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Transcription-coupled DNA 
supercoiling has been shown to be 

an important regulator of transcription 
that is broadly present in the cell. 
Here we review experimental work 
which shows that RNA polymerase is a 
powerful torsional motor that can alter 
DNA topology and structure, and DNA 
supercoiling in turn directly affects 
transcription elongation.

During transcription, RNA polymerase 
(RNAP) tracks the DNA helical groove, 
which requires RNAP to rotate relative 
to DNA. The rotation of RNAP may be 
hindered due to a large viscous drag from 
a long RNA transcript and its associated 
factors such as ribosomes in prokaryotes 
or spliceosomes in eukaryotes, as well as 
by its possible tethering to cell membranes 
and other cellular structures.1,2 Therefore 
DNA frequently needs to rotate as well. 
Because DNA is also constrained by 
viscous drag and cellular constraints, 
transcription induces (+) (over-wound) 
DNA supercoiling in front of, and 
(-) (under-wound) DNA supercoiling 
behind, RNAP, as described in the twin 
supercoiled domain model.1

Early in vitro and in vivo biochemical 
studies demonstrated that, in a torsionally-
constrained and topoisomerase-deficient 
system, transcription can accumulate 
significant torsional stress in DNA and 
greatly alter its topology.3-6 Subsequently, 
Kouzine et al.7,8 showed that even in a linear 
DNA system with topoisomerases present, 
transcription-induced DNA supercoiling 
and dynamic torsional stress can still exist 
and play an essential role in gene regulation. 
Matsumoto et al.9 used fluorescence to 
visualize transcription-coupled (-) DNA 

supercoiling at approximately 150 loci on 
polytene chromosomes of D. melanogaster, 
demonstrating that transcription-coupled 
(-) DNA supercoiling exists widely 
within a cell, even in the presence of 
active topoisomerases. More recently, 
the dynamic (-) supercoiling generated 
by transcription in human Burkitt’s 
lymphoma cells was found to be present 
genome-wide and, on average, spread 
over ~1.5 kbp upstream of a start site 
of an active gene.10 Nahghton et al.11 
also mapped out both the (+) and (-) 
supercoiling domains (median size of ~100 
kbp, flanked by GC-AT boundaries) in 
human chromosome 11 and showed that 
these domains are formed and remodeled 
by transcription and topoisomerases 
activities. This cohort of experimental 
results suggests that transcription-coupled 
DNA supercoiling occurs more broadly 
than previously thought.

In addition, the role of DNA 
supercoiling in gene regulation has 
gradually come to light. It has been shown 
that transcription activities from various 
promoters are sensitive to the degree of 
DNA supercoiling.12,13 Experimental 
evidence13,14 has revealed that (-) 
supercoiling can facilitate transcription 
initiation, either by helping RNAP to 
form an open complex (for most genes 
in prokaryotes) or by helping to recruit 
transcription factors such as TATA binding 
protein (TBP) (for most eukaryotic genes). 
On the other hand, at certain promoters, 
(+) supercoiling can prevent transcription 
initiation15 and greatly diminish mRNA 
synthesis.16 As different promoters respond 
to DNA supercoiling in different ways,13,14 
DNA supercoiling could serve as a flexible, 
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global control for gene regulation. The 
supercoiling generated by the transcription 
at one promoter can ultimately affect 
the transcription at a distant promoter 
(Fig. 1A), and this is termed “topological 
promoter coupling”17,18. Transcription 
generated (-) supercoiling potentially could 
also encourage subsequent transcription 
from the same promoter (Fig. 1B). A recent 
theoretical work has suggested that bursts 
of transcription in bacteria could stem from 
dynamic supercoiling buildup inhibiting 
transcription initiation.19 These results 
thus support that transcription generated 
supercoiling can be used as a remote control 
and allow long range communication in 
gene regulation. Transcription coupled 
(-) supercoiling can also encourage non-B 
DNA formation, which can be recognized 
by DNA structure-sensitive regulatory 
proteins,7,8 and, sometimes, can also lead 
to R-Loop formation (Fig.  1C), which 
could hinder the further translocation of 
an elongating RNAP.20

Although initial experiments have 
successfully linked DNA supercoiling to 

gene regulation, most focused on the effect 
of (-) DNA supercoiling on transcription 
initiation. The influence of both (-) and 
(+) DNA supercoiling on transcription 
elongation as well as the torque RNAP 
can generate remained elusive until a 
recent study that quantitatively examined 
transcription under DNA supercoiling. 
Ma et al. developed a novel single 
molecule assay to monitor transcription-
generated DNA supercoiling and torque 
buildup in real-time using an angular 
optical trap (AOT).21 They directly 
followed movement by E. coli RNAP 
under a defined torque, and determined 
the torque required to stall an elongating 
RNAP, i.e., “stall torque.” The stall torque 
characterizes how powerful RNAP is in 
terms of torque generation.

