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Review

Introduction

Messenger RNA transcription by RNA polymerase II (RNAP 
II) is a highly regulated process that dictates levels of cellular 
gene expression. A small, but increasing number of studies has 
applied single-molecule techniques to studying different aspects 
of RNAP II transcription, providing new insight into this 
seminal process. A solid foundation and history of biochemi-
cal experiments have enabled much of the single-molecule work 
by elucidating important mechanistic details of the eukaryotic 
transcription reaction.1 This includes defining the general tran-
scription factors (GTFs) that are necessary for promoter specific 
transcription: TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. 
Assembly of these factors on promoter DNA is nucleated by the 
binding of TFIID; its TATA-binding protein (TBP) subunit 
binds to the TATA box region of the core promoter and the TAF 
(TBP associated factor) subunits make critical contacts with 
other core promoter DNA elements. The remaining GTFs and 
RNAP II assemble with TFIID at the core promoter to form a 

pre-initiation complex (PIC). Within the PIC, the TFIIH heli-
case facilitates DNA melting in an ATP-dependent process that 
marks the transition from a closed complex to an open complex. 
After transcription initiates, open complexes transform into elon-
gation complexes via a series of structural changes that occur as 
the polymerase active site moves away from the start site of tran-
scription and the RNA transcript grows. In cells, PIC assembly 
and the act of transcription occur on chromatin, in which DNA 
wrapping around nucleosomes provides a barrier that must be cir-
cumvented by the RNAP II machinery with the aid of regulatory 
proteins and nucleosome remodeling complexes.2

In addition to biochemical studies, crystallography and cryo-
electron microscopy have elucidated important structural features 
of RNAP II, the GTFs, PICs, and elongation complexes. Crystal 
structures of RNAP II and elongation complexes containing 
RNAP II, promoter DNA, and an RNA transcript have provided 
a framework for understanding the structural features of RNAP 
II that facilitate transcription and the transformations within 
RNAP II that occur as RNA is synthesized.3-5 Cryo-electron 
microscopy has revealed the overall architecture of closed and 
open complexes, and the positions of GTFs within these com-
plexes.6,7 The body of structural work on assemblies of RNAP II 
and transcription factors has significantly advanced our under-
standing of transcription, but many mechanistic details about the 
transformation of PICs into elongation complexes, the dynamic 
process of nucleotide addition, and how RNAP II traverses 
nucleosomes remain to be resolved. Single-molecule techniques 
can complement the current knowledge by revealing aspects of 
the transcription mechanism that are unattainable from ensem-
ble biochemical and structural approaches. Single molecule tech-
niques allow the visualization of heterogeneous sub-populations 
that are masked by averaging in ensemble studies, and they can 
monitor dynamics in a way that structural approaches cannot. To 
date, most single-molecule studies of transcription have focused 
on viral and bacterial systems, which are reviewed elsewhere.8

A small but growing body of work has tailored single-molecule 
techniques to study key elements of the highly complex process of 
eukaryotic mRNA transcription, which is the focus of this review. 
These studies have provided unprecedented insight into complex 
assembly, initiation, and elongation in the presence and absence of 
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eukaryotic mRNA transcription by RNA polymerase ii 
(RNAP ii) is the first step in gene expression and a key deter-
minant of cellular regulation. elucidating the mechanism by 
which RNAP ii synthesizes RNA is therefore vital to determining 
how genes are controlled under diverse biological conditions. 
Significant advances in understanding RNAP ii transcription 
have been achieved using classical biochemical and structural 
techniques; however, aspects of the transcription mechanism 
cannot be assessed using these approaches. The application of 
single-molecule techniques to study RNAP ii transcription has 
provided new insight only obtainable by studying molecules 
in this complex system one at a time.
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nucleosomes, as well as regulatory factors that govern this process. 
The in vitro single-molecule techniques that have been applied to 
eukaryotic transcription can be divided into two broad, but dis-
tinct categories: fluorescence spectroscopy and force spectroscopy. 
Fluorescence spectroscopy involves labeling DNA, RNA, and/or 
protein subunits with fluorophores thereby allowing individual 
molecules to be observed using total internal reflection fluores-
cence (TIRF) microscopy. This approach is ideal for measuring 
distances between specific positions in macromolecular complexes, 
monitoring changes in conformation, and observing dynamics. 
Force spectroscopy often involves the use of optical traps to apply 
mechanical force to a system to monitor structural changes or 
observe effects on molecular movement as a function of that force. 
Hence, this technique is well suited to monitor motion and move-
ment of individual molecules. Here we review advances in our 
understanding of eukaryotic mRNA transcription that have been 
obtained through the application of single-molecule fluorescence 
and force studies, and describe their unique contribution to build-
ing a mechanistic model for how RNAP II transcription occurs.

