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ABSTRACT

Multiple RNA polymerases (RNAPs) transcribing a
gene have been known to exhibit collective group
behavior, causing the transcription elongation rate
to increase with the rate of transcription initia-
tion. Such behavior has long been believed to be
driven by a physical interaction or ‘push’ between
closely spaced RNAPs. However, recent studies have
posited that RNAPs separated by longer distances
may cooperate by modifying the DNA segment un-
der transcription. Here, we present a theoretical
model incorporating the mechanical coupling be-
tween RNAP translocation and the DNA torsional
response. Using stochastic simulations, we demon-
strate DNA supercoiling-mediated long-range coop-
eration between co-transcribing RNAPs. We find
that inhibiting transcription initiation can slow down
the already recruited RNAPs, in agreement with re-
cent experimental observations, and predict that the
average transcription elongation rate varies non-
monotonically with the rate of transcription initia-
tion. We further show that while RNAPs transcrib-
ing neighboring genes oriented in tandem can co-
operate, those transcribing genes in divergent or
convergent orientations can act antagonistically, and
that such behavior holds over a large range of inter-
genic separations. Our model makes testable pre-
dictions, revealing how the mechanical interplay be-
tween RNAPs and the DNA they transcribe can gov-
ern transcriptional dynamics.

INTRODUCTION

Genomic DNA is double-stranded, with the two strands
wrapped helically around one another. The topology of
DNA imposes a constraint on the movement of RNA poly-
merases (RNAPs) along the DNA during transcription,

first conceptualized in the twin supercoiled domain model
(1). The model postulated that transcription would result
in overtwisting of the DNA downstream from the RNAP
(positive supercoiling) and undertwisting of the DNA up-
stream from the RNAP (negative supercoiling). Recent ex-
perimental studies have described a role for transcription-
associated DNA supercoiling in many biological processes,
such as transcriptional bursting (2), control of transcription
elongation (3), and formation of chromosomal domains in
bacteria (4–6) and eukaryotes (7–9). Simultaneously, single-
molecule experiments have shed light on how molecular
motors like RNAPs respond to mechanical interventions
including DNA stretching and twisting (10,11). Together,
these experimental advances have resulted in both a need
and an opportunity for the development of a theoretical
framework of the transcription-supercoiling interplay (12–
18) that can helpwith the analysis of the existing experimen-
tal data and make testable predictions to guide future study
design.
Transcription in prokaryotes involves two distinct

steps––transcription initiation and transcription elonga-
tion. During transcription initiation, an RNAP is recruited
to the gene promoter. The two DNA strands are then
locally separated by the RNAP to form a transcription
bubble (19). During transcription elongation, the bubble
translocates along the gene body. Previous studies have
suggested that multiple RNAPs co-transcribing a gene can
cooperate via physical collisions between adjacent RNAPs
(12,20–22). However, recent experiments suggest that
DNA torsion or supercoiling can mediate long-distance
interaction among co-transcribing RNAPs (3). These
observations have sparked interest in the possibility of
a physical model of co-transcribing RNAPs that can
re-capitulate the reported behavior if the RNAPs interact
only via the DNA under transcription.
In the present study, we build upon the well-known bio-

physical properties of DNA as a polymer (23–26) and of
RNAP translocation (10) to describe a theoretical model
of the transcription-supercoiling interplay. In our model,
RNAP translocation on topologically constrained DNA
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generates negative supercoiling upstream of the RNAP and
positive supercoiling downstream of the RNAP, along with
corresponding DNA torques. Co-transcribing RNAPs in
our model interact via this RNAP-generated DNA torque.
We hypothesize, based on single-molecule experiments (10),
that a net positive torque difference between the front and
the back of a transcribing RNAP is a repressor of transcrip-
tion elongation. With model parameters in the biophysi-
cal range, we find that neutralization of DNA twist by co-
transcribing RNAPs can lead to a regime of collective be-
havior with transcription elongation rates higher than that
for the case of a single transcribingRNAP. Furthermore, we
show that transcription-generated DNA supercoiling can
drive coupling between co-transcribing RNAPs separated
by long distances, including those transcribing neighboring
genes. Clearly, such long-distance interaction is incompati-
ble with a purely physical ‘push’-based interaction between
closely spaced RNAPs (20–22). We further investigated the
model behavior under varying gene lengths and the relative
orientation of neighboring genes, and explored how tran-
scription elongation is affected by biological processes such
asDNA topological relaxation andmaintenance ofDNA in
a twisted state. Our model interprets existing experimental
results in the light of the DNA supercoiling-transcription
interplay, and makes testable predictions.

