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Abstract

After RNA polymerase (RNAP) reaches a terminator, instead of dissociating from
the template, it may diffuse along the DNA before restarting RNA synthesis from
the previous or a different promoter. We monitored such secondary transcription
using magnetic tweezers to determine the effect of low forces, protein roadblocks,
and transcription factors. Up to 60% of RNAPs diffused along the DNA after
termination. Force biased the direction of diffusion (sliding) and the velocity in-
creased rapidly with force up to 0.7 pN and much more slowly thereafter. Sigma
factor 70 (0'70) likely remained bound to these sliding RNAPs, enabling recog-
nition of secondary promoters and additional rounds of transcription, and the
addition of elongation factor NusG, which competes with o”® for binding to
RNAP, limited additional rounds of transcription. Surprisingly, RNAP blocked
by a DNA-bound lac repressor could slowly re-initiate transcription at the block-
age and was not affected by NusG, suggesting a o-independent pathway. Force
biased the frequency of encounters between convergent or divergent promoters
such that transcription was repetitive only from the promoter opposing the direc-
tion of force. Sliding RNAP recognized and could subsequently re-initiate from
promoters in either orientation. However, deletions of the a-C-terminal domains
severely limited the ability of RNAP to turn around.
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1 Introduction

A transcription cycle comprises recognition of the promoter sequence by RNAP, initi-
ation, elongation, and termination. In canonical termination, RNAP dissociates from
the DNA template at a terminator and diffuses away, predominantly in 3-D [1, 2].
However, previous reports indicate that upon reaching a terminator RNAP may re-
main on the DNA template [3, 4] and diffuse one-dimensionally to a nearby promoter
to execute another cycle of transcription in the same or opposite direction [5-7]. The
ability of RNAP to repetitively transcribe the same DNA sequence by sliding back
to the promoter might contribute significantly to gene regulation. Indeed, cycles of
transcription by the same RNAP enzyme would efficiently accumulate transcript and
eliminate the need to repeatedly recruit RNAP and reduce the probability of collisions
among different RNAPs.

While this alternative to canonical termination has been reported in different
contexts [4-7], the biological significance and mechanism of repetitive transcription
remains poorly understood. Force could influence this process by biasing the direc-
tion of RNAP diffusion, which might be blocked by DNA-bound proteins as well. The
role of sigma factor (¢) in repetitive transcription is also unclear. In order to initiate
transcription, RNAP requires o factor for open complex formation [8]. While the o
factor is thought to detach from RNAP after initiation, there is evidence that o may
remain associated with transcription elongation complexes and promote open bub-
ble formation during secondary transcription events [9]. Moreover, it is also unclear
how an RNAP, one-dimensionally sliding along DNA after completing a “primary”
round of elongation in one direction, might switch orientation to initiate “secondary”
transcription at a promoter oriented in the opposite direction.

In this study, in vitro assays using single-molecule magnetic tweezers (MTs) were
used to observe transcribing RNAPs following arrival at terminators in different buffer
conditions with various forces on the enzyme. Under various experimental conditions
20% to 60% of RNAPs exhibited non-canonical termination, but multiplexed MT as-
says produced statistically significant data for analyses of the effect of force, roadblock
proteins, and different terminators on repetitive transcription. External force directed
and modified the velocity of diffusion, biasing the search for a secondary promoter.
The o factor was likely required for relatively rapid initiation of repetitive transcrip-
tion from promoters but not for slower re-initiation from a non-promoter site. While
sliding RNAP re-initiated from promoters oriented in either direction with respect to
previous elongation, deletion of the C-terminal domains of the a subunits (a-CTD),
known to interact with DNA, nearly abolished the switch of direction.

2 Results

2.1 Force directs RNAP diffusion and repetitive transcription

To investigate the mechanism underlying repetitive transcription by RNAP, we ap-
plied mechanical force to hinder or enhance RNAP translocation on a DNA template
containing a promoter, a high affinity lac repressor binding site (Lac O1), and a ter-
minator sequence. MTs were used to simultaneously monitor multiple DNA templates
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with single transcription complexes. The orientation of the promoter sequence(s) de-
termined whether external force opposed or assisted transcription, and the magnitude
of force was dependent on the separation between the magnet and the paramagnetic
particle linked to RNAP, as illustrated in Fig. 1a. To examine the effect of force, the
experiments were conducted at forces ranging from -5 (opposing) to +5 (assisting) pN.
After reaching a terminator, opposing force drove single, diffusing RNAPs to slide back
to the promoter where some enzymes re-initiated transcription (Fig. 1b, cycles 1 &
2). Single RNAPs repetitively transcribed the same sequence as many as seven times.
Finally, a recycling RNAP slid to the promoter where it paused briefly before either
dissociating directly from the promoter or sliding off the end of the DNA template
(Fig. 1b, cycle 3). These two pathways of RNAP release could not be distinguished in
the assay, because the bead rapidly separated from the surface in either case.

Repetitive transcription is an intriguing alternative to canonical termination in
which RNAP dissociates from the DNA template. Under opposing force, slightly
more than 20% of RNAPs slid backward from single AT1 or T500 terminators. How-
ever, a pair of consecutive terminators (Fig. 1c) doubled the probability of sliding to
~50%. This suggests that an encounter with a terminator favors the transition from a
transcribing to a sliding conformation. Although sliding most often began from a ter-
minator, occasionally it started from a position beyond the terminator (Fig. 1b Cycle
3). In these cases, conformational changes associated with termination that promote
sliding might have occurred slowly during run-on elongation. This is consistent with
a reported two-stage post-elongation complex (post-termination complex) [10].

Repetitive transcription was sensitive to the direction but not the magnitude of
force. Under opposing forces up to 25% of post-termination complexes rapidly slid
backwards to the previously utilized promoter (Fig. 1d) and ~10% of these re-initiated
transcription (Table S1 single promoter records summary). Even under forces as low
as 0.2 pN, post-termination complexes almost always slid in the direction of applied
force. To further test the effect of force on sliding, a reversed DNA construct was
employed (Fig. 1d right). After transcribing under assisting force, post-termination
complexes rarely slid backward against the applied force, irregardless of the magnitude.
This susceptibility to force indicates that post-termination complexes were driven to
the promoter by 1D-diffusion along the DNA template instead of 3D diffusion or
inter-segment transfer. Furthermore, while the rates of transcription were consistent
with literature data [11-13], the distributions of rates measured in successive cycles
associated with one template were almost identical and distinct from those associated
with another identical template (Fig. Sle) as reported previously [13]. Together these
facts strongly indicate that the same RNAP enzyme produced the repetitive cycles of
transcription in any given recording.

Unidirectional sliding of RNAP would be expected if force were to bias one-
dimensional diffusion. While bidirectional diffusion reported previously persisted for
minutes [5, 7], fast, unidirectional sliding toward a promoter required only <3 sec even
under extremely low force, 0.2 pN. The magnitude of applied force did not change the
probability of sliding, but higher force increased the sliding velocity (Fig. le). It was
estimated to be at least 200 bp/sec at the weakest forces applied and increased with
force magnitude. The sliding velocity increased linearly with the magnitude of low
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Figure 1 Force-directed sliding leads to repetitive transcription. (a) A diagram of the experimental
setup for transcription against opposing force. (b) A representative recording of multiple rounds of
transcription under opposing force includes a temporary roadblock-associated pause during transcrip-
tion (shaded region 1), pauses at the terminator (shaded regions 2), RNAP temporarily roadblocked
during backward sliding (shaded region 3), and pauses at the promoter prior to re-initiation (shaded
regions 4). The inset shows data points corresponding to RNAP sliding back from the terminator
in cycle 1. (¢c) On templates with a dual terminator sequence, the percentage of RNAP that slid
backward was twice that on templates with single terminators. The total number of events are listed
above each bar. (d) Opposing force (negative values) significantly raised the probability that the post-
terminator complex slid toward the promoter from which the previous cycle of transcription initiated.
The total number of events are listed above each bar. (¢) RNAP sliding rates increased rapidly as
opposing (-) or assisting (+) force increased from 0 to 0.7 pN but plateaued thereafter. Red crosses
indicate outliers.

forces (<2pN) but plateaued at higher forces. The conformational entropy of the free
end of the DNA template feeding into a sliding RNAP might be one factor limiting
the sliding velocity. For DNA threading into a 5 nm long, 10 nm diameter pore, the
associated entropic force of uncoiling for threading has been estimated to be ~0.7-1.9
pN [14], which coincides well with the inflection point in the sliding velocity versus
force data. Forces opposing or assisting transcription clearly bias the direction of post-
termination complex sliding and reduce delays between successive encounters with
nearby promoters.
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2.2 Secondary transcription from a roadblock site

