical importance of these extended interactions, no direct 
measurement of their strength has been explored in open complexes. 

Here, we use optical tweezers to study the strength of upstream wrapping and downstream 
contacts with the enzyme in open complexes under different regulatory conditions and promoter 
sequences. Also, we use transmission electron microscopy (TEM) and single particle analysis 
(SPA) to obtain a structural 3D model of a wrapped open complex assembled between RNAP 
and the wild-type »pR promoter. Finally, we used a real-time fluorescence assay to reveal the role 
of upstream and downstream DNA contacts in open complex formation and promoter escape. 

RESULTS 
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Mechanical manipulation of single open complexes. Open complexes were formed at 37°C 
by mixing E. coli RNA polymerase-σ70 holoenzyme (RNAP-σ70) with a 2 kbp-long DNA construct 
bearing a single »pR promoter near its center. To select transcriptionally active open complexes, 
the mixture was incubated with heparin at 22°C, conditions known to destabilize other states in 
the initiation pathway of the open complex formation: RNAP + »pR ↔ RPc ↔ I1E ↔ I1L ↔ I2 → 
RPo, where RPc is the unwrapped closed complex and I1E, I1L, are wrapped closed complexes, 
and I2, is a wrapped open intermediate leading to formation of the stable open complex, RPo [1], 
[28]. AFM imaging confirmed that the enzyme binds near the center of the 2 kbp-long DNA where 
the »pR promoter is located (Figure S1, S2). A functional biochemical assay confirmed that open 
complexes were transcriptionally active (Figure S1A). 

Next, we tethered open complexes between polystyrene beads and used optical tweezers to 
study them under force (Figure 1A). Force-extension curves obtained between 4 and 15 pN 
displayed a sudden, cooperative increase in length that we interpret as the mechanical disruption 
of promoter-RNAP interactions of an individual open complex. During the relaxation part of the 
experiment we also observed a cooperative shortening of the DNA template occurring at the 
same force than the extension. This observation indicates that the extension and contraction 
transitions occur near equilibrium. Surprisingly, this process could be repeated though more than 
10 cycles at standard salt conditions (40 mM KCl) and in the rest of conditions tested (Figure 1B, 
additional examples are shown in Figure S12). Thus, promoter-RNAP contacts in open 
complexes could be mechanically disrupted and reformed reversibly. Overall, a total of N = 170 
open complexes displaying n = 9484 transitions were analyzed. The percentage of molecules 
displaying transitions was about 50% for stabilizing conditions (e.g. glutamate) and about 10% for 
destabilizing conditions (e.g. high salt concentration); see Supplementary Table S1 for details. 
The remaining molecules that did not displayed transitions behaved mechanically as bare DNA. 
Recently, Cong et al., measured the strength of the enzyme with core promoter elements of the 
T1A1 promoter [29], however their experimental assay did not allow them to study the global role 
of upstream wrapping and downstream bending in transcription initiation. 

75% of the open complexes assembled at the »pR wild-type promoter at standard salt conditions 
(40 mM KCl) displayed transitions at 8.8 ± 0.1 pN with no significant hysteresis and an average 
change in DNA extension, ∆�, of 15.5 ± 0.2 nm (Figure S1B-C, Tables S2, S3, S6, S7). Under 
similar salt conditions, about 25% of open complexes displayed two force-extension transitions. 
The first one occurred at 9.3 ± 0.2 pN, with a ∆� of 15.3 ± 0.4 nm and no hysteresis. The second 
one displayed significant hysteresis, with extension, ∆�, of 20.7 ± 0.1 nm occurring at 8.0 ± 0.1 
pN, and a contraction, ∆�, of 18.4 ± 0.2 nm, occurring at 7.1 ± 0.1 pN (Figure S6, S7). The two 
apparent types of complexes4displaying either one or two transitions4were not interconvertible 
throughout the duration of multiple pulling/relaxing cycles (lasting from 10 to 90 cycles). Several 
control experiments revealed that the additional transitions observed in 25% of the molecules 
reflect the presence of non-specific DNA-protein complexes in the same tether (Figure S4-S7, 
Supplementary section 4). Therefore, we focused all further analysis on the reversible transitions 
occurring at ~9 pN.  

Promoter-RNAP interactions in open complexes are cooperative and reversible. Using the 
Worm-like Chain model of polymer elasticity [30], [31], the change in extension (∆�) observed at 
~9 pN corresponds to a DNA contour length increase ��ÿÿþ of ~17.5 nm, (Figures 1D, 3A, Table 
S4). This change in DNA contour length corresponds to the difference between the »pR promoter 
extension in interaction with the enzyme, �ý, minus the distance along the pulling axis between 
the last two points of contact of the promoter around the protein (the secant in Figure 2A) given 
by, �Ā = 2ÿĀ�� (� − �2) 

where the open complex has been approximated to a sphere of radius ÿ, and where the promoter 
is assumed to bend by an angle � around de enzyme. Then, �ý = �ÿ and, therefore, the change 
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in DNA contour length upon the full straightening of the DNA during the disruption of promoter-
RNAP contacts is, ��ÿÿþ = �ý − �Ā = ÿ [� − 2Ā�� (� − �2)] 
Using ÿ = 6 nm (assuming an RNAP radius of 5 nm plus half of the DNA width of 1 nm) and ��ÿÿþ 
= 17.5 ± 0.3 nm, it yields � = 4.5 ± 0.03 radians (257.9 ± 1.7o), �ý = 27.0 ± 0.18 nm (∼79 ± 0.52 
bp), and �Ā = 9.5 ± 0.35 nm. The �ý value is consistent with previous AFM studies [3], [7] and it 
was confirmed by our AFM measurements, which yielded a DNA compaction of 26 ± 2.5 nm 
(Figure S2A). Therefore, the single transition observed in pulling/relaxing experiments correspond 
to the disruption and straightening of the majority of promoter-RNAP contacts. Significantly, our 
results indicate that this process occurs in a two-state, cooperative manner, where no 
intermediates are observed. 

Only the open complex and the I2 intermediate in »pR are long-lived complexes, due to the high 
energy barrier required to close the DNA bubble [32]. In contrast, the closed complex (RPc), I1E, 
and I1L intermediates are short-lived because the DNA bubble is closed and a large energetic 
barrier does not protect them from dissociation. Therefore, the survival of promoter-RNAP 
contacts through several pulling/relaxing cycles (> 10), indicates that the complexes in our 
experiments are either open complexes or I2 intermediates. Moreover, it also indicates that the 
mechanical disruption of their interactions is not accompanied by the closing of the DNA bubble, 
which would lead to disassembly of the complex through its conversion to the short-lived 
intermediates RPc, I1E, or I1L. Roe et al, have shown that the open complex is significantly more 
stable than the I2 intermediate [33]. Thus, at equilibrium, the open complex population should 
represent > 99.9% of RNAP-»pR long-lived complexes. We remark that a previous single 
molecule study, using magnetic tweezers [34], detected and inferred the length of promoter-
RNAP interactions in the open complex at the lacCONS promoter from the change in amplitude of 
transitions of negatively and positively supercoiled DNA. However, the limited spatial resolution of 
those experiments prevented further characterization of the mechanical disruption of promoter-
RNAP contacts in the open complexes.  

Structural analysis of upstream promoter pathway in open complexes. To gain insight into 
their structure, open complexes were formed as described above but using a shorter DNA 
template (186 bp) harboring the »pR promoter. These complexes were deposited on a grid, 
negatively stained (NS), imaged by TEM, and subjected to SPA to obtain a 3D reconstruction at 
17 Å resolution (Figures 2B, S8-S10, Table S8). 

A difference-map, obtained by subtracting a 3D map generated from an X-ray structure of E.coli 
RNA polymerase holoenzyme alone (PDB 4YG2) [35] from our EM open complex model, shows 
a remaining density that depicts the path of the wild type »pR promoter in interaction with the 
enzyme (Figures 2C and S9C). This difference-map indicates that the »pR promoter bends 
around the enzyme with an overall angle of ~245o and extends from positions -76 to +18 along 
the template (Figure 2C, left), thus spanning a total length of 32 nm (Figure 2D, top). These 
results are in good agreement with: i) our estimated �ý = 27 nm and � = 4.5 radians (258o) 
values, and ii) footprinting studies that reveal an upstream periodic protection from the -35 to 
around the -70 position, and downstream protection up to around the +25 position [36]. 
Furthermore, this difference-map (Figure 2C) shows the densities corresponding to RNAP 
domains (αICTD, αIICTD, σ701.1 and σ704.1) whose coordinates were missing in the starting 
template used for modeling (PDB 4YG2) (see materials and methods). We remark that previous 
structural studies reported upstream wrapping on transcription initiation complexes but in the 
presence of an activator protein and using promoters with an artificial transcription bubble [37, 

38]. 

According to the EM model, the distance separating the last two points of contact of the »pR 
promoter with the enzyme is ∼11 nm (Figure 2D, top), which is in good agreement with the �Ā = 
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9.2 nm value estimated from the optical tweezers experiments (Figure 2A). Then, if we assume 
that all upstream contacts down to the DNA bubble are mechanically disrupted by the force, the 
EM model would predict a contribution of ��ÿÿþ = �ý − �Ā = 26 3 11 = 15 nm (Figure 2D, middle). 
Moreover, if DNA-protein interactions downstream of the DNA bubble are also disrupted, the 
straightening of the downstream DNA would contribute ∼1 nm, making a total contour length 
change (��ÿÿþ) of 27 - 11 = 16 nm (Figure 2D, bottom). This value is close to the 17.5 nm 
obtained from our optical tweezers experiments (Figure 1D). Thus, the majority of the change in 
extension (∆�) in the observed transitions (Figure 1B) corresponds to the promoter upstream 
wrapping, and a small fraction is likely due to promoter downstream bending in open complexes. 
Our results also indicate that these physically separated and independent DNA regions of the 
promoter are disrupted in a concerted and cooperative manner when subjected to force.  