MATERIALS AND METHODS

A theoretical model of DNA supercoiling-transcription elon-
gation interplay

During transcription elongation, the transcription bubble
translocates along the DNA, requiring the RNAP to track
the DNA helical groove. This can be accomplished via ro-
tation of the RNAP around the axis of the DNA double
helix or DNA twisting. When an RNAP translocates over
a distance x nm, there is accumulation of a rotational angle
�0x due to the helically linked structure of the DNA. Here,
�0 = 1.85 nm−1 is the linking number density in unstressed
double-stranded DNA (27). If the DNA is torsionally con-
strained (for example, by DNA-binding proteins (28,29)),
the accumulated rotational angle is conserved and is parti-
tioned between the rotation angle of the RNAP (�) and the
DNA rotation at the RNAP site, or DNA twist (�) (Figure
1A). We write the linking number constraint, or partition
equation:

ω0x = θ + φ (1)

While RNAP rotation is opposed by the viscous, or hy-
drodynamic, drag on the RNAP-nascent RNA complex,
DNA rotation at the RNAP site is opposed by the restor-
ing torque arising from the twisting of the torsionally con-
strained DNA. Note that since translation occurs simul-
taneously with transcription in prokaryotes, the RNAP-
nascent RNA complex will include the translation machin-
ery. The balance between the viscous drag and the DNA
restoring torque during RNAP translocation thus dictates
the partitioning of the accumulated rotational angle be-
tween RNAP rotation and DNA twist. Following Sevier
and Levine (14), we write the torque-balance equation in

the regime of overdamped dynamics:

χ
dφ

dt
= ηxα dθ

dt
− (τ f − τb) (2)

Here, � is the DNA twist mobility. The first term on the
right hand side of Equation (2) describes the rotational vis-
cous drag on the RNAP complex which grows with an in-
crease in the nascent RNA length (equal to x), the growth
rate dictated by the exponent �. This drag is also dependent
on the coefficient of friction � and the rotational velocity
of the RNAP complex ( dθ

dt ). The different parameters were
chosen to be within the biophysical range based on experi-
mental data (Appendix Sec. 1 and (30)).
The second term on the right hand side in Equation

(2) describes the net DNA restoring torque, equal to the
difference between the torques applied by the DNA seg-
ments downstream and upstream from the RNAP (� f and
� b, respectively). The DNA restoring torque is a function
of the excess linking number density, or the DNA super-
coiling density 	, and was calculated as described previ-
ously (23–25) (see Eqs. (S2) and (S3), Supplementary Fig-
ures S1 and S2). The restoring torque depends linearly on
	 in regimes where supercoiling increases the DNA twist.
When 	 is higher than a critical linking number density
(24), the torque exceeds the critical buckling torque. Con-
sequently, the DNA buckles, leading to the coexistence of
plectonemes and twisted DNA. In this buckled regime, in-
creasing 	 causes higher plectoneme writhe, while DNA
twist and the corresponding DNA restoring torque remain
constant. In the negative supercoiling regime, torques ex-
ceeding ≈10 pN·nm or 2.5kBT in magnitude destabilize the
right-handed DNA helix resulting in the melting of DNA
base pairs (note that the average base-pairing energy is
≈2kBT per base pair) (10,23,25). Melted DNA is extremely
floppy to twisting (as well as bending) deformations, and
can easily accommodate additional twist without an ap-
preciable change in the DNA restoring torque (23,25,26).
Coexistence of this floppy melted DNA state along with
twisted DNA leads to a torque plateau in the negative su-
percoiling regime (Supplementary Figure S1).
Note that the equations describing the 	−torque rela-

tion (Eq. S3) employed here were derived using a free en-
ergy that is harmonic in 	 (23,25). These equations are ap-
plicable to bulk thermodynamic systems and the DNA be-
havior shows deviations in finite-size systems (24,31). For
example, when the DNA segment between two adjacent
RNAPs is very small (≈100 nm), the bulk thermodynam-
ics framework underestimates the critical supercoiling den-
sity at which the DNA can start forming plectonemes. In
the present study, we have used a phenomenological correc-
tion factor to avoid the unphysical scenario wherein DNA
segments of the order of the DNA persistence length form
plectonemes (see Appendix Sec. 2 and Supplementary Fig-
ure S2 for details). Finally, as shown in Supplementary Fig-
ure S1, the DNA torsional response also depends on the
DNA stretching force. In an in vivo setting, the genomic
DNA can experience stretching forces owing to multiple ef-
fects, including the entropic degrees of freedom of DNA as
a polymer, osmotic repulsion arising from self-avoidance,
and the dynamics of DNA-binding proteins (27). In an in
vitro single-molecule setup, theDNA stretching force can be
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Figure 1. Mechanical coupling between RNAP translocation and the DNA torsional response. (A) RNAP translocation on a torsionally constrainedDNA
segment is accompanied by undertwisting of the DNA upstream (	b < 0) and overtwisting of the DNA downstream (	f > 0). The supercoiled DNA, in
turn, applies a restoring torque on the RNAP (�b and � f). (B) In agreement with the experimental data (10), we used a sigmoid curve (Equation 3) to model
the RNAP velocity-DNA restoring torque dependence. (C) As the RNAPmoves away from the transcription start site (TSS), its translocation rate ( dxdt ) and

rotation rate ( dθ
dt ) continuously decreases, while the rate of DNA twisting by the RNAP ( dφ

dt ) exhibits a non-monotonic trend. The behavior shown here is
for the case of a torsionally constrained genomic segment. (D) Ratio of the average RNAP velocity in the presence of different supercoiling generators to the
average RNAP velocity in the absence of any supercoiling generators. Here, 	0 and 	L are the rates of supercoiling injection upstream and downstream
from the gene body, respectively. See Eqs. (S5) and (S6) for further details. (E) Ratio of the average RNAP velocity in the presence of different torque
generators to the average RNAP velocity in the absence of any torque generators. Here, T0 and TL are the torques applied by an external agent or process
upstream and downstream from the gene body, respectively. See Eqs. (S7) and (S8) for further details. In (D) and (E), the white line demarcates the region
where the average RNAP velocity is lower in the presence of the generators from the region where the presence of generators increases the average RNAP
velocity. The average RNAP velocity is defined as the gene length divided by the total time taken by the RNAP to transcribe the gene.

