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Abstract

During transcription, RNA polymerases (RNAPs) must transit through roadblocks

of various strengths to produce biologically meaningful transcripts. The roadblock-

ing strength of DNA binding proteins varies significantly according to their affinity for

DNA. Here we demonstrate that Escherichia coli RNAP can adopt a hybrid mechanism

consisting of a passive and an active pathway to effectively transit through two road-

blocks of different strengths, the lac repressor protein and EcoRI Q111. The passive

pathway, where RNAP waits for the dissociation of the roadblock, is efficient against

relatively weak roadblocks. The active mechanism, where RNAP dislodges the road-

block by repetitive cycles of backtracking and recovery, is essential for transit through

strong roadblocks. Force direction and transcription factor GreA can bias the choice

between the two pathways and modulate the rate of passage through roadblocks. These

results further our understanding of how RNAPs transit through roadblocks.
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Introduction

DNA is densely covered by proteins for genome organization and function.1 These DNA-

binding proteins play regulatory roles in cellular processes, such as replication and transcrip-

tion control, recruitment and modulation of processive enzymes, genome condensation.2–4

However, they must be transiently displaced to allow faithful replication and transcription.

DNA-binding proteins vary significantly in their affinity to specific or non-specific DNA se-

quences, and the affinity may vary with changes in physiological conditions.5 Therefore, a

motor enzyme, such as RNAP, encounters and must displace or wriggle past both low- and

high-affinity binding proteins.

Although interference to transcription by roadblocks has been known for decades, its

mechanism was determined only in specific cases.6 In principle, there are two mechanisms

by which RNAP could navigate through a protein roadblock. RNAP might passively wait

for the spontaneous dissociation of the roadblock or actively dislodge the roadblock protein

during the forward translocation step. Previous studies suggest that RNAP likely backtracks

at roadblocks and that cooperative convoys of RNAPs, or the presence of anti-backtracking

ribosomes on nascent RNA, can promote passage.7,8 The stability of the backtracked RNAP

at the roadblock and backtrack rescue (Gre) factors can also modulate the rate of passage.9

Yet, these findings were based on run-off transcription assays that do not reveal the dynamics

of roadblocked RNAP.

To reveal these dynamics, we monitored real-time transcription of RNAP holoenzyme

on DNA templates with either of two roadblock proteins, lac repressor or EcoRI Q111,

using Magnetic Tweezers (MTs). The experiments were conducted with up to 5 pN forces

opposing or assisting RNAP translocation with/without the GreA factor. The roadblock-

induced pause times of elongation complexes under different experimental conditions suggest

passive or active passages through obstacles with forces and GreA factors determining the

choice and efficiency of the alternatives. We propose a model to explain the transit by RNAP

through roadblocks.
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Results

Forces opposing or assisting RNAP translocation change roadblock-

induced pauses

Roadblock-induced transcriptional pauses were measured using digoxigenin-end-labeled DNA

templates containing a T7A1 promoter, binding sites for either the lac repressor protein (Os,

O1 or O2) or the EcoR1 Q111 protein, and a λT1 terminator (Figure 1a). Biotin-labeled

RNAP holoenzyme coupled to streptavidin-coated magnetic beads was introduced in flow

chambers containing tethered templates and manipulated in a magnetic tweezer (Figure 1b).

Whether force opposed or assisted transcription depended on which end of the template was

digoxigenin-labeled and fixed to the glass, while the magnitude was set by the separation

between permanent magnets above the flow cell.

Experiments were conducted a forces of 0.2, 0.5, 2.0, and 5.0 pN. Transcription elongation

complexes (TECs) paused at lac repressor (LacI) binding sites in the presence of the repressor

protein but eventually transited through the roadblock (Figure 1c). Different beads exert

different forces producing different extensions, so individual records of transcription (tether

length versus time) were shifted and scaled to align them. A step-wise fitting algorithm

was then applied to produce a dwell-time histogram with distinct peaks at significant pauses

and roadblocks. The roadblock-associated pauses were significantly longer than ubiquitous,

random, pauses, occured at the protein roadblock binding site, and were identified as the

longest pauses within ± 50 bp of the roadblock binding site . A minor population of traces

had no roadblock-associated pauses, likely because of incomplete saturation with roadblock

proteins. Pauses shorter than 5 seconds were treated as ubiquitous pauses and were excluded

from the analysis. To measure pauses in absence of force, tethered particle motion (TPM)

experiments were conducted using similar samples and data processing methods, as described

in Materials and Methods.