RNAP alpha carboxy-terminal domains enable upstream wrapping. Upstream sequences of 
core »pR promoter consist of three upstream (UP) elements: proximal (positions -45 to -58), 
middle (positions -68 to -79), and distal (spanning from the -89 to -100 position) [27] (Figure 3B). 
AFM data suggest that UP elements interact with the carboxy-terminal domains of RNAP alpha 
subunits (αICTD and αIICTD), and that they account for a significant fraction of upstream 
wrapping [21]. Interestingly, the 3D model shows that the promoter region around the proximal 
UP element experiences a sharp bending angle of ~115o (Figure 3C) that seems to interact with 
αICTD (Figure 3D, left). This observation may explain the hypersensitivity to hydroxyl cleavage of 
»pR that has been described at around the -38 and -48 positions [36]. On the other hand, the 
region around the middle UP element adopts a smoother DNA bending angle of ~45° (Figure 3C) 
that appears to interact with αIICTD (Figure 3D, right). We do not observe a density corresponding 
to the distal UP-element in our EM model, suggesting that either this region does not contribute to 
the upstream wrapping of »pR in open complexes or that it only interacts transiently with the 
RNAP.  

Thermodynamics of promoter-RNAP contacts. Next, we determine the change in free energy, �þĂ→ý, of promoter-RNAP interactions derived from the optical tweezers experiments. Because 
most force-extension transitions occur near equilibrium (Figure 1B), the free energy change 
associated with these interactions, �þĂ→ý, is equal to the negative of the absolute value of the 
mean reversible work required to mechanically disrupt them, �ý→Ă, (i.e., the area under the 
cooperative transition in the force-extension traces). After correcting for the entropic contribution 
of extending the DNA handles [38], we obtain the change in free energy at zero force �þĂ→ý0  = -
12.9 kcal/mol (Figure 4A-B, Table S5). Unexpectedly, this value is very close to the total change 
in free energy of the open complex formation (∼-13 kcal/mol) determined in biochemical [32], [33] 
and AFM [3] studies under similar experimental conditions. Since we argue that the DNA bubble 
is not significantly affected by the application of force, this result indicates that the energy 
associated with the upstream wrapping and downstream rearrangements accounts for the 
majority of the open complex stability. Moreover, since the upstream DNA region in »pR stabilizes 
the open complex only by ∼2 kcal/mol [22], we conclude that downstream rearrangements 
contribute the majority of the energetic stabilization of the open promoter complex, and that they 
are disrupted in a cooperative manner with the upstream wrapping interactions (Figure 4C). 

To validate our observations, we repeated pulling/relaxing protocols under open complex 
destabilizing (high salt concentration, 300 mM KCl) and stabilizing conditions (100 mM of 
potassium glutamate). As expected for electrostatic DNA-protein interactions, high salt 
concentration decreased the contribution of upstream wrapping and downstream rearrangements 
to open complex stability by ∼+2.3 kcal/mol (�þĂ→ý0  = -10.6 ± 0.2 kcal/mol), and reduced ��ÿÿþ 
by ~4 nm. In contrast, glutamate increases the energy associated with upstream wrapping and 
downstream rearrangements by ∼-4.3 kcal/mol (�þĂ→ý0  = -17.2 ± 0.3 kcal/mol), without variation 
in ��ÿÿþ (Figures 3A, 4A-B, Tables S4, S5). These results are in agreement with changes in open 
complex stability reported in bulk studies under similar conditions [39], [40]. Preliminary results 
with the unrelated Ampicillin (Bla) promoter indicate that the promoter-RNAP interactions in this 
case are also extensive, spontaneous, cooperative, reversible, and involve a large change in free 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


energy (data not shown). These observations suggest that the energy associated with upstream 
wrapping and downstream rearrangements may be shared by other promoters. 

Role of upstream (UP) elements in promoter-RNAP interactions. To further characterize the 
contribution of upstream (UP) elements to the strength of promoter-RNAP contacts in open 
complexes, we first replaced the distal UP element by a random sequence, referred to as »pR 
mutA (Figure 3B). This sequence is identical to a construct previously used in an AFM study that 
showed a promoter wrapping length is reduced by ~9 nm [27]. Interestingly, we did not observe a 
reduction in ��ÿÿþ in our force-extension measurements (Figure 3A, Table S4). This result agrees 
with the EM model that does not show a density corresponding to the distal UP element in the 
open complex (Figure 3C). However, we obtain a �þĂ→ý0  = -20.2 ± 0.2 kcal/mol, indicating that 
the distal UP element in the wild-type »pR promoter actually reduces the stabilizing energy of the 
upstream wrapping and downstream rearrangements by about +7.3 kcal/mol relative to the mutA 
construct (Figures 4A-B, Table S5).  

Next, we replaced all UP elements by random sequences4construct »pR mutB (Figure 3B). 
Mangiarotti et al., reported that this mutant abolishes the majority of upstream promoter contacts 
in open complexes [27]. However, we detect a small fraction (~10%) of molecules displaying 
cooperative transitions and with a reduction of ��ÿÿþ of ~4 nm (Figure 3A). In these instances, we 
observe hysteresis between the disruption and re-formation of promoter-RNAP interactions, 
occurring at 10.5 and 8.7 pN, respectively (Figure 3E, Table S2). Thus, in the absence of the 
proximal and middle UP elements, upstream wrapping and downstream rearrangements occur 
out of equilibrium despite the fact that the pulling and relaxing rates were the same as those used 
with the wild type (Figure 3E, bottom). Therefore, for the mutB construct, the rate at which we 
perturb the system is faster than that at which upstream wrapping and downstream 
rearrangements can equilibrate. We conclude that the effect of UP elements is not only 
thermodynamic (stabilizing in the case of the proximal and middle elements and destabilizing in 
the case of the distal element), but also kinetic in the case of the proximal and middle elements, 
increasing the relaxation rate of the open complex in response to perturbations. Using the 
Crooks9 fluctuation theorem [41], we estimated a �þĂ→ý0  of -10.3 ± 0.5 kcal/mol for the mutB 
construct (Figure 4A-B). This observation suggests that interactions of RNAP with full upstream 
random DNA sequences can still enable wrapping and the energy associated to upstream 
wrapping and downstream rearrangements is ∼80% of the energy of the wild-type »pR promoter. 
Overall, our results suggest that the stability conferred to the open complexes by the upstream 
wrapping and its coupled downstream rearrangements, does not depend on a specific upstream 
sequence (e.g. UP elements), but rather on the electrostatic and mechanical properties of the 
promoter in its interaction with the polymerase. Similarly, bulk studies showed that for lacUV5 and 
galP1 promoters, upstream DNA-αCTDs interactions are not sequence specific [26], [42]. 
Recently, it was found that a long-lived open complex is also formed in the absence of UP 
elements in the rrnB P1 promoter although the number of such complexes is very small [43].  

ppGpp destabilizes promoter-RNAP interactions. The large energy associated with upstream 
wrapping and downstream rearrangements, suggests that modulation of these processes may 
play an important role in the regulation of DNA transcription. A recent AFM study has shown that 
the extent of upstream wrapping in open complexes of »pR is significantly reduced when RNAP-
σ70 is pre-incubated with the transcriptional modulator ppGpp [3]. The reduced upstream 
wrapping correlates with a lower apparent affinity of the enzyme for the promoter in the presence 
of this metabolite [3]. The authors speculated that under environmental stress conditions, high 
levels of ppGpp decrease the extension of upstream wrapping and, therefore, the open complex 
stability at the »pR [3]. To further investigate the ppGpp mechanism, we repeated the force-
extension experiments in the presence of saturating concentration of ppGpp (100 ¼M) to 
determine its effect on �þĂ→ý0  and ��ÿÿþ. We still observe cooperative transitions of 
disruption/formation of promoter-RNAP contacts but with a decrease in ��ÿÿþ of ~4 nm and 
destabilization of the complexes of +3 kcal/mol (�þĂ→ý0  = -9.8 ± 0.3 kcal/mol) (Figures 4A-B, 
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Table S4, S5). The decrease in the ��ÿÿþ value is smaller than that reported in AFM 
measurements (∼8 nm) [3].  

The fact that ppGpp destabilizes the complex (Figures 4A-B) more than the total amount of 
stabilization provided by the upstream wrapping alone (~2 kcal/mol, [22]), indicates that it also 
affects the downstream interactions and it lends support to the existence of an energetic coupling 
between the upstream wrapping and downstream rearrangements. The allosteric mechanism of 
ppGpp is suggested by two observations. First, our EM model shows that upstream promoter 
regions mainly interact with αCTDs, away from the ppGpp binding site, which is known to be 
located between the β9 and ω subunits [44]. Second, adding ppGpp at the concentration of 100 
uM, corresponds to an increase in molar ionic strength of ∆I = 0.5x0.1x(4)2 = 0.8 mM, which is 
insignificant compared to the molar ionic strength of the standard salt conditions (40 mM KCl) 
used in our experiments, I = 0.5x40x(1)2 = 20 mM. This analysis suggests that ppGpp weakens 
the interactions between UP elements (proximal and middle) and the αCTDs, reducing the extent 
of upstream wrapping and allosterically causing a destabilization of upstream and downstream 
promoter-RNAP interactions.   

