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Abstract

The twin-supercoiled-domain model describes how transcription can drive DNA supercoiling, and 

how DNA supercoiling, in turn plays an important role in regulating gene transcription. In vivo 
and in vitro experiments have disclosed many details of the complex interactions in this 

relationship, and recently new insights have been gained with the help of genome-wide DNA 

supercoiling mapping techniques and single molecule methods. This review summarizes the 

general mechanisms of the interplay between DNA supercoiling and transcription, considers the 

biological implications, and focuses on recent important discoveries and technical advances in this 

field. We highlight the significant impact of DNA supercoiling in transcription, but also more 

broadly in all processes operating on DNA.
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Introduction

DNA has a highly dynamic topology. In its relaxed B-DNA state, DNA forms a right-handed 

double helical structure with each helical turn containing ~ 10.5 base-pairs. When additional 

twists are introduced, DNA becomes overwound or underwound, resulting in (+) or (−) DNA 

supercoiling, respectively. DNA supercoiling is well known to be important for DNA 

compaction, and recently, the essential role of DNA supercoiling in gene regulation has also 

become prominent.
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Transcription is an important source of DNA supercoiling in the cell. During transcription, 

RNA polymerase (RNAP) tracks the helical groove of DNA, over-twisting DNA 

downstream and under-twisting DNA upstream. Therefore, RNAP movement generates (+) 

DNA supercoiling in front of the RNAP, and (−) DNA supercoiling behind, as described in 

the twin-supercoiled-domain model (Liu and Wang 1987) (Fig. 1). The accumulation of this 

torsional stress may hinder transcription elongation and must be released in a timely fashion, 

either by topoisomerases or via DNA rotational relaxation.

Early in vitro and in vivo biochemical studies have demonstrated that, in torsionally-

constrained and topoisomerase-deficient systems, transcription can result in the 

accumulation of substantial torsional stress in DNA (Krasilnikov et al. 1999; Samul and 

Leng 2007; Tsao et al. 1989; Wu et al. 1988 ). Recent experiments show transcription-

induced DNA supercoiling exists more broadly than previous thought and it plays highly 

dynamic roles. For example, Matsumoto et al. (Matsumoto and Hirose 2004) found that, in 

the presence of active topoisomerases, transcription coupled (−) DNA supercoiling impacted 

over 150 loci on polytene chromosomes in D. melanogaster. Additionally, Kouzine et al. 

(Kouzine et al. 2004; Kouzine et al. 2008) demonstrated that, even in a linear DNA system 

with a full complement of topoisomerases, transcription-induced DNA supercoiling and 

dynamic torsional stress can still exist and play an essential role in gene regulation. These 

results demonstrate that transcription and DNA supercoiling are coupled in a close and 

dynamic fashion. They also suggest that DNA supercoiling could potentially serve as an 

important feedback mediator to regulate transcription in real time.

Excess torsion can greatly alter DNA topology, including creating highly supercoiled DNA 

and fostering the formation of non-B DNA forms, such as R-loops (Leng et al. 2004), Z-

DNA (Herbert and Rich 1996; Oberstrass et al. 2013), DNA cruciforms (Mizuuchi et al. 

1982; Oussatcheva et al. 2004), and P-DNA (Allemand et al. 1998; Bryant et al. 2003; 

Deufel et al. 2007). These altered DNA structures may represent obstacles for transcription 

or targets for transcription factors to regulate transcription.

In addition, (−) DNA supercoiling and (+) DNA supercoiling have differential impacts on 

gene expression. (−) DNA supercoiling can facilitate DNA strand separation in promoter 

regions, thereby enabling open complex formation by RNAP. It can also help recruit 

transcription factors or other regulatory proteins. For example, it has been shown that (−) 

DNA supercoiling can facilitate recruitment of TATA binding proteins (TBPs), which are 

important factors for eukaryotic transcription initiation (Tabuchi et al. 1993). Kouzine et al. 

also showed that the transient torsional stress generated by transcription can melt the far 

upstream element (FUSE) of the human c-myc promoter (Kouzine et al. 2004; Kouzine et al. 

2008), and hence regulate activator and repressor binding affinity to that region. In addition 

to localized effects, as a supercoiling wave propagates, transcription at one promoter could 

affect transcription at a distant promoter (Hanafi and Bossi 2000; Lilley and Higgins 1991), 

in the form of “topological promoter coupling”. The (+) DNA supercoiling generated by 

transcription can also play an important role in gene regulation. Gartenberg and Wang 

(Gartenberg and Wang 1992) have shown that, after preferential removal of transcription-

generated negative supercoils, the accumulated (+) torsional stress in yeast greatly 

diminished mRNA synthesis. Transcription generated (+) supercoiling can also be used to 
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disrupt, or remove, road-block proteins, such as destabilizing nucleosome structures 