The RNAP pause lifetimes were distributed exponentially under each and all examined
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force conditions, and the characteristic times in each case are plotted in Figure 1d which indi-

cates a significant dependence on the directionality of force (assisting vs. opposing), whereas

the magnitude of the force had an negligible effect (Figure 1d). Since RNAP backtracking

has been widely reported to be associated with roadblocked transcription, we postulate two

explanations for why the average roadblock-induced pause time is shorter under assisting

force: assisting force (i) prevents backtracking of TECs, or (ii) helps TECs recover from

backtracked states. The results indicate that, unlike sequence-induced backtracking, even a

very gentle force of 0.2 pN is sufficient to affect roadblocked TECs.

Figure 1: (a) DNA templates for opposing and assisting force experiments . The transcription
regions are identical. (b) Experimental setup of the MT experiments. (c) Representative
records of transcription through LacI-O1 roadblocks from opposing (red) and assisting (blue)
force experiments. Roadblock-induced pauses are bracketed by black dashed lines. (d)
Distributions of LacI-O1 induced pause durations under different force conditions and the
exponential fits.
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GreA shortens the pause time under opposing force by speeding

up recovery from the backtracked state

To further investigate how forces affect TECs backtracked at roadblocks, the transcription

factor GreA, a factor common to all bacteria that rescues shallowly backtracked TECs, was

added to the transcription assays. Addition of GreA had a negligible effect on the pause

duration under assisting force but shortened the pauses under opposing force to equal those

observed under assisting force (Figure 2b). A simple interpretation is that GreA rescues

backtracked RNAPs to increases the rate of passage under opposing force, and that assisting

force diminishes backwards translocation of RNAPs into the backtracked state.

For measurements in the presence of the LacI protein, we used DNA templates containing

one of three operators, Os, O1 or O2, in order of decreasing affinity. As expected, the

average pause time followed the same trend. In addition, similar responses to the direction

and magnitude of force and GreA were observed (Figure 2a-c). In all three cases, opposing

force was observed to lengthen pauses by ∼50 seconds relative to the assisting-force baseline,

which in the case of the LacI-O1 and LacI-O2 nucleoprotein complexes, superimposed with

baselines in the presence of opposing force with GreA. Indeed, GreA reduced the pause times

observed under opposing force with the LacI-O1 and LacI-O2 templates. However, for the

LacI-Os template, GreA shortened the pause time under opposing force to less than the

assisting-force baseline.

The observed effects of GreA under assisting and opposing force indicate that (i) back-

tracking rarely occurs under assisting force conditions and (ii) backtracking is responsible for

the longer pauses under opposing force conditions. Thus backtracking of TECs did not en-

hance the passage of RNAP through the LacI-O1 and LacI-O2 roadblocks. In these cases, a

passive pathway in which TECs remain transcriptionally active and proceed when roadblocks

dissociate appears to be more efficient for overcoming roadblocks. In contrast, to overcome

a stronger roadblock like LacI-Os, a combination of backtracking and GreA increased the

efficiency of passage.

5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which 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 preprintthis version posted January 4, 2023. ; https://doi.org/10.1101/2023.01.04.522798doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.04.522798
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2: Lifetimes of exponentially distributed pause times under different force and GreA
conditions, with (a) LacI-Os, (b) LacI-O1, (c) LacI-O2, and (d) EcoRI Q111 protein road-
blocks.
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Opposing force and GreA together induce passage through insur-

mountable roadblocks

Although the passive passage is effective with LacI-O1 and LacI-O2 roadblocks, TECs might

traverse roadblocks in other ways, especially those with low dissociation rates. While TECs

eventually traversed all LacI-O1 and LacI-O2 roadblocks, the LacI-Os roadblock was insur-

mountable for a portion of TECs that indefinitely stalled at the roadblock throughout the

standard 2-hour recording (Figure 3a). As before the direction of force but not the magni-

tude altered the ratio of indefinitely stalled TECs, similarly to the trends observed in the

pause time distribution. Counter-intuitively, opposing force helped TECs transit through

insurmountable roadblocks (FIgure 3b). Addition of GreA led to more successful transits

under opposing force but had insignificant effect under assisting force. This observation

contradicts with our previous finding that opposing force lengthened pauses at LacI-O1 and