Upstream wrapping speeds up transcription bubble formation. Since upstream wrapping is 
allosterically coupled to downstream processes that represent the main stabilization of the 
complex, we wondered whether upstream wrapping plays a role in bubble formation and/or 
promoter escape. To this end, we used a bulk assay [45] to monitor the fluorescence of the »pR 
promoter (-100 to +18) containing a Cy3 label in position +2 (100-»pR-Cy3 construct) (Figure 5A). 
In this assay, in the presence of 18-fold excess of RNAP, the Cy3 fluorescence increases initially 
fast reflecting the RNAP-»pR promoter association and then more slowly due to bubble formation. 
In these conditions, addition of a nucleotide mixture (NTPs) and heparin leads to promoter 
escape, which is accompanied by a decrease of Cy3 fluorescence [45] (Figure 5B). Analyses of 
the corresponding fluorescence vs time trajectories yield the effective rate constants of RNAP-»pR 
promoter association (��), bubble formation (�ý) and promoter escape (�ÿ) [45] (Supplementary 
material, section 7, values are reported in Tables S10 and S11). We also compared the behavior 
of the full-length promoter (100-»pR-Cy3) with that of a truncated »pR promoter (40-»pR-Cy3) 
where all upstream sequences were removed (up to position -40), and no upstream wrapping is 
possible. 

When wrapping is present (100-»pR-Cy3), the kinetic analysis yields, �� ∼1.6x10-2 s-1, �ý ∼25x10-4 s-1 and �ÿ ∼2x10-2 s-1 (Figure 5D-E). Truncation of the promoter9s UP elements (40-»pR-
Cy3) visibly affects the fluorescence profile (Figure 5C), with a six-fold decreased of �ý (p = 
0.009) and not significant changes in �ÿ and �� (Figures 5D-E and Table S11). These results 
indicate that upstream wrapping facilitates bubble formation, in agreement with previous 
observations using nitrocellulose filter-binding assays, in which faster open complex formation is 
observed in the presence of the upstream regions for »pR and lacUV5 promoters [22], [26].  

The energy associated with promoter-RNAP interactions correlates positively with the rate 
of bubble formation. Next, we performed fluorescence experiments of the 100-»pR-Cy3 
construct under open complexes stabilizing (100 mM glutamate) and destabilizing (300 mM KCl, 
100 ¼M ppGpp) conditions. Corresponding values of ��, �ý and �ÿ are shown in Figures 5D-E 
and Table S11. First, conditions that change the energy of upstream wrapping and downstream 
rearrangements, alter RNAP-»pR association rate, but generally they are not correlated (Table 
S11). Second, we find that the strength of these promoter-RNAP contacts with the enzyme 
correlates positively with the bubble formation rates (Figures 5E-F, left). Formation of the 
transcription bubble (I1L ↔ I2) is the rate limiting step of the open complex formation [1], [32]. 
Therefore, this result suggests that the energy associated with upstream wrapping and 
downstream rearrangements affect the rate of open complex formation and that early steps of the 
complex formation should be sensitive to tension. Third, it is known that mutations in the core 
sequences (at the -10 and -35 boxes), longer discriminators (the region between -10 and +1), and 
mutations in the downstream DNA region, facilitate promoter escape [45]3[48]. While it is usually 
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assumed that the stronger the promoter-RNAP contacts, the slower the promoter escape should 
be, those studies do not determine the effect of such modifications on the energy of promoter-
RNAP contacts. Here, we do not find a strong correlation between the energy associated to 
upstream wrapping and downstream rearrangements and promoter escape (Figure 5E-F, right). 

To determine if the correlation between the strength of promoter-RNAP contacts with the rate of 
bubble formation (�ý) is affected by the presence or the absence of UP elements in the promoter, 
we performed experiments using »pR mutant versions that destabilize (100-MutB-Cy3) or stabilize 
(100-mutA-Cy3) open complexes at standard salt conditions (Figure 4B). Interestingly, the 
correlation observed above between the energy associated with upstream wrapping and 
downstream rearrangements and the rate of bubble formation is retained with these »pR mutant 
variants (Figure 5F). Similarly, only a weak correlation is observed between the values of 
promoter scape rates and the changes in stability associated with these mutants (Figure 5F). 
Altogether these results and those obtained in the presence of glutamate, high salt concentration, 
and ppGpp, strongly suggest a regulatory role of upstream wrapping on downstream 
rearrangements and on the rate of bubble formation.  

Upstream wrapping reduces the effect of ppGpp on bubble formation rate. It has been 
proposed that ppGpp has a negative allosteric effect on bubble formation by modulating the β9-
clamp dynamics [49]. As illustrated in Figures 5D-F, our results indeed confirm that ppGpp slows 
down �ý by ∼50% (p = 0.02) without affecting RNAP-»pR promoter association (p = 0.52) or 
promoter escape (p = 0.41) (Figure 5E and Table S11), a result consistent with previous bulk 
studies [50], [51]. Therefore, ppGpp might have an allosteric dual role on transcription initiation: i) 
it reduces the thermodynamic contribution of upstream wrapping and downstream 
rearrangements to open complex stability; and ii) it slows down bubble formation. Interestingly, in 
the absence of upstream wrapping (40-»pR-Cy3), ppGpp slows down even more (~eight-fold) the 
rate of bubble formation (Table S10). Thus, upstream wrapping reduces the effect of ppGpp on 
the rate of bubble formation. This inference helps to explain in-vitro and in-vivo observations [51]3
[53] that promoters forming short-lived open complexes (presumably due to weak promoter-
RNAP contacts), such rrnD P1 and rrnB P1 [3], are strongly inhibited by ppGpp [51]; whereas 
promoters forming long-lived open complexes, such as »pR, characterized by extended upstream 
wrapping [7], and lacUV5 promoters [13], are more resistant to ppGpp. 

DISCUSSION 

Upstream wrapping, downstream bending and its associated large-scale rearrangements 
are energetically coupled to form the open complex. The open complex formation involves a 
number of steps: RNAP + »pR ↔ RPc ↔ I1E ↔ I1L ↔ I2 → RPo. Bulk studies suggest that the last 
step of open complex formation (I2 ↔ RPo) makes the largest energetic contribution to the 
stability of the complex [1], [6], [28] (Figure 6A). This step involves the accommodation of 
downstream DNA within the cleft formed by the β′-jaw/β9-clamp domains of RNAP, the folding of 
downstream mobile elements in the β′-jaw (DME), and the repositioning of the σ701.1 domain [1], 
[6], [28]. In our single molecule experiments upstream wrapping and downstream bending display 
a change in DNA contour length of about 17 nm and involve a total energy of around -13 kcal/mol 
(Figure 4A-B). The mechanical disruption of this process in open complexes occurs at around 9.3 
pN. The straightening of the downstream DNA bend is expected to contribute only ∼1 nm to the 
change in extension (��) observed in the optical tweezers experiments (Figure 2B). Thus, we 
can estimate that its energetic contribution would be of about -9.3 pN.nm or ~-1.3 kcal/mol to the 
open complex stability (Figure 4C). That leaves a residual stabilization energy of -11.7 kcal/mol. 
On the other hand, Davis et al. have shown that the energy associated with wrapping of the 
upstream promoter segment contributes only ∼-2 kcal/mol in »pR [22]. Accordingly, the upstream 
wrapping and downstream DNA bending contribute a total energy of ~ 3.3 kcal/mol (Figure 4C). 
This result is consistent with a recent study using bulk FRET experiments [23]. The difference of 
~-9.7 kcal/mol must correspond to large-scale rearrangement associated to downstream bending 
which represent the largest contribution to the open complex stabilization (Figure 4C).  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


Surprisingly, the mechanical disruption experiments presented here, indicate that in the open 
complexes, upstream wrapping, downstream bending and its large-scale rearrangements occur 
as a single, cooperative, and reversible transition, indicating a high degree of energetic coupling 
between these processes (Figure 4C). If this were not coupled, we should have observed two 
transitions occurring in series as we pull the complex in the optical tweezers. First, we would have 
seen a large transition of 16 nm corresponding only to upstream unwrapping, occurring at a force 
of approximately 0.9 pN since 0.9 pNx16 nm = 14 pN.nm ≈ 2 kcal/mol. As we continue pulling, we 
would have observed a small 1 nm transition occurring at a force above 70 pN, since the residual 
energy of downstream bending with its associated large-scale rearrangements is 11 kcal/mol ~76 
pN.nm. The existence of upstream and downstream allosteric coupling in initiation complexes is 
supported by: i) a structural study showing that upstream rearrangements in elongation 
complexes, induced by an RNA hairpin, generate conformational changes that propagate to the 
downstream region [54]; and ii) the finding that mutations in the upstream region in »pR and 
lacUV5 promoters, modify the protection of the downstream promoter by the RNAP [22], [26], 
[55]. Thus, our observed transitions induced by the application of force in the open complex, 
correspond to the cooperative and simultaneous unwrapping of the upstream DNA, the 
straightening of the downstream DNA, and their associated large-scale downstream 
rearrangements. 

Note that upstream wrapping and downstream bending also occur in the close complex [23], 
whereas the large-scale rearrangements associated to downstream bending have been proposed 
to occur after the opening of the DNA bubble [1], [6], [28]. Our results indicate that the upstream 
wrapping and the downstream rearrangements are energetic coupled and occur in a concerted 
manner with DNA bubble formation during the formation of the open complex. Note that the 
allosteric coupling between these spatially separated processes is both thermodynamic 
(stabilizing) and kinetic in nature (Figure 6A). Indeed, removal of the upstream UP elements 
(which eliminates wrapping) does not prevent the ensuing of the downstream promoter processes 
and their stabilizing effects on the complex [22, 23], but most likely affects the rate at which these 
downstream processes concomitant with DNA bubble formation occur (Figure 6B). This inference 
could provide an explanation to our observation that the energy associated with the overall 
mechanical disruption of upstream and downstream contact with the enzyme correlates positively 
with the rate of DNA bubble opening (Figure 5F). Interestingly, the repeatability of the 
pulling/relaxation cycles in our mechanical experiments, indicate that the disruption of these 
upstream and downstream contacts does not lead to the closing of the DNA bubble (Figure 6A), 
which is likely the result of the large energetic barrier known to be associated with this process 
[32]. It is interesting to speculate that the upstream and downstream allosteric coupling 
established in the open promoter complex may be preserved in actively transcribing elongation 
complexes [54].    