controlled via a magnetic bead attached to one end of the
DNA segment or via optical tweezers (32). In the present
study, we have investigated the model behavior for a stretch-
ing force of 1 pN.
Experiments have shown that the RNAP translocation

rate, or RNAP velocity ( dxdt ), also depends on the DNA tor-
sional stress. Based on experimental observations (10), we
used a sigmoid curve to model this dependence (Figure 1B):

dx
dt

≡ v =
(v0

2

) (
1 − tanh

(
τ f − τb

τc

))
(3)

Here, v0 = 20 nm·s-1 ≈ 60 bp·s-1 is the maximum RNAP
velocity. Note that when the restoring torques in the front
and back of the RNAP are the same, i.e., the net restoring
torque is zero, the RNAP velocity is v0

2 . RNAPs stall if � f
− � b > � c = 12 pN·nm. Thus, both positive torque down-
stream and negative torque upstream can stall an RNAP.
If the net DNA restoring torque is negative (� f < � b), the
DNA torsional response does not impede RNAP move-
ment since in this scenario, RNAP translocation will twist
the DNA to a more relaxed configuration. If the net restor-

ing torque is positive (� f > � b), the DNA torsional response
hinders RNAP movement since now the RNAP must fur-
ther increase the DNA torsional stress in order to translo-
cate.
We used the theoretical framework described by Equa-

tions (1)−(3) both to simulate the behavior of a single
RNAP under different mechanical interventions and to
probe how multiple RNAPs co-transcribing the same gene
or neighboring genes will interact (see Supplementary Fig-
ure S3 for the different simulation setups). Unless otherwise
stated, the gene length in our simulations is 5.3 kb (kilo
base pairs) which is equal to the length of the lac operon
in Escherichia coli. Both the model setup and the model
parameters were chosen to capture the transcription be-
havior in prokaryotes. While the basic framework of DNA
supercoiling-mediated coupling between RNAPs described
here will be applicable to eukaryotes as well, the behav-
ior is likely to be far more complex due to the presence of
nucleosomes and other factors (33). Some of the changes
that will be required to adapt the present model to describe
transcription in eukaryotes are described in Appendix
Sec. 3.
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RESULTS

A transcribing RNAP continually slows down due to the ac-
cumulated DNA torsional stress

Starting with a single RNAP at the transcription start site
(TSS), the dynamical system defined by Equations (2) and
(3) can be integrated numerically, under the linking num-
ber constraint in Equation (1), to obtain the determinis-
tic velocity profile of the RNAP. For a single transcrib-
ing RNAP, the instantaneous velocity decreases monoton-
ically as the RNAP translocates along the gene body (Fig-
ure 1C). This slowdown is a direct consequence of the ac-
cumulation of transcription-generated DNA supercoiling
(positive supercoiling downstream and negative supercoil-
ing upstream of the RNAP), leading to higher DNA torque
opposing RNAP movement. At the transcription start site,
the net DNA restoring torque opposing RNAP movement
is zero, and the instantaneous RNAP velocity is v0

2 ≈ 30
bp·s-1 (Equation 3). Transcription elongation away from
the TSS involves both RNAP rotation and DNA twisting
in order to accommodate the DNA linking number. The
angular velocity of RNAP rotation ( dθ

dt ) decays monotoni-
cally due to the increasing viscous drag on the RNAP com-
plex as the nascent RNA elongates (Figure 1C). The rate
of DNA twisting ( dφ

dt ), in contrast, increases initially with
RNAP translocation to compensate for the slowdown in the
RNAP rotation rate. However, with the consequent increase
in the DNA restoring torque, the DNA rotation soon starts
decreasing and the decrease continues with further RNAP
translocation along the gene body (Figure 1C). In contrast,
in the case of a torsionally unconstrained genomic segment,
there is no DNA restoring torque on the RNAP since the
DNA twist can simply diffuse out from the free DNA ends.
Consequently, the rate of DNA rotation increases mono-
tonically and the RNAP velocity remains constant as it
translocates along the gene body (Supplementary Figure
S4). While changing the DNA stretching force can alter the
DNA twisting profile, it has little effect on the RNAP ve-
locity (Supplementary Figure S5).
Note that in Figure 1C, we fixed the DNA boundaries,

imposing a fixed overall DNA linking number on the DNA
segment under consideration. Instead, DNA twist can be
injected into a genomic section from the boundaries by
a biological process or by an external agent. In single-
molecule studies, magnetic tweezers are used to character-
ize the DNA’s response to twist injection. In cells, enzymes
such as topoisomerases inject negative and positive super-
coiling into theDNA (34–36). BothDNA transcription and
replication machineries (37) can inject supercoiling into the
neighboring DNA. We analyzed the RNAP velocity in the
presence of supercoiling generators (Figure 1D), which in-
ject supercoiling at a constant rate, and torque generators
(Figure 1E), which inject supercoiling until the restoring
torque in the DNA segment reaches a constant value (T0 or
TL in Figure 1E). In Figure 1D, the generator at x= 0 injects
positive supercoiling upstream of the RNAP for 	0 > 0.
The generator at x = L injects negative supercoiling down-
stream of the RNAP for 	L > 0. The generators-injected
supercoiling can cancel out the RNAP-generated supercoil-
ing, resulting in higher average transcription elongation rate
for larger, positive values of 	0 and 	L. In contrast, for 	0,