Single molecule fluorescence studies of RNAP II 
transcription

Fluorescence techniques that resolve individual molecules 
have been used to visualize the dynamics of binding events and 

map distances within nucleoprotein complexes important for 
RNAP II transcription. In the TIRF microscopy systems used, 
individual fluorescent molecules are tethered to a surface. Laser 
light is used to excite a sample at an angle greater than the criti-
cal angle, causing the light to be fully reflected and an evanes-
cent field to be generated that extends ~100 nm into the sample 
(Fig. 1). Hence, only fluorescent molecules close to the surface 
are excited and ultimately visualized.

Two categories of single molecule fluorescence techniques 
have been used to study RNAP II transcription: 1) single-mol-
ecule fluorescence resonance energy transfer (smFRET) and 2) 
single molecule fluorescence co-localization. These techniques 
have revealed new kinetic and structural information unattain-
able from ensemble biochemical or structural studies. smFRET 
monitors distance changes between a donor fluorophore and an 
acceptor fluorophore that are attached to molecule(s) of inter-
est (Fig. 1) on the millisecond timescale. Hence, smFRET can 
be used to obtain dynamic information about structural changes 
within individual molecules and/or macromolecular complexes. 
smFRET also allows distinct populations within a single sample 
that have unique FRET states or kinetic properties to be resolved. 
Single-molecule fluorescence co-localization, a tool for monitor-
ing molecular interactions, involves labeling molecules of interest 
with chromatically unique fluorophores and mapping the over-
lap, or co-localization, between the different fluorescent signals 
over time (Fig. 1).

smFRET reveals new insight into how general transcription 
factors interact with DNA

Although TBP-induced DNA bending has been studied in 
detail using ensemble biochemical and structural approaches, 
more recent smFRET studies provided new insight into this 
phenomenon.9 Bending kinetics and the degree of DNA bend-
ing induced by human TBP was measured on DNA containing 
a TATA box flanked by donor and acceptor dyes. The FRET 
efficiencies observed for hundreds of molecules in the bent state 
were histogrammed and found to fit well to a single Gaussian; 
hence, as expected, TBP uniformly bent the consensus TATA 
box. Analysis of the kinetics of bending and unbending revealed 
two distinct subpopulations, one characterized by a short-lived 
bent state and a second that persisted in the bent state for con-
siderably longer. Together the data led to a model in which the 
TBP/TATA complex exists in two kinetically distinct subpopu-
lations, both of which contain DNA bent to the same extent. 
Interestingly, the smFRET studies also revealed that TBP bends a 
mutant sequence, TATA(A3), to the same extent as the consensus 
sequence, which contradicts previous ensemble studies showing 
that TBP bends TATA(A3) to a lesser extent.10,11 The discrepancy 
is likely attributable to difficulty saturating the TATA(A3) DNA 
with TBP in ensemble studies, due to the relatively low binding 
affinity of this interaction. Thus, the ensemble studies could have 
measured an average of bent and unbent populations.

The role of negative cofactor 2 (NC2) in inhibiting PIC 
formation has also been investigated using smFRET.12 NC2 
binds DNA-TBP complexes and inhibits gene expression, but 
the underlying mechanism was unclear.13 The effect of NC2 on 
the distance between TBP (labeled with a donor fluorophore) 