When Lacl protein was introduced, RNAP paused frequently at the O1 binding site
during transcription, confirming that Lacl acts as a “roadblock” (Fig. 2a Cycle 1). Lacl
also blocked post-termination sliding (Fig. 2a Cycle 2, Fig. S2a), and the distribution
of dwell times associated with roadblock-induced pauses did not depend on the mag-
nitude of the force (Fig. S2b). This result further supports the idea that force-driven
post-termination complexes slide along the DNA template, pausing until roadblocks
dissociate from the DNA.
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Figure 2 DNA-binding protein roadblocks and NusG affected post-termination sliding and repet-
itive transcription. (a) In this representative recording, the shaded regions indicate pauses at the
roadblock during post-termination sliding followed by re-initiation (1) or continued sliding past the
roadblock to the promoter (recapture) (2). (b) Heat maps indicate probabilities associated with lo-
cations at which post-termination complexes started and stopped sliding under opposing force in
buffer without (upper) or with (lower) Lacl. Sliding primarily began at the terminator (~-0.4 pm)
and ended at promoter (~0 pm) (green box), unless Lacl was present to block sliding and induce
terminator-to-Lacl binding site (red box) and Lacl binding site-to-promoter (blue box) sliding events.
(c) Adding Lacl to the buffer increased the probability of roadblocking and re-initiation at the road-
block. (d) Although NusG diminished the probability of sliding to promoters, it did not change the
ratio of re-initiation, ~0.1 (yellow/red). (e) A minor population of RNAPs, less than 10%, exhibited
multiple cycles of transcription.
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After pauses at the roadblock, most post-termination complexes slid past to the
promoter where ~4% recommenced transcription independently of whether Lacl was
present (Fig. S3a). Unexpectedly, when Lacl was present, ~2.4% of sliding post-
termination complexes recommenced transcription at the roadblock while significantly
less, ~0.6%, did so in the absence of Lacl (Fig. 2¢). Remarkably, the dwell times of
post-termination complexes that re-initiated transcription at the roadblock were much
longer than those that paused and then continued sliding (Fig. S2b). Evidently, after
sufficient time at roadblocks, post-termination complexes may form open complexes
and recommence transcription. Thus, protein roadblocks on DNA templates can block
elongation complexes to delay transcript completion or produce 3’-truncations [15] as
well as post-termination complexes to produce 5’-truncated transcripts.

2.3 Sigma factor promoted sliding and secondary promoter
recognition

Promoter recognition by RNAP and transition to an open complex involves o factors.
In a buffer without free ¢7°, secondary initiation from the promoter would require o
factor to remain bound to RNAP throughout primary transcription and subsequent
post-termination complex sliding to the promoter. To test this hypothesis, NusG, a
transcription elongation factor that competes with ¢ for binding to RNAP [16], was
introduced. NusG diminished the frequency of repetitive transcription events from the
promoter site (Fig. 2d) as expected for competition that would release o7° from elonga-
tion and post-termination complexes. More precisely, NusG decreased the probability
of post-termination complexes sliding rapidly along DNA template, but a similar frac-
tion of sliding post-termination complexes re-initiated after reaching the promoter
(Fig. 2d). This is consistent with reports that o7° often remains associated with post-
termination complexes on DNA [7, 9], and another report describing experiments in
which optical tweezers were used to apply forces to core RNAP and found only brief,
force-sensitive dwell times at t500, his, and AT2 terminators [17]. In the current ex-
periments, the probability of re-initiation dropped precipitously after one round (Fig.
2¢). With a measured dissociation constant of 3.840.8 x 1073 [9], few RNAPs were
likely to retain ¢® through multiple cycles of transcription lasting several hundred
seconds (Fig. 1b).

Similarly, NusG negligibly changed re-initiation at the roadblock (Fig. S3a),
although post-termination complexes lingered much longer at roadblocks than at pro-
moters before re-initiating transcription (Fig. S2b). This suggests that core RNAP
enzyme, without a o factor, can form a transcription bubble for elongation at a
non-promoter sequence, albeit more slowly.

2.4 Force biased re-initiation between converging or diverging
promoters

The applied force directed sliding by post-termination complexes and determined at
what promoter re-initiation occurred. Consequently, post-termination complexes slid
back to re-initiate multiple times at promoters oriented against the force but were
directed away from a promoter oriented with the force (Fig. 3a-d). In a template
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with convergent promoters, the promoter aligned with the force was utilized only if
an RNAP located this promoter at the initial round (Fig. 3a&Db). In a template with
divergent promoters, the promoter aligned with the force was utilized either during the
initial round or during the last round of recycling (Fig. 3c&d). This result suggests that
very slight forces affecting post-termination complex sliding might bias transcription
from nearby but oppositely oriented promoters in vivo.

As reported previously [6], sliding post-termination complexes readily recognized
promoters with either orientation. Remarkably, the experiments described here with
convergent or divergent pairs of promoters revealed equivalent dwell times before
recommencing transcription in either direction (Fig. S2d). To re-initiate secondary
transcription from a promoter oriented in the opposite direction, a post-termination
complex, which likely has lost all or part of the transcription bubble [19], rapidly slides
in the direction of applied force until it recognizes a promoter and switches polarity,
seizing as the template what was previously the non-template DNA strand to form an
open bubble. During this switch, nonspecific DNA contacts made by core RNAP and
o factor must be transiently lost. How does the enzyme remain associated with the
DNA while making a U-turn? The C-terminal domains of the a subunits (a-CTD)
could mediate the polarity switch. The a-CTDs are connected to the o N-terminal
domains (NTDs) via long flexible linkers; the NTDs interact with the 8 (al) and 3’
(a2) subunits, serving as a scaffold for core enzyme assembly [20]. The a-CTDs make
direct contacts to AT-rich sequences (UP elements) upstream of the core promoter
(Fig. 3e) [18], and are required for the exceptional strength of rRNA promoters, but
are dispensable for initiation at many promoters [21]. A “consensus” UP element is
composed of T- and A-tracks centered at the -50 and -40 promoter positions [21]. T-
tracks are also key signature motifs of intrinsic terminators, which may also contain
a matching A-track upstream of a hairpin [22]. Thus, the a-CTDs may maintain con-
tacts with their preferred DNA elements in the course of polarity switch, anchoring
RNAP on the DNA despite the loss of other protein-DNA contacts. To explore this
possibility, we measured the probability of transcription from divergent or conver-
gent secondary promoters using an RNAP variant lacking the a-CTD. This mutant
RNAP rarely turned around to re-initiate transcription at promoters oriented in the
direction opposite to the preceding transcription event (Fig. 3f, S3c&d). However, the
missing a-CTD did not affect RNAP’s ability of re-initiating transcription from a pro-
moter aligned with preceding transcription event (Table S1 convergent and divergent
promoter records summary).

3 Discussion

These experiments shed light on a mechanism of repetitive transcription that may
contribute significantly to gene regulation. A four-step mechanism from the completion
of elongation of an RNA transcript to the start of a second round of transcription
consists of (1) RNAP remaining associated with the DNA template after elongation,
(2) RNAP sliding or diffusing along the DNA, (3) RNAP stopping at obstacles or
promoters, and (4) RNAP re-initiating transcription at these sites. In step (1), the
RNAP-DNA complex likely undergoes some conformational change that allows the
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Figure 3 Repetitive transcription on templates with two adjacent promoters. (a) In a recording for
a template with converging promoters, after one transcription event from P1 under assisting force,
RNAP slid to P2 and completed three cycles of transcription opposing force before finally dissociat-
ing from the promoter. (b) A time-based catalog of the transcription events involving promoter P2
observed along the templates with converging promoters shows the beginning and end of each tran-
scription event with different rounds depicted in different colors. Transcription from P1, the promoter
oriented in the direction of force, never repeated. (¢) In a recording for a template with diverging
promoters, transcription from P1, opposing the direction of force, repeated four times before RNAP
slid past P1 to re-initiate once from P2 assisted by force. (d) A time-based catalog of the transcrip-
tion events involving promoter P2 for templates with diverging promoters shows repetitive events
from promoter P1, oriented against the force but only single primary or final repetitive events from
P2 oriented with the force. (e) In figures prepared with Chimera version 1.2, a-CTDs are shown to
interact with promoter DNA in a closed rrnB promoter complex [18] (left). An enlarged view of the
a-CTD shows contacts with the UP element (right). (f) Deletion of a-CTD diminished the proba-
bility that RNAP turned around to re-initiate in the direction opposite to the primary transcription
event (anti-sense re-initiation) on templates with converging or diverging promoters.