(Sheinin et al. 2013) to make the DNA more accessible to RNAP. Bécavin et al (Bécavin et 

al. 2010) also theoretically demonstrated that transcription generated (+) torque could trigger 

the downstream nucleosomes to form reversomes stepwisely, making the nucleosomal 

barrier more permissive to RNAP processing. Moreover, the wavefront of reversomes can 

propagate ten times faster than RNAP progression, which explains the puzzling wavefront of 

nucleosome disruption observed during the transcription of the Drosophila Hsp70 locus, i.e. 

the nucleosome disruption observed downstream of the RNAP was much faster than the rate 

of elongation and was confined within the Hsp70 locus and stopped at its boundary (Petesch 

and Lis 2008; Zlatanova and Victor 2009). Together, all these highlight the important role of 

DNA supercoiling in regulating transcription.

Since the "twin supercoiled domain" model was proposed almost three decades ago, it has 

gained increasing support from both in vivo and in vitro studies. Particularly within the past 

decade, detailed and complex interactions between DNA supercoiling and transcription have 

begun to come to light, owing much to the advent of novel methodologies, such as genome-

wide DNA supercoiling characterization and single molecule methods. This review will 

focus on these recent discoveries.

Genomic studies of transcription and DNA supercoiling

Although the interplay between transcription and DNA supercoiling is being increasingly 

established in vitro, details of these interactions at the genomic level remained, until 

recently, largely unknown. Generally, cellular (−) supercoiling can be estimated through the 

intercalation of psoralen, and its derivatives, into DNA, followed by DNA photo-cross-

linking (Matsumoto and Hirose 2004). Psoralen is a planar, aromatic compound that can 

permeate cells and intercalate into DNA. The rate of psoralen photo-cross-linking to double-

stranded DNA (dsDNA) is linearly related to the degree of (−) DNA supercoiling. Therefore, 

psoralen photo-binding can be used as a genome probe to detect in vivo DNA supercoiling.

In early studies, Matsumoto and Hirose (Matsumoto and Hirose 2004) introduced 

biotinylated psoralen into Drosophila salivary glands and visualized it, with fluorescent 

streptavidin, on polytene chromosomes. They observed bright psoralen signals at many 

transcriptionally active inter-bands and puffs, and demonstrated that transcription-coupled 

(−) supercoils of DNA exist widely and are co-localized to active transcribing sites in the 

genome. Subsequently, Bermúdez et al. (Bermúdez et al. 2010) combined a psoralen photo-

binding method with micro-array analysis and mapped the distribution of DNA supercoils 

across the entire genome of S. cerevisiae. These studies provided a coarse-grain view of the 

distribution of torsional stress along chromosomes, although they did not have sufficient 

resolution to resolve supercoiling at the individual gene level.

Only very recently, several groups (Kouzine et al. 2013; Naughton et al. 2013; Teves and 

Henikoff 2014) have succeeded in generating high resolution maps of genome scale DNA 

helical tensions. Kouzine et al. (Kouzine et al. 2013) treated Raji human B cells in G1 phase 

with psoralen, and then used UV light to cross-link the psoralen with DNA. Subsequently, 

the fragments of DNA, with and without cross-linked psoralen, were separated, labeled with 
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different dyes, and then hybridized to genomic oligo-nucleotide micro-arrays spanning the 

whole ENCODE regions. Information about DNA supercoiling around ENCODE promoters 

can thus be revealed through the log ratio (cross-linked/uncross-linked) of the fluorescent 

signals, defined as the cross-link level (CL). By treating the cell with inhibitors to different 

factors (e.g., Pol II, Topo I, or Topo II), the authors dissected the different roles of these 

factors in regulating DNA supercoiling. The results showed that transcription-dependent 

dynamic supercoiling is present genome-wide and transmits over ~1.5 kbp upstream of start 

sites of virtually every transcribed gene (Fig. 2a). Although (−) DNA supercoiling is 

strongly dependent on transcriptional activity, this dependence appears to be complex. 

Weakly expressed gene showed little DNA supercoiling, but interestingly, moderately 

expressed genes showed the highest DNA supercoiling, which was localized to the 

transcription start site. Highly expressed genes showed less DNA supercoiling than that of 

moderately expressed genes, however the supercoiling transmitted farther upstream. 

Inhibition of topoisomerases altered the pattern of DNA supercoiling, with Topo I 

preferentially recruited to moderately transcribed promoters and Topo II to highly 

transcribed promoters. The authors proposed that, with regard to regulating transcription-

induced dynamic torsional stress, Topo I uses a "diffuse" mode of recruitment, whereas Topo 

II uses a "focal" mode (Fig. 2b).