Figure 1. TiRF microscopy can be used study interactions between fluo-
rescently labeled single molecules. in the example shown, the surface of 
a coverslip contains DNA immobilized via biotin-streptavidin linkages. 
The excitation laser intersects the slide at an angle greater than the criti-
cal angle, creating a ~100 nm evanescent field that allows only molecules 
on the surface of the sample to be visualized. each protein is labeled with 
a chromatically unique fluorophore; this pair of fluorophores could be 
used to (1) co-localize the proteins on the DNA or (2) measure the dis-
tance between the proteins by FReT, both of which can be monitored 
over time. Single-molecule fluorescence microscopy will reveal hetero-
geneity within the sample by distinguishing which complexes contain 
both proteins or only one, and how this changes dynamically over time.
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and DNA (labeled with an acceptor fluorophore upstream of 
the TATA box) was monitored by smFRET, revealing dynamic 
changes. The smFRET fluctuated between three states after 
addition of NC2. Two of the populations corresponded with 
NC2-TBP-DNA complexes containing DNA in either a bent 
or unbent state. Additional ensemble biochemical experiments 
indicated that the third state arose from TBP-NC2 complexes 
moving away from the TATA box. Together these results support 
a model in which NC2 binds TBP-DNA complexes and unbends 
DNA to allow mobilization of TBP away from the TATA box. 
This suggests an interesting mechanism for NC2 regulated gene 
expression in which genes are not only repressed by removal of 
TBP from promoters, but NC2 may also fine-tune the position 
of TBP to optimize the position of initiation.12

smFRET elucidates structural changes in open complexes 
and elongation complexes

A nano-positioning system (NPS) was used to better under-
stand the architecture of RNAP II open complexes and elongation 
complexes, and to monitor the path of RNA exit within RNAP 
II.14-16 NPS uses smFRET data in conjunction with X-ray crystal-
lography models to map dynamic regions within complexes. The 
method involves labeling a protein or nucleic acid with a satellite 
dye molecule at a distinct location, and an antenna dye molecule 
at a position of interest that is not structurally established. The 
smFRET efficiency is measured between pairs of dye molecules 
consisting of the antennae dye molecule and individual satellite 
dye molecules placed at different positions. The data are analyzed 
using Bayesian parameter estimation to generate a probability 
density function for the unknown position (i.e., the position of 
the antennae dye molecule).16

Yeast RNAP II open complexes containing TBP, TFIIB, TFIIF, 
RNAP II, and heteroduplex DNA (i.e., contains an engineered 
bubble around the transcription start site) were studied using a 
NPS.15 Downstream DNA in open complexes was found to fluctu-
ate between two locations: within and above the RNAP II cleft. 
The primary population had downstream DNA located within 
the cleft, which is also its location in elongation complexes. The 
dynamic fluctuation between the two positions occurred on the 
timescale of seconds. The comparison of the NPS data obtained 
with open complexes to structural models of the closed complex 
led the authors to propose a dramatic movement of upstream DNA 
to a position well above the cleft in the transition from closed to 
open complexes. The position of the upstream DNA in the open 
complex appeared to be stabilized by the presence of initiation fac-
tors, suggesting that this positional shift is a regulatory step in the 
structural rearrangements that occur to form open complexes. The 
repositioning of upstream DNA also caused DNA-bound TBP 
and the TFIIB core to move above the cleft and away from the sur-
face of RNAP II. Because NPS is achieved by analyzing individual 
donor and acceptor dye pairs, structural subpopulations within the 
open complex were identified that would be indistinguishable due 
to averaging in ensemble techniques.

The RNAP II elongation complex has also been investigated 
using a NPS to monitor positional fluctuations of upstream 
DNA and the non-template DNA strand.14 The angle between 
the upstream and downstream duplexes was found to be ~80°, 

consistent with structural data from bacterial polymerases.17 
Upstream DNA from -5 to -10 was exposed, while the template 
strand downstream of -5 was in the RNAP II cleft.14 The non-
template strand of the melted DNA was shown to pass loop β10-
β11 on RNAP II, and not between the lobe and the protrusion 
as was previously suspected. Moreover, the non-template strand 
was found to interact directly with the RNAP II rudder, which 
implicates it in the process of re-annealing the DNA behind the 
transcription bubble.