LacI-O2 roadblocks. Instead, opposing force enhanced transit of TECs through LacI-Os

roadblocks, especially when GreA was present. We speculated that the strength of road-

blocks might bias the effects of force and GreA.

To validate this speculation, transcription assays were performed against another strong

roadblock, the mutant EcoRI Q111 enzyme. The EcoRI roadblock binds with high affinity

to GAATTC sites and successfully blocked nearly 100% of TECs (FIgure 3c) in our standard

buffer conditions (20 mM Tris glutamate pH = 8, 50 mM potassium glutamate, 1 0mM mag-

nesium glutamate, 1 mM DTT, 0.2 mg/ml casein). The addition of GreA increased the level

of readthrough to 20% only under opposing force conditions (Figure 3c). Curiously, adding

GreA to a roadblocked TEC produced passage shortly thereafter (Figure 3a) suggesting that

opposing force and GreA might promote transit through insurmountable roadblocks.

With the knowledge that opposing force and GreA together help TEC conquer strong

roadblocks, we next investigated the efficiency of passage through the strong roadblocks

under stringent conditions (opposing force + GreA). To our surprise, the population that

successfully transited through EcoRI roadblocks paused ∼220 seconds (data not shown),
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which is similar to the pauses at LacI-Os roadblocks under the same conditions. Opposing

force and GreA together may help TECs overcome either type of roadblock. Presumably,

LacI-Os is a much weaker roadblock system than the EcoRI roadblock since we observed a

significantly higher ratio of successful passage through LacI-Os without GreA. As a result,

we speculate that opposing force and GreA may be part of an active pathway for tran-

siting roadblocks of various strengths. The mechanism likely consists of repetitive cycles

of backtracking and recovery and functions as a robust mechanism to overcome otherwise

insurmountable roadblocks.

Under increased salt concentration (500mM K+), the affinity of EcoRI proteins to the

binding site weakens to a level where transcribing polymerases can dislodge a considerable

portion of roadblock proteins. Therefore, we collected both the distribution of roadblock

induced pause time (Figure 1G) and the ratio of roadblock passage (Figure 2c), as we did

with the LacI-Os system. Unlike the long pause lifetime observed in the LacI-Os system,

the baseline of assisting-force pause lifetime was only ∼30 seconds. We postulate that this

might because high salinity condition modulates the behavior of RNAPs and GreA factors

while lowering the binding affinity of EcoRI proteins. The result of roadblock-induced pause

time shows similar trend as observed in the relatively weak LacI-O1 and LacI-O2 systems.

Opposing force, on one hand, induced longer pause time within the population that suc-

cessfully transits through roadblock, and the addition of GreA factor brought the opposing

force pause time to the same level of assisting-force baseline. On the other hand, opposing

force increased overall ratio of TECs passing through the roadblock, and the ratio further

increases with the help of GreA.

Discussion

Taken together the observations of the LacI-Os systems and the EcoRI system, an active and

a passive pathway of TECs transiting through roadblocks manifest themselves. The passive
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Figure 3: (a) EcoR1 Q111 roadblock indefinitely blocked transcription in absence of GreA
factor (blue), and addition of GreA could relieve the blockage (red). (b) Ratio of transit
through LacI-Os roadblocks under different force and GreA conditions. (c) Ratio of transit
through EcoRI Q111 roadblocks under different salinity, force, and GreA conditions.

pathway occurs when RNAPs dwell at a transcriptionally active state and readily translocate

forward as soon as the roadblock disappears. The active pathway occurs when RNAPs tend

to actively dislodge the roadblock by repeating the process of backtracking and recovery. We

identified that TECs take the passive pathway dominantly under assisting force conditions

in the LacI-O1 and LacI-O2 systems and transit through the roadblocks efficiently, whereas

in the LacI-Os and EcoRI systems, the active pathway shortens the pause time and induces

more successful transits.