Biological Consequences. Upstream wrapping and downstream rearrangements are conserved 
phenomena in open complexes across species, from prokaryotic to mammalian cells [7]3[15][16]3
[20]. Here we have shown that these processes besides providing the largest contributions to the 
stabilization of the open promoter complex, are allosterically and reversibly coupled, suggesting 
the existence of an intra-molecular signaling pathway between these two regions. We find that 
the strength of these promoter-RNAP contacts in the open complex are positively correlated with 
the rate of DNA bubble formation. Moreover, we have shown that upstream and downstream 
events are enabled by αCTD interactions with upstream DNA, irrespective of its sequence, 
suggesting that its thermodynamic consequences in the open complex stability are intrinsic to the 
enzyme and the polyelectrolyte properties of the DNA promoter. Finally, our results suggest that 
the coupling between upstream and downstream events are part of a cis-regulatory network, that 
could furnish a mechanism of control of gene expression by protein factors and regulatory 
metabolites. Any modulator that alters the thermodynamic contribution of this coupling, or affect 
the velocity of the DNA bubble formation, such as upstream-binding transcriptional factors, CAP, 
HN-S, Hu, FIS, or downstream-binding factors such Gp2, could finely tune gene expression in 
response to the needs of the cell. 
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Materials and Methods 

Transcription activity of open complexes. We assembled complexes by mixing 500 nM of 
RNAP (Kashlev laboratory, National Institutes of Health, Bethesda, MD, USA) and 100 nM of 231 
bp-long DNA construct, bearing a »pR promoter sequence in the center, in TB40 buffer (20 mM 
Tris-HCl pH 7.9, 40 mM KCl, 5 mM MgCl2, 1 mM DTT), and incubated the mixture at 37oC for 20 
min [7], [36]. To favor the selection of specific open complexes, we added heparin to the mixture 
to a final concentration of 200 ng/ul and incubated it at room temperature for 15 min [40]. The 
transcription reaction was started by adding [α-32P]UTP (1 ¼Ci; 1 Ci = 37 GBq). After 10 min, we 
added NTPs to a final concentration of 0.5 mM ATP, CTP, GTP, UTP (Sigma-Aldrich, USA) and 
incubated the mixture at room temperature. Later, we collected aliquots after 0, 10, 20, and 30 
sec of incubation and stopped each reaction by mixing it with loading buffer supplemented with 
formamide. We visualized the transcription products by electrophoresis in a denaturant gel (23% 
polyacrylamide, 7 M urea) run at 800V for 2 h (Bio-rad, Hercules, CA, USA). 

AFM imaging of open complexes. We assembled open complexes as described above but 
using 20 nM of a 2 kbp-long DNA, 60 nM RNAP and 2 ng/ul of heparin. The reaction was diluted 
down 20 times in TB40 and 2 ul were deposited onto freshly cleaved mica for 2 min, rinsed with 
water and dried with nitrogen flow. AFM imaging was carried out in air using tapping mode in a 
multimode Nanoscope 8 microscope (Bruker, Billerica, MA, USA). Images of 512×512 pixels 
were collected with a scan size of 2 x 2 µm at a scan rate of 1.5 lines per second. We measured 
the DNA contour length of intact free DNA molecules and open complex as described in [3]. 
Algorithms are described elswhere [56], [57]. Complexes with RNAP bound to the DNA ends and 
with more than one RNAP were discarded from this analysis. 

Preparation of open complexes for optical tweezers studies. We produced a 2 kbp-long DNA 
bearing the »pR promoter at the center by PCR, using a digoxigenin-labeled forward primer and a 
biotin-labeled reverse primer (Integrated DNA Technologies, Coralville, IA, USA), and Phusion 
DNA polymerase (New England Biolabs, Ipswich, MA USA). DNA product was gel purified. We 
assembled open complexes as described above but using 1 pmol of RNAP and 0.2 pmol of DNA 
in TB40. The reaction was then diluted 20 times in TB40. Later, 3 ¼l of diluted open complex-
heparin solution were incubated with 5 ¼l of 3.4 ¼m anti-dig beads for 15 min at room 
temperature. The immobilized open complex solution was diluted in 500 ¼l of TB40 before 
pulling/relaxing experiments in the optical tweezers. We performed most of our experiments in 40 
mM KCl (TB40), we also refer to this condition as the low salt concentration or standard condition. 
For high salt concentration, we used 300 mM KCl and in some experiments the complexes were 
incubated with 100 mM potassium glutamate (KGlu). Because the open complex lifetime is ∼6 h 
[58], the samples were used only up to 3 h.  

Optical tweezers data collection. Single molecule manipulation of open complexes was carried 
out using a counter propagating optical tweezers instrument with 850 nm laser. We performed 
pulling/relaxing protocols of single open complexes [59]3[61] at 26 ± 0.5oC, at a loading rate of 
about 4 pN/s between 4 and 15 pN of tension, with a waiting time of 2 sec at the end of each 
cycle. The data was collected at 1 kHz. Several pulling/relaxation cycles were recorded per 
molecule during each experiment; lasting between 5 3 20 min. Single open complex tethers were 
identified when their rupture occurred in a single step and with the force dropping to 0 pN. Only 
pulling/relaxing traces displaying single tethers were selected for analysis. 

Optical tweezers data analysis. We estimated the change in the DNA contour length (��ÿÿþ) of 
the transitions using the Worm-like Chain (WLC) model of polymer elasticity [30], [31]. We 
calculated the reversible and non-reversible work as the area under each transition according to � = ∫ ý(�)��þ2þ1  where �2 − �1 = ∆� is the change in DNA extension (nm) upon disrupting 

promoter-RNAP interactions at the force ý(�1) [38], [41], [59]. For non-reversible transitions, we 
estimated the reversible work or free energy change (�þĂ→ý) by using the non-reversible work 
distributions for disrupting (�ý→Ă) and forming (�Ă→ý) these promoter-RNAP interactions and 
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the Crooks fluctuation theorem [41]. To obtain the free energy change at zero force (�þĂ→ý0 ), we 
subtracted the contribution arising from the entropy loss due to the stretching of the »pR promoter 
and of the DNA handles on both sides to the promoter (�Āāÿÿý/ in Table S5) from �þĂ→ý [38], 
[41]. Pulling/relaxing trajectories were analyzed using a Matlab program developed in 
Bustamante9s laboratory. Work, transition force, change in DNA extension, and contour length 
distributions were fitted to a Gaussian distribution. Mean, standard deviation and error values 
(confidence interval at α = 0.05 of significance level of two sides), are reported per condition.     

Assembly of open complexes for TEM imaging. The open complex was assembled and 
selected as described above but using 60 nM 186 bp-long DNA and 30 nM of RNAP. This 1:2 
molar ratio of RNAP-DNA was used in order to minimize the presence of free protein. No further 
purification was required. Then, we deposited 3 ¼L of the sample on an ultra-thin carbon-coated 
grid, negatively stained (NS) with 2% (m/v) uranyl acetate, and air-dried it at room temperature. 
We performed the data acquisition of 500 images in a JEM-2100 microscope (Jeol, Tokyo, 
Japan), equipped with an F-416 CMOS camera (TVIPS, Gauting, Germany) at 200 kV, with a 
pixel size of 1.78 Å and with a defocus range between -1 and -2 ¼m. In EM micrographs, free 
DNA and open complexes are clearly distinguishable (Figure S8).   

Single Particle Analysis (SPA). We performed SPA of the raw data using IMAGIC-4D [62] 
software (Image Science, Berlin, Germany), following the most recent methodology [63], [64]. The 
final three-dimensional reconstruction was obtained from 16,015 particles classified into 666 
class-averages. Figure S11A shows the open complex reconstruction contoured at 0.42 σ level. 
We were able to assign the densities corresponding to: i) the β dispensable region 1 (βDR1, 
residues 2253343, also known as β insert 4), ii) the β dispensable region 2 (βDR2, residues 938-
1042, also known as β insert 9), iii) the β9 insert 6 (β9i6, residues 94231129, also known as β9 
trigger-loop non-conserved domains or β9GNCD), iv) the σ70 non-conserved region (σ70NCR), and 
v) the ω subunit [5], [27], [35], [65] (Figure S9A). The Fourier Shell Correlation (FSC) [66] of the 
EM reconstruction shows an estimated resolution of 17 Å, with 1/2-bit threshold criterion [67] 
(Figure S9B). The final open complex EM reconstruction was coarsened with 2-fold pixel binning 
and low-pass filtered according to the resolution estimated by the FSC. Density map have been 
deposited at EMDB with accession code EMD-0340, and it is also provided in Supplementary 
data set (3d_final_map.mrc). 

