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Because of the DNA helical nature, during transcription elon-
gation, RNA polymerase (RNAP) and DNA must rotate rela-
tive to each other as RNAP translocates along the DNA. In 
vivo, RNAP rotation is thought to be restricted due to the vis-
cous drag of large molecular machineries, such as spliceo-
somes, associated with the nascent RNA (1), thus, the DNA at 
the RNAP must rotate. This obligatory relative rotation, dic-
tated by the helical nature of DNA (2, 3), imposes one turn 
for every 10.5 nt transcribed by RNAP. Consequently, RNAP 
tightly couples its translocation and rotation, making it con-
currently a linear motor to generate force to translocate and 
a rotary motor to generate torque to rotate (4, 5). This torque 
measures the torsional stress that RNAP experiences while 
supercoiling DNA. These inherent motor properties are cru-
cial for gene expression, enabling RNAP to overcome road-
blocks and reconfigure DNA structures and topology (6, 7). 
Notably, the rotational motion leads to DNA supercoiling and 
torsional stress in the DNA, which, in turn, regulates tran-
scription (6–14). It is important to note that while supercoil-
ing refers to extra turns introduced into DNA, torque 
measures how difficult it is to introduce those turns, reflect-
ing RNAP’s capacity to rotate the DNA while working against 
the resistance. Yet our understanding of how RNAP generates 
torque and works against torsional stress is limited. Previ-
ously, we found that E. coli RNAP is a powerful rotary motor 
capable of generating sufficient torque to melt DNA (13, 14). 
Whether the eukaryotic RNA polymerase II (Pol II) can do 
the same remains unknown. 

Recent studies have highlighted the diverse critical roles 
of transcription-generated DNA torsional stress in cellular 
functions (15–18). Torsional stress on DNA is present across 

the genome and regulates gene expression, even in the pres-
ence of native topoisomerases (15, 19–26). The torsional stress 
generated from the transcription of one gene can also regu-
late the expression of other genes in the vicinity (7, 10, 27, 28). 
Moreover, DNA torsion accumulation during a head-on con-
flict of transcription and replication has been suggested to 
promote persistent replication stress and subsequent DNA 
damage (29–31). It is worth noting that because torsional 
stress in DNA can act over a distance, this consequence may 
occur well before any physical encounter of RNAP with the 
replisome (29, 32). Furthermore, transcription-generated tor-
sional stress has also been found to significantly change DNA 
topology by regulating 3D genome knotting, folding, loop for-
mation, and DNA structures (33, 34). 

Eukaryotic RNAP Pol II must transcribe through nucleo-
somes; thus, transcription through chromatin under torsion 
represents a fundamental problem in biology. Despite the sig-
nificance of this problem, little is known about how Pol II 
transcribes through chromatin while supercoiling DNA. 
Chromatin is commonly perceived as a roadblock to tran-
scription elongation, but this perception must be revisited, 
especially in the context of transcription under torsion. No-
tably, while DNA assumes a right-handed helical structure, 
each nucleosome in chromatin has DNA wrapping around 
the core histones in a left-handed fashion (35). However, it is 
unclear how DNA chirality and nucleosome chirality work to-
gether to impact Pol II’s ability to transcribe through nucleo-
somes. The complexity of this problem poses significant 
challenges to experimental investigation and requires new 
methodologies and conceptualizations to gain mechanistic 
understanding. Previous structural, biochemical, and single-
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through nucleosomes while supercoiling DNA. Here, we determined that Pol II generates a torque of 9 pN·nm alone and 13 
pN·nm with TFIIS, making it a powerful rotary motor. When Pol II encounters a nucleosome, passage becomes more efficient 
on a chromatin substrate than on a single-nucleosome substrate, demonstrating that chromatin significantly buffers torsional 
stress during transcription. Furthermore, topoisomerase supercoiling relaxation allows Pol II to transcribe through multiple 
nucleosomes. Our results reveal a role of chromatin beyond the more conventional view of it being just a roadblock to 
transcription. 

D
ow

nloaded from
 https://w

w
w

.science.org at C
ornell U

niversity on D
ecem

ber 18, 2025

https://science.org/
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adv0134&domain=pdf&date_stamp=2025-12-18


First release: 18 December 2025  science.org  (Page numbers not final at time of first release) 2 
 

molecule studies focused on transcription through a single-
nucleosome without consideration of transcription-gener-
ated torsional stress. In this work, we have enabled this in-
vestigation by developing several highly sophisticated single-
molecule methods. Our study has uncovered significant and 
quantitative insights into a role of chromatin during tran-
scription under torsion. 
 
Visualizing Pol II rotation of DNA 
The fundamental cause of transcription-generated torsional 
stress is RNAP rotation of torsionally constrained DNA. Un-
derstanding this rotation requires a real-time method for vis-
ualizing the rotational motion when transcription occurs at a 
specified torsional stress level. Previously, the rotational mo-
tion for E. coli RNAP was detected/inferred via the rotation 
of a bead (36), the rotation of a DNA origami attached to the 
DNA (37), or RNAP-generated DNA supercoiling (13, 14). 
However, these methods either do not allow on-demand con-
trol of the torsional stress or do not directly track the rota-
tion. 

Here, we present an approach to directly track Pol II-
generated rotation of DNA at high spatial and temporal res-
olution using an angular optical trap (AOT). A defining fea-
ture of the AOT is its trapping particle, a nanofabricated 
birefringent quartz cylinder (Fig. 1A and fig. S1), which serves 
as a handle for simultaneous measurements of force, exten-
sion, torque, and rotation of DNA (38–42). The angular ori-
entation of the quartz cylinder can be detected at an 
exceedingly high angular and temporal resolution (43–45) 
and thus can be used to visualize how Pol II induces DNA 
rotation. 

To apply the AOT to Pol II, we torsionally constrained S. 
cerevisiae Pol II (fig. S2) to the coverslip surface of a sample 
chamber and its downstream DNA to the bottom of the cyl-
inder (Fig. 1A, figs. S3 and S4, and tables S1 and S2). Pol II 
translocation leads to positive (+) torque buildup, which ulti-
mately buckles the DNA to form a plectoneme (fig. S5). Once 
the torque reached a desired value, the AOT rotates the cyl-
inder to follow Pol II rotation of DNA, thus limiting further 
torque buildup and maintaining a constant torque. At this 
point, for each turn of Pol II rotation of the DNA (10.5 bp 
transcribed), the cylinder also rotates by a turn (Materials 
and methods). Because the cylinder’s extraordinary axis angle 
can be tracked at exceedingly high spatial and temporal res-
olution (43–45), this method provides unprecedented resolu-
tion of the Pol II rotational motion. 

The example trace in Fig. 1B shows Pol II rotation of DNA 
under 3.2 pN·nm resisting torque. This torque is relatively 
low compared with the magnitude of the torque required to 
melt DNA (40), mimicking an in vivo condition where topoi-
somerases can almost keep up with transcription. As Pol II 
progresses along the DNA, it exhibits steady rotational 

motion (1-2 turns/s), interspersed by pauses. This rotational 
motion, also visualized in movie S1, corresponds to an overall 
rate of 10-20 nt/s elongation rate, comparable to those deter-
mined when RNAP rotation was not topologically con-
strained in previous in vitro experiments (46–52). This 
indicates that a torque of 3.2 pN·nm does not substantially 
slow down Pol II elongation. These Pol II rotational behaviors 
are also reminiscent of the translocational motions of RNAP 
from previous studies (46–49, 51, 52), reflecting the translo-
cation-rotation coupling of RNAP. The direct visualization of 
the Pol II rotational motion highlights the inherent nature of 
rotational motion during transcription and invites the inves-
tigation of the inevitable consequences of transcription-gen-
erated rotation. 
 
Pol II is a powerful rotary motor 
In vivo, Pol II-generated DNA supercoiling cannot be fully 
dissipated by rotation of the DNA ends, which are often asso-
ciated with cellular structures, domains, or factories (1). Con-
sequently, transcription accumulates positive (+) 
supercoiling and torsional stress in front of Pol II and nega-
tive (−) supercoiling and torsional stress behind, leading to 
the well-known “twin-supercoiled-domain” model of tran-
scription (26, 53). Both the (+) torsional stress in front of Pol 
II and the (−) torsional stress behind it hinder transcription. 
These torsional buildups can occur even in the presence of 
topoisomerases (15, 19–26), suggesting that topoisomerases 
cannot always keep up with transcription. Especially when 
there is a transient shortage of topoisomerases near an active 
gene, torsional stress in the DNA can build up, leading to Pol 
II stalling. The torque at which Pol II stalls determines Pol 
II’s torsional capacity to work against torsional stress and 
modulate the DNA topology. However, it is unknown how 
much torque Pol II can generate before stalling. 