Figure 4: Proposed model of TEC transit through a roadblock. (a) Transcription prior to the
encounter of roadblock. (b) TEC encounters the roadblock. (c) TEC backtracks after being
roadblocked with a backtracking rate k1 and recovery rate k2. (d) Roadblock dissociates from
DNA spontaneously with a dissociation rate k3. (e) An actively transcribing TEC, such as a
TEC recovered from backtracked state, has the probability P1 of dislodging the roadblock.
(f) TEC transits through the roadblock either by actively dislodging the roadblock or after
spontaneous dissociation of the roadblock.

Unexpectedly, roadblocked TEC demonstrates such a great sensitivity to external tension
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that even 0.2 pN of tension can completely bias its behavior. Tension of such magnitude

is prevalent in physiological conditions due to genome anchoring and contacts.10 Therefore,

the passage pathway of roadblocked TECs could be significantly biased by the environment.

However, passages of roadblocked TECs also show great insensitivity to the changes in

the magnitude of tension, as a same level of roadblock-induced pause time was observed

under force magnitude ranging from 0.2 pN to 5pN. This observation is against previous

reports that greater opposing force leads to longer backtracked pauses.11,12 We speculate

that the roadblock- induced backtracking process involves a force-sensitive intermediate state

followed by a force-insensitive rate-limiting step. Previous study suggests that external

forces bias the efficiency of backtracked pauses by modulating the forward transcription

rate at backtracking positions, whereas the process of diffusion of backtracked TECs is

relatively resistant to external forces.13,14 Therefore, we speculate that the force-insensitive

rate-limiting step is likely the bi-directional diffusion of backtracked TECs, whereas the

force-sensitive intermediate might be a state unique to TECs conflicting with roadblock

proteins. The difference between roadblock- and sequence-induced backtracks indicates that

there might be functional and mechanistic differences between the roadblock and sequence-

induced backtracks. The former one helps dislodge strong roadblocks and is easily triggered

or dismissed by the change in external tension, while the latter one functions as a universal

proofreading mechanism and is more resistant to the change in environment.

Together with the effect of force and GreA factor, we depicted the detailed interconnection

between the two pathways in Figure 4. The passive pathway follows the state transition a →

b → d → f , whereas the active pathway follows a → (b → c → b)n → e → f with n cycles

of backtracking and recovery. The model consists of three kinetic parameters k1, k2 and k3,

which represent the backtrack rate, backtrack recovery rate, and roadblock dissociation rate,

respectively. Parameter P1 represents the probability of removing roadblock every time an

actively transcribing TEC encounters the roadblock. Therefore, the transit rate of the passive

pathway is simply kpassive = k3, and rate of active pathway is kactive = P1 k1/(1 + k1/k2).
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The overall transit rate is

k = max(k3, P1 k1/(1 + k1/k2)).

Our data suggest that under assisting force, backtrack is strictly inhibited and TEC transit

occurs after spontaneous dissociation of roadblocks. Thus k1 is approximately 0 under as-

sisting force, and k3 can be estimated by the pause lifetime under assisting force. Backtrack

recovery rate k2 should significantly increase in presence of GreA factor. The P1 of differ-

ent roadblocks should be scaled with their dissociation rates k3. All the parameters should

be independent of magnitude of force due to the observed magnitude insensitivity in our

data. Then the overall transit rate can be simplified to k = k3 under assisting force, and

k = max(k3, P1 · k1) under opposing force with GreA. Therefore, for relatively weak road-

blocks where k3 > P1 · k1, such as LacI-O1 and LacI-O2, similar pause times were observed

under assisting force and opposing force with GreA, whereas for strong roadblocks, opposing

force with GreA leads to shorter pause times.