Generation of the open complex coordinate model. The pseudo-atomic coordinates of the 
open complex were obtained preserving the overall features of the crystallographic coordinates 
from PDB 4YLN [5] (structure that lacks the αCTDs components and DNA wrapping) and, 
through the process of modeling and optimization that we describe here for the wrapped DNA 
and its interface with RNAP. First, the crystallographic coordinates of the E. coli RNAP and 
transcription bubble DNA from [5] were manually fitted into the EM reconstruction using the UCSF 
Chimera software [68]. Second, the coordinates of the DNA region upstream the transcription 
bubble were modeled with the on-line server 3D-DART [69] and fitted in the remaining density of 
the EM reconstruction. Third, the modeling of the promoter region downstream the transcription 
bubble had to be performed with a different strategy. Since the PDB template contains the 
transcription bubble coordinates up to the downstream +12 position, we modeled a small 
promoter fragment from that position to the boundary of the density map. All this process was 
done following the unique possible and rationale direction, which is projecting this promoter 
region through the RNAP main channel. Using this modeling process, we reach the +18 position 
(6 bp more than the downstream end of the template), which we consider the downstream end for 
the wrapped DNA. Fourth, the αCTDs coordinates were obtained according to crystallographic 
structure PDB 1LB2 of the ternary complex CAP-DNA-αCTD [70]. The DNA in contact with αCTD 
present in PDB 1LB2 was semi-automatically aligned with our modeled DNA by translating and 
rotating it. The interface between the αCTD and our modeled DNA was optimized through energy 
minimization. This process, which was performed for each of the αCTDs, positioned these 
domains relative to the rest of the protein. At the end of this process, each αCTD appeared ~45 Å 
away from its respective NTD, a distance consistent with the 16-amino acid α-linker (residues 
233-249) connecting both domains [35]. Then, the α-linker for each α subunit was modeled and 
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optimized by energy minimization. Finally, the coordinates for the σ701.1 domain (residues 9-89) 
were obtained [71], [72] and fitted into the EM density map. Also, the missing residues of this 
domain as well as those that connect it with the remaining portion of σ70 subunit were modeled 
and optimized according to their amino acid sequence [73]. All processes of DNA optimization 
and the energy minimization of the final full coordinate model were performed using the AMBER 
99 force field available in the YASARA software [74]. Refined pseudo-atomic model has been 
deposited in the Protein Data Bank with accession code 6N4C, and it is also provided in 
Supplementary data set (RPfinal20.pdb).  

To get a clearer visualization of the complete promoter path, a difference-map was generated 
between our EM map and a 3D density obtained from a previous published x-ray structure of E. 
coli RNAP holoenzyme [35]. The maps were aligned, filtered at the same spatial frequency and 
normalized before calculating the difference-map. All these processes were performed using 
IMAGIC-4D software [62]. This difference-map shows densities that can be assigned to the 
transcription bubble, upstream and downstream-DNA regions, as well as those RNAP domains 
not present in the initial template (PDB 4YLN). 

Real time fluorescence assay. DNA promoters for fluorescence transcription experiments were 
constructed by annealing and ligation of oligonucleotides (Integrated DNA Technologies, 
Coralville, IA, USA) with single-strand overhangs as described [45]. Each construct is synthesized 
using three double stranded oligos. For the mutA-Cy3construct we use the following 
oligonucleotides: mutA-sense/mutA-antisense, startUP-sense/startUP-antisense and 
downstream-senseCy3/downstream-antisense. For mutB-Cy3: mutBII-sense/mutBII-antisense, 
mutBI-sense/mutBI-antisense and downstream-senseCy3/downstream-antisense. For the 100-»pR-
Cy3: endUP-sense/endUP-antisense, startUP-sense/startUP-antisense and downstream-
senseCy3/downstream-antisense. For 40-»pR-Cy3: upstream-sense/upstream-antisense and 
downstream-senseCy3/downstream-antisense (Table S9). The downstream-sense (amino modifier 
C6 dT) was labeled with Cy3-NHS ester (Lumiprobe, Hunt Valley, MD, USA) at +2 position of the 
non-template strand (downstream-senseCy3). Labeling reaction was done in 0.2 M Na2CO3 pH 
8.5, 10% DMSO, with shaking at 4°C for 24 h, and using a ∼30-fold molar excess of Cy3 
compared to the oligonucleotide. Free dye was removed via dialysis and the degree of labeling 
was ~90%. Annealed oligonucleotides were purified by PAGE and electroelution. Oligo duplexes 
were ligated in equimolar concentrations using T4 enzyme (Bio-rad, Hercules, CA, USA) for 2 h. 
Final DNA template was purified by PAGE and electroelution. 

For fluorescence measurements, we recorded Cy3 emission at 570 nm, whereas excitation was 
at 550 nm on a Felix fluorometer (Horiba, Kyoto, Japan) at room temperature. First, we monitor 
fluorescence of 2.5 nM DNA construct containing a Cy3 molecule for ∼3 min. Second, we added 
manually (mixing time was ∼ 4 sec) E. coli RNAP (Bio-rad, Hercules, CA, USA) to a final 
concentration of 45.5 nM. The final promoter/RNAP ratio was ∼1:18.2. We monitored the 
increase of Cy3 fluorescence (RNAP-»pR association and DNA bubble formation) until a plateou, 
which indicates open complexes were formed [45]. Finally, we manually added a NTP mixture 
(rCTP, rUTP, rGTP and rATP) and heparin to a final concentration of 500 ¼M and 34 mg/ml, 
respectively. We continue monitoring the Cy3 decrease of fluorescence (promoter escape) for ∼15 min. For the case of 100-»pR-Cy3 at high salt conditions, mutB-Cy3 at standard salt 
conditions and experiments with 40-»pR-Cy3 we followed the same protocol but we monitored 
Cy3 increase of fluorescence for ∼1 h, and we added heparin to a final concentration of 0.68 
mg/ml. The method to extract the RNAP-»pR association (��), the DNA bubble formation (�ý), 
and the promoter escape rates (�ÿ) are described elsewhere [45]. Rate constants are reported as 
mean value ± standard error of the mean (SEM) and fitting was performed using a confidence 
level of 95% (α = 0.05); and the statistical significance between two rate constants was evaluated 
using the two-tailed Student9s test (p < 0.05). Fluorescence data was analyzed with a non-linear 
fitting program code wrote in python 3.5. The source python codes are provided as 
supplementary data (binding-open.py and escape.py). 

 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


Acknowledgments 

We thank Prof. Marin van Heel, Prof. Claudio Rivetti and Bustamante laboratory members for 
fruitful discussions. We thank Steven Smith for assistance with the optical tweezers device 
(minitweezers), Dr. Mikhail Kashlev for providing the RNAP polymerase enzyme for preliminary 
experiments, and John Van Patten, Cristhian Cañari and Piere Rodríguez for critical reading of 
the manuscript. We also thank Omar Herrera for assistance in the SDS transcription activity, 
Alexander Robles for his assistance to write the program in Python 3.5 to analyze fluorescence 
data and LNNano/CNPEM for the access to the EM facility. This research was supported by the 
MSc Scholarship from Consejo Nacional de Ciencia Tecnologia e Innovacion tecnológica 
(CONCYTEC) [code 014-2013-FONDECYT] to [R.P.S.]; and MSc scholarship from the 
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-Brasil (CAPES) [code 
001/88882.143467/2016-01] to [A.J.F.A.]. This work was also supported by National Institutes of 
Health (NIH) [grant number 01GM032543] to [C.B]; the US Department of Energy Office of Basic 
Energy Sciences Nanomachine Program under [contract DE-AC02-05CH11231] to [C.B]; and 
Consejo Nacional de Ciencia Tecnologia e Innovacion tecnológica (CONCYTEC) [grant number 
196-2013-FONDECYT/CONCYTEC] to [D.G.]. Funding for open access charge: Consejo 
Nacional de Ciencia Tecnologia e Innovacion tecnológica; Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior-Brasil; National Institutes of Health; and US Department of Energy 
Office of Basic Energy Sciences Nanomachine Program.  

References 
 
[1] E. F. Ruff, M. T. Record, and I. Artsimovitch, <Initial Events in Bacterial Transcription 

Initiation,= Biomolecules, vol. 5, no. 5, pp. 103531062, 2015. 

[2] I. G. Hook-Barnard and D. M. Hinton, <The promoter spacer influences transcription 
initiation via  sigma 70 region 1.1 of Escherichia coli RNA polymerase,= Proc. Natl. Acad. 
Sci., vol. 106, no. 3, pp. 7373742, 2009. 

[3] N. Doniselli et al., <New insights into the regulatory mechanisms of ppGpp and DksA on 
Escherichia coli RNA polymerase 3 promoter complex,= Nucleic Acids Res., vol. 43, no. 
10, pp. 524935262, 2015. 

[4] K. S. Murakami, <X-ray Crystal Structure of Escherichia coli RNA Polymerase sigma70,= J. 
Biol. Chem., vol. 288, no. 13, pp. 912639134, 2013. 

[5] Y. Zuo and T. A. Steitz, <Crystal structures of the E.coli transcription initiation complexes 
with a complete bubble,= Mol. Cell, vol. 58, no. 3, pp. 5343540, 2015. 

[6] E. F. Ruff, A. C. Drennan, M. W. Capp, M. A. Poulos, I. Artsimovitch, and M. T. Record, 
<E. coli RNA Polymerase Determinants of Open Complex Lifetime and Structure,= J. Mol. 
Biol., vol. 427, no. 15, pp. 243532450, 2015. 

[7] C. Rivetti, M. Guthold, and C. J. Bustamante, <Wrapping of DNA around the E.coli RNA 
polymerase open promoter complex,= EMBO J., vol. 18, no. 16, pp. 446434475, Aug. 
1999. 

[8] B. Coulombe and Z. F. Burton, <DNA Bending and Wrapping around RNA Polymerase : a 
8<Revolutionary=9 Model Describing Transcriptional Mechanisms,= Microbiol. Mol. Biol. 
Rev., vol. 63, no. 2, pp. 4573478, 1999. 