	L < 0, negative supercoiling is injected upstream of the
RNAP and positive supercoiling is injected downstream of
the RNAP. This adds to the RNAP-generated supercoiling,
thereby slowing down the RNAP. In Figure 1E, we report
similar behavior: higher average RNAP velocity for higher
values of T0 andTL which once again arises from the cancel-
lation of theRNAP-generated supercoiling. Note that while
setting 	0 = 	L = 0 results in the baseline case of absence
of any supercoiling generators at the ends of the genomic
segment, setting T0 = TL = 0 does not automatically result
in baseline behavior. Consequently, the white contour cor-
responding to no change in average RNAP velocity as com-
pared to the baseline is close to 	0 = 	L = 0 in Figure 1D
but not close to T0 = TL = 0 in Figure 1E. Together, Figure
1D−E shows that DNA twisting by an external process can
affect translocation of an RNAP. The case when the DNA
twisting comes from the other co-transcribingRNAPs is de-
scribed next.

Emergence of collective RNAP behavior: recruitment of new
RNAPs speeds up the already transcribing RNAPs

To explore how multiple RNAPs co-transcribing a gene
may interact, we incorporated two stochastic processes into
our modeling framework––recruitment of RNAPs to the
TSS at a rate kon and global relaxation of the DNA su-
percoiling density to its basal value 	basal = 0 at a rate
krelax (Figure 2A). The transcription initiation rate kon is
supercoiling density-independent in the present study and
is kept unchanged during the simulation run. Using the
Gillespie algorithm (38) to simulate stochastic model be-
havior, we find that the recruitment of additional RNAPs
to the TSS speeds up the already transcribing RNAPs (Fig-
ure 2B). Such behavior arises from the cancellation of the
negative supercoiling injected by the leadingRNAP into the
upstream DNA by the positive supercoiling injected by the
newly recruited RNAP into the same DNA segment. This
cancellation reduces the net DNA restoring torque on the
leading RNAP, increasing its translocation speed (Supple-
mentary Figure S6). The coupling between co-transcribing
RNAPs disappears if the DNA segment is torsionally un-
constrained (referred to as free DNA) or if krelax is very
high (where any RNAP-generated supercoiling is quickly
relaxed), confirming that the behavior is mediated by the
RNAP-generated DNA torsional stress (Figure 2B (inset)).
Next, we simulated themodel behavior for increasing val-

ues of the RNAP recruitment rate (kon) for a fixed DNA su-
percoiling relaxation rate (fixed krelax). Computing the av-
erage RNAP velocity, we identified three qualitatively dis-
tinct regimes of transcription elongation (Figure 2C). In the
low kon regime (kon � 10−2 s−1), there is, on average, a sin-
gle RNAP transcribing the gene at a time, and transcription
elongation is the slowest (Figure 2C, D). At higher kon (10−2

s−1 < kon < 1 s−1; shaded region in Figure 2C), we have
multiple RNAPs transcribing the gene at the same time. In
this regime, cancellation of the RNAP-generated DNA su-
percoiling between consecutive RNAPs leads to an increase
in the average RNAP velocity. At even higher values of kon
(kon > 1 s−1), the linear density of RNAPs on the gene body
saturates (Figure 2D). We refer to this as the ‘traffic jam’
regime, wherein the trailing RNAPs simply must wait for
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Figure 2. Emergence of DNA supercoiling-mediated collective RNAP behavior. (A) In our simulation setup, RNAPs are recruited to the transcription
start site at a rate kon and the supercoiling throughout the genomic segment is relaxed at a rate krelax. (B) When a second RNAP is recruited to the TSS
before the first RNAP has finished transcribing (event indicated by the vertical dashed black line), the translocation rate of the already recruited RNAP
increases (shown by the solid green curve). The translocation rate of the first RNAP in the absence of subsequent RNAP recruitment is indicated by the
dashed green curve. Inset: when the DNA segment is torsionally constrained (clamped DNA), the velocity of the first RNAP is higher if more RNAPs
are subsequently recruited to the same gene. The effect disappears if there is no supercoiling accumulation (torsionally unconstrained or free DNA) or if
the RNAP-generated supercoiling is quickly relaxed (high krelax). In each case, the behavior for 256 independent runs is shown. (C) The average RNAP
velocity varies non-monotonically with kon in the case of torsionally constrained DNA. Collective RNAP behavior, which emerges for kon > 10−2 s−1

(shaded region), increases the overall transcription elongation rate. However, for very high kon (kon > 1.0 s−1), a ‘traffic jam’-like scenario decreases the
average RNAP velocity. For different transcription initiation rates, the average RNAP velocity increases with the rate of DNA torsional stress relaxation
(krelax). (D) The average number of co-transcribing RNAPs for different values of kon and krelax. The shaded regions in panels (C) and (D) indicate the
range of kon values corresponding to the regime of collective RNAP behavior. Comparison with the case of torsionally unconstrained DNA is shown in
Supplementary Figure S7.