In another study, using biotin-tagged psoralen (bTMP), followed by UV cross-link and 

microarray analysis, Naughton et al. (Naughton et al. 2013) were able to map, with high 

resolution, supercoiling domains in the human genome. They utilized chromosome 11 as a 

representative, as it contains 5% of the genome and comprises regions of various gene 

densities and base compositions. As shown in Fig. 3, after examination of the chromosomal 

loci bound by bTMP, they identified hundreds of domains that are underwound, overwound, 

or stable, with an overall average size ~ 100 kb. Among them, more than half were 

underwound domains, but their sizes were generally smaller than those of the overwound 

domains. Further analysis indicated the supercoiling patterns of these domains were 

transcription and topoisomerase dependent, and the underwound domains were actively 

transcribed regions of "open" chromatin fibers, which were “GC” rich and enriched in Topo 

I and DNase I sites, but lacked Topo II. Their results support a model that transcription and 

topoisomerases are integral to the establishment and remodeling of supercoiling domains 

and influence the folding of large-scale chromatin structures.

When Pol II transcribes a gene, it encounters an array of well-ordered nucleosomes, but it is 

not fully understood how Pol II traverses through this array in vivo. Teves and Henikoff 

(Teves and Henikoff 2014) investigated how transcriptional torsional stress affects Pol II 

kinetics and nucleosome turnover in the genome. They adapted a microarray method to next 

generation sequencing to achieve high resolution mapping of underwound DNA and then 

examined if the torsional stress generated by transcription could destabilize nucleosomes 

ahead of Pol II. They focused on the study of DNA torsional states around transcription start 

sites (TSSs) and transcription end sites (TESs). They found that inhibition of topoisomerases 

leads to rapid accumulation of torsional strain, accompanied by changes in Pol II kinetics 

and chromatin properties. The stalled Pol II accumulated immediately downstream of the 

TSSs after inhibition of either Topo I or Topo II, suggesting that both Topo I and Topo II can 

alter Pol II initiation kinetics (i.e. promoter-proximal pausing kinetics) (Core et al. 2008; 

Ma and Wang Page 4

Biophys Rev. Author manuscript; available in PMC 2017 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gilchrist et al. 2010; O'Brien and Lis 1991). However, as shown in Fig. 4a, Topo I and Topo 

II affect Pol II elongation differently. Topo I inhibition resulted in an overall increase in 

nascent RNA production near the 5′ end, while Topo II inhibition caused minimal overall 

changes in Pol II kinetics. Furthermore, Topo I inhibition primarily affected transcribed 

genes, whereas Topo II inhibition resulted in decreased nascent RNA production only for the 

highly expressed genes (Fig. 4b). These results support that Topo I acts within gene bodies 

and plays a main role in regulating both Pol II initiation and elongation kinetics, while Topo 

II acts primarily at the 5′ end to regulate Pol II initiation kinetics but plays only a secondary 

role in regulating Pol II elongation kinetics. The authors further used a CATCH-IT to 

measure nucleosome turnover, which utilizes covalent tags to capture histones and identify 

histone turnover. As shown in Fig. 4c and 4d, subsequent to the inhibition of 

topoisomerases, accumulated torsional stress destabilized histone-DNA interactions and 

increased nucleosome turnover within gene bodies genome-wide, but did not change the 

overall nucleosome occupancy. Their data support a model that the transient (+) torsional 

wave generated by Pol II can destabilize nucleosomes downstream allowing transcription to 

progress, and the transient (−) torsional wave generated by Pol II can facilitate nucleosome 

assembly upstream, thereby assisting in the maintenance of chromatin structure. In this way, 

the cell can achieve a delicate balance amidst nucleosomal destabilization, re-assembly, and 

Pol II progression.

Single molecule studies of transcription under DNA supercoiling

Single molecule manipulation tools to study transcription under DNA supercoiling

Optical tweezers (OT) and magnetic tweezers (MT), as well as their variations and 

extensions, such as the rotor bead tracking (RBT) methods (Bryant et al. 2003; Oberstrass et 

al. 2013), angular optical trap (AOT) (La Porta and Wang 2004), magnetic torque tweezers 

(MTT) (Lipfert et al. 2010), and freely orbiting magnetic tweezers (FOMT) (Lipfert et al. 

2011), are the primary single molecule manipulation tools used in the study of transcription 

under DNA supercoiling.

Optical tweezers (or optical traps) use a tightly focused laser beam to provide an attractive 

force on dielectric particles in three dimensions, enabling flexible and precise manipulation 

of small objects (Ashkin et al. 1986; Ashkin et al. 1987). Despite the capabilities of applying 

and measuring force, conventional optical tweezers cannot exert or detect torque, therefore 

this technique was initially limited to the studies of linear motion of transcription kinetics 