[9] R. Sreenivasan et al., <FRET Characterization of DNA Wrapping in Closed and Open 
Escherichia coli RNA Polymerase - »PR Promoter Complexes,= Biochemistry, no. 55, pp. 
217432186, 2016. 

[10] M. L. Craig, W. C. Suh, and M. T. Record, <HO. and DNase I probing of E sigma 70 RNA 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


polymerase--lambda PR promoter open complexes: Mg2+ binding and its structural 
consequences at the transcription start site.,= Biochemistry, vol. 34, no. 48, pp. 156243
15632, 1995. 

[11] D. R. Russell and G. N. Bennett, <Characterization of the beta-lactamase promoter of 
pBR322.,= Nucleic Acids Res., vol. 9, no. 11, pp. 251732533, Jun. 1981. 

[12] P. Jazbi, <DNA Wrapping and the Nature of Interaction Between E. Coli RNA Polymerase 
and Promoter DNA.,= Shiraz University, The Department of Microbiology, 1997. 

[13] V. Studitsky, K. Brodolin, Y. Liu, and  a Mirzabekov, <Topography of lacUV5 initiation 
complexes.,= Nucleic Acids Res., vol. 29, no. 3, pp. 8543861, 2001. 

[14] B. Sclavi, E. Zaychikov, A. Rogozina, F. Walther, M. Buckle, and H. Heumann, <Real-time 
characterization of intermediates in the pathway to open complex formation by 
Escherichia coli RNA polymerase at the T7A1 promoter.,= Proc. Natl. Acad. Sci. U. S. A., 
vol. 102, no. 13, pp. 470634711, 2005. 

[15] A. A. Travers, A. I. Lamond, H. A. F. Mace, and M. L. Berman, <RNA polymerase 
interactions with the upstream region of the E. coli tyrT promoter,= Cell, vol. 35, no. 1, pp. 
2653273, 1983. 

[16] R. T. Dame, C. Wyman, R. Wagner, N. Goosen, and R. Wurm, <Structural Basis for H-NS-
mediated Trapping of RNA Polymerase in the Open Initiation Complex at the rrnB P1 
Structural Basis for H-NS-mediated Trapping of RNA Polymerase in the Open Initiation 
Complex at the rrnB P1,= J. Biol. Chem., vol. 277, no. 3, pp. 214632150, 2002. 

[17] S. Maurer, J. Fritz, G. Muskhelishvili, and A. Travers, <RNA polymerase and an activator 
form discrete subcomplexes in a transcription initiation complex.,= EMBO J., vol. 25, no. 
16, pp. 3784390, Aug. 2006. 

[18] M. Shin et al., <DNA looping-mediated repression by histone-like protein H-NS : specific 
requirement of sigma70 as a cofactor for looping,= pp. 238832398, 2005. 

[19] D. Forget, F. Robert, G. Grondin, Z. F. Burton, J. Greenblatt, and B. Coulombe, <RAP74 
induces promoter contacts by RNA polymerase II upstream and downstream of a DNA 
bend centered on the TATA box,= Proc. Natl. Acad. Sci., vol. 94, no. July, pp. 715037155, 
1997. 

[20] F. Robert et al., <Wrapping of promoter DNA around the RNA polymerase II initiation 
complex induced by TFIIF,= Mol. Cell, vol. 2, no. 3, pp. 3413351, 1998. 

[21] S. Cellai et al., <Upstream promoter sequences and alphaCTD mediate stable DNA 
wrapping within the RNA polymerase3promoter open complex,= EMBO Rep., vol. 8, no. 3, 
pp. 2713278, 2007. 

[22] C. A. Davis, M. W. Capp, M. T. Record, and R. M. Saecker, <The effects of upstream DNA 
on open complex formation by Escherichia coli RNA polymerase.,= Proc. Natl. Acad. Sci. 
U. S. A., vol. 102, no. 2, pp. 285390, Nov. 2005. 

[23] R. Sreenivasan et al., <Fluorescence-Detected Conformational Changes in Duplex DNA in 
Open Complex Formation by,= bioRxiv, 2020. 

[24] C. A. Davis, C. A. Bingman, R. Landick, M. T. Record, and R. M. Saecker, <Real-time 
footprinting of DNA in the first kinetically significant intermediate in open complex 
formation by Escherichia coli RNA polymerase.,= Proc. Natl. Acad. Sci. U. S. A., vol. 104, 
no. 19, pp. 783337838, 2007. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


[25] W. S. Kontur, R. M. Saecker, C. A. Davis, M. W. Capp, and M. T. Record, <Solute Probes 
of Conformational Changes in Open Complex (RPo) Formation by Escherichia coli RNA 
Polymerase at the »PR Promoter: Evidence for Unmasking of the Active Site in the 
Isomerization Step and for Large-Scale Coupled Folding in the Subsequent Conve,= 
Biochemistry, vol. 11, no. 45, pp. 216132177, 2006. 

[26] W. Ross and R. L. Gourse, <Sequence-independent upstream DNA 3alphaCTD 
interactions strongly stimulate Escherichia coli RNA polymerase-lacUV5 promoter 
association,= Proc. Natl. Acad. Sci. U. S. A., vol. 102, no. 2, pp. 2913296, 2004. 

[27] L. Mangiarotti, S. Cellai, W. Ross, C. J. Bustamante, and C. Rivetti, <Sequence-
Dependent Upstream DNA 3 RNA Polymerase Interactions in the Open Complex with 
»PR and »PRM Promoters and Implications for the Mechanism of Promoter Interference,= 
J. Mol. Biol., no. 385, pp. 7483760, 2009. 

[28] W. S. Kontur, R. M. Saecker, M. W. Capp, and M. T. Record, <Late Steps in the Formation 
of E. coli RNA Polymerase-»PR Promoter Open Complexes: Characterization of 
Conformational Changes by Rapid [Perturbant] Upshift Experiments,= J. Mol. Biol., vol. 
376, no. 4, pp. 103431047, Feb. 2008. 

[29] C. A. Meng, F. M. Fazal, and S. M. Block, <Real-time observation of polymerase-promoter 
contact remodeling during transcription initiation,= Nat. Commun., vol. 8, no. 1, pp. 139, 
2017. 

[30] S. Smith, Y. Cui, and C. J. Bustamante, <Overstreching B-DNA: The Elastic Response of 
Individual-Stranded and Single-Stranded DNA Molecules,= Science., vol. 271, no. 02, pp. 
7953798, 1996. 

[31] C. J. Bustamamte, J. Marko, E. Siggia, and S. Smith, <Entropic Elasticity of lambda-Phage 
DNA,= Science., vol. 265, no. 09, pp. 159931600, 1994. 

[32] R. M. Saecker, O. V Tsodikov, K. L. Mcquade, P. E. Schlax Jr, M. W. Capp, and M. T. 
Record, <Kinetic Studies and Structural Models of the Association of E . coli sigma70 RNA 
Polymerase with the lambdaPR Promoter : Large Scale Conformational Changes in 
Forming the Kinetically Significant Intermediates,= J. Mol. Biol., vol. 2836, no. 02, pp. 6493
671, 2002. 

[33] J. H. Roe, R. R. Burgess, and M. T. Record, <Temperature dependence of the rate 
constants of the Escherichia coli RNA polymerase-»PR promoter interaction. Assignment 
of the kinetic steps corresponding to protein conformational change and DNA opening,= J. 
Mol. Biol., vol. 184, no. 3, pp. 4413453, 1985. 

[34] A. Revyakin, R. H. Ebright, and T. R. Strick, <Promoter unwinding and promoter clearance 
by RNA polymerase : Detection by single-molecule DNA nanomanipulation,= Proc. Natl. 
Acad. Sci., vol. 101, no. 14, pp. 477634780, 2004. 

[35] K. S. Murakami, <X-ray crystal structure of Escherichia coli RNA polymerase ??70 
holoenzyme,= J. Biol. Chem., vol. 288, no. 13, pp. 912639134, 2013. 

[36] M. L. Craig, W. C. Suh, and M. Thomas Record, <HO. and DNase I Probing of Eσ70 RNA 
Polymerase-»PR Promoter Open Complexes: Mg2+ Binding and Its Structural 
Consequences at the Transcription Start Site,= Biochemistry, vol. 34, no. 48, pp. 156243
15632, 1995. 

[37] A. Narayanan et al., <Cryo-EM structure of Escherichia coli σ 70 RNAP and promoter DNA 
complex revealed a role of σ non-conserved region during the open complex formation,= J. 
Biol. Chem., p. jbc.RA118.002161, 2018. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


[38] M. Manosas and F. Ritort, <Thermodynamic and kinetic aspects of RNA pulling 
experiments.,= Biophys. J., vol. 88, no. 5, pp. 3224342, May 2005. 

[39] J. Roe and T. M. Record, <Regulation of the Kinetics of the Interaction of Escherichia coli 
RNA Polymerase with the lambdaPR Promoter by Salt Concentration,= Biochemistry, no. 
24, pp. 472134726, 1985. 

[40] W. S. Kontur, M. W. Capp, T. J. Gries, R. M. Saecker, and M. T. Record, <Probing DNA 
binding, DNA opening, and assembly of a downstream clamp/jaw in Escherichia coli RNA 
polymerase-lambdaPR promoter complexes using salt and the physiological anion 
glutamate,= Biochemistry, vol. 49, no. 20, pp. 436134373, May 2010. 

[41] D. Collin, F. Ritort, C. Jarzynski, S. B. Smith, I. Tinoco, and C. J. Bustamante, <Verification 
of the Crooks fluctuation theorem and recovery of RNA folding free energies.,= Nature, vol. 
437, no. 7056, pp. 2313234, 2005. 