the leading RNAP to move forward, resulting in a decrease
in the average RNAP translocation rate. The RNAP veloc-
ity as a function of the distance from the TSS exhibits qual-
itatively distinct behaviors in the three regimes (Supplemen-
tary Figure S8).
Note that in agreement with previous experimental (2)

and theoretical studies (39,40), transcription in our model
occurs in bursts (Supplementary Figure S9). Additionally,
gene transcription is accompanied by the deposition of pos-
itive supercoiling in the DNA downstream of the gene body
and negative supercoiling upstreamof the TSS (Supplemen-
tary Figure S10). The non-monotonic response of the aver-
ageRNAP velocity to increasing kon is preserved upon vary-

ing the different model parameters (Supplementary Figures
S11 and S12).
To explore how the rate of DNA torsional stress re-

laxation affects transcription elongation, we next varied
the parameter krelax in our model simulations. Overall, the
transcription elongation rate increases with an increase in
krelax (Figure 2C). At higher values of krelax, the RNAP-
generated DNA supercoils are released more frequently,
resulting in lower overall DNA restoring torques on the
RNAPs. Higher krelax may thus rescue the poor transcrip-
tion elongation rates in the low kon regime. At very high
value of krelax, the intermediate kon regime involving co-
operation between co-transcribing RNAPs disappears. In
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Figure 3. The non-monotonic variation of the average RNAP velocity
with the transcription initiation rate is conserved for different gene lengths.
While the average RNAP velocity at low kon is lower for longer genes, at
higher kon, collective RNAP behavior increases the average RNAP veloc-
ity, resulting in higher average velocities in the case of longer genes due to
the presence of numerous cooperating RNAPs.

this scenario,DNA supercoiling relaxation by topologyma-
nipulation is faster than the rate of RNAP recruitment,
and DNA torsional stress is relaxed before it can hinder
RNAP movement. The model behavior at very high krelax
approaches the behavior in the torsionally unconstrained
DNA scenario, thereby confirming the role for DNA tor-
sional stress in the regime characterized by cooperation be-
tween co-transcribing RNAPs. Finally, onset of the ‘traffic
jam’ regime described previously is also dependent on krelax
(Figure 2C). At higher krelax, the average RNAP velocity is
higher. Consequently, the RNAPs spend less time on the
gene body, lowering the possibility of a traffic jam. There-
fore, increasing krelax shifts the ‘traffic jam’ regime to higher
values of kon.

Longer genes show a wider variation in the transcription elon-
gation rate with kon
In bacteria, genes can vary in length from less than 1 kb to
multiple kbps (41). At low values of kon, when there is, on
average, a single RNAP transcribing at a time, we observe
that the average transcription elongation rate is lower in the
case of longer genes (Figure 3). This is because the instanta-
neous transcription elongation rate for a single RNAP con-
tinuously decreases with the distance from the TSS (Figure
1C). Consequently, the overall average transcription elon-
gation rate is lower for longer genes. As we enter the RNAP
cooperative behavior regime at higher values of kon, the
average elongation rate for longer genes exceeds that for
shorter genes. This effect arises from the cancellation of the
transcription-mediated DNA supercoiling among the nu-
merous co-transcribing RNAPs in the case of longer genes.
Finally, the ‘traffic jam’-like regime is largely unaffected by
variation in the gene length.

Coexistence of plectonemes or melted DNA with twisted
DNA facilitates transcription at low kon
Genomic DNA can be maintained in a twisted or super-
coiled state via the sustained activity of DNA topology ma-
nipulating motor proteins such as gyrases (34). To investi-

Figure 4. The average transcription elongation rate varies non-
monotonically with kon for different values of 	basal. Here, 	basal is the
overall supercoiling density in the genomic segment in the absence of any
transcription. At low kon, the average RNAP velocity is higher for |	basal |
> 0. This effect disappears in the RNAP collective behavior regime.
Finally, at very high values of kon, the average RNAP velocity is higher if
the genomic DNA is maintained in a state with positive basal supercoiling
density.

gate how maintaining the DNA in a twisted state will af-
fect transcription elongation, we varied the basal value of
the DNA supercoiling density (	basal) in our simulations.
In the updated setup, simulations are started with the ge-
nomic DNAwith supercoiling density 	basal �= 0. Addition-
ally, DNA torsional stress relaxation events in our simula-
tions (occurring at a rate krelax) reset the overall DNA su-
percoiling density to 	basal. We find that when |	basal| > 0,
the average transcription elongation rate at low kon is higher
than that for the case of 	basal = 0 (Figure 4). This be-
havior emerges from the coexistence of plectonemes with
unbuckled, twisted DNA for 0.025 � 	 � 0.07, and from
the coexistence of melted DNA with unbuckled DNA for
	 � −0.02. In these coexistence regimes, change in the su-
percoiling density shifts the fraction of DNA in the plec-
tonemic, melted, or unbuckled-twisted state while keeping
the DNA restoring torque unchanged (23,25,26). During
transcription elongation with the DNA in such a coexis-
tence regime, the RNAP experiences net zero DNA restor-
ing torque difference since any RNAP-driven change in 	
does not change the DNA torque. For |	basal| > 0, a DNA
torsional stress relaxation event can put the DNA either in-
side or close to one of the coexistence regimes. This results in
a speed up compared to the scenario with 	basal = 0 wherein
a net DNA restoring torque difference starts building up
immediately after a relaxation event. Note that this speed-
up disappears for higher values of kon (Figure 4). In the high
kon scenario, theDNA supercoiling densities change rapidly
as compared to the low kon scenario due to the short DNA
segments between the many co-transcribing RNAPs. Con-
sequently, the RNAPs spend only a short period of time in
the coexistence regime following a DNA torsional stress re-
laxation event before the DNA restoring torque difference
can start building up again. A non-zero basal supercoiling
density thus has little effect on transcription elongation at
high kon. Finally, in the ‘traffic jam’-like regime at very high
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values of kon, the average RNAP velocity is higher for 	basal
> 0 as compared to the 	basal ≤ 0 case.