(Bai et al. 2007; Shundrovsky et al. 2004; Wang et al. 1998; Yin et al. 1995) and linear 

elastic properties of DNA (Wang et al. 1997). In contrast to the conventional optical trap, the 

angular optical trap (AOT) (Deufel et al. 2007; Inman et al. 2010; La Porta and Wang 2004) 

also termed the optical torque wrench (OTW), is a notable enhancement of an optical trap 

which enables full control over the angular orientation of a trapped particle and can directly, 

and simultaneously, exert and measure torque (Fig. 5a). Since its invention, the AOT has 

been successfully used to study transcription under DNA supercoiling, as well as torsional 

properties of various other biological systems (Forth et al. 2011; Forth et al. 2008; Forth et 

al. 2013; Ma et al. 2013; Sheinin et al. 2011; Sheinin et al. 2013; Sheinin and Wang 2009).
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Magnetic tweezers are the most well-known technique used to apply twist to a single 

biological molecule. They typically use a pair of permanent magnets to exert force and 

torque on a chemically functionalized super-paramagnetic bead linked to a biological 

molecule (Fig. 5b). As MTs are relatively simple to employ, this technique has been used to 

study transcription under DNA supercoiling (Harada et al. 2001; Revyakin et al. 2004; 

Revyakin et al. 2006), as well as many other torsional properties of DNA (Oberstrass et al. 

2013; Strick et al. 1996), chromatin (Bancaud et al. 2006), and topoisomerases (Basu et al. 

2012; Gore et al. 2006; Koster et al. 2005; Nollmann et al. 2007; Strick et al. 2000).

DNA supercoiling

Understanding DNA torsional mechanics is the first step towards deciphering the torsional 

mechanics of chromatin. A number of studies, using either optical tweezers or magnetic 

tweezers, have provided important characterizations of the torsional properties of a single 

DNA molecule. The torsional modulus of DNA has been measured to be ~400 pN·nm2 

(Bryant et al. 2003; Forth et al. 2008). When (+) or (−) twists are introduced, DNA may 

buckle to form a plectoneme, and/or convert from BDNA to other structural forms of DNA. 

In particular, the critical torques were measured to be ~ +34 pN·nm for the B-DNA to P-

DNA transition, ~ –3 pN·nm for the B-DNA to Z-DNA transition (at GC repeats), and ~ –10 

pN·nm for the B-DNA to melted DNA (Bryant et al. 2003; Forth et al. 2008; Oberstrass et 

al. 2013; Sheinin et al. 2011). These studies have permitted the construction of a detailed 

phase diagram for DNA under force and torque (Fig. 5c).

Although the mechanical properties of plectonemes during DNA supercoiling have been 

characterized, the dynamics of plectoneme migration on DNA was more elusive. van 

Loenhout et al (van Loenhout et al. 2012) directly visualized the dynamics of individual 

plectonemes by combining MT with single molecule fluorescence. They found that a 

plectoneme can propagate along DNA via diffusion or hopping (Fig. 5d) and plectonemes 

showed preferential localization along DNA sequences. These results suggest that certain 

DNA sequences may be designed to “pin down” plectonemes and thus bring neighboring 

regulatory DNA elements into close proximity, while plectoneme hopping could provide a 

dramatic long-range rearrangement of the DNA conformation to permit fast searching during 

DNA recombination or enhancer-activated gene expression (Sheinin and Wang 2012).

Chromatin under twist

Transcription-induced supercoiling constantly perturbs the chromatin in the vicinity of an 

elongating RNAP. Using magnetic tweezers, Bancaud et al. (Bancaud et al. 2006) showed 

that a nucleosome array is extremely resilient to torsional stress and can reversibly 

accommodate a large amount of supercoiling. Chromatin may thus serve as a "powerful 

topological buffer", allowing RNAP to transcribe a longer gene under torsionally-

constrained conditions, without any assistance from topoisomerases.

In addition, a canonical nucleosome has a distinctive chirality, with DNA wrapping around 

the histone octamer in a left-handed fashion, such that DNA in a nucleosome is (−) 

supercoiled. Using magnetic tweezers, Bancaud (Bancaud et al. 2007) examined the chiral 

transition of a single chromatin fiber under torsional stress (Figs. 6a and 6b). They found 
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that the fiber can transiently trap positive twists at a rate of one turn per nucleosome, but 

does not trap negative twists. This hysteresis disappeared for a tetrasome fiber that lacked 

H2A-H2B dimers. These results suggest that, not only can a tetrasome readily fluctuate 

between left- and right-handed chiral conformations, a nucleosome can also undergo a 

similar chiral transition upon positive torsional stress. However, the energetic barrier for this 

nucleosome transition is high due to the presence of H2A-H2B dimers, leading to the 

observed hysteresis. More recently, Vlijm et al. (Vlijm et al. 2015) directly observed that a 

tetrasome can spontaneously fluctuate between left- and right-handed chirality and the 

addition of H2A and H2B converts a tetrasome into a stable left-handed nucleosome.

Nucleosome chirality has been suggested to facilitate nucleosome disassembly in front of an 

elongating RNAP, where DNA is (+) supercoiled, and reassembly behind the RNAP, where 

DNA is (−) supercoiled. Sheinin et al. (Sheinin et al. 2013) examined the stability of a single 

nucleosome using an angular optical trap (Fig. 6c). They found that a (+) torque of ~19 

pN·nm, or larger, can significantly disrupt nucleosome structures, leading to an almost 

complete (80%) loss of H2A-H2B dimer, whereas nucleosomes are stable against (−) torque. 