To measure Pol II’s stall torque, we adapted a method we 
previously used for stall torque measurements of E. coli 
RNAP using an AOT (13, 14). Instead of rotating the cylinder 
as in Fig. 1A, we restricted the cylinder rotation, allowing Pol 
II to build up torsional stress on the DNA and eventually stall 
(Fig. 1C). During this process, we monitored how Pol II moves 
along the DNA and generates torsional stress in real-time 
(Fig. 1D). We investigated two stalling configurations: Pol II 
accumulation of (−) supercoiling behind or (+) supercoiling 
in the front and found that the stall torque magnitudes are 
similar in these two configurations despite being opposite in 
rotational sense: −9.0 ± 1.4 pN·nm (mean ± SD) and +8.5 ± 
1.9 pN·nm, respectively. For comparison, the DNA melting 
torque is around −10 pN·nm (40), suggesting that Pol II is a 
torsional motor almost sufficiently powerful to melt DNA. 
 
TFIIS enhances Pol II’s torsional capacity 
Upon stalling under torsion, we observed that Pol II often 
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reverses its movement and moves backward by up to 100 bp 
or more while relaxing the transcription-generated torsional 
stress (Fig. 1D and fig. S6). This reverse motion is consistent 
with Pol II backtracking, during which Pol II reversely trans-
locates along DNA, threading its 3′ transcribed RNA through 
the secondary channel and rendering Pol II inactive (54–57). 
This observation shows that backtracking is the primary 
cause for stalling under torsion, indicating that anti-back-
tracking transcription elongation factors, such as TFIIS (54, 
58–60), may facilitate Pol II transcription under torsion by 
stimulating the cleavage activity of Pol II and rescuing the 
backtracked complexes in a way similar to the effect of GreB 
on E. coli RNAP (14). 

Investigating whether TFIIS can facilitate Pol II transcrip-
tion under torsion and, more broadly, how Pol II works 
against obstacles requires extensive exploration of broad ex-
perimental conditions, which is challenging when measure-
ments must be conducted sequentially on the AOT. The scope 
of this investigation motivated us to develop an alternative 
method using magnetic tweezers (MT), which enable parallel 
measurements of multiple molecules while resolving the dy-
namics of each molecule (11, 12, 34, 61–64). Although the MT 
instrument cannot directly measure torque, the torque on the 
DNA substrate may be obtained through the measured DNA 
extension and force using the DNA torsional properties es-
tablished from the AOT (fig. S5 and table S2). 

We first used the MT assay to determine the stall torque 
of Pol II in the presence of TFIIS. In this experiment, we an-
chored Pol II to a magnetic bead and torsionally constrained 
the downstream DNA to the coverslip surface of a sample 
chamber (Fig. 2A). Previously, we showed that E. coli RNAP 
stall torque may be obtained via a torque-jump method using 
the AOT (13). We adapted this method for Pol II stall torque 
measurements on the MT. We first verified that Pol II was 
active under an assisting torque by allowing it to transcribe 
under (−) supercoiling (Materials and methods). Continued 
transcription converts the (−) supercoiling to (+) supercoiling 
and buckles the DNA to form a (+) buckled plectoneme at +6 
pN·nm torque. We then jumped the torque to a higher value, 
for example, +10 pN·nm (Fig. 2B), and determined whether 
Pol II could continue moving forward (Materials and meth-
ods). In the example trace without TFIIS (Fig. 2B), Pol II stalls 
and extensively backtracks, with the backtracking distance 
increasing with time, indicating +10 pN·nm is substantial re-
sistance to forward movement. In contrast, in the presence of 
TFIIS (Fig. 2B), Pol II still backtracks. However, after back-
tracking, Pol II resumes forward translocation, consistent 
with TFIIS rescuing the backtracked elongation complex. 
Thus, Pol II continues to move forward despite the +10 
pN·nm resistant torque. 

In vivo, the torsional stress in DNA is regulated by topoi-
somerase activity: high torsional stress when topoisomerase 

activity is low, and low torsional stress when topoisomerase 
activity is high. Our torque-jump experiment mimics this pro-
cess by examining Pol II activity at different torques. Figure 
2C shows the mean trajectories of Pol II. Under low torque 
values (such as 0 and +6 pN·nm), Pol II moves forward stead-
ily, showing minimal differences with and without TFIIS. 
However, when the torque increases to +10 pN·nm, Pol II 
without TFIIS cannot sustain steady forward movement and 
backtracks extensively; in contrast, Pol II with TFIIS can still 
move forward. We examined the pause-free velocity, which 
reflects primarily the behavior of transcription elongation 
along the main reaction pathway (65, 66). The resulting 
torque-velocity relation, akin to the force-velocity relation 
and characteristic of the chemo-mechanical property of a mo-
tor protein (13, 66), shows that Pol II pause-free velocity de-
creases with an increase in the resisting torque (Fig. 2D). 
Although TFIIS substantially increases the overall ability of 
Pol II to move forward against torsional stress (Fig. 2C), TFIIS 
does not increase the pause-free velocity (Fig. 2D), consistent 
with TFIIS acting only on the backtracked elongation com-
plex of the branched pathway. The measured torque-velocity 
relation shows a good agreement with that expected of E. coli 
RNAP (65, 66) (fig. S7), suggesting that Pol II may have ener-
getic and kinetic properties in the main reaction pathway 
similar to those of E. coli RNAP. 

To determine the stall torque of Pol II, we measured the 
fraction of Pol II molecules remaining active at different tor-
ques (Fig. 2E). We define stall torque as the torque when 50% 
of the molecules remain active (13). This analysis shows that 
Pol II alone can generate +8.6 ± 0.3 pN·nm torque, consistent 
with values measured using the AOT within the measure-
ment uncertainty. The presence of TFIIS increases Pol II stall 
torque to +12.8 ± 0.4 pN·nm, representing a 49% enhance-
ment. Thus, TFIIS enables Pol II to work more effectively 
against torsional stress. 

As a comparison, E. coli RNAP alone generates ~ +11 
pN·nm torque (13). So, Pol II generates a torque comparable 
to E. coli RNAP, though slightly smaller. In addition, E. coli 
RNAP’s torsional generation capacity is also enhanced by the 
anti-backtracking factor GreB to +18.5 pN·nm torque (14). 
Thus, the torsional capacity enhancement by anti-backtrack-
ing transcription elongation factors may be general to all 
transcription machineries. These factors may rescue back-
tracked complexes, and subsequent resumption of transcrip-
tion provides a renewed opportunity for RNAP to work 
against a greater torque (14). Overall, the basal machinery of 
eukaryotic transcription is a powerful rotary motor whose 
torsional capacity can be regulated by transcription factors. 
In vivo, many other factors may potentially modulate the tor-
sional capacity of Pol II to facilitate its passage through ob-
stacles such as nucleosomes (67). 
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Transcription through a nucleosome under torsion 
In recent decades, through extensive in vitro and structural 
studies, we have gained significant mechanistic insights into 
the nature of the nucleosome barrier to transcription (54, 68–
74). These studies have focused primarily on transcription 
through a single nucleosome under no torsional stress. In the 
cell, Pol II must transcribe through nucleosomes in chroma-
tin while supercoiling DNA. Thus, Pol II simultaneously ex-
periences a physical blockage from the encountered 
nucleosome and resistance from supercoiling buildup in the 
chromatin. How chromatin impacts the ability of Pol II to 
transcribe through nucleosomes under torsion has remained 
obscure due to the complexity of this problem and a lack of 
experimental approaches for investigation. 

To tackle this problem, we developed a real-time, mag-
netic tweezers-based assay to track the progression of Pol II 
as it transcribes through nucleosomes in a chromatin fiber 
(Fig. 3, A and B). The experimental configuration is similar to 
that of Fig. 2A, except that the downstream substrate con-
tains either a single nucleosome or a chromatin fiber contain-
ing about 50 nucleosomes. To facilitate the comparison, the 
nucleosome-array template is identical to the single-nucleo-
some template in the number of base pairs, the transcription 
start site (TSS) location, and the sequence leading to and 
through the first nucleosome. Control experiments show that 
nucleosomes remain stable when subjected to a torque com-
parable to that Pol II might generate during transcription on 
a nucleosome on these templates (fig. S8). 