Unfortunately, we cannot directly measure the values of k1 or P1 since the two are com-

plementary parts in determining the pause time in the active pathway. However, we observed

the active pathway induced similar pause time ∼ 200 seconds on two roadblocks LacI-Os

and EcoRI of very different strength, indicating that P1 must change less drastically than

the strength of roadblocks. Therefore, k1 ·P1 can give a reasonable rate of transition of most

roadblocks in real world. Moreover, the results suggest that the active pathway starts to

play important role on roadblock-induced pauses longer than ∼ 150 seconds.

In this work, we revealed a hybrid mechanism of TEC transit through roadblocks de-

pendent on their relative strengths. By measuring the dynamics of paused TECs in front

of roadblocks, we proposed a two-pathway model and answered the questions about how

TECs could transit efficiently through roadblocks of variant strengths. Roadblock strength

would bias the selection between the two pathways by modulating their efficiency. Also,
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we have found that very low force can completely bias the transit through two types of

roadblocks, and we proposed that the roadblock-induced backtracks of TEC may mechanis-

tically differ from the widely studied sequence-induced backtracks. Elucidating the origin

of mechanistically different backtracks remains an important subject for future biochemical

studies.

Methods and Materials

Preparation of RNAPs and Roadblock Proteins

The β’ sub-unit single biotinylated E. coli RNAP holoenzymes were reconstituted from the

core enzyme variants and σ70 initiation factor were expressed as previously described.15

Gre factors were purified from plasmids constructed in the Artsimovitch lab as described,

analyzed by SDS gel electrophoresis, and tested for RNA cleavage activity. These purified

proteins have been crystallized and used in functional and single molecule studies by many

groups.16

The EcoRI Q111 cleavage-deficient variant has been used extensively for RNA polymerase

roadblocking. This protein is expressed in E. coli BL21 from a plasmid constructed in the

Artsimovitch lab and purified as described.17 Following purification, the protein was analyzed

by SDS gel electrophoresis and tested for DNA binding and transcriptional arrest activities.

Lac repressor protein (LacI) was provided by Kathleen Matthews (Rice University).

Transcription Templates for Magnetic Tweezers Assays

All DNA fragments for MT experiments were PCR amplicons with plasmids pDM E1 400,

pDM N1 400, pZV NI 400 or pDM N2 400 and Q5 Hot Start High-Fidelity 2X PCR Mas-

ter Mix (New England Biolabs) with single-digoxigenin labeled primers. The transcription

region is structured as Promoter-709 bp-Lac operator-498 bp-Terminator with an EcoRI

binding sequence GAATTC between promoter and operator sites, as illustrated in Figure
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1a. For the opposing force experiments, primers Dig-A/JBOID01-400/5096 and S/JBOID01-

400/2086 were used to generate 3k bp DNA fragments with 1021 bp between the chamber

surface anchor point and the transcription start site. For the assisting force experiments,

primers Dig-S/YY-400-103 and A/PUC18-nuB104/2043 were used to generate 4k bp DNA

fragments with 2014 bp between the anchor point and transcription start site. The longer

separation in the assisting force DNA fragment reduces adhesion of DNA-attached magnetic

beads to the chamber surface at the beginning of transcription. The fragments produced

by single-digoxigenin labeled primers generated torsionally unconstrained tethers for the

following transcription assays.

Microchamber Preparation and Assembly of Transcription Tethers

Microchambers were first assembled with laser-cut parafilm gaskets sandwiched by two pieces

of glass coverslips as previously described.18 The volume of microchamber is about 10 µL. As-

sembled chambers were coated with anti-digoxigenin antibody by incubating with 8 µg/mL

anti-digoxigenin (Roche Diagnostics) for 90 minutes at room temperature, then passivated

by incubating with Blocking buffer (PBS with 1% caesin, GeneTex) for 20 minutes at room

temperature. Transcription tethers were assembled by mixing 30 nM of RNAP holoenzyme

and 3 nM linear DNA template in Transcription Buffer (20 mM Tris glutamate pH = 8, 50

mM potassium glutamate, 10 mM magnesium glutamate, 1 mM DTT, 0.2 mg/ml casein) and

incubated 20 min at 37°C. Afterwards, 50 µM ATP, UTP, GTP (NewEngland Biolabs), and