[42] H. D. Burns, A. Ishihama, and S. D. Minchin, <Open complex formation during 
transcription initiation at the Escherichia coli galP1 promoter : the role of the RNA 
polymerase α subunit at promoters lacking an UP-element,= Nucleic Acids Res., vol. 27, 
no. 9, pp. 205132056, 1999. 

[43] J. P. Mumm, L. J. Friedman, and J. Gelles, <Mechanism of upstream promoter element 
stimulation of transcription at a ribosomal RNA promoter determined by single-molecule 
imaging Short title : Kinetic mechanism of UP transcription stimulation of Biochemistry , 
Brandeis University , Waltham , MA 0245,= bioRxiv, 2020. 

[44] Y. Zuo, Y. Wang, and T. A. Steitz, <The Mechanism of E. coli RNA Polymerase Regulation 
by ppGpp is suggested by the structure of their complex,= Mol. Cell, vol. 50, no. 3, pp. 
4303436, 2013. 

[45] J. Ko and T. Heyduk, <Kinetics of promoter escape by bacterial RNA polymerase : effects 
of promoter contacts and transcription bubble collapse,= Biochemistry, vol. 463, no. July 
2014, pp. 1353144, 2014. 

[46] L. M. Hsu, <Promoter clearance and escape in prokaryotes,= Biochim. Biophys. Acta, vol. 
1577, no. 02, pp. 1913207, 2002. 

[47] N. V Vo, L. M. Hsu, C. M. Kane, and M. J. Chamberlin, <In Vitro Studies of Transcript 
Initiation by Escherichia coli RNA Polymerase. 3 . Influences of Individual DNA Elements 
within the Promoter Recognition Region on Abortive Initiation and Promoter Escape,= 
Biochemistry, vol. 42, no. 13, pp. 379833811, 2003. 

[48] K. L. Henderson et al., <Mechanism of transcription initiation and promoter escape by E . 
coli RNA polymerase,= Proc. Natl. Acad. Sci. U. S. A., vol. 114, no. 15, pp. 3032340, 2017. 

[49] D. Duchi, A. Mazumder, A. M. Malinen, R. H. Ebright, and A. N. Kapanidis, <The RNA 
polymerase clamp interconverts dynamically among three states and is stabilized in a 
partly closed state by ppGpp,= Nucleic Acids Res., vol. 46, no. 14, pp. 728437295, 2018. 

[50] K. Potrykus, G. Wegrzyn, and V. J. Hernandez, <Multiple mechanisms of transcription 
inhibition by ppGpp at the lambdap(R) promoter.,= J. Biol. Chem., vol. 277, no. 46, pp. 
43785343791, Nov. 2002. 

[51] M. M. Barker, T. Gaal, C. a Josaitis, and R. L. Gourse, <Mechanism of regulation of 
transcription initiation by ppGpp. I. Effects of ppGpp on transcription initiation in vivo and 
in vitro.,= J. Mol. Biol., vol. 305, no. 4, pp. 673388, Jan. 2001. 

[52] E. A. Galburt, <The calculation of transcript flux ratios reveals single regulatory 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


mechanisms capable of activation and repression,= Proc. Natl. Acad. Sci. U. S. A., vol. 
115, no. 50, pp. 11604311613, 2018. 

[53] R. L. Gourse, A. Y. Chen, S. Gopalkrishnan, P. Sanchez-Vazquez, A. Myers, and W. 
Ross, <Transcriptional Responses to ppGpp and DksA,= Annu. Rev. Microbiol., vol. 72, no. 
1, pp. 1633184, 2018. 

[54] J. Y. Kang, T. V. Mishanina, M. J. Bellecourt, R. A. Mooney, S. A. Darst, and R. Landick, 
<RNA Polymerase Accommodates a Pause RNA Hairpin by Global Conformational 
Rearrangements that Prolong Pausing,= Mol. Cell, vol. 69, no. 5, p. 8023815.e1, 2018. 

[55] A. Drennan et al., <Key roles of the downstream mobile jaw of Escherichia coli RNA 
polymerase in transcription initiation,= Biochemistry, vol. 51, no. 47, pp. 944739459, 2012. 

[56] C. Rivetti, <A simple and optimized length estimator for digitized DNA contours,= Cytom. 
Part A, vol. 75, no. 10, pp. 8543861, 2009. 

[57] C. Rivetti and S. Codeluppi, <Accurate length determination of DNA molecules visualized 
by atomic force microscopy: evidence for a partial B- to A-form transition on mica,= 
Ultramicroscopy, vol. 87, no. 132, pp. 55366, Mar. 2001. 

[58] R. Ayzeń, M. Kochanowska, G. Wȩgrzyn, and A. Szalewska-PaBasz, <Transcription from 
bacteriophage » pR promoter is regulated independently and antagonistically by DksA and 
ppGpp,= Nucleic Acids Res., vol. 37, no. 20, pp. 665536664, 2009. 

[59] J. Liphardt, I. T. Jr, and C. J. Bustamante, <Reversible Unfolding of Single RNA Molecules 
by Mechanical Force,= Science, vol. 292, no. 5517, pp. 7333737, 2001. 

[60] S. Mihardja, A. J. Spakowitz, Y. Zhang, and C. J. Bustamante, <Effect of force on 
mononucleosomal dynamics,= Proc. Natl. Acad. Sci., vol. 103, no. 43, pp. 15871315876, 
2006. 

[61] C. Cecconi, E. A. Shank, C. J. Bustamante, and S. Marqusee, <Direct Observation of the 
Three-State Folding of a Single Protein Molecule,= Science, vol. 4174, no. 09, pp. 20573
2060, 2005. 

[62] M. van Heel et al., <Chapter 19 . 9 . Four-dimensional cryo-electron microscopy at quasi-
atomic resolution : IMAGIC 4D,= Int. Tables Crystallogr., vol. F, pp. 6243628, 2012. 

[63] P. Afanasyev et al., <Single-particle cryo-EM using alignment by classification (ABC): The 
structure of Lumbricus terrestris haemoglobin,= IUCrJ, vol. 4, pp. 6783694, 2017. 

[64] M. Van Heel, R. V. Portugal, and M. Schatz, <Multivariate Statistical Analysis of Large 
Datasets: Single Particle Electron Microscopy,= Open J. Stat., vol. 06, no. 04, pp. 7013
739, 2016. 

[65] A. Malhotra, E. Severinova, and S. A. Darst, <Crystal structure of a sigma 70 subunit 
fragment from E. coli RNA polymerase.,= Cell, vol. 87, no. 1, pp. 1273136, 1996. 

[66] G. Harauz and M. van Heel, <Exact Filters for General Geometry Three Dimensional 
Reconstruction,= Optik (Stuttg)., vol. 73, no. 4, pp. 1463156, 1986. 

[67] M. Van Heel and M. Schatz, <Fourier shell correlation threshold criteria,= J. Struct. Biol., 
vol. 151, no. 3, pp. 2503262, 2005. 

[68] E. F. Pettersen et al., <UCSF Chimera - A visualization system for exploratory research 
and analysis,= J. Comput. Chem., vol. 25, no. 13, pp. 160531612, 2004. 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.13.070375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.13.070375
http://creativecommons.org/licenses/by-nd/4.0/


[69] M. van Dijk and A. M. J. J. Bonvin, <3D-DART: A DNA structure modelling server,= Nucleic 
Acids Res., vol. 37, no. 05, pp. 2353239, 2009. 

[70] B. Benoff et al., <Structural basis of transcription activation: The CAP-alphaCTD-DNA 
complex,= Science, vol. 297, no. 5586, pp. 156231566, 2002. 

[71] B. Bae, E. Davis, D. Brown, E. A. Campbell, S. Wigneshweraraj, and S. A. Darst, <Phage 
T7 Gp2 inhibition of Escherichia coli RNA polymerase involves misappropriation of 
sigma70 domain 1.1,= Proc. Natl. Acad. Sci., vol. 110, no. 49, pp. 19772319777, 2013. 

[72] S. Vuthoori, C. W. Bowers, A. McCracken, A. J. Dombroski, and D. M. Hinton, <Domain 
1.1 of the σ70subunit of Escherichia coli RNA polymerase modulates the formation of 
stable polymerase/promoter complexes,= J. Mol. Biol., vol. 309, no. 3, pp. 5613572, 2001. 

[73] I. G. Hook-Barnard and D. M. Hinton, <Transcription Initiation by Mix and Match Elements : 
Flexibility for Polymerase Binding to Bacterial Promoters,= Gene Regul. Syst. Biol., vol. 1, 
no. 301, pp. 2753293, 2007. 

[74] E. Krieger and G. Vriend, <YASARA View - molecular graphics for all devices - from 
smartphones to workstations,= Bioinformatics, vol. 30, no. 20, pp. 298132982, 2014. 

Figures 

Figure 1. Single molecule experiment. (A) Optical tweezers experimental set-up: 2 kbp-long 
DNA bearing an E. coli RNA polymerase (RNAP, in blue) form an open complex near its center. 
One end of the DNA has biotin that is attached to the micropipette bead (orange) via a 
biotin/streptavidin bridge (red-black), while the other end has a digoxigenin, attached to an optical 
trap bead (orange) through a digoxigenin/anti-digoxigenin antibody association (green-blue). By 
moving the two beads relative to each other, pulling/relaxing cycles are applied to open 
complexes. (B) Representative force (in pN) vs extension (in nm) curves of three consecutive 
pulling (blue)/relaxing (red) cycles, between 4 and 12 pN at ∼4 pN/s of loading rate. Scale bar: 
100 nm; black arrows indicate the disruption (during pulling) and formation (during relaxing) or 
promoter-RNAP contacts, respectively. Inset: AFM micrograph of an open complex. (C) 
Disruption force (ý�) vs change in extension (∆�) plot and corresponding histograms 
distributions; continuous lines represent Gaussian fits. Statistics: ïýð = 9.3 pN, �� = 0.6 pN, and ï∆�ð = 15.5 nm, �∆þ = 3.2 nm. (D) Change in DNA contour length (∆��) histogram with ï∆��ð = 
17.5 nm, �∆�� = 3.7 nm derived using the WLC model with a persistent length � = 20 nm. � is the 
standard deviation of the mean. 