Prior to measurements, the measured DNA extension is 
substantially smaller for the nucleosome-array template due 
to the nucleosome compaction of DNA as expected (61, 62, 75, 
76) (Fig. 3C). Upon introducing NTPs to the sample chamber, 
the magnetic tweezers are used to rapidly unwind each tether 
by 18 turns to (−) supercoil the DNA, facilitating Pol II’s es-
cape into active elongation. Subsequent transcription con-
verts the (−) supercoiling to (+) supercoiling. With continued 
transcription, Pol II introduces more (+) supercoils to DNA 
and eventually encounters a nucleosome. We use the real-
time DNA extension to monitor Pol II position along the DNA 
during this process (fig. S9 and Materials and methods). 

In the representative traces (Fig. 3C), since Pol II position 
is indicated by its active site on the DNA template, the front 
edge of Pol II that encounters the nucleosome is about 20 bp 
downstream of the active site (77). We found that Pol II 
pauses when encountering the first nucleosome at about 403 
bp from the TSS on the single-nucleosome template or the 
nucleosome-array template. The presence of TFIIS increases 
the ability of Pol II to move through the first nucleosome on 
either template. We examined the dwell time of Pol II when 
encountering a nucleosome in the presence of TFIIS (Fig. 3D). 
On the single-nucleosome template, Pol II pauses strongly be-
fore reaching the dyad of the nucleosome, with a pausing 

pattern indicative of periodicity (Fig. 3D, left panel). Fourier 
transformation of this signal reveals an ~ 11-bp periodicity 
(fig. S10), consistent with Pol II pausing at the strong histone-
DNA interactions in a nucleosome, which occur whenever the 
DNA minor groove faces the histone core octamer surface (35, 
78). This exceptional resolution results from the detection 
resolution enhancement of buckled DNA: each 10.5 bp of Pol 
II movement leads to a ~ 50 nm reduction to the DNA exten-
sion. The nucleosome-array template does not allow this res-
olution enhancement because the extension is about ten 
times less sensitive to Pol II movement (fig. S11). Nonetheless, 
Pol II dwelling around the dyad is still detected (Fig. 3D, right 
panel). For both templates, the pausing patterns bear resem-
blance to those of transcription through a nucleosome previ-
ously observed in vitro (70, 79, 80) or through nucleosomes 
in the gene body in vivo (81–83), with pausing occurring pri-
marily before and around the dyad. These observations 
demonstrate that we have established a method to investigate 
how Pol II transcribes through nucleosomes under torsion. 
 
Chromatin buffers torsional stress to facilitate tran-
scription 
The representative traces in Fig. 3C are suggestive that Pol II 
transcribes through a nucleosome more efficiently on the 
chromatin template than on the single-nucleosome template. 
To rigorously evaluate this observation, we pooled many 
traces and plotted the mean Pol II trajectory at their nucleo-
some encounter (Fig. 4A, fig. S12, and Materials and meth-
ods). Indeed, Pol II transcription is more efficient on the 
chromatin template. In the absence of TFIIS, Pol II stalls ex-
tensively when it first encounters the nucleosome on the sin-
gle-nucleosome template. In contrast, Pol II can invade the 
nucleosome on the chromatin template. The presence of 
TFIIS greatly facilitates Pol II passage through a nucleosome 
on both templates, but transcription remains more efficient 
on the chromatin template. 

Notably, for both templates, which are identical in length, 
Pol II transcribes the same DNA sequence and generates the 
same number of supercoils when encountering the nucleo-
some (Fig. 3A). Yet, the nucleosome-passage rates substan-
tially differ (Fig. 4B). The only difference between the two 
configurations is the substrate downstream of the nucleo-
some that Pol II first encounters: naked DNA for the single-
nucleosome template and chromatin fiber for the chromatin 
template. Our previous studies show that the torsional stiff-
ness of chromatin fiber is about 8.5 times softer than that of 
naked DNA (61). The torsional stiffness reduction ultimately 
results from the left-handed chirality of a nucleosome with 
DNA wrapping around a histone octamer in a left-handed 
configuration, constraining (−) supercoiling within a nucleo-
some (61, 84), with the entry and exit DNA segments being 
able to adopt different states. Under no torsion, these 
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segments are more prone to adopt a (−) crossed state. The 
presence of (+) torsion converts these segments into a (+) 
crossed state (62, 85), limiting twist buildup without histone 
dissociation (61) (fig. S8). Thus, the torsional mechanical 
properties of chromatin allow effective buffering of transcrip-
tion-generated torsional stress on the chromatin template, fa-
cilitating transcription through the nucleosome. In contrast, 
the naked DNA of the single-nucleosome template cannot ef-
fectively buffer transcription-generated torsional stress, mak-
ing torsional stress a significant obstacle to transcription. In 
a way, this is akin to Pol II twisting substrates of different 
physical properties: while it is easier to twist chromatin by 
adding some turns (imagine twisting a rope), it is considera-
bly harder to twist naked DNA by adding the same number 
of turns (imagine twisting a metal rod) (5). 

Consistent with this chromatin torsional-mechanical ex-
planation, our measured nucleosome-passage rate is greater 
on the chromatin template than on the single-nucleosome 
template by 5.5 ± 0.7 (mean ± SEM) fold with TFIIS and 31.2 
± 7.9 (mean ± SEM) fold without TFIIS (Fig. 4B). Using the 
torsional mechanical properties of chromatin (61), we esti-
mate that Pol II experiences only 1.6 pN·nm resisting torque 
when encountering a nucleosome on the chromatin template 
but 8.5 pN·nm resisting torque when encountering a nucleo-
some on the single-nucleosome template (Fig. 4B, Materials 
and methods, and fig. S11). To further evaluate this possibil-
ity, we also examined the nucleosome-passage rate on a sin-
gle-nucleosome template that is not torsionally constrained 
so that torsional stress cannot accumulate on this template 
(0 pN·nm) (Fig. 4B and figs. S12 and S13). Indeed, the nucle-
osome-passage rate on this template is substantially in-
creased and even greater than that on the chromatin-fiber 
template under torsional stress (Fig. 4B), further demonstrat-
ing how torsional stress can impact the nucleosome-passage 
rate. 

Collectively, our findings demonstrate the effectiveness of 
chromatin in buffering torsional stress during transcription. 
This buffering results from the left-handed nucleosome chi-
rality and does not require the disassembly of nucleosomes 
downstream of Pol II (61) (fig. S8). Although chromatin has 
been traditionally viewed as a roadblock to transcription, our 
results show that by buffering torsional stress, chromatin ac-
tually facilitates transcription, revealing a crucial role of 
chromatin in regulating transcription. Although DNA super-
coiling and torsional stress are distinct physical quantities, 
they are often conflated in the literature. Our work shows 
how torsional stress can significantly impact transcription 
even under the same degree of supercoiling. Torsional stress 
(reflected by torque), not DNA supercoiling, dictates the dif-
ficulty of Pol II in twisting DNA. The distinction between 
DNA supercoiling and torsional stress is critical but histori-
cally overlooked. Our data help highlight this difference. 

Torsional stress modulates nucleosome passage 
Even though chromatin is an effective torsional buffer, con-
tinuous transcription eventually generates enough torsional 
stress to exceed the buffering capacity of chromatin, limiting 
Pol II’s ability to transcribe through multiple nucleosomes. 
Thus, timely torsional relaxation by topoisomerases is crucial 
to ensure Pol II progression (15, 19–26). Since topoisomerases 
relax DNA supercoiling, they should reduce torsion in chro-
matin and facilitate the passage of Pol II through nucleo-
somes. 

To investigate how topoisomerase relaxation facilitates 
transcription through chromatin, we conducted transcription 
experiments in the presence of human topoisomerase I (topo 
I) or yeast topoisomerase II (topo II) (Fig. 5A) using a config-
uration similar to that shown in Fig. 3A. Our control experi-
ments show that both topo I and topo II can effectively relax 
torsional stress in a chromatin substrate (fig. S14) (61, 62). 
However, the Pol II location on DNA can no longer be tracked 
in real-time by the DNA extension, because the DNA exten-
sion can be altered by topoisomerase relaxation or Pol II 
translocation and thus does not uniquely inform the Pol II 
location on the template. Instead, we assess the Pol II loca-
tion using the extension-turns relation of the chromatin sub-
strate downstream of Pol II. Previously, we have 
characterized how the width and height of the extension-
turns relation of chromatin depend on the number of nucle-
osomes (61, 62). We now use this characterization to estimate 
the number of nucleosomes on the remaining chromatin be-
tween Pol II and the coverslip, which provides an estimate of 
the location of Pol II on the template (Materials and meth-
ods). As Pol II progresses through nucleosomes, the chroma-
tin array ahead of Pol II shortens, leading to a reduced width 
and height of the extension-turns relation (Fig. 5B). These 
features provide an estimation for the number of nucleo-
somes transcribed. 