RNAP to slide freely along DNA. This may resemble a final stage of transcription
termination in which the DNA strands of the transcription bubble re-hybridize [19].
In step (2), RNAP either diffuse along the DNA as previously reported [5, 6], or slide
rapidly in one direction driven by as little as sub-piconewton levels of force. In step
(3), RNAP (i) recognize promoters in either orientation or only aligned in the direction
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of the previous elongation if the a-CTDs are missing or (ii) become blocked by DNA-
bound proteins. In step (4), RNAP can form open complexes and initiate transcription
at promoters with a characteristic delay of about a minute, or even at a non-promoter
site if roadblocked for 5-fold longer. The presence of DNA-bound proteins, o factors
and tension would significantly bias the products of the secondary transcription, as
illustrated in Fig. 4.
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Figure 4 The post-termination fate of RNAP includes secondary transcription. After termination,
RNAP (blue) may release mRNA (green) and dissociate from the DNA, or slide along the template. If
blocked by a protein roadblock (yellow), RNAP may re-open a transcription bubble at the roadblock
site and exhibit roadblock-induced recycling, a process independent of the presence of o factor (cyan).
Upon recognition of a distant promoter with the help of o factor, wild-type RNAP may re-initiate
transcription at promoters oriented in either direction.

Subtle force opposing or assisting RNAP translocation and DNA-bound proteins
(roadblocks) along the template could greatly affect the efficiency and output of repet-
itive transcription. Even a tiny amount of force greatly reduces the time required to
slide to a re-initiation site. Moreover, force restricts sliding to a single direction along
a DNA sequence. Opposing force increases the frequency of repetitive transcription of
a single promoter by an individual RNAP and necessarily diminishes gene expression
from other promoters further downstream. Assisting force prohibits repetitive tran-
scription and drives a sliding post-termination complex to a downstream promoter.
Thus the direction of force acting on RNAP might modulate the expression of one
or more genes. Indeed, it biases transcription between convergent promoters with-
out transcriptional interference between RNAPs initiating from opposing promoters
[23, 24]. The collision model would not predict similar levels of interference between
divergent genes. In contrast, force-directed RNAP diffusion produces preferential ex-
pression of one transcript independently of the arrangement of promoters or additional
regulatory factors [25]. Even factors like RapA, which was recently shown to accel-
erate dissociation of post-termination complexes [10] and would therefore diminish
post-elongation sliding, would not weaken preferential, force-driven expression.

In absence of free o factor in solution, less than 10% of post-termination complexes
exhibited repetitive transcription at a promoter site, which is likely the portion of post-
termination complexes retaining o factor [9]. Adding NusG reduced that ratio to ~2%
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suggesting that retention of o factor enhances sliding and repetitive transcription. In
the absence of force, high affinity roadblocks would limit the sequences accessible to
diffusing RNAPs and increase dwell times. However, a sliding RNAP driven by force
against a high affinity roadblock might pause long enough to start transcription with
or without o factor. This mechanism may differ from canonical transcription initiation
in which the o factor assists promoter recognition and DNA strand separation. How
a core RNAP enzyme might form an open bubble remains to be investigated.

It is curious that post-termination sliding has not been previously reported in force
spectroscopy assays of transcription [12, 13, 17, 26, 27] in which post-termination
complexes mostly dissociated from the template. One might hypothesize that in these
experiments, RNAP slid too fast to seize the promoter and ran off the end of the tem-
plate. However, the current experiments show that post-termination complexes often
pause for several seconds at the terminator before sliding at as much as 500 bp/sec
driven by forces as high as 5 pN. At this sliding rate they also readily seize promoters
and re-initiate transcription. This finding contradicts the previous assumption that 3
pN of tension could make sliding too fast and transient to be detected [5]. Alternatively,
higher forces employed in much of the previous work might disrupt weak interactions
between a sliding RNAP and the DNA backbone, although optically resolved slid-
ing was not observed in transcriptional interference assays without force either [28].
Most previous measurements utilized optical trapping with a feedback mechanism to
maintain constant force. This may be suitable to monitor slower processive steps of
molecular motors (transcribing RNAPs), but high bandwidth feedback may be critical
for faster, continuous, non-processive events (sliding RNAPs) [29].

Force significantly directed sliding of post-termination complexes to accelerate
repetitive transcription and modulate the relative utilization of adjacent promoters.
Stringent control of the constituents afforded by the single molecule assembly revealed
that ¢’ often remained associated with the RNAP core enzyme to enhance sliding.
Furthermore, DNA-binding proteins acting as roadblocks to sliding established non-
promoter locations at which RNAP re-initiated transcription with five-fold greater
delays than those observed for promoters. Sliding post-termination complexes indis-
criminately utilized promoters oriented in either direction but could not easily switch
template strands once the a-CTDs were deleted. These experiments highlight how
very slight forces affecting post-termination diffusion of RNAP significantly impact
transcription regulation.

4 Materials and Methods

4.1 E. coli: Biotinylated RNAP Holoenzyme

Plasmids encoding wild-type E. coli core RNAP [pIA1202; «-(-5’[AVI|[His]-w) or
A-aCTD RNAP [pIA1558; a1-235-0-5’[AVI|[His]-w) under control of the phage T7
promoter were transformed into E. coli BL21(ADE3) and grown in LB at 37°C to
0OD600 ~0.5. Protein expression was induced with 0.5 mM IPTG for 5 hours at 30°C.
To increase the efficiency of RNAP biotinylation, we separately expressed E. coli
biotin ligase BirA from the T7 promoter (Addgene#109424) in E. coli BL21(ADE3)
using the same induction conditions. Cells were pelleted by centrifugation (6000 x g,
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4°C, 10 min). Cell pellets containing overexpressed RNAP and BirA were mixed and
resuspended in Lysis Buffer (10 mM Tris-OAc pH 7.8, 0.1 M NaCl, 10 mM ATP,
10 mM MgOAc, 100 uM d-biotin, 5 mM S-ME) supplied with Complete EDTA-free
Protease Inhibitors (Roche) per manufacturer’s instructions.

Cells were open by sonication. Cell debris was pelleted by centrifugation (20,000
x g, 40 min, 4°C). The cleared cell extract was incubated with Ni Sepharose 6 Fast
Flow resin (Cytiva, Marlborough, MA) for 40 min at 4°C with agitation. The resin
was washed with Ni-A Buffer (25 mM Tris pH 6.9, 5% glycerol, 500 mM NaCl, 5 mM
B-ME, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) supplemented with 10 mM, 20
mM, and 30 mM imidazole. Protein was eluted in Ni-B Buffer (25 mM Tris pH 6.9,
5% glycerol, 5 mM S-ME, 0.1 mM PMSF, 100 mM NaCl, 300 mM imidazole).

The sample was diluted 1.5 times with Hep-A Buffer (25 mM Tris pH 6.9, 5%
glycerol, 5 mM -ME) and then loaded onto Heparin HP column (Cytiva). A linear
gradient between Hep-A and Hep-B Buffer (25 mM Tris pH 6.9, 5% glycerol, 5 mM
B-ME, 1 M NaCl) was applied. The biotinylated RNAP core was eluted at ~40 mS/cm.

The elute from Heparin HP column was diluted 2.5 times with Hep-A Buffer and
loaded onto Resource Q column (Cytiva). A linear gradient was applied from 5% -
100% Hep-B Buffer. The biotinylated RNAP core was eluted at ~25 mS/cm.

Fractions from the elution peaks were analyzed by SDS-PAGE. Those containing
purified protein were combined and dialyzed against Storage Buffer (20 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 45% glycerol, 5 mM S-ME, 0.2 mM EDTA).

E. coli RNAP holoenzymes were reconstituted from ¢° initiation factor, expressed
as previously described [30], and the biotinylated RNAP core enzyme.

4.2 Lac Repressor Protein

Lac repressor protein (Lacl) was prepared in the laboratory of Kathleen Matthews as
previously described [31].

4.3 Transcription templates

The DNA templates for single promoter opposing and assisting force transcription
assays were PCR amplicons from a plasmid template containing the T7A1 promoter
followed by 23 bp without G in the template strand, a 1.2 kb downstream elongation
region including a lac operator site (O1), and finally a terminator sequence (AT1, t500,
or trpA1-AT1; Supplementary Information). The plasmid template was amplified with
single-digoxigenin labeled forward and unlabeled reverse primer pairs, and Q5 Hot
Start High-Fidelity 2X PCR Master Mix (New England Biolabs, Ipswich, MA). The
transcribed region had the following spacings: Promoter-713 bp-Lac operator-612 bp-
Terminator, as illustrated in Figure 1b. For the opposing force experiments, primers
D-A/JBOIDO1/5096 and S/JBOIDO1/2086 were used to generate a 3k bp amplicon
with 1021 bp between the chamber surface anchor point and the transcription start
site. For the assisting force experiments, primers D-S/YY-400-103 and A/pUC18-
nuB104,/2043 were used to generate a 4k bp amplicon with 2014 bp between the anchor
point and transcription start site. The longer separation in the assisting force amplicon
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reduces adhesion of promoter-bound magnetic beads to the chamber surface at the
beginning of transcription.