These experiments showed that as 
transcription proceeds, RNAP may be 
stalled by torsional stress accumulated in 
(+) supercoiled downstream DNA or in 
(-) supercoiled upstream DNA (Fig. 1D). 
The measured “stall torques” (i.e., the 
torques that RNAP can generate) had an 

average of ~11 pN×nm, for both cases. 
This torque value is twice the lower bound 
of the maximum torque (~5 pN×nm) 
estimated from a previous single-molecule 
study.22 This amount of torque in the (-) 
supercoiled upstream DNA is capable of 
melting DNA, of arbitrary sequence,23 not 
just AT-rich sequences which are prone to 
melting24 or GC repeats which are prone 
to form right-handed Z DNA.24 These 
non-B DNA structures can be further used 
as a distinct target to attract regulatory 
proteins in gene regulation (Fig.  1E).7,8 
The torque RNAP generated in (+) 
supercoiled downstream DNA and/or (-) 
supercoiled upstream DNA could also be 
utilized to affect the stability of bound 
proteins. Recently, in a single molecule 
study also using an AOT, Sheinin et al.25 
have shown that a torque from (+) DNA 
supercoiling comparable to the measured 
RNAP stall torque can destabilize 
nucleosome structures and cause a 
preferential loss of H2A/H2B dimers in 
a nucleosome (Fig. 1F). It is also possible 
that the transcription-generated (-) DNA 

Figure 1. Examples of regulatory roles of transcription-coupled DNA supercoiling. (A) (-) supercoiling facilitates promoter coupling and divergent tran-
scription. (B) (-) supercoiling contributes to the melting of the same promoter and encourages subsequent transcription. (C) (-) supercoiling promotes 
the formation of an R-Loop (extensive RNA-DNA hybrid). (D) Accumulated (-) supercoiling upstream and (+) supercoiling downstream can cause RNAP 
to stall. (E) (-) supercoiling upstream facilitates the formation of non-B DNA structures which can attract regulatory proteins. (F) (+) supercoiling down-
stream can destabilize nucleosome structures and (-) supercoiling upstream can facilitate the re-assembly of nucleosome.
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supercoiling could facilitate nucleosome 
re-assembly in the upstream DNA 
(Fig.  1F).26 Finally, the measured stall 
torques of both (-) and (+) supercoiling 
are sufficient to convert DNA into the 
plectonemic state and to substantially 
modify chromatin topology.27 All these 
results suggest that RNAP is a power 
torsional motor and the torque‐generating 
capacity of RNAP may have been tuned 
to important transitions in DNA or 
chromatin structures.

Ma et al.21 also found that, upon 
torque release, ~50% of stalled RNAPs 
were able to resume transcription within 
~90 s. This suggests that, in vivo, stalled 
RNAPs can be rescued if torsional stress 
is released in a timely fashion, either 
by topoisomerases, or via DNA and/or 
RNAP rotation. This may be beneficial to 
the cell ‘economy’ by enabling the cell to 
make good use of unfinished transcripts. 
Otherwise, the stalled RNAPs could 
become roadblocks that would hinder 
other vital cellular processes. Dutta et 
al.28 have shown that collision between a 
replication fork and a stalled RNAP could 
cause DNA breakage and induce genome 
instability. Stalled RNAPs thus could be 
lethal to the cell.

Ma et al.21 further found that an 
elongating RNAP is resilient to short 
(< 0.5 s) torque pulses, but not to long 
ones (> 5 s). Therefore, transcription is 
minimally perturbed by transient torque 
fluctuations. In the cell, the torsional 
stress on DNA changes dynamically due 
to various processes such as a spontaneous 
loss of torsional constraints in DNA, the 
action of topoisomerases or other motors, 
or sudden environmental condition 
changes. The resilience to short torsional 
fluctuations ensures that transcription 
elongation processes can be immune to 
the “high-frequency” noise in the complex 
environment of cell.

Finally, Ma et al.21 showed that torque 
can directly regulate transcription speed. A 
resisting torque slows down transcription, 
while an assisting torque does the opposite. 
Moreover, a resisting torque will increase 
the chance for an elongating RNAP to 
enter into and dwell in a paused state.

The interplay between DNA supercoiling 
and transcription is clearly important 

in gene regulation. Recent experiments 
provide a quantitative framework for 
understanding this relationship, and also 
establish E. coli RNAP as a powerful 
torsional motor with the ability to greatly 
alter DNA topology. As DNA topology also 
plays important roles in other vital cellular 
processes,2,29 such as replication and DNA 
recombination, it would be interesting 
to see how transcription generated DNA 
supercoiling could affect all these processes. 
Additionally, although the stall torque 
for E. coli RNAP has been measured, the 
torque that a eukaryotic RNA polymerase 
such as Pol II can generate still remains 
unknown. It has long been hypothesized 
that the torque generated by Pol II during 
(+) supercoiling could be utilized to 
perturb nucleosome structures. Indeed 
recent experiments have shown to support 
that transcription-generated torsional stress 
can destabilize nucleosomes.25,30 It would 
be intriguing to see what torque Pol II is 
capable of generating, and to what degree it 
can alter chromatin topology. Interestingly, 
Bancaud et al.27 have shown that, 
compared with naked DNA, a nucleosome 
array is highly resilient and is able to 
accommodate a much larger amount of 
supercoiling. Chromatin may thus serve 
as a topological buffer, allowing RNAP to 
transcribe a longer gene under a torsionally-
constrained condition without help from 
topoisomerases. Finally, in vivo, there are 
a large number of transcription factors, 
some of which can help RNAP translocate 
and generate larger force.31,32 It would be 
interesting to examine if these factors could 
also help RNAP generate larger torque. 
We believe that with the advent of new 
techniques such as the AOT, we will gain 
a greater understanding of the role that 
DNA supercoiling plays in transcription 
and other vital cellular processes.
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