Using this method, we monitored how Pol II transcribes 
through chromatin as a function of time (Fig. 5C). In the ab-
sence of any topoisomerases, Pol II can transcribe through 
one nucleosome, consistent with chromatin effectively buff-
ering torsional stress during transcription. However, after the 
passage of this nucleosome, Pol II significantly slows down 
while transcribing through the second nucleosome, con-
sistent with torsional stress approaching the buffering capac-
ity of chromatin (fig. S11) and suggesting that further 
transcription requires torsional relaxation by topoisomer-
ases. Indeed, when either topo I or topo II is present, Pol II 
can continue to transcribe through multiple nucleosomes 
with less indication of being significantly slowed down over 
time. Topo I is more effective in allowing more efficient nu-
cleosome bypass. Thus, the presence of topoisomerases en-
sures more processive transcription. 

In vivo, Pol II may also encounter other motor proteins 
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that share the same DNA substrate, and Pol II progression is 
modulated by torsional stress generated by those processes 
(fig. S15). For example, when one Pol II trails another Pol II 
moving co-directionally, the leading Pol II generates (−) 
supercoiling behind that annihilates the (+) supercoiling in 
front of the trailing Pol II, reducing the torsional stress in 
front of the trailing Pol II. Similarly, when a Pol II encounters 
another Pol II or a replisome moving head-on, (+) supercoil-
ing accumulates between the two motors, increasing the tor-
sional stress. 

To investigate how additional torsional stress impacts 
transcription, we allowed Pol II to transcribe on the chroma-
tin template while either mechanically unwinding the DNA 
to reduce torsional stress or overwinding the DNA to increase 
torsional stress, mimicking the torsional action of other mo-
tor proteins. In this experiment, we rotated the magnet at a 
constant rate while monitoring the progression of Pol II 
through a nucleosome (Fig. 5D). As expected, unwinding the 
chromatin substrate facilitates Pol II progression through a 
nucleosome while overwinding the chromatin substrate hin-
ders its progress (Fig. 5, D and E). Therefore, the ability of Pol 
II to bypass a nucleosome is modulated by the level of the 
torsional stress. 

Taken together, these results further highlight the role of 
torsional stress during transcription through nucleosomes 
and provide additional support for the torsional mechanical 
model of transcription. We found that topoisomerase relaxa-
tion of torsional stress can significantly facilitate transcrip-
tion through chromatin, allowing Pol II to progress through 
multiple nucleosomes without significant hindrance from the 
torsional stress buildup. We also show that Pol II passage 
through a nucleosome can be modulated by additional tor-
sional stress, which could be imposed by other motors on the 
same substrate. These results demonstrate how torsional 
stress can modulate transcription through nucleosomes. 
 
Discussion 
Our findings show that torsional stress is a strong regulator 
of transcription through chromatin. We have provided un-
precedented information on Pol II transcription dynamics 
through chromatin under torsion. This work shows a com-
plex interplay of DNA supercoiling generated by Pol II and 
chromatin’s ability to buffer the resulting torsional stress. 
The direct comparison of transcription through a nucleosome 
on a single-nucleosome template and a chromatin template 
also calls attention to the crucial distinction between DNA 
supercoiling and torsional stress, which have often been con-
flated in the literature. 

We visualized Pol II rotation of DNA, demonstrating the 
inevitable consequence of torsional stress associated with 
transcription (Fig. 1, A and B). Although RNAP has primarily 
been examined as a linear motor that generates force to 

translocate along the DNA (46, 47, 49, 51), this work on Pol 
II, together with previous studies of E. coli RNAP (13, 14), 
brings to the fore that RNAP is also a rotary motor that gen-
erates torques to rotate the DNA. We found that Pol II can 
generate a torque of about 9 pN·nm that nearly melts the 
DNA and becomes significantly more powerful in the pres-
ence of TFIIS to about 13 pN·nm (Fig. 1 and Fig. 2). Thus, Pol 
II is a potent rotary motor with its torsional capacity modu-
lated by transcription factors. While this work focuses on the 
basal transcription machinery with TFIIS, other factors (49, 
50, 77, 86) will likely further modulate the torsional capacity 
of Pol II in vivo. 

Our data demonstrate that chromatin can effectively 
buffer (+) torsional stress generated ahead of transcription, 
allowing Pol II to progress more efficiently through a nucle-
osome, a feat unattainable if the downstream is naked DNA 
(Fig. 3 and Fig. 4). Although chromatin has been previously 
proposed to serve as a buffer of torsional stress (61, 85, 87, 
88), our data provide experimental evidence that supports 
this hypothesis in the context of transcription and demon-
strates the role of chromatin beyond being just an obstacle. 
this (+) torsional buffering results from the nucleosome chi-
rality and does not require nucleosome disassembly (61, 62, 
85) (fig. S8). Thus, the left-handed nucleosome chirality coor-
dinates with the right-handed DNA to buffer (+) torsional 
stress and facilitate transcription through nucleosomes. Ge-
nomics studies show that nucleosomes are present within 
gene bodies at high occupancy, even for highly transcribed 
genes (89, 90), and deletion of factors that preserve nucleo-
some integrity on the chromatin could result in a down-reg-
ulation of genic transcription (91). Thus, chromatin may be a 
necessary substrate constituent to limit torsional stress accu-
mulation during active transcription. 

Previous in vivo studies also show that transcription-gen-
erated (+) torsional stress could promote destabilization of 
nucleosomes ahead of Pol II (21, 92), since each nucleosome 
traps about one (−) turn by the left-handed wrapping of DNA 
around a nucleosome (84). We previously found that +19 
pN·nm can facilitate the dissociation of the H2A/H2B dimers 
in a nucleosome (93), suggesting that the torque generated 
by Pol II in this work may not be sufficient to disassemble 
nucleosomes. Our control experiment shows that nucleo-
somes remain stable during the measurement time under a 
torque comparable to that generated by Pol II during tran-
scription through a nucleosome (fig. S8). Although Pol II-
generated (+) torsion is insufficient to disassemble nucleo-
somes in our experiments, it could still help to destabilize the 
nucleosomes ahead of Pol II. In vivo, Pol II could generate 
greater (+) torsion by interacting with other elongation fac-
tors, enhancing its ability to destabilize nucleosomes. In ad-
dition, nucleosome remodelers and chaperones could also 
slide and destabilize the nucleosomes, along with the 
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assistance of (+) torsion, to allow Pol II passage (94, 95). 
We also demonstrate that topo I or topo II can signifi-

cantly facilitate transcription through multiple nucleosomes 
(Fig. 5, A to C). Topo I is more effective than topo II in this 
role. This difference may reflect how each enzyme interacts 
with its substrate. While topo II relaxes DNA via a strand pas-
sage mechanism (96) and prefers binding to a DNA crossover 
(97, 98), topo I relaxes DNA by interacting with a single DNA 
segment (99). On a chromatin substrate, topo II can bind to 
a crossover formed by the juxtaposition of the entry and exit 
DNA segments of a nucleosome. However, (+) torsion at a nu-
cleosome first displaces the entry and exit DNA segments be-
fore bringing them together into juxtaposition. This leads to 
fewer DNA crossings being available for topo II binding until 
significant (+) torsion buildup occurs, and thus a delayed ac-
tion of topo II in assisting transcription through nucleo-
somes. This is consistent with our previous finding that topo 
II has a faster relaxation rate and is more processive on chro-
matin under high (+) torsion stress (62). In contrast, topo I 
may perform its function by simply binding to the linker DNA 
between nucleosomes without the need to capture a crosso-
ver, thus allowing for more rapid and processive supercoiling 
relaxation. In support of this interpretation, previous in vivo 
studies show that topo I is the primary enzyme for relaxing 
transcription-generated torsional stress (21, 92), and topo I, 
but not topo II, acts within gene bodies (21, 26). Furthermore, 
as the torsion increases with the level of transcription, both 
topo I and topo II enrichment levels also rise, suggesting that 
torsion might facilitate topoisomerase recruitment or reten-
tion (26). In addition to topoisomerases, other motors in the 
vicinity can further modulate torsional stress (18). We further 
show that transcription through chromatin can be up-regu-
lated by (−) torsion or down-regulated by (+) torsion down-
stream of Pol II for the range of supercoiling introduced in 
Fig. 5F. 