In a complementary study using scanning force microscopy and fluorescence correlation 

spectroscopy, Elbel and Langowski (Elbel and Langowski 2015) found that (+) supercoiling 

led to larger nucleosome opening angles than (−) supercoiled DNA, and also decreased 

nucleosome’s stability to high salt. These results corroborate those of Teves and Henikoff's 

genomic studies (Teves and Henikoff 2014), and support a model that Pol II generated (+) 

torque can disrupt nucleosomal roadblocks in vivo (Fig. 6d).

These single molecule studies provide significant quantitative information concerning how 

torsion affects both DNA and chromatin topology and structures, laying down the 

groundwork for understanding the interplay of DNA supercoiling and transcription.

Action over distance

DNA supercoiling can bring distal DNA elements into close proximity to permitn action 

over distance, for example, to allow enhancer-promoter communication over thousands of 

base pairs (Liu et al. 2001). Using magnetic tweezers, Ding et al. showed that (−) DNA 

supercoiling can encourage the formation of λ repressor (CI)-mediated loops in DNA (Ding 

et al. 2014), which in turn prevent over-expression of this repressor protein so that the cell 

can still preserve sensitivity to conditions that trigger virulence (lysis). Norregaard et al. 

(Norregaard et al. 2013) developed a unique peptide nucleic acid (PNA)-based assay with a 

tethered particle tracking method (Norregaard et al. 2014) and showed that the presence of 

DNA supercoils can greatly enhance the juxtaposition probability of λ repressor (CI) and, 

hence, significantly increase the efficiency and cooperativity of a λ epigenetic switch.

Transcription initiation under torsion

Transcription initiation requires promoter opening, which must be sensitively regulated by 

DNA supercoiling. Using magnetic tweezers, Revyakin et al. (Revyakin et al. 2004; 

Revyakin et al. 2006) developed an elegant method to study transcription initiation kinetics 

of E. coli RNAP on a supercoiled DNA template. In their assay, MTs were used to preset 

DNA into a plectonemic state by adding a number of (+) or (−) twists prior to transcription 
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initiation. During initiation, RNAP unwound promoter DNA to form the transcription bubble 

of an RNAP open complex (RPo), thereby changing the linking number of DNA outside of 

the RNAP (Fig. 7). Because the DNA was in a plectonemic state, such a linking number 

change would have to be accommodated by a change in writhe (i.e. the number of loops in 

the plectonemic region). This resulted in a large change in DNA extension, and thus the 

detection sensitivity of an open complex formation was greatly enhanced. Using this assay, 

RNAP-dependent DNA unwinding was resolved to ~1 bp (spatial resolution) and ~1 s 

(temporal resolution). They show that DNA supercoiling can affect both the rate of the open 

complex formation and the lifetime of this complex. The authors compared DNA 

supercoiling impacts on abortive initiation at two canonical promoters, i.e. lacCONS (a 

consensus lac promoter) and rrnB P1 (one of the promoters driving transcription of 

ribosomal RNA) (Revyakin et al. 2004). At lacCONS, (−) supercoiling increases the lifetime 

of an RPo relative to that observed for (+) supercoiling. At rrnB P1, an RPo is significantly 

less stable under (−) supercoiling conditions, than observed at lacCONS, and is not even 

formed when DNA was (+) supercoiled. This work not only directly demonstrates the 

impact of DNA supercoiling on transcription initiation, but also establishes a novel 

methodology for studies of various protein-DNA interactions under supercoiling.

Determination of RNAP generated torque

RNAP is a torsional motor; as it translocates along DNA, it must also rotate around the DNA 

helical axis. However, the determination of the torque that RNAP can generate is technically 

challenging and the torque value remained unknown until recently. An early study by 

Harada et al. (Harada et al. 2001) used a magnetic bead decorated with smaller fluorescent 

beads to visualize RNAP induced rotation and estimated that the lower limit of RNAP 

generated torque to be approximately ~ 5 pN·nm based on the rotational frictional drag of 

the magnetic bead.