RNAPs transcribing neighboring genes exhibit DNA
supercoiling-mediated coupling

Until now, we have explored how RNAPs co-transcribing
the same gene can exhibit collective behavior mediated
by the cancellation of DNA twist between co-transcribing
RNAPs. In the absence of barriers to supercoiling diffu-
sion between neighboring genes, the same mechanism can
also lead to coupling between RNAPs transcribing neigh-
boring genes. Simulating the transcription of two neighbor-
ing genes separated by a ‘spacer’ DNA segment, we find
that the coupling between the RNAPs transcribing neigh-
boring genes is dependent on the relative orientation of the
neighbors, i.e., whether the genes are in tandem, divergent,
or convergent (Figure 5).
If the two genes (gene A and gene B as shown in Figure

5) are in tandem, the negative supercoiling injected into the
spacer region by theRNAPs transcribing gene B can be can-
celled by the positive supercoiling injected into the spacer
during the transcription of gene A. Consequently, turning
on gene A speeds up the RNAPs transcribing gene B (Fig-
ure 5A), and vice versa (Supplementary Figure S13A). In
contrast, when gene A and gene B are in divergent orien-
tation (Figure 5B) or convergent orientation (Figure 5C),
their transcription injects the same type of supercoiling into
the spacer region (negative supercoiling in the case of di-
vergent genes and positive supercoiling in the case of con-
vergent genes). Therefore, in the divergent and convergent
cases, the RNAPs transcribing neighboring genes exhibit
mutually repressive behavior: turning gene A off increases
the transcription elongation rate for gene B (Figure 5B, C),
and vice versa (Supplementary Figure S13B-C).
Interestingly, we find that the effect of transcription of a

gene on the transcription elongation rate of the neighboring
gene is largely independent of the length of the spacer be-
tween the genes (Figure 5 and Supplementary Figure S13).
This behavior emerges since the DNA in the spacer region
can enter one of the two coexistence regimes––coexistence
of twisted, unbuckled DNA with melted DNA (in the case
of divergent genes) or with plectonemically buckled DNA
(in the case of convergent genes). While the supercoiling
density in the spacer region will depend on the length of
the spacer region, the DNA restoring torque applied by
the spacer will not change with change in the spacer length
once the supercoiling density is in one of the coexistence
regimes. Note that while the DNA stretching force can al-
ter the regime of coexistence of plectonemes with twisted,
unbuckled DNA, the torque-induced melting of DNA is
independent of the stretching force (Supplementary Figure
S1B). Thus, while the distance independence of the mutual
repression in the case of divergent genes will be unaffected
by the DNA stretching force, the mutual repression in the
case of convergent genes will likely be sensitive to it.

Effect of DNA supercoiling-transcription interplay on RNA
production rates

Finally, we investigated the effect of DNA supercoiling on
the overall RNA production rate. When kon is high and

transcription elongation rather than transcription initia-
tion is the rate limiting step in RNA production, DNA
supercoiling-mediated processes can also alter the mean
RNA production rate. Consistent with the overall repres-
sive effect of DNA supercoiling on transcription elonga-
tion, the mean RNAproduction rate is higher if the RNAP-
generated supercoiling is quickly relaxed (Figure 6A). Sim-
ilarly, the mean RNA production rate can also be increased
by relieving the antagonistic supercoiling being generated
from the transcription of a neighboring gene as shown for
the case of a convergent gene pair in Figure 6B. Note that
for low kon, transcription initiation instead of transcription
elongation is the rate-limiting step, and the mean RNA pro-
duction rate is unaffected by the average RNAP velocity.
Note that in the present study, we do not allow for the

premature termination of transcription––RNAPs can dis-
sociate from the gene body only after reaching the transcrip-
tion termination site. Inclusion of this process into the sim-
ulation would likely lower the RNA production rate, espe-
cially in the low kon regime wherein the slowly transcribing
RNAPs might dissociate from the gene before reaching the
end of the gene body.

Biological significance and comparison with experimental
data

In bacteria, transcription elongation has long been posited
to drive a supercoiling density imbalance between the front
and back of an RNAP (1). The resultant torque imbalance,
in turn, can affect the rate ofRNAP translocation (10).Dur-
ingRNAproduction, transcription elongation follows tran-
scription initiation, another key step involved in transcrip-
tion. The question concerning how the transcription elon-
gation rate scales with the transcription initiation rate has
long been of interest to both microbiologists and biophysi-
cists (12,21,42).
Recently, Kim et al. (3) showed that inhibiting the recruit-