100 µM GpA dinucleotides (TriLink) were added to the solution and incubated for additional

10 min at 37°C. After this step, the ternary complex initiated transcription and stalled at the

first G in the template. The ternary complex solution was diluted to a final concentration

of 250 pM of the RNAP:DNA complex, flushed into the passivated microchamers, and in-

cubated for 10 minutes. Afterwards, 20 µL of streptavidin-coated superparamagnetic beads

(diluted 1:100 in Transcription buffer; MyOneT1 Dynabeads, Invitrogen/Life Technologies)

were flushed into microchambers and resulted in the attachment of the beads to biotinylated
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RNAp stalled on the DNA. Excessive superparamagnetic beads in solution were then cleaned

by flushing microchambers with 50 µL Transcription buffer.

Magnetic Tweezers Assays

Magnetic Tweezers were used to observe the dynamics of transcribing TECs by recording

the real-time changes in tether length as previous described. The MTs consists of permanent

magnets positioned above the microchamber that can be translated along to vary the strength

of a laterally oriented magnetic field. The magnitude of tension can be calibrated from the

Brownian motion within the x-y plane with the knowledge of tether lengths. Roadblock

proteins were diluted to 20 nM for LacI and 45 nM for EcoRI Q111 for optimal binding.

The concentrations of LacI proteins were chosen based on previous looping experiments,

and the concentration of EcoRI Q111 was selected by identifying the best binding efficiency

from AFM images at different concentrations. The diluted roadblock proteins were flushed

into microchambers and incubated for 10 minutes at room temperature prior to recording.

Excessive roadblock proteins were then flushed out of the chamber with 40 of Transcription

buffer to prevent repetitive binding events. After 3 minutes of recording, a full set of NTPs

was flushed into chambers to resume transcription of CTP-starved TECs. Recordings lasted

at least 30 minutes for weak roadblock systems, and more than one hour for the observation

of indefinitely stalled RNAP.

Data Analysis

Prior to data analysis, we inspected the recordings to remove intervals with irregularities.

The irregularities may result from buffer injections or temporary tracking failures, and these

are evident due to unusual fluctuations. These portions were manually replaced with NaN

values and discarded from further analysis. In most traces, this step only discarded data

during the introduction of NTPs or GreA. Next, we applied a Bayesian step change detection

algorithm to the noisy raw data and extracted step-wise changes in tether lengths. The
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method is achieved by minimizing the cost function

argminy

(∑
i

(yi − ŷi)
2 + λ

∑
i

|ŷi+1 − ŷi|
)
,

where ŷ is the smoothed time series and y is raw time series. The method, which is described

in detail elsewhere, reliably produced monotonic traces. The smoothed data consists of flat

regions separated by sharp jumps, and these are perfectly suitable for detecting paused

states in following steps. In theory, positions of transcribing TECs along DNA templates

can be calculated from the end-to-end distance of tether with the knowledge of force on

the tether and the worm-like chain parameters of the DNA template. However, since there

are small uncertainties in the force magnitude from tether to tether due to variation in

bead sizes magnetic susceptibilities, each individual trace is linearly rescaled to align the

prominent dwell times at promoter, roadblock and terminator positions. FOr this purpose,

we converted the smoothed, monotonically increasing or decreasing traces to dwell time

histograms. Since the smoothed traces change in a strict step-wise manner, the histograms

consist of sharp peaks presenting the duration and position of pause sites. Next, we applied

combinations of expansion factor a and a shift factor b to the histograms, generated a new

set of histograms S ′ = a ∗ S + b, and found the histogram that presents longest pause

durations at the expected positions of promoter, roadblock and terminator. Since the start

point of transcription was set to 0 and always presents a significant pause, the shift factor

is effectively 0 in this rescaling process. The best-fit values of expansion factor a range from

0.75 to 0.95, depending on the force magnitude in the experiments. Pauses at the roadblock

sites in the rescaled histograms were treated as roadblock-induced pauses.
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