Recently the maximum torque that RNAP can generate (i.e. the torque it takes to stall an 

elongating RNAP) was experimentally determined. Using an AOT, Ma et al. (Ma et al. 2013) 

developed a sophisticated single molecule assay to monitor transcription-generated DNA 

supercoiling and torque buildup, in real-time (Fig. 8a). With this method, the movement of 

an E. coli RNAP was followed under a defined torque, and the torque required to stall an 

elongating RNAP (“stall torque”) was measured. These experiments showed that the 

accumulated torsional stress, either in the (+) supercoiled DNA ahead of the RNAP or in the 

(−) supercoiled DNA behind the RNAP, could cause an elongating RNAP to stall. The 

measured average “stall torque” value, in either case, was ~11 pN·nm (Fig. 8b), which is 

twice that of the previously measured lower bound of RNAP generated torque. This torque 

nearly coincides with that required to melt DNA of arbitrary sequence (Bryant et al. 2003; 

Forth et al. 2008; Oberstrass et al. 2013) (Fig. 8c). Such melted DNA can serve as distinct 

targets for regulatory proteins in gene regulation. In addition, this torque is also sufficient to 

convert DNA into a plectonemic state (Bryant et al. 2003; Forth et al. 2008; Oberstrass et al. 

2013), or to substantially modify chromatin topology (Bancaud et al. 2006). Thus, these 

results establish RNAP as a powerful torsional motor and suggest that the torque-generating 

capacity of RNAP may have been tuned to important transitions in DNA or chromatin 
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structures. It also establishes the relevant physiological torque scale for DNA-based 

processes.

Ma et al. also found that upon torque release, a significant fraction of stalled RNAPs 

resumed transcription in a short time. 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, thereby preventing RNAPs from becoming roadblocks to 

hinder other vital cellular processes such as replication (Dutta et al. 2011). In addition, they 

also demonstrated that torque can directly affect transcription speed and pausing, providing 

direct evidence that DNA supercoiling can be an effective regulator of transcription 

elongation.

DNA supercoiling induced transcriptional bursting

Transcription has been found to be highly stochastic in a diverse array of organisms, from 

bacteria to mammals. At many highly transcribed genes, expression happens in the form of 

transcriptional bursting, during which transcription occurs as stochastic “bursts” of RNA 

synthesis interspersed with long periods of inactivity (Golding et al. 2005; Levens and 

Larson 2014; So et al. 2011; Suter et al. 2011; Taniguchi et al. 2010; Zong et al. 2010). 

However, the origin of such a ubiquitous phenomenon was not well understood. Recently, 

using single molecule fluorescence techniques, Chong et al. (Chong et al. 2014) directly 

monitored RNA synthesis in vitro when a T7 RNAP was transcribing on a torsionally-

constrained template. They observed that, in the presence of Topo I which preferentially 

removes (−) DNA supercoiling, transcription initiation and elongation slowed down and 

eventually halted due to an accumulation of (+) supercoiling built up by transcription, but 

once gyrase was introduced, transcription was fully recovered (Fig. 9). Since there are more 

chromosomal DNA loops than the number of gyrase molecules in E. coli, these results 

support that, in a chromosomal DNA loop containing a highly expressed gene, the 

accumulation and removal of positive supercoiling can switch genes off and on. They further 

used quantitative RT-PCR to examine whether the chromosomal supercoiling level affects 

transcription elongation in live E. coli cells. The results were consistent with the in vitro 
experimental results, and confirmed that (+) supercoiling buildup can slow down 

transcription in vivo. These data together led them to an insightful explanation for 

transcriptional bursting in bacteria. The E coli chromosome is organized into hundreds of 

topologically constrained loops. During active transcription, transient DNA supercoiling can 

be generated locally. (−) DNA supercoiling is rapidly removed by Topo I, whereas the 

activity of gyrase is not sufficient to keep up with transcription, leading to (+) DNA 

supercoiling accumulation within the DNA loops. The torsional stress eventually inhibits 

transcription initiation and switches genes off. Subsequent gyrase binding to DNA releases 

the (+) DNA supercoiling and switches genes back to the "on" state. Thus, genes are 

stochastically switched between on and off states due to the release and accumulation of (+) 

DNA supercoiling. Chong et al.’s experiments provide a simple, but elegant, demonstration 

that supercoiling dynamics are the primary origin of transcriptional bursting in bacteria. It is 

worth noting that in eukaryotic cells, topoisomerases are different from that in prokaryotic 

cells (Champoux 2001). For example, there is no DNA gyrase in eukaryotic cells. In 

addition, in contrast to Topo I in E. coli which is a type IA topoisomerase and can only relax 
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(−) supercoils via a “single-strand break and passage” mechanism, eukaryotic topoisomerase 

I is a type IB topoisomerase and can operate on both (+) and (−) supercoils using a “single-

strand break and rotation” mechanism (Dekker et al. 2002; Koster et al. 2005). Eukaryotic 

topoisomerase II, using a “double-strand break and passage” mechanism, can also release 

DNA supercoils of both signs. (Berger et al. 1996; Champoux 2001; Strick et al. 2000). 

These dissimilarities may result in different patterns of transcription and noise in eukaryotes 

versus prokaryotes.