Similar in approach to NPS, triangulation smFRET was 
used to map the path the nascent RNA takes as it moves out 
of RNAP II.18,19 In these studies, smFRET was used to sepa-
rately measure the distances between three donor/acceptor dye 
pairs placed on elongation complexes assembled with RNAP II 
and an RNA/DNA scaffold. One of the dyes in all three pairs 
labeled the RNA at a single nucleotide; the second dye in each 
pair was placed at a known location on the surface of RNAP II 
or on the downstream DNA. By analyzing the three distance 
measurements obtained from smFRET, the dye on the RNA 
could be localized on the RNAP II structure. Triangulation 
studies from two labs confirmed that RNA exits through the 
RNAP II exit tunnel, under the lid of the polymerase. Both 
smFRET analyses also found that once the growing RNA 
reaches 26 nucleotides in length its 5′ end can contact regions 
of RNAP II beyond the RNA exit tunnel; however, the spe-
cific regions of contact differed between the two studies. One 
study concluded that nascent RNA travels toward the Rpb4-
Rpb7 subunits,19 while another found that the RNA contacts 
the RNAP II dock domain.18 This discrepancy could poten-
tially arise from differing experimental conditions, such as ion 
concentrations.19 Interestingly, a NPS study found that in the 
absence of TFIIB, exiting RNA was more likely to contact the 
dock domain of RNAP II, but upon addition of TFIIB, the 
contact shifted toward the Rpb4-Rpb7 subunits,16 suggesting 
that this switch could be regulated during early transcription.

Fluorescence co-localization can be used to investigate 
RNAP II initiation with single-molecule resolution

Transcript synthesis by human RNAP II has been directly 
visualized using single molecule fluorescence co-localization.20 
Complete PICs containing all of the general transcription factors 
and RNAP II were assembled on fluorescently labeled, double 
stranded promoter DNA that was immobilized on specialized 
surfaces on a TIRF microscope. To detect RNA transcripts syn-
thesized upon nucleotide addition, a fluorescently labeled oligo-
nucleotide probe antisense to a region of the RNA transcript was 
included in the reactions. Upon transcription, the labeled probe 
annealed to the RNA transcript and the resulting fluorescent sig-
nals were analyzed for co-localization with individual fluorescent 
promoter DNA molecules, whose positions had been mapped on 
the surface.

Measuring transcription from single DNA molecules revealed 
that approximately 30% of the templates were transcribed when 
the strongest promoter was tested (an engineered “super core pro-
moter”21). A mutant version of this promoter showed lower tem-
plate usage and addition of the activator Sp1, which could bind 
GC boxes upstream of the TATA box, increased template usage. 
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This system enabled experiments to ask whether promoters used in 
one round of initiation were used more frequently for subsequent 
rounds of transcription, which would be consistent with a reinitia-
tion scaffold of proteins remaining at the core promoter.22,23 Single 
molecule data from templates exhibiting multiple round transcrip-
tion fit a Poisson model; hence, these studies did not find evidence 
of reinitiation scaffolds under the conditions tested.

Force Spectroscopy Studies of RNAP II Transcription

Single-molecule force spectroscopy studies provide an ideal 
platform for studying molecular motion and movement. Hence, 
this technique is inherently useful for monitoring both the kinetics 
and mechanisms of transcript elongation, as well as pausing during 
elongation. Optical tweezers systems have been used to monitor 
RNAP II movement in response to a hindering or assisting force, 
to measure RNAP II force output during transcription, to study 
pausing by RNAP II during elongation, and to investigate the 
movement of RNAP II through nucleosomes. Atomic force micros-
copy (AFM) has been used to obtain snapshots of single RNAP II 
elongation complexes transcribing through a nucleosome.

Optical tweezers studies reveal new aspects of the mecha-
nism of transcript elongation by RNAP II

Dual-trap optical tweezers assays have been used to tether 
single molecules of DNA and RNAP II to different polystyrene 
beads that are trapped and manipulated by lasers (Fig. 2). As 
RNAP II transcribes, assisting force can be applied to a DNA 
tether upstream of RNAP II, or hindering force can be applied to 
a downstream tether.24 The change in distance between RNAP 
II and the DNA tether, and the force exerted on the DNA can be 
monitored as a function of time. This allows the rate of elonga-
tion, as well as the frequency and duration of RNAP II pausing 
events to be directly measured, providing important insight into 
mechanisms of elongation.24-26

RNAP II pausing and backtracking during elongation have 
been challenging to study with ensemble approaches that average 

pause duration and can mask kinetic subpopulations. 
Monitoring changes in the movement of single elongat-
ing RNAP II molecules as a function of hindering force 
provided key insight into the role of polymerase back-
tracking.25 Experiments showed that elongation was 
abrogated under 7.5 pN of hindering force. The force 
sensitive process was shown to be backtracking, which 
caused elongation to pause. Measuring the time required 
to exit such a pause supported a model in which RNAP 
II diffused back to a position in which the 3′ end of the 
nascent RNA was in the active site. Addition of hinder-
ing force inhibited this diffusive process and transcrip-
tion ceased. Compellingly, in the presence of TFIIS, 
which cleaves the nascent RNA to generate a new 3′ end 
in the polymerase active site, elongation proceeded with 
up to 16.9 pN of hindering force, supporting the conclu-
sion that the force-sensitive process was backtracking.