In preparation of the templates with the convergent promoters, we used a
digoxigenin-labeled primer D-S/YY-400-103 and a primer with the palindromic restric-
tion site Apal A/pUC18-nuB104/1983-Apal to generate amplicons with digoxigenin
label on one end and Apal restriction site on the other end. We repeated the PCR with
unlabeled primer S/YY-400-103 and the same Apal containing primer to generate am-
plicons with the same restriction site but no digoxigenin label. Both amplicons were
then digested by Apal enzymes (New England BioLabs) in rCutSmart buffer (New
England Labs) per manufacturer’s instruction. To produce satisfactory amount of con-
structs with a digoxigenin-labeled end and an unlabeled end, the digoxigenin-labeled
and unlabeled amplicons were ligated with T7 ligase (New England BioLabs) in a
specific ratio of 1:2. Similary, in preparation of the templates with the divergent pro-
moters, we paired a digoxigenin-labeled primer D-A/JBOIDO1/5096 and its unlabeled
version with a primer with palindromic Sall restriction site S/JBOIDO1/2086-Sall to
generate two sets of amplicons, which were then digested by Sall (New England Labs)
restriction enzymes in NEBuffer r3.1 (New England Labs) and ligated in 1:2 ratio to
generate the divergent promoter templates. The sequences of all plasmids and primers
used in these experiments are listed in Supplementary Information (TableS2).

4.4 Preparation of halted TEC and tethers

Stalled complexes were prepared by incubating 1.5 nM DNA with 15 nM RNAP in
Transcription Buffer (20 mM Tris glutamate pH = 8, 50 mM potassium glutamate,
10 mM magnesium glutamate, 1 mM DTT, 0.2 mg/ml a-casein) for 20 min at 37°C.
After introducing 0.5 mM of ATP, UTP and GTP, RNAPs transcribed 23 bases and
then stalled at the first G in the template.

Microchambers were incubated with 8 mg/ul anti-digoxigenin (Roche) at 25°C for
90 min and then the blocking buffer (PBS with 1% a-casein) at 25°C for 30 min.
Then, halted complexes were introduced into the anti-digoxigenin-coated microcham-
ber, incubated at 25°C for 20 min to form tethers. Streptavidin-coated paramagnetic
beads (Dynbeads MyOneT1, Thermofisher, Waltham, MA) were introduced last to
the chamber and incubated with tethers at 25°C for 3 min. Chambers were washed
with excessive (4 volumes) Transcription Buffer to remove free RNAP molecules and
beads in solution before recording.

4.5 Magnetic Tweezers (MT) Assays

Transcription complexes were prepared with E. coli RNAP holoenzyme biotinylated
on the C-terminus of the 5’ subunit and DNA molecules labeled at one end with digox-
igenin for anchoring to the microchamber surface. These molecules included a TTA1
promoter, a binding site for lac repressor, and a terminator in a 1.2 kbp sequence.
Each RNAP enzyme in a magnetic tweezing assembly was coupled to a streptavidin-
coated magnetic bead and transcription elongation complexes were stalled after 23
bp by supplying only ATP, GTP, and UTP before tethering to the surface of an
anti-digoxigenin-coated microchamber. Then the flow chamber was placed on the MT
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microscope stage, and a field of view with several freely moving tethered beads was
selected. After a brief period of tracking the selected beads to establish a baseline
tether length, 1 mM NTPs including CTP were introduced to produce transcription
that increased or decreased tether lengths for the assisting, or opposing, force con-
figurations respectively (Fig. la). Since the magnetite content of individual beads
varies slightly and DNA tethers become extended to differing degrees, the transcrip-
tion (tether length) records were scaled to assemble a data set for statistics (see Fig.
S1 and Data Processing in SI).
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Figure S1 (a) A sample record with three transcription cycles (blue dots) and the de-noised result
(black line). The inset shows the enlarged view of the step-wise curve after de-noising.

(b) The selection of A value in the de-noising process. The blue circle shows the magnitudes of the
square error and the total variation term at different A, and the red asterisk is the optimal A value
used for de-noising the trace, where two terms are balanced.

(c) Three de-noised records with multiple transcription cycles plotted in different colors are shown in
the upper panel. The separated cycles are shown in the lower panels. The detected sliding events are
indicated by dotted lines. An entire cycle is defined as starting from RNAP promoter binding and
ending after post-termination sliding.

(d) Rescaled records in (c) diplay significant pauses at the operator and terminator sites.

(e) The transcription rates of individual cycles from the records in (d) are plotted in different line
styles and colors. The rate distributions show similar peaks within the same records but peaks differ
between different record, suggesting that the multiple cycles in a single record were likely produced
by a single RNAP.

(f) The force vs. rescaling factor for the entire data set. As expected, rescaling factors are smaller for
records under lower forces.
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Figure S2 (a) A sample record shows pauses by a sliding RNAP roadblocked at the lac repressor
binding site followed by re-initiation (at ~530 s) or continued sliding after pause (at ~1130 s). The
shaded intervals are examples of dwell times for each of these events.

(b) Dwell times at the lac repressor binding site prior to re-initiation (dotted lines) were longer and
produced a much broader distribution than dwell times preceding continued sliding events (dashed
lines). Remarkably, the magnitude of force had a negligible effect on these distributions.

(c¢) A sample record shows both anti-sense and sense re-initiation events. The shaded intervals indicate
dwell times at the promoter prior to re-initiation.

(d) The distributions of dwell times at the promoter site were similar preceding anti-sense and sense
re-initiation.
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Figure S3 (a) The presence of Lacl has a negligible effect on the probability of promoter pause and
subsequent re-initiation.

(b) The presence of NusG has a negligible effect on the probability of roadblocking at the lac repressor
site or subsequent re-initiation.

(¢) A summary of Aa-CTD shows RNAP transcription events on templates with convergent or (d)
divergent promoters. Compared to wild-type RNAP Fig. 3b and d, the deletion of a-CTD reduced
the ability of RNAP to turn around and re-initiate from a secondary promoter oriented in the the
direction opposite to the preceding transcription event.
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Data processing

In the first step of the analysis, the initial and final sections of a record, before the
addition of NTPs and after beads dissociation, were cropped out to generate clean
and informative traces (Fig. 1b, 2a, 3a&c, and Sla). The zero point was set to the
average of values within the first 3 s of a record.

Since the records often consist of multiple rounds of transcription cycle with sliding
returns in between, the simple moving mean/median smoothing algorithm is not suit-
able. We used a total variation de-noising algorithm[32, 33] which relies on minimizing
a two-term cost function

E:%Z\/m+>\2|yi+1—yi\7

where the first term describes the square errors between the de-noised signal § and
original signal y, and the second term describes the total variation of the de-noised
signal. At different values of regularization parameters A, the values of two terms were
plotted in Fig. S1b. The A at the turning point was then selected to produce optimal
values of both terms in the cost function. At the optimized A values, the total variation
term is minimized to remove noise and generate monotonically increasing or decreasing
signals within individual transcription and post-termination sliding events. The square
error term, on the other hand, is minimized to preserve the pattern of RNAP pause and
progression during elongation and post-termination sliding (Fig. Sla). The de-noised
records were re-sampled to a uniform 50 Hz frequency. This re-sampling provided
convenient and standardized time series for the generation of histograms in subsequent
analyses.

In the next step, a contour length representation of the template was re-scaled
to fit spacings between the promoter and the terminator in the de-noised data. This
normalization was necessary because DNA templates attached to different beads
were under slightly different tensions and therefore stretched to different extents.
The template representation was scaled by a factor ‘a’ and shifted by a factor ‘b’,
Yeontour = (1/a) * Yeyp + b, in which yeontour is the expected RNAP position after
rescaling according to the template contour length, and .z, is the experimentally ob-
served RNAP position before rescaling. Since the zero position was set to the average
of mean values of the first 3 seconds of a record (approximately promoter site), the
factor ‘b’ was effectively zero. The factor ‘a’ was determined to be the value at which
the rescaled data generated the maximum dwell time peaks at the expected positions
of operator and terminator sites. After normalization, processive transcription on all
records started from the promoter site (0 bp) and either terminated or exhibited a
long pause at the terminator site (Fig. S1d). Figure S1f shows the symmetric distri-
bution of the rescaling factor ‘a’ from positive to negative forces, which ranged from
0.95 at 5 pN force to 0.8 at 0.2 pN.

A record with multiple rounds of transcription must be sectioned for further
analysis of individual cycles. However, sectioning is not trivial due to the step-wise
and pause-interspersed nature of the de-noised curve. To reliably separate tran-
scription events from post-termination sliding, we first forced a signal, even with
post-termination sliding in the opposite direction, to be monotonically decreasing by
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reversing any positive changes in position. This treatment transformed the signal into
a consistent downward trajectory and eliminated the need to account for the possi-
bility of the RNAP molecule revisiting positions due to recycling. Next, we computed
histogram counts with a 0.003 pm bin size from the monotonically decreasing signal,
and assigned the most likely states from “paused”, “transcription”, “sliding” and “un-
known” to each bin according to the dwell times within the bin. Then, we merged
consecutive states of the same type. In particular, the “paused” and “unknown” states
can mix into consecutive “transcription” or “sliding” states. After this step, the signal
was separated into multiple sections, with “transcription” and “sliding” states alter-
nating. Finally, we removed states with insignificant movement (<0.05 pum) or fleeting
duration (“transcription” state <10 s) from the sections and adjusted the start and end
times of the neighboring sections if necessary to ensure a seamless flow between states.
Figure Slc shows that three sample traces, each spanning three rounds of transcrip-
tion cycles, were faithfully separated, and the post-termination sliding (dotted lines)
was clearly differentiated from transcription (solid line). This protocol accurately sec-
tioned all records regardless of the orientations of transcription and post-termination
sliding.