Some open questions

Despite important insights gained from recent experiments, many fundamental questions are 

left unanswered. First, single molecule studies have established E. coli RNAP as a powerful 

torsional motor with the ability to significantly alter DNA topology. However, the torque that 

a eukaryotic RNA polymerase, such as Pol II, can generate remains unknown. Is the torque 

generated by Pol II large enough to significantly disrupt nucleosome structures? Genomic 

studies (Teves and Henikoff 2014) have shown that topoisomerase inhibition results in 

increased nucleosome turnover within gene bodies. This observation suggests that Pol II 

transiently introduces torsion into DNA, which in turn alters nucleosome stability. However, 

direct and quantitative evidence is lacking to show that Pol II generated torque is sufficient 

to cause nucleosome turnover. In addition, in vivo RNAP works closely with various 

transcription factors, and how these factors regulate the capability of RNAP in driving DNA 

supercoiling needs to be examined. It is intriguing to examine whether inhibiting some 

transcription factors could result in a measurable effect on DNA supercoiling at a genomic 

scale. Furthermore, it would be interesting to see how DNA supercoiling induced by 

transcription could affect other vital cellular processes, such as replication and DNA 

recombination. Finally, single molecule and single cell studies have provided insight into 

transcriptional bursting, showing DNA supercoiling dynamics play a key role, in E. coli, in 

turning genes "on" or "off". As transcriptional bursting is a phenomenon across species, it 

will be interesting to see if DNA supercoiling also plays important roles in the determination 

of gene "noise" in eukaryotic systems.

In summary, genomic sequencing and micro-array analysis studies have painted a very 

dynamic picture of the complicated interplay between transcription and DNA supercoiling in 
vivo, and also disclosed the entangled roles of RNAPs, topoisomerases, and DNA 

supercoiling in gene regulation. Single molecule studies complement these approaches by 

providing invaluable quantitative information about the torsional characteristics of DNA, 

chromatin, and RNAP, and thus new insights into cellular mechanisms. With continued 

technological innovation, we expect that unprecedented knowledge will be gained about how 

cells use DNA supercoiling as an important regulator for many cellular processes.
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Fig. 1. 
A schematic of the twin-supercoiled domain model. During transcription, RNA polymerase 

must rotate relative to its helical DNA track. Owing to the size and typical confinement of 

the polymerase and associated machinery, the DNA is (+) supercoiled in the front and (−) 

supercoiled behind. Adapted from (Forth et al. 2013) with permission.
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Fig. 2. 
Genome-wide coupling between transcription and DNA topology. (a) Dynamic (−) DNA 

supercoiling around transcription start sites (TSSs)for genes with low, medium, or high 

expression level. The vertical axis shows the ΔCL, which is the difference between CL 

values derived from transcription inhibited and uninhibited cells, and reflects DNA 

supercoiling induced by transcription. (b) A model for DNA supercoiling regulation by Topo 

I and Topo II. In this model, Topo I is diffusely recruited to the DNA supercoiling regions 

(diffuse mode), while Topo II is recruited in a focused manner to the most dynamic (−) 

supercoiling region (focal mode). For a moderately expressed gene, dynamic supercoiling is 

mainly managed by Topo I which is recruited to a broad range upstream of the TSSs. For a 

highly transcribed gene, dynamic supercoiling is resolved efficiently by Topo II which is 

recruited focally to the TSSs. Adapted, with permission, from (Kouzine et al. 2013).
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Fig. 3. 
High-resolution mapping of DNA supercoiling reveals hundreds of supercoiling domains in 

the human chromosome (HSA) 11. (a) Microarray data of biotin-tagged psoralen bTMP 

binding across HSA 11 to assay the level of DNA supercoiling. ά-amanitin is used to inhibit 

transcription. Supercoiling domains are categorized as underwound, overwound, or stable 

regions. (b) The distributions of supercoiling domains. (c) Model of the large-scale 

chromatin structures. An overwound domain corresponds to transcriptionally inactive 

chromatin and is compact over a large-scale; whereas an underwound domain corresponds to 

a transcriptionally active region and a decompacted chromatin structure. Adapted from 

(Naughton et al. 2013) with permission.
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Fig. 4. 
Transcription-generated torsional stress can destabilize nucleosomes. (a) Altered Pol II 

elongation kinetics upon Topo I or Topo II inhibition. Top panel shows the average 

transcription profiles surrounding the transcription start sites (TSSs) and transcription end 

site (TESs) of all genes. Topo I inhibition increases the overall nascent-RNA production near 

TSSs, but not near TESs, suggesting Pol II stalling before the completion of the 

transcription; whereas Topo II inhibition showed no overall change relative to control. 