Single-molecule optical tweezers techniques were also 
used to investigate how the sequence and structure of the 
nascent RNA transcript affect RNAP II elongation.27 It 

was hypothesized that secondary structure in the nascent RNA 
would prevent RNAP II backtracking by presenting an energy 
barrier to backward movement of the polymerase. RNAP II pause 
duration and density was compared on GC-rich vs. AT-rich tem-
plates; transcripts made from the GC-rich templates would form 
stronger hairpins. Indeed, GC-rich templates exhibited shorter 
pauses and a lower density of pausing than AT-rich templates. 
Moreover, RNase A treatment eliminated the effect of sequence 
on pausing, supporting the conclusion that decreased pausing on 
the GC-rich templates was due to secondary structure formation 
in the RNA transcript.

Optical trapping assays were used to dissect the role of the 
highly conserved RNAP II trigger loop in elongation.26 These 
studies suggest the trigger loop affects both selection of the cor-
rect nucleotide as well as recognition of base mismatches in the 
RNA-DNA duplex after an incorrect nucleotide is incorporated. 
Transcriptional fidelity was measured by assessing the number of 
long RNAP II pauses per kilobase, or long pause density (LPD), 
which corresponds closely with the rate of nucleotide misincorpo-
ration. Nucleotide misincorporation was driven by adding satu-
rating amounts of a single NTP and subsaturating amounts of 
the other NTPs, and the LPDs with wild type and trigger loop 
mutant RNAP II molecules were compared. The LPD for a trig-
ger loop mutant RNAP II was much greater compared with wild 
type RNAP II, suggesting that the trigger loop mutant polymerase 
lacked the ability to discriminate between correct and incorrect 
nucleotides. To monitor mismatch recognition, ITP (inosine tri-
phosphate) was included in elongation assays to facilitate increased 
misincorporation. As expected, the LPD for wild type polymerase 
increased upon addition of ITP. Surprisingly, the LPD for the trig-
ger loop mutant decreased in the presence of ITP, which suggests 
that the RNAP II trigger loop plays a role in mismatch recognition.

Optical trapping assays reveal the impact of nucleosomes on 
transcript elongation by RNAP II

Nucleosomes are a prominent physical barrier that RNAP II 
must bypass during elongation. The mechanisms by which the 

Figure 2. Dual-beam optical trapping assays can be used to monitor RNAP ii tran-
scription. in the example shown, an elongating RNAP ii and a molecule of DNA are 
individually attached to beads, which are held in separate optical traps. The system 
can be used to impart hindering or assisting force on the polymerase during tran-
scription to produce an RNA (in red). The position of RNAP ii along the template can 
be monitored as a function of time to understand the duration and density of paus-
ing events. The figure is adapted from Michaelis and Treutlein.35
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polymerase traverses a nucleosome and mechanisms of nucleoso-
mal repositioning are still being unraveled, and single-molecule 
optical trapping assays have provided unique insight into these 
processes because of the ability to analyze each pausing event 
associated with individual RNAP II molecules.28 The pause-free 
elongation velocity of tethered RNAP II on tethered naked DNA 
was compared with that on DNA containing a nucleosome. It 
was determined that when RNAP II encounters a nucleosome it 
does not actively unwrap the DNA from histones, but pauses and 
subsequently continues elongating once the equilibrium between 
wrapped and unwrapped DNA shifts to the unwrapped state.

The individual effects of histone tails and histone-DNA con-
tacts on RNAP II elongation kinetics were dissected by reconsti-
tuting nucleosomes with mutant histones in an optical trapping 
system.29 RNAP II pause density and duration were monitored as 
a function of distance from the nucleosome. Eliminating or acet-
ylating histone tails decreased RNAP II pauses just prior to the 
nucleosome, indicating that histone tails impede the dynamics of 
RNAP II entry into the nucleosomal region of the DNA, which 
can be attenuated by acetylation. The effect of histone-DNA 
contacts on elongation was tested by using histones H3 and H4 
containing point mutations in their core regions. Nucleosomes 
containing mutant H3 and H4 showed lower RNAP II paus-
ing within the central regions of the nucleosome correspond-
ing to where RNAP II directly contacts the nucleosome dyad. 
Moreover, the H3 and H4 mutations shifted the equilibrium 
for the outer region of the DNA in the nucleosome toward the 
unwrapped state. These data suggest the inherent rate of DNA 
wrapping and unwrapping around histones can directly affect 
the amount of RNAP II pausing.