ment of new RNAPs to the transcription start site slows
down the already transcribing RNAPs. The same behavior
is observed in our model simulations as shown in Figure 2B
(inset). Kim et al. further showed that the slowdown of al-
ready recruited RNAPs disappears if DNA topoisomerase
1 (topA gene) is overexpressed. In our model, this behavior
is captured upon increasing the DNA torsional stress relax-
ation rate (krelax). Investigating the dependence of RNAP
velocity on the rate of transcription initiation, Kim et al.
found that decreasing the concentration of a gene inducer
over a 20-fold range (thereby decreasing the transcription
initiation rate) did not change the average RNAP veloc-
ity. When the gene inducer concentration was further de-
creased by 50-fold, the average RNAP velocity was reduced
by one-third. The same trend is observed in our simula-
tions for a parameter subset: when kon is varied within a
range (∼0.05−1 s−1), the average RNAP velocity does not
change appreciably (Figure 2C). This parameter subset cor-
responds to the biophysical range of transcription initia-
tion rates in bacteria (43). At lower values of kon, we report
a significant decrease in RNAP velocity (Figure 2C), once
again recapitulating the experimental observations of Kim
et al. (3). Future studies will test the model predictions in
the context of bacterial promoters other than the lac pro-
moter (which is the case in (3)).
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Gene A

Genes in tandem

Gene BSpacer Gene A

Divergent genes

Gene BSpacer Gene A

Convergent genes

Gene BSpacer

Gene A on

A B C

Figure 5. Mechanical coupling between the RNAPs transcribing neighboring genes is dependent on their relative orientation. Each panel shows the
distribution of the average velocity of the RNAPs transcribing gene B when gene A is ‘off’ (kAon = 0) and when gene A is ‘on’ (kAon = 8.3 × 10−3 s-1). The
average RNAP velocities are in units of bp·s−1. The histograms in each panel exhibit similar trends despite a 20-fold change in the intergenic distance. kbp:
kilo base pairs

Single geneA B

Gene A

Convergent genes

Gene BSpacer

Figure 6. Under high transcription initiation rates, DNA supercoiling-mediated processes can alter the RNA production rates. Here, the mean RNA
production rate is the number of RNAPs that finish transcribing per second, on average. (A) Rate of RNA production can be increased by quickly relaxing
the RNAP-generated supercoiling. Preliminary analysis suggests that the supercoiling relaxation rate can also modulate the shape of the response to a gene
inducer (Supplementary Figure S16). (B) In a setup with convergent genes, the positive supercoiling injected by gene A slows down the RNA production
from gene B provided the transcription initiation rate for gene B is not limiting (kBon is high). The behavior in the case of in tandem and divergent neighbors
is shown in Supplementary Figure S14 (also, see Supplementary Figure S15).

A key parameter in our simulation setup is the rate of
DNA torsional stress relaxation by enzymes that can ma-
nipulate the DNA topology (krelax). This model parame-
ter captures the level of activity of enzymes such as topoi-
somerases (34,36). We show that the average transcription
elongation rate increases monotonically with an increase in
krelax. Indeed, DNA torsional stress relaxation by topoiso-
merases is key to continued transcription in bacteria and
inhibitors of these enzymes are potent antibacterial agents
(44,45). In the present study, we have used a simplified ap-
proach to model the behavior of DNA topology manipulat-
ing enzymes. In vivo, the activity of such enzymes is a com-
plex process, often involving selective relaxation of a spe-
cific type of torsional stress (positive or negative) in discrete

steps (46). Incorporating amore biologically detailedmodel
of DNA torsional stress relaxation could be a promising re-
search direction.
Additionally, bacterial gyrases are ATPases and inject

negative supercoiling into the genomic DNA to maintain
a basal supercoiling density different from the unstressed
condition: 	basal �= 0 (34,35). In the present study, we have
modeled such a scenario by resetting the overall supercoil-
ing density in the genomic segment to 	basal �= 0 with ev-
ery DNA torsional stress relaxation event. For example, the
	basal = −0.025 curve in Figure 4 corresponds to the sce-
nario wherein gyrase activity maintains the genomic DNA
in a negatively supercoiled state. We report that maintain-
ing the DNA in a negatively supercoiled state increases the
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RNAP velocity at low kon values. This model behavior is
consistent with the decrease in the transcription elonga-
tion rates upon gyrase inhibition in bacteria (35). Note that
our basic findings concerning theRNAP collective behavior
regime are unaffected by a non-zero basal DNA supercoil-
ing density (Figure 4).
Co-regulation of neighboring genes is a well-known

paradigm of transcriptional control in bacteria (47–50).
Our model suggests that genes oriented in tandem will ac-
tivate each other, whereas genes in convergent or divergent
orientation typically have a mutually repressive effect (Fig-
ure 5). Both behaviors, mutual activation in the case of
genes oriented in tandem (51) and mutual repression in the
case of genes in divergent orientation (3) have been reported
in experiments. Ourmodel also recapitulates the experimen-
tally reported accumulation of positive supercoils in the
spacer region between convergent genes and that of nega-
tive supercoils in the spacer region between divergent genes
(3,52,53). Finally, our observation that the supercoiling-
mediated interaction between neighboring genes is largely
insensitive to the length of spacer DNA between the genes
(Figure 5), has also been reported experimentally for the
case of genes in tandem (51) and for divergent genes (3).