Figure 2. Open transcription initiation complex model. (A) Geometric model of the full »pR 
promoter interacting around the RNAP. (B) The 3D density map (gray surface, contoured at 0.42 
σ) with the fitted pseudo-atomic model of the open complex. The β subunit is in magenta ribbon, 
βDR1 and βDR2 domains are pointed out. The σ70 subunit is in yellow ribbon, and their 1.1, 4 and 
NCR domains are indicated. The β9 subunit is in green ribbon and its β9i6 domain is pointed out. 
The αI and αII subunits are in blue and cyan ribbon respectively, with their N-terminal and C-
terminal domains indicated. The omega subunit is shown as a red ribbon. The overall wrapped 
promoter is represented in orange ribbon with two blocks per base-pair. We use the <hide-dust= 
tool of Chimera software to remove those densities not connected to the EM model at 0.42 σ. (C) 
Left: 3D difference-map is represented as a pink transparent surface contoured at 0.6 σ threshold 
level. This difference-map density depicts the path for wrapped promoter, extended from -76 to 
+18 positions (shown in orange ribbon with two blocks per base-pair), as well as the 
corresponding RNAP domains (respectively indicated) that were modeled to obtain the full open 
complex pseudo-atomic coordinates. Right: Rotated view of the difference-map. Densities not 
related to the DNA path were not shown for better visualization. (D) Top: distance between DNA 
ends (+18 and -76 positions) of the open complex is ∼11 nm with an overall bent angle of ∼245°. 
The angle was measured in projection view and the center of reference is the middle point of the 
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longest dimension of the pseudo-atomic model (black point). Middle: representation of the partly 
unwrapped open complex, where the entire upstream DNA up to the transcription bubble is 
straightened. The distance between DNA ends (+18 and -76 positions) is ∼26 nm. Bottom: 
representation of the fully unwrapped open complex, when the remainder DNA-downstream 
contacts are also disrupted. The distance between DNA ends is 27nm. The EM map is 
represented as a gray surface (density contoured at 0.7 σ) while the DNA is in orange ribbon 
representation. 

Figure 3. Role of upstream (UP) elements. (A) ∆�ÿÿþ histograms (gray) for all conditions tested. 
Black lines are the Gaussian fits to experimental data. The continuous red line across all graphs 
indicates the ∆�� mean value for »pR wild type at 40 mM KCl (standard salt conditions), ï∆��ð = 
17.5 nm. (B) Diagram of the »pR wild type promoter from -100 to +35 positions. Upstream (UP) 
elements are in green, whereas -35 and -10 boxes are in red, mutA (lacking distal upstream, UP 
element), and mutB (lacking all UP elements). Black arrows and numbers mark positions on the 
promoter. (C) The open complex 3D density map (gray surface, contoured at 0.42 σ) and the 
fitted DNA promoter in orange color (ribbon) with UP elements in green. (D) Close-up view of the 
αICTD, in blue ribbon, showing its possible interaction with the proximal UP element (left), and of 
the αIICTD, in cyan ribbon, with the middle UP element (right). These interactions would be 
mediated through some specific residues (spheres), as suggested by the crystal structure of 
CAP-αCTD-DNA complex [70] (see supplementary material). DNA and UP elements are 
represented as in (C). (E) Three examples depicting the trajectories of disruption (blue) and 
formation (red) of promoter-RNAP contacts of open complexes for the wild-type »pR (top), mutA 
(medium) and MutB (bottom) promoters. The difference between the transition force of disruption 
and formation of promoter-RNAO contacts (ýÿÿþ − ý�ÿþ) provides a measure of hysteresis. Raw 
data (light color) was filtered and decimated to 100 Hz (darker color). 

Figure 4. Energy associated with upstream wrapping and downstream rearrangement in 
open complexes. (A) Work distributions for disrupting (blue) and forming (red) upstream and 
downstream contacts. Lines and dots represent Gaussian fitting and experimental data of all 
conditions tested, respectively. Vertical black line across all graphs indicates the �þý→Ă0  = 12.9 
kcal/mol value for the »pR wild type at 40 mM KCl (standard salt conditions). (B) Top: �þĂ→ý0  
values for all conditions tested (kcal/mol). �þý→Ă0  values larger than -12.9 kcal/mol indicate that 
the energy associated to upstream wrapping and downstream rearrangement is reduced (high 
ionic strength, in the presence of 100 µM ppGpp and the mutB construct). �þý→Ă0  values smaller 
than -12.9 kcal/mol indicates that the energy associated with these processes has been 
increased (in the presence of glutamate and muA). Bottom: Dissipated work values for the 
mechanical disruption of these interactions (�Ă→ýþÿĀ ). Only for the case of the MutB construct, the 
disruption and formation trajectories of upstream wrapping and downstream rearrangement are 
out of equilibrium. The dashed horizontal line represents »pR wild type at 40 mM KCl (top and 
bottom). (C) Thermodynamic cycle. The right vertical equilibrium (black continuous line) depicts 
the reversible and allosteric energetic coupling of upstream wrapping, downstream bending, and 
downstream large-scale rearrangements (DME folding and repositioning of the σ701.1 domain) of 
open complexes under force in our optical tweezers experiments. Note that the DNA bubble 
(indicated in green) is not significantly affected. This process involves an overall free energy 
change 12.9 kcal/mol. The σ70 subunit is color coded red, σ701.1 domain is the region that moves. 
Upstream wrapping and downstream bending are pointed out using black arrows. The 
downstream mobile elements in the β′-jaw (DME) is depicted in orange. Here, RPo (u,d) refers to 
a open complex that maintain upstream wrapping and all downstream interactions related to 
downstream bending and its large-scale rearrangements. RPo (-u,d) is the previous open 
complex but upstream interactions (wrapping) are missing; RPo (-u,-d*) is when the open 
complex is also missing the downstream bending but keeping the large-scale rearrangements. 
Finally, RPo (-u,-d) is the open complex missing all upstream and downstream contacts. The right 
bottom equilibrium (grey continuous line), refers to the upstream wrapping, involving ~2 kcal/mol 
[22]. The rigth middle equilibrium depicts the downstream DNA bending with an energy of ~1.3 
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kcal/mol. The rigth top equilibrium refers to the DME folding (orange) and the repositioning of the 
σ701.1 domain (red) (inset), involving a residual energy of ~9.7 kcal/mol.  

Figure 5. Real time open complex formation and promoter escape by fluorescence. (A) 
Experimental setup: Cy3 labeled (red dot) »pR promoter (DNA in black); -10 and -35 boxes 
(orange squares), and RNAP (light blue). Open complex formation/dissociation is described as a 
three-step process: RNAP-»pR association (��), DNA bubble formation (�ý) and promoter escape 
(�ÿ) after addition of NTPs. (B) Fluorescence time course of a fully wrapped open complex (100-
»pR-Cy3). Cy3 fluorescence rapidly increases upon addition of 45 nM RNAP, it modestly 
increases during DNA opening and it decreases upon addition of 500 ¼M NTPs/heparin mix that 
induces the promoter escape. (C) Comparison of the kinetics of open complex 
formation/dissociation of a fully wrapped (blue trace) and unwrapped (40-»pR-Cy3, red trace) 
complex; DNA bubble formation (left) and promoter escape (right), at low salt concentration (40 
mM KCl). Black lines represent the two-exponential fitting. (D) – (E) The graphs compare the 
mean values of ��, �ý, and �ÿ with their standard error of the Mean (SEM), obtained under 
stabilizing and destabilizing conditions tested (F) Positive linear correlation between the energy 
associated to upstream wrapping and downstream rearrangements �þý→Ă0  and the DNA bubble 
formation rate at different experimental conditions (left). 

Figure 6: Role of upstream wrapping and downstream rearrangements in open complex 
formation. (A) Thermodynamic model of open complex formation for the full »pR promoter (when 
wrapping exist). The closed complex (RPc), the fully wrapped (I1L), the open intermediate (I2), and 
the final open complex (RPo) are indicated. The change in free energy due to upstream wrapping 
and downstream bending (RPc → I1L) is ~-2 kcal/mol [22], [23] and ~1.3 kcal/mol (see text), 
respectively; DNA bubble opening (I1L ↔ I2) has a large but unknown activation energy [32], 
large-scale rearrangements (DME folding and repositioning of the σ701.1 domain) stabilize the 
open complex by ∼-9.6 kcal/mol during the late step (I2 → RPo)  [33], and the overall change in 
free energy of the open complex formation is ~-13 kcal/mol [3], [32], [33]. The mechanical 
transition induced in the present study is indicated in pink between the final open complex, RPo 
(u,d) and an open complex missing upstream and downstream contacts, RPo (-u,-d). The dotted 
red arrow with the x mark (left) indicates that the mechanical disruption of upstream (-u) and 
downstream (-d) interactions to form the close complex (RPc) is not allow in our experiments 
since the closing of the DNA bubble involves an enormous energy barrier. Also, the dotted red 
arrow with the x mark (rigth) indicates that the mechanical manipulation of open complex cannot 
disrupt only upstream contacts to form RPo (-u,d). (B) Thermodynamic model of open complex 
formation for a truncated »pR promoter up to position -40 (no upstream wrapping is possible). 
The Energy landscape (A) and (B) were modified from Ruff et al., [1]. 
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