While the torque capacity of Pol II may facilitate tran-
scription against torsional resistance, this property may also 
exacerbate conflicts with other motor proteins. For example, 
when Pol II encounters a replisome head-on, (+) torsional 
stress accumulates between Pol II and the replisome, which 
could occur well before Pol II physically encounters the repli-
some since torsional stress can act over a distance. Previous 
studies support a model in which (+) torsional stress accu-
mulation is the culprit for replication stress, leading to repli-
cation fork stalling and disassembly (29–31). Although the 
replisome often ultimately wins the conflict (100), Pol II’s 
ability to move forward against strong torsional stress will 
allow a greater (+) torsional buildup between the two motors 
that leads to greater fork instability, which is detrimental to 
genome integrity. 

Despite chromatin being traditionally viewed as a hin-
drance to fundamental DNA processes, our findings 

demonstrate a role of chromatin in promoting transcription 
through a nucleosome under torsion. Previously, we provided 
evidence that chromatin facilitates replication by partition-
ing supercoiling behind the replication fork, simplifying the 
topology for subsequent chromosome segregation (61). This 
work extends this idea in the context of transcription. These 
studies reveal the crucial role of chromatin’s torsional me-
chanical properties in fundamental DNA processes. 
 
Materials and methods 
Protein expression and purification 
Yeast Pol II containing a 6×His-tag and a biotin tag on both 
Rpb1 and Rpb3 subunits was expressed and purified from S. 
cerevisiae (101). In brief, cell pellets were lysed and went 
through a HisTrap HP column (Cytiva 17524801), a heparin 
column (Cytiva 17040703) and a Mono Q column 10/100 
(Cytiva 17516701). The resulting product was then biotinyl-
ated by GST-BirA and the reaction mixture was slowly loaded 
to a Mono Q column 5/50 (Cytiva 17516601). The eluted bioti-
nylated Pol II was then checked by SDS-PAGE (fig. S2), con-
centrated, and flash-frozen for storage. 

S. cerevisiae recombinant TFIIS was expressed in BL21 
(DE3) pET15b PPR1 (69450-M; Novagen-sigma) (102). Cell 
pellets harvested by centrifugation were sonicated using a 
microprobe tip and Sonicator-Ultrasonic Processor VHX 750 
W (model GEX 750; PG Scientific). The centrifugated lysate 
was loaded/passed through a HisTrap FF Crude (Cytiva 
17528601) and later was loaded to a Mono S column 10/100 
GL (Cytiva 17516901). The protein eluted from the column 
was diluted and reloaded to a HisTrap HP (Cytiva 29051021) 
column and a Mono S column 5/50 GL (Cytiva 17516801) to 
produce 6×His-tagged protein. The protein was then checked 
by SDS-PAGE (fig. S2), concentrated, and flash-frozen for 
storage. 

Human HeLa histones were purified from nuclear pellets 
of HeLa-S3 (National Cell Culture Center HA.48) cells, fol-
lowed by a hydroxyapatite Bio-gel HTP gel slurry (Bio-Rad 
Laboratories) purification (103–105). The protein was then 
checked by SDS-PAGE (fig. S2), concentrated, and flash-fro-
zen for storage. 

Human topoisomerase I (His-MBP-prescission-hsTOP1, 
simply topo I) was expressed in High Five insect cells. Cells 
were collected and resuspended in Buffer A (50 mM HEPES-
NaOH pH 7.5, 1 M NaCl, 20 mM imidazole, 5% glycerol, 5 mM 
βME, 1 mM PMSF, 1 μg/mL Leupeptin and 1 μg/mL Pep-
statin). Resuspended cells were lysed by sonication and clar-
ified by centrifugation, followed by application of the 
clarified lysate to a HisTrap-HP column (Cytiva 17524801) 
equilibrated in Buffer B (35 mM Tris-HCl pH 7.8, 1 M NaCl, 
15 mM imidazole, 5% glycerol, 0.5 mM TCEP, 1 mM PMSF, 1 
μg/mL Leupeptin and 1 μg/mL Pepstatin). Captured protein 
was eluted with Buffer C (35 mM Tris-HCl pH 7.8, 100 mM 
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NaCl, 300 mM imidazole, 5% glycerol and 0.5 mM TCEP) di-
rectly onto a HiTrap-SP sepharose cation exchange column 
(Cytiva 17515701) equilibrated in Buffer D (35 mM Tris-HCl 
pH 7.8, 100 mM NaCl and 0.5 mM TCEP) and eluted by a gra-
dient of 0-100% Buffer E (35 mM Tris-HCl pH 7.8, 1 M NaCl 
and 0.5 mM TCEP). Peak fractions containing His-MBP-
prescission-hsTOP1 from ion exchange were pooled and the 
MPB tag removed by addition of rhinovirus 3C protease. Topo 
I was further purified by size exclusion chromatography us-
ing a Superdex 200 Increase 10/300 GL (Cytiva 28990944) 
equilibrated in Buffer F (50 mM Tris-HCl pH 7.8, 500 mM 
KCl, 10% glycerol and 0.5 mM TCEP). Peak fractions contain-
ing purified topo I were pooled and brought to a final glycerol 
concentration of 30%, checked by SDS-PAGE (fig. S2) and 
flash frozen for storage. 

Yeast topoisomerase II (topo II) was expressed in S. cere-
visiae (61–63). In brief, cell pellets harvested by centrifuga-
tion were lysed, and went through a HisTrap HP column 
(Cytiva 17524802) and a HiTrap SP HP column (GE 17115201). 
The protein eluted from the column was concentrated and 
incubated with TEV protease (QB3 Macro Lab) overnight, re-
moving the 6×His-tag to produce tag-free proteins. The pro-
tein was further purified using a HisTrap HP column (Cytiva 
17524802) and a Sephacryl column (GE Healthcare). The pro-
tein was then checked by SDS-PAGE (fig. S2), concentrated, 
and flash-frozen for storage. 
 
DNA template construction 
The “gapped” DNA construct (fig. S3) was formed on a 0.6 kb 
DNA PCR amplified from pMDW139 (see table S1 for primer 
sequences). Two nicks on the non-template strand (NTS) 
were introduced by Nt.BbvCI (NEB R0632). The sample was 
then melted and re-annealed with the addition of 40× 
amount of a DNA oligo with an identical sequence to the tem-
plate strand (TS) (ARP78 TS in table S1) and went through 
spin column purification (Select-a-Size DNA Clean & Concen-
trator, Zymo Research D4080), resulting in a 76 nt gap on the 
non-template strand. The sample was further digested with 
BstXI (NEB R0113) to create a unique overhang to ligate to 
the downstream template. 

A second “gapped” DNA construct of 133 bp used for the 
Pol II upstream torque was formed by annealing three DNA 
oligos: Upstream NTS, Downstream NTS and Short TS (see 
table S1 for sequences). The resulting DNA segment contains 
two unique overhangs at the template ends. 

The 5.7 kb DNA construct (fig. S4) for Pol II rotation track-
ing and downstream stall torque measurement is composed 
of a 4.6 kb center segment (~50% GC content) flanked by a 
0.6 kb transcription elongation complex (TEC) segment and 
a 0.5 kb multi-digoxigenin-labeled tethering adapter. The 4.6 
kb center segment was PCR amplified from pRL574 (see table 
S1 for primer sequences) with LongAmp Taq (NEB M0534) 

and digested with BstXI (NEB R0113) and BsaI-HFv2 (NEB 
R3733) to produce unique overhangs. 

The 11.6 kb DNA construct (fig. S4) for Pol II upstream 
stall torque measurement is composed of a 0.5 kb multi-di-
goxigenin-labeled tethering adapter, a 6.5 kb upstream seg-
ment (~50% GC content), a 133 bp TEC segment and a 4.6 kb 
center segment. The 6.5 kb upstream segment was PCR am-
plified from pMDW133 (see table S1 for primer sequences) 
and digested with BssSI-v2 (NEB R0680) and PpuMI (NEB 
R0506) to produce unique overhangs. 