Analysis of processed data

The processed time series consisted of alternating “transcription” and “sliding”
sections. Within these sections, the time series were always monotonically increas-
ing/decreasing, and the paused sites were exactly flat. This systematic structure
enabled the transformation of each segment into a histogram. From these histograms,
we can extract pivotal information such as pause sites, durations, and start and end
positions of post-termination sliding. In particular, the recycling ratios at different
terminators and force conditions (Fig. 1lc & d) denoted the proportion of records
where a sliding section succeeded the initial transcriptional phase. The RNAP post-
termination sliding rates (Fig. le) were determined by measuring the duration spent
in sliding over the total distance covered, excluding pauses exceeding 1 second. The
start and end times/positions of a sliding section were extracted from the start and
end points of a sliding event. Notably, the presence of pauses within a sliding section
bifurcated a sliding event into distinct segments. The first segment concluded at the
pause site, pausing momentarily before the second segment commenced from the same
pause site (Fig. 2b, 3b & d, S3c & d).

In the identification of pauses induced by specific sequences or DNA-bound ob-
stacles at promoter, operator, and terminator sites, we pinpointed the longest pauses
within anticipated positions, a range defined as £+ 0.02um. This criterion was jus-
tified by the inherent expectation that pauses induced by these sequence-specific
or roadblock-related factors would exhibit remarkably longer characteristic dwell
times in comparison to the ubiquitous pauses encountered throughout the dataset.
Even in rare cases that this selection might mistakenly assign a ubiquitous pause
as the sequence/roadblock-induced pause, the consequence was merely the substitu-
tion of a short sequence or roadblock-induced pause with an equally brief ubiquitous
pause and thus not significantly skew the overall statistical analyses. The identified
sequence/roadblock-induced pauses were used to generate Figure S2b & c.
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Single Promoter Records

Conditions Summary
. Force Post-termination Promoter Operator Total
Terminator Lacl NusG [ N e
(pN) sliding re-initiation  re-initiation  number
Atl 5 - — 5(1.1%) 0 0 470
Atl 2 - - 16(1.5%) 3(0.3%) 1(0.1%) 1099
Atl 0.7 - - 4(0.7%) 1(0.2%) 0 613
Atl 0.2 - — 10(1.9%) 1(0.2%) 0 515
Atl 0.2 - - 104(21.8%) 11(2.3%)) 2(0.4%) 477
Atl -0.7 - — 131(20.2%) 18(2.8%) 6(0.9%) 648
Atl -2 - — 242(21.9%) 39(3.5%) 4(0.4%) 1105
Atl -5 — - 128(25.7%) 22(4.4%) 4(0.8%) 499
Atl -2 + — 224(23.4%) 29(3%) 23(2.4%) 959
Atl -2 + + 93(17.0%) 0 10(1.8%) 548
t500 -2 - - 60(21.1%) 10(3.5%) 2(0.7%) 284
Atl4+trpAl -2 - — 330(49.1%) 40(6.0%) 6(0.9%) 672
Atl4+trpAl -2 — + 137(16.8%) 12(1.5%) 4(0.5%) 817
Convergent Promoter Records
Conditions Summary
. Force Lacl& Post-termination Sense Anti-sense Total
Terminator (pN)  NusG RNAP sliding re-initiation  re-initiation = number
Atl+trpAl -2 — WT 303(57.4%) 113(21.4%) 28(5.3%) 528
Al+trpAl -2 - Aa-CTD 245(57.4%) 78(18.3%) 4(0.9%) 427
Divergent Promoter Records
Conditions Summary
. Force Lacl& Post-termination Sense Anti-sense Total
Terminator (o \y NyeG RNAP sliding re-initiation  re-initiation number
MIttrpAl -2 = WT 246(44.7%) 91(16.5%) 10(7.3%) 550
Mlt+trpAl -2 - Aa-CTD 212(47.9%) 68(15.3%) 4(0.9%) 443

Table S1 Summary of records using single promoter, convergent promoter, and divergent

promoter templates. Each record was analyzed based on the post-termination fate of RNAP.
Records that exhibited post-termination sliding and subsequent re-initiation of transcription were

included in both the post-termination sliding and re-initiation categories.
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Single Promoter Template
pDM_N1_400
Plasmids pDM_N1_400_t500
pDM_N1_400_T1trpA
Primers for assisting | D-S/YY-400-130: 5’-dig-GCTTGGTTATGCCGGTACTG

force templates A/pUC18-nuB104/2043: 5-ACGACCTACACCGAACTGAG
Primers for opposing | D-A/JBOIDO1/5096: 5’-dig-ATCGTTGGGAACCGGAG
force templates S/JBOIDO1/2086: 5'-AGCTTGTCTGTAAGCGGATG
Convergent Promoter Template
Plasmids pDM_N1_400_-T1trpA
D-S/YY-400-130: 5’-dig-GCTTGGTTATGCCGGTACTG
Primers S/YY-400-130: 5-GCTTGGTTATGCCGGTACTG
A/pUC18-nuB104/1983-Apal 5’-gccacggggcccAAGGGAGAAAGGCGGACAG

Divergent Promoter Template

Plasmids pDM_N1_400_T1trpA
D-A/JBOIDO1/5096: 5’-dig-ATCGTTGGGAACCGGAG

Primers A/JBOIDO1/5096: 5-ATCGTTGGGAACCGGAG
S/JBOIDO1/2086-Sall: 5’-ggagacgtcgacAGCTTGTCTGTAAGCGGATG

Plasmid Sequences

pDM_N1_400

1 tatcacagtt aaattgctaa cgeagtcagg caccgtgtat gaaatctaac aatgegetea tegteatect cggeacegte acectggatg ctgtaggeat aggettggtt atgecggtac