DISCUSSION

The DNA supercoiling-transcription interplay has been of
interest for several decades (54), with recent experimental
advances revealing the microscopic details (2–3,5,51,55,56).
Here, we have described a framework for transcription
elongation that, unlike previously posited theoretical mod-
els (12,13,15–17), incorporates precise mechanical proper-
ties of DNA including plectoneme formation. The model
builds upon the torque-balance description put forth by Se-
vier and Levine (14) while adding an experimental data-
informed choice of RNAP velocity dependence on the net
DNA restoring torque. A recent study incorporates a sim-
ilar dependence of RNAP velocity on the DNA restoring
torque difference while relying on a more phenomenolog-
ical description of DNA restoring torque as a function of
the RNAP count on the gene body (18). A key result of
our modeling study is that cancellation and equilibration
of RNAP-generated DNA torsional stress is sufficient to
drive coupling between co-transcribing RNAPs. Our model
recapitulates the DNA torsion-mediated collective behav-
ior of co-transcribing RNAPs and makes multiple verifi-
able predictions–– non-monotonic variation of the tran-
scription elongation rate with transcription initiation (Fig-
ure 2C), and dependence of the transcription elongation
rate on different biologically relevant parameters, including
gene length (Figure 3) and the basal DNA supercoiling den-
sity (Figure 4).
The results presented in this study rely on two key hy-

potheses. First, RNAP translocation injects negative su-
percoiling into the upstream DNA and positive supercoil-
ing into the downstream DNA. This DNA twisting by the
RNAP results in aDNA restoring torque which depends on
the level of supercoiling injected into the DNA (as shown
in Supplementary Figure S1). Second, a net positive torque
difference across the RNAP decreases the rate of RNAP
translocation (reported byMa et al. (10); Figure 1B). In the

presence of multiple co-transcribing RNAPs, the RNAP-
injected supercoiling can be cancelled out among the adja-
cent RNAPs, speeding up the transcription elongation pro-
cess and resulting in the emergence of a collective behavior
regime (Figure 2B, C). The DNA supercoiling-dependence
of RNAP translocation additionally results in transcription
dependence on cellular processes that can manipulate the
DNA topology (Figure 4) and on the status of neighboring
genes (Figures 5, 6B, and Supplementary Figure S14).

Understanding how DNA supercoiling affects transcrip-
tion could be key to progress in synthetic biology when it
comes to designing gene constructs that exhibit predictable
gene expression patterns (49,57). Our model shows that
the rate of RNA production can depend on topoisomerase
activity––variation in topoisomerase activity from cell to
cell could therefore be a driver of heterogeneity in gene
expression. Preliminary analysis (shown in Supplementary
Figure S16) further suggests that the topoisomerase activ-
ity can also modulate the shape of the response to a gene
inducer. Our model can be helpful in guiding the design of
synthetic circuits utilizing supercoiling-related processes to
one’s advantage.
Note that in the present study, we have assumed that the

transcription initiation rate is independent of the supercoil-
ing density at the promoter site. There have been multiple
experimental reports indicating that the transcription initia-
tion rate is higher if the promoter DNA is negatively twisted
(55,58–60). This dependence has been modeled using phe-
nomenological approaches such as a sigmoidal dependence
(16), a linear dependence (13,17), and a more complex re-
lation based on the free energy of transcription bubble-
formation (15). Introducing a supercoiling-sensitive kon in
our model will likely introduce a positive feedback into the
transcriptional process since the promoter site in our model
becomes negatively supercoiledwhen the gene is under tran-
scription. We note that while Kim et al. have shown that di-
vergent genes repress each other (3), others have indicated
the possibility of mutual activation between the genes in
such a pair (56,61). Once a supercoiling-dependent kon is
included in the modeling framework, competition between
the mutually activating effects mediated by the deposition
of negative supercoiling in the spacer region and the mutu-
ally repressive effects driven by the DNA restoring torque
will likely lead to a more complex, context-sensitive behav-
ior in the specific case of divergent genes. Incorporation of
the supercoiling density-dependence of transcription initi-
ation will thus be an interesting and useful extension of
the present model. Such an extension would also be helpful
in understanding the role of DNA supercoiling in mediat-
ing the bacterial response to stress or nutrient deprivation
(62,63).
We further note that the present model assumes theDNA

torsional response to be instantaneous. This is a good ap-
proximation for the case of twist relaxation. However, the
writhe dynamics of DNA is rather slow (64,65). The dif-
fering twist and writhe relaxation time scales could im-
ply that DNA topology relaxation events in vivo dissipate
more twist than writhe. The present model also does not
account for features like plectoneme-domain multiplicity
(31), dependence of DNA mechanical properties (66) and
melting energy (67) on the nucleotide sequence, or for the
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hindrance of RNAP movement by slowly diffusing plec-
toneme domains. The recent simulation-based finding that
transcription-generated plectonemes are formed far away
from the RNAPs, however, suggests that hindrance by plec-
tonemes is unlikely to substantially interfere with transcrip-
tion elongation (65).
The present model is limited to the DNA supercoiling-

transcription interplay in prokaryotes. In eukaryotes, the
genomic DNA is wrapped around histones which change
the linking number of DNA by introducing writhe (68).
Transcription elongation in eukaryotes proceeds with the
expulsion of histones which may be facilitated by the tor-
sional stress introduced by an RNAP (69). Moreover, hi-
stones can serve as a buffer for the positive twist injected
into the downstreamDNA (70). Incorporating these effects
will be key to understanding the supercoiling-transcription
interplay in eukaryotes as well as the role of supercoiling in
chromatin organization (9,71).
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