The 601 sequence (106) was used as the nucleosome posi-
tioning element (NPE) for both single-nucleosome and nucle-
osome array templates. The 13.8 kb single-nucleosome 
template (Fig. 3A) is composed of a 0.6 kb TEC segment, a 0.3 
kb nucleosome segment containing a single NPE, a 12.3 kb 
center segment, and a 0.5 kb multi-digoxigenin-labeled teth-
ering adaptor (41, 61). The reverse PCR primer of the 0.6 kb 
TEC segment was modified (0.6 kb gapped PCR R Nuc; table 
S1) to produce the correct overhang for downstream ligation. 
The 0.3 kb NPE segment was PCR amplified from pMDW2 
(see table S1 for primer sequences). The product was then di-
gested with AlwNI (NEB R0514) and BbsI-HF (NEB R3539) 
to generate overhangs for further ligation. The 12.3 kb center 
segment was PCR amplified with Phusion (NEB M0530) from 
λ-DNA (NEB N3011, see table S1 for primer sequences) and 
digested with BstXI (NEB R0113) and BsaI-HFv2 (NEB 
R3733) to generate unique overhangs for further ligation. 

The 13.8 kb nucleosome array template (Fig. 3A) is com-
posed of a 0.6 kb TEC segment, a 12.7 kb 64-mer segment 
containing 64 tandem repeats of 197 bp (147 bp NPE + 50 bp 
linker DNA), and a 0.5 kb multi-digoxigenin-labeled tethering 
adaptor. The 64-mer segment was digested with FastDigest 
BglI (Thermo Scientific FD0074) and FastDigest BstXI 
(Thermo Scientific FD1024) from pMDW72 and went through 
gel extraction (61, 62). 
 
Pol II elongation complex formation 
Pol II was directly assembled into a transcription elongation 
complex (TEC) (68, 69, 107). A “gapped” DNA construct was 
formed with a 76 nt gap on the non-template strand (NTS) 
(fig. S3). A 14 nt RNA (RNA 14; table S1) was annealed to the 
gapped region, forming an RNA-DNA hybrid. Pol II was 
added to the hybrid, followed by the addition of a 76 nt non-
template strand DNA oligo (ARP77 NTS; table S1) comple-
mentary to the gapped sequence. The nicks at the two ends 
of the gap were ligated by T4 DNA Ligase (NEB M0202). 
 
Nucleosome assembly 
Nucleosomes were assembled using the purified HeLa his-
tones onto DNA constructs via salt dialysis (61, 103–105). The 
NaCl concentration during the dialysis was decreased from 
2.0 M to 0. The quality of the assembly was initially assessed 
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by gel electrophoresis. For single-nucleosome constructs, the 
quality of the assembled nucleosome was later rigorously as-
sessed with an unzipping assay using optical tweezers (108). 
For nucleosome array constructs, the quality and occupancy 
of the assembled nucleosomes were later rigorously assessed 
with a stretching assay using optical tweezers (61, 103–105). 
 
Experimental conditions 
The assembled Pol II transcription elongation complex was 
stored in TEC storage buffer (25 mM Tris-HCl pH 8, 150 mM 
KCl, 1 mM MgCl2, 10 μM ZnSO4, 1.5 mg/mL β-casein, 1 mM 
DTT, 2 mM TCEP, 3% glycerol). Transcription was resumed 
by the addition of 1 mM of each ribonucleoside triphosphate 
(NTPs, Roche 11277057001) in the transcription buffer (25 
mM Tris-HCl pH 8, 150 mM KCl, 5 mM MgCl2, 1 mM NTPs, 
10 μM ZnSO4, 1.5 mg/mL β-casein, 1 mM DTT, 2 mM TCEP, 
3% glycerol). For experiments requiring TFIIS, 500 nM TFIIS 
was added to the transcription buffer. For experiments re-
quiring topoisomerases, 150 pM human topo I or 100 pM 
yeast topo II was added to the transcription buffer. All exper-
iments were performed at room temperature. 
 
Single-molecule assay on angular optical trap (AOT) 
Experiments described in Fig. 1 using the AOT (13, 14, 109) 
were performed with the biotinylated Pol II being torsionally 
anchored on the surface of the chamber via biotin-streptavi-
din interaction, and the downstream multi-digoxigenin-la-
beled tethering adaptor being torsionally anchored to the 
bottom surface of an anti-digoxigenin coated quartz cylinder. 
To enable this measurement, we modified our previous meth-
ods for nanofabrication of the quartz cylinders (38, 41, 61) be-
fore subsequently coating the cylinders with anti-digoxigenin 
(fig. S1). 

These experiments were performed in nitrocellulose-
coated sample chambers (61–63). The surfaces were function-
alized with biotinylated bovine serum albumin (Thermo Sci-
entific 29130) and streptavidin (Agilent SA10-10), then 
passivated with β-casein (Sigma C6905). DNA was tethered 
to the surface via Pol II before the quartz cylinders were in-
troduced to the chamber. The laser power entering the objec-
tive during all AOT experiments was kept at 20 mW to 
minimize the possibility of photo-damage. 

During the Pol II rotation experiments (Fig. 1B), transcrip-
tion was resumed by introducing 1 mM NTPs in the transcrip-
tion buffer. The DNA construct was mechanically unwound 
until (−) supercoiled plectonemes were formed under a force 
clamp of 0.3 pN by modulating the trap height. This step en-
courages Pol II to resume transcription and identifies active 
Pol II tethers. Continued Pol II transcription neutralized the 
downstream (−) supercoiling and buckled the DNA to form a 
(+) plectoneme. After (+) plectoneme formation, the force 
was clamped at 0.2 pN by mechanical rotation of the cylinder 

while the extension of the tether was kept constant. Thus, the 
rotation of the cylinder directly reflects the turns introduced 
by Pol II transcription. Because this treatment does not take 
into account the contour length shortening, the measured ro-
tation rate is accurate within ~3%. 

During the Pol II stall torque measurement (Fig. 1C), tran-
scription was resumed as above. After Pol II transcription 
buckled the DNA while working against a resisting torque, 
the force clamp was turned off, and the trap height was held 
constant. The cylinder’s angular orientation was also held 
constant to allow accumulation of supercoiling in the DNA. 
As Pol II transcribed, the force and the corresponding buck-
ling torque (fig. S5) increased until Pol II stalled. The stall 
torque for each trace is defined as the maximum torque meas-
ured within 60 s after the start of stalling. Pol II position 
along the DNA during the measurement was determined 
based on the torsional mechanics of the remaining DNA (13, 
14, 110). This stall time duration is greater than or compara-
ble to what we have used previously (13, 14, 47). 
 
Single-molecule assay on magnetic tweezers (MT) 
Experiments described in Figs. 2 to 5 were performed with 
the biotinylated Pol II being torsionally anchored on the sur-
face of a streptavidin-coated magnetic bead, and the down-
stream multi-digoxigenin-labeled tethering adaptor being 
torsionally anchored on the surface of the chamber. Sample 
chambers were assembled as described above for AOT exper-
iments. The surfaces of the assembled sample chambers were 
functionalized with anti-digoxigenin (Vector Labs MB-7000), 
and passivated with β-casein (Sigma C6905). About 20 pM 
DNA constructs were introduced into the chamber, followed 
by incubation with magnetic beads (Invitrogen 65601). 

MT experiments were performed on a home-built instru-
ment (61–63), which permits simultaneous measurements of 
multiple molecules under a constant force. In each sample 
chamber, the extensions of ~50 actively transcribing Pol IIs 
were simultaneously measured to determine the position of 
the Pol II. Although the MT instrument cannot directly meas-
ure the torque, the torque can be inferred from the force after 
the DNA construct has buckled to form plectonemes using 
the well-established relation between force and torque in 
plectonemic DNA (13, 14, 61) (fig. S5). 