121 tgeegggect cttgegggat atcgtecatt ccgacageat cgecagteac tatggegtge tgetageget atatgegttg atgeaattte tatgegeace cgttctegga geactgtecg
241 accgetttgg cegeegeeca gtectgeteg cttegetact tggagecact atcgactacg cgatcatgge gaccacacce gtectgtgga tectetacge cggacgeate gtggeeggea
361 tcaccggege cacaggtgeg gttgetggeg cetatatege cgacatcace gatggggaag atcgggeteg cecactteggg cteatgageg cttgtttegg cgtgggtatg gtggeaggee
481 ccgtggeegg gggactgttg ggegecatet cettgeatge accatteett geggeggegg tgetcaacgg cetcaaccta ctactggget gettectaat geaggagteg cataagggag
601 agcgtegace gatgeecttg agagecttea acccagteag ctectteegg tgggegegeg geatgactat cgtegeegea cttatgactg tettetttat catgeaacte gtaggacagg
721 tgceggeage getetgggte atttteggeg aggacegett tegetggage gegacgatga teggectgte gettgeggta tteggaatet tgeacgecet cgetcaagee ttegteactg
841 gtcecgecac caaacgtttc ggegagaage aggecattat cgecggeatg geggeegacg cgetgggeta cgtettgetg gegttegega cgegaggetg gatggectte cecattatga
961 ttettetege tteeggegge ategggatge cegegttgea ggecatgetg teccaggeagg tagatgacga cecatcaggga cagettcaag gategetege ggetettace agectaactt
1081 cgatcattgg accgetgate gtcacggega tttatgeege cteggegage acatggaacg ggttggeatg gattgtagge geegeectat acettgtetg ceteceegeg ttgegtegeg
1201 gtgcatggag ccgggecace tcgacctgaa tggaagecgg cggeaccteg ctaacggatt caccactcca agaattggag ccaatcaatt cttgeggaga actgtgaatg cgecaaaccaa
1321 cccttggeag aacatatcea tegegteege catctecage agecgeacge ggegeatcete gggeagegtt gggtectgge cacgggtgeg catgategtg ctectgtegt tgaggacceg
1441 gctaggetgg cggggttgee ttactggtta gecagaatgaa tcaccgatac gegagegaac gtgaagegac tgetgetgea aaacgtetge gacctgagea acaacatgaa tggtettegg
1561 tttcegtgtt tegtaaagte tggaaacgeg gaagtcageg cectgeacca ttatgtteeg gatctgeate geaggatget getggetace ctgtggaaca cctacatetg tattaacgaa
1681 gcgetggeat tgaccetgag tgatttttet ctggteeege cgeatcecata cegecagttg tttaccetca caacgtteca gtaaccggge atgttcatca tcagtaacce gtatcgtgag
1801 catcctetet cgtttcateg gtatcattac cceccatgaac agaaatccee cttacacgga ggeatcagtg accaaacagg aaaaaaccge ccttaacatg gecegettta tcagaageca
1921 gacattaacg cttctggaga aactcaacga getggacgeg gatgaacagg cagacatctg tgaatcgett cacgaccacg ctgatgaget ttaccgeage tgectegege gttteggtga
2041 tgacggtgaa aacctctgac acatgeaget cccggagacg gtcacagett gtetgtaage ggatgeeggg ageagacaag ceegteaggg cgegteageg ggtgttggea ggtgteggeg
2161 cgeagecatg acccagtcac cccatggtge agtatgaagg cggeggagee gacaccacgg ccaccgatat tatttgeeeg atgtacgege gegtggatga agaccagece tteceggett
2281 tatcaaaaag agtattgact taaagtctaa cctataggat acttacagcg atggagaggt gtagtggtaa ccagaagata atatggettt cgctacctgg agagacgege ccgetgatee
2401 tttgegaata cgeccacgeg atgggtaaca gtettggegg tttegetaaa tactggeagg cgtttegtea gtatcccegt ttacagggeg gettegtetg ggactgggtg gatcagtege
2521 tgattaaata tgatgaaaac ggcaaccegt ggtaccgget tacggeggtg atttttgega tacgecgaac gtegategag ctcaacgeaa ttategecag ttetgtatga acggtetggt
2641 ctttgeegac cgeacgtege atccageget gacggaagea aaacaccage ageagttttt cagttcegtt tatccgggea aaccatcgaa gtgaccageg aatacctgtt cegtcatage
2761 gataacgagc tcctgeactg gatggtggeg ctggatggta ageegetgge aageggtgaa gtgectetgg atgtegetee acaaggtaaa cagttgattg aactgtctga actaccgeag
2881 ccggagageg ccgggeaact ctggetcaca gtacgegtag tgeaaccgaa cgegaccgea tggtcagaac tagatgtaca gaagtcagat tageagtage gtetggegga aattgtgage
3001 ggataacaat taaacctcag tgtgacgete ccegeegegt cecacgecat cecgeatcetg accaccageg aaatggattt ttgeactcga getgggtaat aagegttgge ceegacaact
3121 ccatctgett cttecgtgeg agatgtggat tggegataaa aaacaactge tgacgeeget gegegateag ttcaccegtg caccgetgga taacgacatt ggegtaagtg aagegacceg
3241 cattgaccct aacgeetggg tecgaacactg gaaggeggeg ggecattace aggeegaage agegegeege ttgegattte gaccaacage tgetgatgeg gtgetgatta cgaccgetea
3361 cgegtggeag catcagggga aaaccttatt tatcageegg aagcaccgtg taacttccag gacatctatg atggegatta cegttgatgt tgaagtggeg agegatacac cgeatecgge
3481 geggatttct gaaaagatgt cgtgetacte catacteggg gtectgtatg ggeteggatt ageggecgea agaaaactat cecegaccgee ttactgeege ctgttttgac cgetgggate
3601 tgctgtaaca gageattage geaaggtgat ttttgtcttc ttgegetaat tttttecact ggatctacag aagegegatt gtegggeaca ggettaacta tgeggeatca gageagacag
3721 agtacgacga tttgcgatgg aacttggaga taccgcacag atgegtaagg agaaaatacc geatcaggeg ctettecget tectegetea ctgacteget gegeteggte gtteggetge
3841 ggcgageggt atcagetcac tcaaaggegg taatacggtt atccacagaa tcaggggata acgcaggaaa gaacatgtga gecaaaaggee agcaaaagge caggaaccgt aaaaaggeeg
3961 cgttgetgge gtttttecat aggeteegee ceectgacga geatcacaaa aatcgacget caagtcagag gtggegaaac ccgacaggac tataaagata ccaggegttt ceccectggaa
4081 geteectegt gegetetect gttecgacce tgeegettac cggatacetg teegeettte teectteggg aagegtggeg ctttetcata getcacgetg taggtatcete agttcggtgt
4201 aggtcgttceg ctecaagetg ggetgtgtge acgaaccece cgttecageee gacegetgeg cettatecgg taactategt cttgagteca acceggtaag acacgactta tegecactgg
4321 cagcagccac tggtaacagg attagcagag cgaggtatgt aggeggtget acagagttct tgaagtggtg gectaactac ggetacacta gaaggacagt atttggtate tgegetetge
4441 tgaagccagt taccttcgga aaaagagttg gtagetettg atceggeaaa caaaccaccg ctggtagegg tggttttttt gtttgecaage ageagattac gegeagaaaa aaaggatcte
4561 aagaagatcc tttgatcttt tctacggggt ctgacgetca gtggaacgaa aactcacgtt aagggatttt ggtcatgaga ttatcaaaaa ggatcttcac ctagatectt ttaaattaaa
4681 aatgaagttt taaatcaatc taaagtatat atgagtaaac ttggtctgac agttaccaat gettaatcag tgaggeacct atctcagega tetgtctatt tegttcatee atagttgect
4801 gactcceegt cgtgtagata actacgatac gggagggett accatctgge cecagtgetg caatgatace gegagaccea cgetcacegg ctecagattt atcagecaata aaccagecag
4921 ccggaaggge cgagegeaga agtggtectg caactttate cgectecate cagtctatta attgttgecg ggaagetaga gtaagtagtt cgecagttaa tagtttgege aacgttgttg
5041 ccattgetge aggeategtg gtgtcacget cgtegtttgg tatggettca ttcagcetecg gttcccaacg atcaaggega gttacatgat cccccatgtt gtgeaaaaaa geggttaget
5161 cctteggtee tecgategtt gtcagaagta agttggeege agtgttatea cteatggtta tggeageact geataattet cttactgtca tgecatcegt aagatgettt tetgtgactg
5281 gtgagtactc aaccaagtca ttctgagaat agtgtatgeg gegaccgagt tgetettgee cggegtcaac acgggataat accgegecac atagcagaac tttaaaagtg ctcatcattg
5401 gaaaacgttc ttcggggega aaactctcaa ggatcttace getgttgaga tecagttega tgtaacccac tegtgeacce aactgatett cageatettt tactttcace agegtttetg
5521 ggtgagcaaa aacaggaagg caaaatgecg caaaaaaggg aataagggeg acacggaaat gttgaatact catactctte ctttttcaat attattgaag catttatcag ggttattgte
5641 tcatgagcgg atacatattt gaatgtattt agaaaaataa acaaataggg gttccgegea catttceceg aaaagtgeca cctgacgtct aagaaaccat tattatcatg acattaacct
5761 ataaaaatag gegtatcacg aggeccttte gtcttcaaga attctcatgt ttgacagett atcatcgata agetttaatg cggtagtt



https://doi.org/10.1101/2023.11.02.565415
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.02.565415; this version posted November 5, 2023. The copyright holder for this
preprint (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 available under aCC-BY-NC-ND 4.0 International license.

Plasmid sequences contintued

pDM_N1_400-t500

1 tatcacagtt aaattgctaa cgecagtcagg caccgtgtat gaaatctaac aatgegetca tegtcatect cggeaccegte accectggatg ctgtaggeat aggcttggtt atgecggtac

121 tgeegggeet cttgegggat atcgtecatt ccgacageat cgecagteac tatggegtge tgetageget atatgegttg atgeaattte tatgegeace cgtictegga geactgteeg