Investigating nucleosomal repositioning using atomic force 
microscopy

AFM, a scanning probe microscopy technique, can elucidate 
structural and mechanistic features of a system by immobilizing 
a sample on a surface and probing the sample-surface interface. 
AFM subjects molecules adhered to a surface to a tapping force 
from a probe and measures fluctuations of the probe to record 
structural features of single molecules.30 Specifically, laser light 
is deflected by a cantilever that is linked to the surface probe; 
fluctuations in contact between the probe and the sample are 
monitored by changes in deflection of the laser.

AFM was used to characterize mechanisms of nucleosomal 
repositioning during transcription by reconstituting transcrip-
tion elongation complexes upstream of a nucleosome and fix-
ing/imaging either before or after addition of NTPs.31 Because 
RNAP II is much larger than a nucleosome, the two complexes 
could be readily distinguished in the images. This provided snap-
shots of how the DNA length and protein positions changed dur-
ing the elongation process and a means to evaluate how histones 
reposition as RNAP II transcribes. The total length of DNA not 
occupied by RNAP II or histones was measured per molecule and 
fit with Gaussians.31 The data from populations in which RNAP 
II was actively transcribing through the nucleosome revealed a 
collection of intermediate states, some of which showed nucleo-
some contacts with upstream and downstream DNA. Moreover, 
the average unbound DNA length in these complexes was ~30 

nm shorter than the unbound DNA length from populations 
in which RNAP II was not actively transcribing through the 
nucleosome, supporting a model in which DNA loops form to 
facilitate transfer of histones. The AFM data were consistent with 
a model in which elongating RNAP II encounters a nucleosome, 
and DNA loops as histones are transferred to a position on the 
DNA behind the polymerase. To achieve this, the nucleosome 
downstream of transcribing RNAP II partially unwraps and its 
histones also contact DNA upstream of RNAP II to form a loop, 
thus facilitating the transfer of the nucleosome behind RNAP II. 
This corroborates data obtained from an optical tweezers study 
that showed that when RNAP II moved through a nucleosome, 
histones were not displaced from the DNA and, moreover, nucleo-
somal transfer did not occur when the DNA was subjected to 
force.28 This would suggest that histones are transferred through 
a looping mechanism that is unable to form under tension.

AFM also revealed that when RNAP II elongated through 
a nucleosome, there was a decrease in the height of the histone 
structures, suggesting disassembly of octamers.31 It was deter-
mined that octamers can decay into hexamers and this transfor-
mation is dependent upon the elongation rate; slower elongation 
favors less disassembly due to less histone unwrapping. At higher 
transcription rates, unwrapping occurs more quickly, which 
favors disassembly of the histone octamers. Hence, this study 
revealed a competing kinetic interplay between RNAP II tran-
scription elongation rate, histone transfer via a looping mecha-
nism, and histone dissociation.

Future Directions

Single-molecule studies of eukaryotic mRNA transcription 
have provided novel insight into the mechanism of this reaction 
and have built a comprehensive framework that will undoubtedly 
be expanded by future studies. The established approaches will 
be invaluable for further dissecting the dynamics and heteroge-
neity of the RNAP II transcription machinery during all stages 
of the transcription reaction. In addition, other single-molecule 
techniques that have been used to study bacterial RNA tran-
scription will likely also be applied to the eukaryotic system. For 
example, magnetic tweezers studies have been used to analyze 
DNA scrunching by E. coli RNA polymerase during abortive ini-
tiation32; this technique has the potential to provide insight into 
the process of initiation by RNAP II as well. Though cell-based 
studies have not been discussed in this review, advances in live-
cell imaging at the single-molecule level provide a means to test 
the biological relevance of mechanisms identified in vitro, and to 
further explore the dynamics and activities of single molecules in 
the nuclear environment.33,34
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