In the torque-jump assay (Fig. 2A), after the introduction 
of 1 mM NTPs, the DNA tethers were (−) supercoiled by add-
ing −17 turns under 0.3 pN force to encourage Pol II to re-
sume transcription and identify active Pol II tethers. Pol II 
was allowed to transcribe for 15-40 s, neutralizing the down-
stream (−) supercoiling and forming a (+) plectoneme, corre-
sponding to the low torque τlow = 6 pN∙nm. The torque was 
then rapidly increased from the low torque τlow to a high 
torque τjump, and transcription was monitored for 15 min. For 
τjump = 4 pN∙nm, τlow = 4 pN∙nm was used. The pause-free 

D
ow

nloaded from
 https://w

w
w

.science.org at C
ornell U

niversity on D
ecem

ber 18, 2025

https://science.org/


First release: 18 December 2025  science.org  (Page numbers not final at time of first release) 10 
 

velocity shown in Fig. 2D is the average of pause-free veloci-
ties of individual traces under the indicated torque values. 
Since the ability to identify pauses relies on the measure-
ment’s resolution, some pauses of short extent and/or short 
duration, which can result from off-pathway states, may be 
unscored. This may somewhat underestimate the velocity 
along the main pathway of polymerase elongation. The active 
fraction of Pol II factive (Fig. 2E) is the ratio of the number of 
traces active after the torque jump to the total number of 
traces active before the torque jump. The factive versus τjump 
plot is fit with: 

jum c
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p

0

ive
1

1 exp
f

τ τ
τ

=
− 

+  
 

 

which determined the values of τc and τ0. The critical torque 
τc, at which factive = 0.5, provides a measure of the stall torque 
(13). 

In assays probing Pol II transcription through nucleo-
some substrates (Fig. 3 and Fig. 4), the position of the Pol II 
was monitored under 0.5 pN force. Before starting transcrip-
tion, the initial extension versus magnet turns curve (exten-
sion-turns curve) of a tether was measured. Immediately after 
the introduction of 1 mM NTPs and 500 nM TFIIS (if any), 
the magnet was unwound by –18 turns to encourage Pol II to 
resume transcription and identify active Pol II tethers. The 
extension signal was then monitored for 20 min (Fig. 3C), 
during which Pol II transcription neutralized the down-
stream (−) supercoiling, introduced (+) supercoiling, and 
then encountered a nucleosome. After allowing transcription 
for 20 min, a final (post-transcription) extension-turns curve 
was measured. 

Torsionally unconstrained tethers are present in all sam-
ple chambers during the MT measurements. This could occur 
if a single-tag (instead of a multi-tag) binds to the surface of 
a bead or coverslip, or if the DNA is nicked. For these tethers, 
Pol II experiences no torsional stress during elongation. 
These tethers can be identified by examining the extension-
turns curve mentioned above. If the extension remains un-
changed during such tether winding, the tether is identified 
as torsionally unconstrained. 

For the topoisomerase assay (Fig. 5, A to C), at the end of 
a transcription measurement, topo activity was stopped by 
flushing the chamber with TEC storage buffer just before the 
measurement of the post-transcription extension-turns 
curve. Since the shape of the extension-turns curve indicates 
the number of nucleosomes downstream of Pol II, we use the 
change in the shape of the extension-turns curve to deter-
mine the number of nucleosomes transcribed. Each exten-
sion-turns curve is treated as a combination of those of the 
naked DNA and nucleosome array, based on the lengths of 
DNA in the naked DNA region and the nucleosomal DNA 

region. As such, comparing the post-transcription extension-
turns curve with the pre-transcription extension-turns curve 
indicates the nucleosome number change downstream of Pol 
II, providing the number of nucleosomes Pol II transcribes 
through. 

For torsional modulation assays (Fig. 5, D to F), the mag-
net was mechanically wound at the indicated rate during the 
20-min observation. 
 
Pol II position during transcription through a nucleo-
some 
For MT experiments, the position of Pol II on the template is 
determined by the contour length of DNA between the Pol II 
and the magnetic bead. The contour length of DNA must be 
determined from the measured quantities of force, extension, 
and number of turns mechanically introduced. This conver-
sion can be made using the mechanical properties of the 
supercoiled DNA and chromatin (61, 62) with the two con-
straints. The first is that Pol II tightly tracks the DNA helical 
groove, resulting in Pol II rotating DNA by one turn for each 
10.5 bp transcribed (2). The second one is that each nucleo-
some constrains −1 turn in the 147 bp DNA (84, 111). 

Given these constraints, DNA extension during transcrip-
tion can be converted to the Pol II position along the template 
as long as the extension-turns curve before transcription is 
measured (figs. S5 and S9A). This curve was measured for 
each tether. If a trace did not pause encountering the first 
NPE, we interpreted it as the NPE being vacant and excluded 
it from further analysis. For each remaining trace, at a given 
Pol II position on the template, the expected extension-turns 
curve is scaled from this initial extension-turns curve based 
on the DNA and nucleosomes in the remaining template. If a 
Pol II position is associated with DNA in a nucleosome, the 
expected extension-turns curve is obtained via a linear inter-
polation of the curve when Pol II encounters the nucleosome 
and the curve when Pol II exits the nucleosome. Therefore, as 
Pol II continues to transcribe, the expected extension-turns 
curve decreases in the overall height and overall width. Im-
portantly, the curve also shifts to the left due to the accumu-
lation of Pol II generated (+) supercoiling in the DNA. 

For Pol II transcribing through a nucleosome under no 
torsion (torsionally unconstrained tethers), the contour 
length downstream of the polymerase can be directly inferred 
by the tether extension (figs. S12 and S13). We assume the 
contribution of a nucleosome is negligible to the downstream 
extension. The position of Pol II outside of the nucleosomal 
region can thus be directly obtained from the downstream 
contour length. This assay has no resolution of Pol II position 
inside a nucleosome. Pol II position inside the nucleosome is 
estimated by an interpolation of Pol II position before and 
after encountering the nucleosome (fig. S9B). 
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Pol II dwell time encountering a nucleosome 
We aim to find Pol II dwell time when Pol II encounters a 
nucleosome using the measured Pol II position-time trajecto-
ries. Pol II backtracks when experiencing high resisting 
torque (Fig. 2B) and encountering nucleosomes (Fig. 3C). The 
extent of such reverse motion occurs at a wide range, adding 
noise to the signal. Thus, we employed a “first passage” 
method for processing Pol II trajectories prior to generating 
the average Pol II position and dwell-time histograms (Fig. 
3D, Fig. 4, and Fig. 5E). For every measured Pol II transcribed 
distance trajectory x(t), we used the maximum distance tran-

scribed ( ) ( ){ }
0

0max
t t

X t x t
≤

= . This method mimics the tran-

script length observed by gel electrophoresis, especially in the 
absence of TFIIS. Only traces that have reached the dyad are 
considered for this analysis. 
 
Mean trajectory of Pol II 
The mean trajectory of Pol II is determined by pooling many 
individual traces of Pol II (Fig. 2C, Fig. 4A, and Fig. 5E). For 
an ensemble of traces with individual Pol II trajectories 

( ){ } 1,2,3i i
x t

= 

, the mean trajectory is given by 

( ) ( )
1,2,3i i

x t x t
=

=


. For a nucleosome encounter (Fig. 4A, 

Fig. 5E, and figs. S12 and S13), all individual traces xi(t) were 
aligned so that Pol II first encounters the nucleosome at t = 
0. 

When no torsion was present on a single-nucleosome tem-
plate (fig. S13), once Pol II passed through the only nucleo-
some on the template and entered the downstream naked 
DNA region, it translocated at a greater velocity compared to 
in the nucleosome region. In this case, the trajectories of in-
dividual traces downstream of the nucleosome would greatly 
impact the average trajectory. As such, we applied a “periodic 
boundary condition” to minimize averaging bias. For a single 
Pol II position-time trajectory x(t) (aligned so that Pol II first 
reaches the nucleosome at t = 0) where Pol II exits the first 
197 bp (147 bp NPE + 50 bp downstream linker) at te, the “pe-
riodic boundary condition” trajectory is given by: 

( ) ( )PBC e ex t x t t t t= −     

The mean trajectory is then determined from these “periodic 
boundary condition” trajectories. This “periodic boundary 
condition” was only applied to the average trajectories shown 
in fig. S12C and fig. S13C. 
 
Nucleosome passage rate 
Nucleosome passage rate was introduced to compare Pol II’s 
ability to navigate through the nucleosome roadblock. The 
nucleosome passage rate is the inverse of the dwell time of 
Pol II inside the NPE sequence, determined from the mean 
trajectory. For conditions where Pol II mean trajectory did 

not completely pass through the NPE sequence during the 20-
min observation window (e.g., Fig. 4A, left panel), we approx-
imated the dwell time by applying a linear fit to the mean 
trajectory. 
 