241 accgcetttgg cegeegeeca gtectgeteg cttegetact tggagecact atcgactacg cgatcatgge gaccacacce gtectgtgga tectctacge cggacgeate gtggecggea
361 tcaccggege cacaggtgeg gttgetggeg cetatatege cgacatcace gatggggaag atcgggeteg ccactteggg cteatgageg cttgtttegg cgtgggtatg gtggeaggee
481 ccgtggeegg gggactgttg ggegecatet cettgeatge accattectt geggeggegg tgetcaacgg cctcaaccta ctactggget gettectaat geaggagteg cataagggag
601 agcgtcgace gatgeecttg agagecttca acccagtcag ctectteegg tgggegeggg geatgactat cgtegeegea cttatgactg tettetttat catgeaacte gtaggacagg
721 tgecggeage getetgggte atttteggeg aggaccgett tegetggage gegacgatga teggeetgte gettgeggta tteggaatet tgeacgeect cgetcaagee ttegtcactg
841 gtecegecac caaacgtttc ggegagaage aggecattat cgeeggeatg geggecgacg cgetgggceta cgtettgetg gegttegega cgegaggetg gatggectte cecattatga
961 ttcttetege ttecggegge atcgggatge cegegttgea ggecatgetg tecaggeagg tagatgacga ccatcaggga cagettcaag gategetege ggetettace agectaactt
1081 cgatcattgg accgctgatc gtcacggega tttatgeege cteggegage acatggaacg ggttggeatg gattgtagge geegeectat accttgtetg ceteecegeg ttgegtegeg
1201 gtgcatggag ccgggecacce tegacctgaa tggaageegg cggeaccteg ctaacggatt caccactceca agaattggag ccaatcaatt cttgeggaga actgtgaatg cgeaaaccaa
1321 cccttggeag aacatatcca tegegteege catctecage agecgeacge ggegeatete gggeagegtt gggtectgge cacgggtgeg catgategtg ctectgtegt tgaggaceeg
1441 gctaggetgg cggggttgee ttactggtta gecagaatgaa tcaccgatac gega jaac gtgaagegac tgetgetgea aaacgtetge gacctgagea acaacatgaa tggtettegg
1561 tttcegtgtt tcgtaaagte tggaaacgeg gaagtcageg cectgeacca ttatgtteceg gatctgeate geaggatget getggetace ctgtggaaca cctacatctg tattaacgaa
1681 gegetggeat tgacectgag tgatttttet ctggtecege cgeatecata cegecagttg tttaccctca caacgtteca gtaaccggge atgttcatca tcagtaacce gtatcgtgag
1801 catcctetet cgtttcateg gtatcattac ccecatgaac agaaatcece cttacacgga ggeatcagtg accaaacagg aaaaaaccge ccttaacatg geeegettta tcagaageca
1921 gacattaacg cttctggaga aactcaacga getggacgeg gatgaacagg cagacatctg tgaatcgett cacgaccacg ctgatgaget ttaccgeage tgectegege gttteggtga
2041 tgacggtgaa aacctctgac acatgeaget cecggagacg gtcacagett gtetgtaage ggatgeeggg ageagacaag ceegteaggg cgegteageg ggtgttggea gatgtegggs
2161 cgcagecatg acccagtcac cecatggtge agtatgaagg cggeggagee gacaccacgg ccaccgatat tatttgeeeg atgtacgege gegtggatga agaccageee ttceeggett
2281 tatcaaaaag agtattgact taaagtctaa cctataggat acttacageg at t gtagtggtaa ccagaagata atatggcttt cgctacctgg agagacgege cegetgatee
2401 tttgegaata cgeccacgeg atgggtaaca gtettggegg tttegetaaa tactggeagg cgtttegtea gtatcecegt ttacagggeg gettegtetg ggactgggte gatcagtege
2521 tgattaaata tgatgaaaac ggcaaccegt ggtaccgget tacggeggtg atttttgega tacgeecgaac gtegatcgag ctcaacgcaa ttatcgecag ttetgtatga acggtetggt
2641 ctttgecgac cgeacgtege atccageget gacggaagea aaacaccage ageagttttt cagttecgtt tatccgggea aaccatcgaa gtgaccageg aatacctgtt ccgtcatage
2761 gataacgagc tcctgeactg gatggtggeg ctggatggta ageecgetgge aageggtgaa gtgectetgg atgtegetee acaaggtaaa cagttgattg aactgtctga actaccgeag
2881 ccggagageg ccgggeaact ctggetcaca gtacgegtag tgeaaccgaa cgegaccgea tggtcagaac tagatgtaca gaagtcagat tageagtage gtetggegga aattgtgage
3001 ggataacaat taaacctcag tgtgacgete cecegeegegt cecacgecat cecgeatetg accaccageg aaatggattt ttgeactcga getgggtaat aagegttgge cecgacaact
3121 ccatctgett cttcegtgeg agatgtggat tggegataaa aaacaactge tgacgecget gegegateag ttcaccegtg caccgetgga taacgacatt ggegtaagtg aagegaceeg
3241 cattgaccct aacgectggg tcgaacactg gaaggeggeg ggecattace aggeegaage agegegeege ttgegattte gaccaacage tgetgatgeg gtgetgatta cgaccgetea
3361 cgegtggeag catcagggga aaaccttatt tatcagecgg aagcaccgtg taacttccag gacatctatg atggegatta ccgttgatgt tgaagtggeg agegatacac cgeateegge
3481 geggatttct gaaaagatgt cgtgetacte catactcggg gtectgtatg ggeteggatt ageggecgea agaaaactat ccegaccgee ttactgecge ctgttttgac cgetgggate
3601 tgcaaagece gecgaaagge geecttttct gtecactgga tetacagaag cgegattgte gggeacagge ttaactatge ggeatcagag cagacagagt acgacgattt gegatggaac
3721 ttggagatac cgcacagatg cgtaaggaga aaataccgea tcaggegete tteegettee tegetcactg actegetgeg cteggtegtt cggetgegge gageggtate agetcactca
3841 aaggcggtaa tacggttatc cacagaatca ggggataacg caggaaagaa catgtgagea aaaggecage aaaaggecag gaaccgtaaa aaggeegegt tgetggegtt tttecatagg
3961 cteegecece ctgacgagea tcacaaaaat cgacgetcaa gtcagaggtg gegaaacceg acaggactat aaagatacca ggegtttece cetggaaget cectegtgeg ctetectgtt
4081 ccgaccctge cgettaccgg atacctgtee gectttetee cttegggaag cgtggegett tetcataget cacgetgtag gtatctcagt tcggtgtagg tegttcgete caagetggge
4201 tgtgtgeacg aacccceegt tecageecegac cgetgegeet tatceggtaa ctategtett gagtecaace cggtaagaca cgacttatcg ccactggeag cagecactgg taacaggatt
4321 agcagagcga ggtatgtagg cggtgetaca gagttettga agtggtggee taactacgge tacactagaa ggacagtatt tggtatctge getetgetga agecagttac cttcggaaaa
4441 agagttggta getcttgate cggeaaacaa accaccgetg gtageggtgg tttttttgtt tgcaageage agattacgeg cagaaaaaaa ggatctcaag aagatcettt gatcttttet
4561 acggggtctg acgctcagtg gaacgaaaac tcacgttaag ggattttggt catgagatta tcaaaaagga tcttcaccta gatcctttta aattaaaaat gaagttttaa atcaatctaa
4681 agtatatatg agtaaacttg gtctgacagt taccaatgcet taatcagtga ggcacctatc tcagegatct gtctattteg ttcatccata gttgectgac teccegtegt gtagataact
4801 acgatacggg agggcttacc atctggecee agtgetgeaa tgataccgeg agacccacge tcaccggete cagatttate agcaataaac cagecageeg gaagggeega gegeagaagt
4921 ggtectgeaa ctttatecge ctecatccag tetattaatt gttgecggga agetagagta agtagttege cagttaatag tttgegeaac gttgttgeca ttgetgeagg categtggtg
5041 tcacgetegt cgtttggtat ggetteattc agetceggtt cccaacgate aaggegagtt acatgatece ceatgttgtg caaaaaageg gttagetect teggtectee gategttgte
5161 agaagtaagt tggccgeagt gttatcactc atggttatgg cageactgea taattctcett actgtcatge catcegtaag atgettttet gtgactggtg agtactcaac caagteattc
5281 tgagaatagt gtatgcggeg accgagttge tettgeeegg cgtcaacacg ggataatace gegecacata geagaacttt aaaagtgete atcattggaa aacgttcttc ggggegaaaa
5401 ctctcaagga tettaccget gttgagatee agttegatgt aacccacteg tgeacccaac tgatettcag catettttac tttcaccage gtttetgggt gagecaaaaac aggaaggceaa
5521 aatgccgcaa aaaagggaat aagggegaca cggaaatgtt gaatactcat actcttectt tttcaatatt attgaageat ttatcagggt tattgtctca tgageggata catatttgaa
5641 tgtatttaga aaaataaaca aataggggtt ccgegeacat ttccecgaaa agtgecacct gacgtctaag aaaccattat tatcatgaca ttaacctata aaaataggeg tatcacgagg
5761 ccetttegte ttcaagaatt ctcatgtttg acagettate atcgataage tttaatgegg tagtt
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Plasmid sequences contintued

pDM_N1_400_T1trpA

1 tatcacagtt aaattgctaa cgeagtcagg caccgtgtat gaaatctaac aatgegetca tegtcatect cggeacegte accctggatg ctgtaggeat aggettggtt atgecggtac

121 tgeegggeet cttgegggat ategtecatt cegacageat cgecagteac tatggegtge tgetageget atatgegttg atgeaattte tatgegeace cgttctegga geactgteeg