Bottom: Heat-map of the log ratio of nascent RNA for Topo I inhibited samples over control 

(left), and Topo II inhibited samples over control (right), with genes ordered by decreasing 

expression in control samples. Topo I inhibition primarily affects transcribed genes, whereas 

Topo II inhibition results in heterogeneous changes in nascent-RNA levels, suggesting Topo 

II plays only a secondary role in transcription. (b) Altered nucleosome turnover under 

torsion. Top: nucleosome turnover is measured by CATCH-IT followed by mapping of the 

positions of captured nucleosomes. Bottom: Heat maps showing changes in CATCH-IT 

signals, after Topo I (left) and Topo II (right) inhibition, from the controls. Adapted from 

(Teves and Henikoff 2014) with permission.
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Fig. 5. 
Primary single molecule torsional manipulation tools for studies of DNA supercoiling. (a) A 

schematic of an angular optical trap (AOT) setup (Forth et al. 2011; Forth et al. 2008; Forth 

et al. 2013; Inman et al. 2010; La Porta and Wang 2004; Ma et al. 2013; Sheinin et al. 2011; 

Sheinin et al. 2013; Sheinin and Wang 2009). A DNA molecule is torsionally anchored at 

one end to the surface of a coverglass and at the other end to a nanofabricated quartz 

cylinder held in an optical trap of linear polarization. The optical trap exerts both a force and 

torque on the cylinder. Rotation of the cylinder via rotation of the laser polarization 

introduces supercoiling into DNA. During a measurement, torque, rotation, force, and DNA 

extension are simultaneously measured. (b) A schematic of a magnetic tweezers (MTs) 

setup. DNA is anchored in a similar fashion as in (a). To introduce DNA supercoiling, the 

magnetic bead is rotated via rotation of the magnetic field. In most magnetic tweezers, only 

force and DNA extension may be measured. Recent enhancement of magnetic tweezers also 

permits torque detection (Celedon et al. 2009; Janssen et al. 2012; Lipfert et al. 2010; Lipfert 

et al. 2011; Mosconi et al. 2011). (c) DNA force-torque phase diagram. Phase transitions 

between specific states of DNA are represented by solid black lines (Bryant et al. 2003; 

Marko 2007; Sarkar et al. 2001). Red points indicate torque values measured during phase 

transitions using an angular optical trap (Deufel et al. 2007; Forth et al. 2008; Sheinin et al. 

2011; Sheinin and Wang 2009). Adapted from (Forth et al. 2013) with permission. (d) A 

cartoon depicting plectoneme migration via diffusion or hopping along DNA. Adapted from 

(Sheinin and Wang 2012) with permission.
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Fig. 6. 
Nucleosomes under DNA supercoiling. (a) A schematic of the magnetic tweezers 

experiments to study nucleosome chiral transition. A nucleosome array was twisted held 

under constant force while the DNA was supercoiled. (b) A model of the nucleosome chiral 

transition from left- to right-handed configuration. Two alternative routes for the refolding of 

the dimers are shown. (c) A cartoon depicting the nucleosome-stretching assay with an AOT. 

A DNA containing a single nucleosome was stretched under a defined torsion. (d) A model 

for nucleosome turn-over during transcription. (+) DNA supercoiling in front of a 

transcribing RNAP may induce H2A-H2B dimer loss, while (−) DNA supercoiling behind 

the RNAP facilitates nucleosome assembly and stabilizes assembled nucleosomes. (a) and 

(b) are adapted from (Bancaud et al. 2007), (c) from (Sheinin et al. 2013), all with 

permission.
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Fig. 7. 
A schematic depicting the method of detection for promoter opening during transcription 

initiation using magnetic tweezers. Prior to a measurement, the DNA molecule was either 

(−) or (+) supercoiled under a small and constant force. Promoter opening by an RNAP 

increased or decreased the DNA extension for the (−) or (+) supercoiled DNA respectively. 

Adapted from (Revyakin et al. 2004) with permission.
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Fig. 8. 
Determination of the torque generated by RNAP during transcription. (a) A cartoon 

depicting the "twin supercoiled domain" model and experimental configuration to measure 

transcription against (−) supercoiling upstream (behind the RNAP) or (+) supercoiling 

downstream (in front of the RNAP). E. coli RNAP was torsionally anchored to the surface of 

a coverglass while either the downstream end or upstream end of the DNA template was 

torsionally constrained to a quartz cylinder held in an AOT. The AOT monitored the 

translocation of the RNAP along DNA and the torque RNAP generated in real time. RNAP 

elongation accumulated (+) or (−) DNA supercoiling respectively. As torque increased, 

RNAP was eventually stalled and the AOT reported the value of the stall torque. (b) 

Distributions of the measured downstream (left) and upstream (right) stall torques of RNAP. 

Adapted from (Ma et al. 2013) with permission.
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Fig. 9. 
Single molecule observations of transcription bursting. (a) A cartoon depicting how multiple 

rounds of transcription on a circular template led to an accumulation of significant (+) 

torsional stress and inhibition of transcription in the presence of Topo I and absence of 

gyrase. The subsequent addition of gyrase recovered transcription. (b) Time dependence of 

T7 transcription initiation rate (blue) under the conditions shown in (a). Transcription 

initiation was inhibited by (+) supercoiling, but then recovered after the addition of gyrase. 

Adapted from (Chong et al. 2014) with permission.
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