Estimate the torque during Pol II passing through a nu-
cleosome 
When Pol II encounters a nucleosome on a single-nucleosome 
template (Fig. 3C, left panel), plectonemes form on the down-
stream naked DNA template. We used the buckling torque of 
naked DNA (8.5 pN·nm under 0.5 pN) (fig. S11A) as an esti-
mate of the resisting torque Pol II experienced when encoun-
tering nucleosome. When Pol II encounters a nucleosome on 
a chromatin template (Fig. 3C, right panel), the resisting 
torque is determined by the supercoiling state of the down-
stream nucleosome array template (61). We use the supercoil-
ing state of the downstream template when Pol II is at the 
dyad (Pol II elongating +477 bp from the TSS, twisting the 
downstream DNA for +45 turns, of which 18 turns are re-
quired to move the (−) supercoiling applied by the magnet). 
This gives an estimated resisting torque on the downstream 
nucleosome array template of 1.6 pN·nm. 
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Fig. 1. Visualizing Pol II rotation and measuring stalling under torsion. (A) An experimental configuration to track 
Pol II rotation of DNA during transcription using an angular optical trap (AOT). Pol II is torsionally anchored on the 
surface of a coverslip, and its downstream DNA is torsionally attached to the bottom of a quartz cylinder, which is 
trapped by the AOT. Pol II elongation generates (+) supercoiling in the downstream DNA. The cylinder rotates to 
follow Pol II rotation to maintain a constant torque in the DNA. The right panel shows that the extraordinary axis of 
the cylinder tends to align with the linear polarization of the input trapping beam. The orientation of this axis is 
accurately detected and informs the angular orientation of the DNA attached to the cylinder. (B) A representative 
real-time trajectory of Pol II rotation of DNA during transcription under a +3.2 pN∙nm resistance torque. The scale 
bar shows the conversion to base pair position of Pol II (approximating nucleotides transcribed). Regions of Pol II 
steady rotation are marked red, and regions of pausing are marked black. See movie S1 for the corresponding video. 
(C) Pol II stall torque measurements using the AOT. The two cartoons illustrate the experimental configurations to 
stall Pol II against (−) torsional stress upstream (left) and (+) torsional stress downstream (right), mimicking the 
“twin-supercoiled-domain” model of transcription. The measured stall torque distributions are shown beneath the 
corresponding cartoon, with the mean and SD indicated. (D) Representative traces of Pol II backtracking upon 
stalling under (+) torsional stress. Different colors represent different traces. Pol II forward translocates and stalls 
under increased (+) torque. Upon stalling, Pol II backtracks, as evidenced by the reverse motion. 
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Fig. 2. TFIIS up-regulates Pol II’s ability to transcribe under torsion. (A) Experimental configuration to monitor 
transcription activity under torsion via magnetic tweezers (MT). Pol II is torsionally anchored to the surface of a 
magnetic bead, while its downstream DNA is torsionally anchored to the surface of a coverslip. The magnetic bead 
can be used to manipulate the torsional state of the DNA and the force on the DNA. (B) Example traces of Pol II 
elongation during a torque-jump experiment. In these experiments, NTPs are introduced to the sample chamber 
before the measurements begin. During the NTP introduction, which typically takes about 20 s, each Pol II molecule 
may have moved a different distance from the transcription start site (TSS). Since the DNA is buckled during these 
measurements, the force on the DNA informs the torque in the DNA (fig. S5D). Pol II transcribes under a lower 
resisting torque, followed by a higher resisting torque. (C)The mean trajectory of Pol II elongation under different 
torques. All traces were aligned at the start of the torque jump (t = 0), with the shaded region for each curve 
representing 30% of the standard deviation. Without TFIIS: N = 87, 72, and 42 traces for 0, 6, and 10 pN·nm, 
respectively. With TFIIS: N = 36, 72, and 61 traces for 0, 6, and 10 pN·nm, respectively. (D) Torque-velocity relation. 
Pause-free velocities are shown without and with TFIIS. The error bars represent the SEM, with each data point 
collected from N = 27-87 traces. (E) Active fraction of traces after the torque jump. The active fraction is the fraction 
of traces remaining active at a given torque. Each curve is fit with a decaying function (Materials and methods) to 
obtain the critical torque τc, at which 50% of traces are active. The fit values and uncertainties without and with TFIIS 
are also shown. 
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Fig. 3. A real-time assay of tracking Pol II transcribing through nucleosomes under torsion via magnetic 
tweezers. (A) The two DNA templates used for transcription through nucleosome experiments (Materials 
and methods). Both templates have the same total length and the same sequence from the upstream end 
of the template (−313 bp from TSS) to the exit of the first nucleosome positioning element (NPE) (+550 bp 
from TSS). Each NPE is indicated as a grey box. The nucleosome array template contains 64 tandem NPE 
repeats with a repeat length of 197 bp. The 0.5 kb multi-dig anchor at the end of each template is used to 
tether the template to the coverslip surface. (B) Experimental configurations. Pol II is torsionally anchored 
to the surface of a magnetic bead. The DNA downstream of Pol II contains either a single nucleosome (left) 
or a nucleosome array (right) and is torsionally anchored to the surface of a coverslip. (C) Representative 
trajectories of Pol II transcribing through nucleosomes under torsion. The left panels show traces from the 
template containing a single nucleosome. The right panels show traces from the template containing a 
nucleosome array. The measured extension (top panel) is converted to the Pol II position from the TSS 
(bottom panel) for each trace (Materials and methods). Each shaded region represents an expected 
nucleosome position. If a nucleosome dissociates from the DNA, there will be a sudden increase in the DNA 
extension of about 50 nm, which is not detected during these measurements. (D) Pol II dwell time 
distribution at a nucleosome encounter. The dwell time at each position after Pol II encounters a 
nucleosome is calculated from Pol II trajectories of N = 58 traces (left panel) and N = 252 traces (right 
panel) using a “first-passage” method (Materials and methods). The dark grey shaded region indicates the 
location of the NPE for the first nucleosome encountered. 
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Fig. 4. Chromatin buffers torsional stress to facilitate transcription. (A) Mean trajectories of Pol II transcription 
through a nucleosome averaged over many traces. All traces are aligned in time when Pol II reaches the entry of the 
1st nucleosome encountered (t = 0), and the “first-passage” method is applied (Materials and methods). The shaded 
regions represent 30% of the standard deviation. The left panel shows data from the single-nucleosome template 
(left; N = 86 traces for −TFIIS, N = 215 for +TFIIS). The right panel shows data from the first nucleosome on the 
chromatin template (right; N = 99 traces for −TFIIS; N = 302 traces for +TFIIS). (B) Pol II nucleosome-passage rate. 
The mean passage rates under torsion were obtained from data shown in A, with the torque value being the torque 
experienced by Pol II when encountering the nucleosome dyad (Materials and methods). The mean passage rates 
under zero-torsion of the single-nucleosome template were obtained from data shown in fig. S13. The error bars 
represent the SEMs. 
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Fig. 5. Torsional stress modulates nucleosome passage. (A) Experimental configuration of transcription through 
chromatin in the presence of topo I or II. This configuration is identical to that used in Fig. 3B (right), except for having 
either topo I or topo II present in the assay. All experiments were carried out in the presence of TFIIS. (B) Explanation 
of the method used to determine the number of nucleosomes passed. The extension-turns relation is determined by 
the number of nucleosomes and the DNA length between Pol II and the coverslip. Both the width and height of the 
extension-turns curve decrease after transcription. Shown are example traces where we detect 49 nucleosomes 
before transcription and 47 nucleosomes after transcription, indicating Pol II having passed 2 nucleosomes during 
transcription. For clarity of comparison, the curve after transcription is shifted laterally to re-center relative to the 
curve before transcription. (C) The number of nucleosomes passed by Pol II during transcription versus time in the 
absence of topoisomerases or in the presence of either topo I or topo II. The error bars represent the SEM, with each 
data point collected from N = 14-33 traces. (D) Experimental configuration to modulate torsional stress using the 
magnetic bead during transcription through chromatin. This configuration is similar to that used in Fig. 3B (right), 
except that the magnet bead is rotated at a constant rate. All experiments were carried out in the presence of TFIIS. 
(E) Mean trajectories of Pol II transcription through a nucleosome at different magnet rotation rates. All traces were 
aligned when Pol II reached the entry of the 1st nucleosome encountered (t = 0), with the shaded regions 
representing 30% of the standard deviation. Shown are examples of magnet rotation rates at +0.05 turns/s 
(hindering transcription) (N = 30 traces) and −0.13 turns/s (assisting transcription) (N = 49 traces). (F) Pol II 
nucleosome-passage rates at different magnet rotation rates. The mean rates for the passage of the 1st nucleosome 
encountered are shown, with the error bars representing the ± SEMs, with each data point collected from N = 25-65 
traces. 
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