241 accgetttgg cegecgecca gtectgeteg cttegetact tggagecact atcgactacg cgatcatgge gaccacacce gtectgtgga tectetacge cggacgeate gtggeeggea
361 tcaccggege cacaggtgeg gttgetggeg cetatatege cgacatcace gatggggaag atcgggeteg ccactteggg cteatgageg cttgtttegg cgtgggtatg gtggeaggee
481 cegtggecegg gggactgttg ggegeeatet ccttgeatge accattectt geggeggege tgetcaacgg cetecaaccta ctactggget gettectaat geaggagteg cataagggag
601 agcgtcgace gatgeecttg agagecttca acccagteag ctecttecgg tgggegeggg geatgactat cgtegeegea cttatgactg tettetttat catgeaacte gtaggacagg
721 tgecggeage getetgggte atttteggeg aggaccgett tegetggage gegacgatga teggeetgte gettgeggta tteggaatcet tgeacgeect cgetcaagee ttegtcactg
841 gtcccgecac caaacgtttc gge aggccattat cgc tg geggeegacg cgetgggeta cgtettgetg gegttegega cgegaggetg gatggectte cccattatga
961 ttcttetege tteeggegge atcgggatge cegegttgea ggecatgetg tecaggeagg tagatgacga ccatcaggga cagettcaag gategetege ggetettace agectaactt
1081 cgatcattgg accgctgate gtcacggega tttatgecge cteggegage acatggaacg ggttggeatg gattgtagge geegeectat accttgtetg ceteceegeg ttgegtegeg
1201 gtgeatggag ccgggecace tegacctgaa tggaageegg cggeaccteg ctaacggatt caccactcca agaattggag ccaatcaatt cttgeggaga actgtgaatg cgeaaaccaa
1321 cccttggeag aacatateca tegegteege catetecage ageegeacge ggegeatcte gggeagegtt gggteetgge cacgggtgeg catgategtg ctectgtegt tgaggaceeg
1441 gctaggcetgg cggggttgee ttactggtta gecagaatgaa tcaccgatac gegagegaac gtgaagegac tgetgetgea aaacgtetge gacctgagea ac: aa tggtcttegg
1561 tttccgtgtt tcgtaaagtc tggaaacgeg gaagtcageg ccetgeacca ttatgttecg gatctgeate geaggatget getggetace ctgtggaaca cetacatetg tattaacgaa
1681 gcgetggeat tgaccetgag tgatttttet ctggtecege cgeatecata cegecagttg tttacectca caacgtteca gtaaccggge atgttcatca tcagtaacce gtatcgtgag
1801 catcctctet cgtttcateg gtatcattac ccccatgaac agaaatccee cttacacgga ggeatcagtg accaaacagg aaaaaaccge ccttaacatg geecgettta tcagaageca
1921 gacattaacg cttctggaga aactcaacga getggacgeg gatgaacagg cagacatctg tgaatcgett cacgaccacg ctgatgaget ttaccgeage tgectegege gttteggtga
2041 tgacggtgaa aacctetgac acatgeaget ceeggagacg gteacagett gtetgtaage ggatgecggg ageagacaag ceegteaggg cgegteageg ggtgttggea ggtgteggeg
2161 cgcagcecatg acccagtcac cecatggtge agtatgaagg cggeggagee gacaccacgg ccaccgatat tatttgeeeg atgtacgege gegtggatga agaccageee tteceggett
2281 tat aaag agtattgact taaagtctaa cctataggat actt: cg atggagaggt gtagtggtaa ccagaagata atatggettt cgetacctgg agagacgege cegetgatece
2401 tttgegaata cgeccacgeg atgggtaaca gtettggegg tttegetaaa tactggeagg cgtttegtea gtateccegt ttacagggeg gettegtetg ggactgggtg gatcagtege
2521 tgattaaata tgatgaaaac ggcaaccegt ggtaccgget tacggeggtg atttttgega tacgecgaac gtegategag ctcaacgeaa ttatcgecag ttetgtatga acggtetggt
2641 ctttgcegac cgeacgtege atccageget gacggaagea aaacaccage ageagttttt cagttcegtt tatccgggea aaccatcgaa gtgaccageg aatacctgtt ccgtcatage
2761 gataacgagc tcctgeactg gatggtggeg ctggatggta ageegetgge aageggtgaa gtgectetgg atgtegetee acaaggtaaa cagttgattg aactgtctga actaccgeag
2881 ccggagageg cecgggeaact ctggetcaca gtacgegtag tgeaaccgaa cgegaccgea tggtcagaac tagatgtaca gaagtcagat tageagtage gtetggegga aattgtgage
3001 ggataacaat taaacctcag tgtgacgete ccegeegegt cccacgecat cecegeatetg accaccageg aaatggattt ttgeactcga getgggtaat aagegttgge cecgacaact
3121 ccatctgett ctteegtgeg agatgtggat tggegataaa aaacaactge tgacgeeget gegegateag ttecaccegtg caccgetgga taacgacatt ggegtaagtg aagegacceg
3241 cattgaccct aacgectggg tcgaacactg gaaggeggeg ggecattace aggecgaage agegegeege ttgegattte gaccaacage tgetgatgeg gtgetgatta cgaccgetea
3361 cgegtggeag catcagggga aaaccttatt tatcageegg aageaccgtg taacttccag gacatctatg atggegatta cegttgatgt tgaagtggeg agegatacac cgeateegge
3481 geggatttct gaaaagatgt cgtgctacte catactcggg gtectgtatg ggeteggatt ageggecgea agaaaactat ccegacegee ttactgeege ctgttttgac cgetgggate
3601 tgctgtaaca gagcattage gecaaggtgat ttttgtettc ttgegetaat ttttageceg cetaatgage gggetttttt ttgaacaaaa ttagecactg gatctacaga agegegattg
3721 tcgggeacag gettaactat geggeatcag ageagacaga gtacgacgat ttgegatgga acttggagat accgeacaga tgegtaagga gaaaataccg catcaggege tctteegett
3841 cctegeteac tgactegetg cgeteggteg tteggetgeg gegageggta teagetcact caaaggeggt aatacggtta tccacagaat caggggataa cgeaggaaag aacatgtgag
3961 c ca gc: c aggaaccgta cge gttgetggeg tttttecata ggetecgeee cectgacgag catcacaaaa atcgacgetc aagtcagagg tggegaaace
4081 cgacaggact ataaagatac caggegtttc cccetggaag ctecetegtg cgetetectg ttecgaceet geegettace ggatacctgt cegectttet cectteggga agegtggege
4201 tttctcatag ctcacgetgt aggtatctea gtteggtgta gotegttege tecaagetgg getgtgtgea cgaacceeee gttcageceg accgetgege cttatceggt aactategte
4321 ttgagtccaa cccggtaaga cacgacttat cgecactgge agecagecact ggtaacagga ttagcagage gaggtatgta ggeggtgeta cagagttett gaagtggtgg cctaactacg
4441 gctacactag aaggacagta tttggtatct gegetetget gaagecagtt accttcggaa aaagagttgg tagetcttga tceggeaaac aaaccaccge tggtageggt ggtttttttg
4561 tttgeaagea geagattacg cgcagaaaaa aaggatctca agaagatecet ttgatctttt ctacggggtc tgacgctcag tggaacgaaa actcacgtta agggattttg gtcatgagat
4681 tatcaaaaag gatcttcacc tagatccttt taaattaaaa atgaagtttt aaatcaatct aaagtatata tgagtaaact tggtctgaca gttaccaatg cttaatcagt gaggcaccta
4801 tctcagegat ctgtctattt cgttcateca tagttgectg actececgte gtgtagataa ctacgatacg ggagggcetta ccatctggee ccagtgetge aatgataceg cgagacccac
4921 gctcaccgge tecagattta tcageaataa accagecage cggaagggee gagegeagaa gtggtectge aactttatee gectecatee agtetattaa ttgttgecgg gaagetagag
5041 taagtagttc gccagttaat agtttgegea acgttgttge cattgetgea ggeategtgg tgtcacgete gtegtttggt atggetteat tcagcteegg tteccaacga tcaaggegag
5161 ttacatgatc ccccatgttg tgecaaaaaag cggttagete ctteggteet cecgategttg tcagaagtaa gttggeegea gtgttatcac tecatggttat ggeageactg cataattete
5281 ttactgtcat gecatcegta agatgetttt ctgtgactgg tgagtactca accaagtcat tetgagaata gtgtatgegg cgacegagtt getcttgeee ggegteaaca cgggataata
5401 ccgegecaca tagcagaact ttaaaagtge tcatcattgg aaaacgttct tcggggegaa aactctcaag gatcttaceg ctgttgagat ccagttcgat gtaacccact cgtgeacceca
5521 actgatcttc agcatctttt actttcacca gegtttctgg gtgageaaaa acaggaagge aaaatgecge aaaaaaggga ataagggega cacggaaatg ttgaatactc atactcttec
5641 tttttcaata ttattgaage atttatcagg gttattgtct catgagegga tacatatttg aatgtattta gaaaaataaa caaatagggg ttccgegeac atttccecga aaagtgecac
5761 ctgacgtcta agaaaccatt attatcatga cattaaccta taaaaatagg cgtatcacga ggeccttteg tcttcaagaa ttctcatgtt tgacagetta tcatcgataa getttaatge
5881 ggtagtt

Table S2 Summary of plasmids and primers used in the experiments. Colored underline: primers
(blue), promoter (green), operator (black), terminator (red).
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