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Transcriptional regulation is one of the key steps in deter-
mining gene expression. Diverse single-molecule techniques
have been applied to characterize the stepwise progression of
transcription, yielding complementary results. These tech-
niques include, but are not limited to, fluorescence-based mi-
croscopy with single or multiple colors, force measuring and
manipulating microscopy using magnetic field or light, and
atomic force microscopy. Here, we summarize and evaluate
these current methodologies in studying and resolving indi-
vidual steps in the transcription reaction, which encompasses
RNA polymerase binding, initiation, elongation, mRNA pro-
duction, and termination. We also describe the advantages and
disadvantages of each method for studying transcription.

Transcription is the process by which the genetic code in
DNA is transcribed to mRNA. This process involves a delicate
balance of dynamic molecular interactions orchestrated by
numerous cis- and trans-acting regulators. These regulatory
elements influence each step of the transcription cycle,
including promoter searching by RNA polymerase (RNAP),
initiation, elongation, and termination (1–5). The transcription
process has been extensively investigated and probed at mul-
tiple scales and using multiple methodologies, that is, from
high-resolution structures of transcription complexes (6–8) to
tracking stochastic transcriptional bursting in cells (9–11).
Conventional biochemical, molecular, and structural analyses
have deciphered the mechanism of transcription (6, 8, 12, 13)
and revealed the extent of structural heterogeneity among
molecules and complexes. However, determining the dynamic
behaviors of individual molecules that contribute to the mo-
lecular heterogeneity requires advanced techniques with
adequate temporal and spatial resolution.

Recent advances in single-molecule and single-cell tech-
niques have provided a unique set of tools for visualizing the
transcription process at increased molecular resolution (14).
The first single-molecule experiment applied to transcription
led to visualization of T7 RNAP transcribing RNA from a DNA
template by capturing the Brownian motion of a gold particle
tethered to the DNA strand (15). Later, an in vitro single-
molecule study used fluorescence-based optical microscopy to
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probe fluorescently labeled RNAP and DNA during transcrip-
tion to uncover kinetics and binding affinity (16, 17). Atomic
force microscopy (AFM) (18), magnetic tweezers (19), and op-
tical tweezers (20) resolved the mechanical force applied to
DNA by RNAP and the resulting topological changes in DNA
during transcription. Despite the diverse application of single-
molecule methods in probing transcription, each tool has its
own capacity of providing certain aspect of different stages. For
example, fluorescence-based single-molecule detection with
total internal reflection fluorescence (TIRF) microscopy can
visualize binding and translocation movement of RNAP on the
template DNA (21–25), and the concomitant structural
changes within the DNA template (24, 26). Optical tweezers can
measure the transcription-dependent mechanical force gener-
ated on DNA with a piconewton (pN) precision, and the cor-
responding changes in distance with the nanometer resolution,
enabling the force–distance probing imparted by the activity of
a single RNAPmolecule (27–29). Magnetic tweezers are unique
in their ability to apply the torsional constrain on the DNA to
represent varying degree of supercoiled state of the DNA tem-
plate. DNA melting can be measured by the torsional change
that translates to the movement of the magnetic bead (30, 31).
AFM allows for the measurements of the RNAP translocation
on a DNA template and the concomitant changes in the ar-
chitecture of the DNA. For instance, AFM image can deduce
whether the DNA wraps around the RNAP (32–35).

For cellular studies, different sets of techniques have been
used to study transcription in live cells. One unique aspect of
the live cell measurement is the visualization of single RNA
transcript in real time to quantify the transcription process
with a single molecule resolution. In fixed cells, single-
molecule FISH can localize RNA to demarcate a particular
sequence at the active site of transcription and the resulting
transcript (36). Other methods, such as sequential FISH
(seqFISH+) (37), multiplexed error-robust FISH (MerFISH)
(38, 39), and in situ RNA-sequencing (40–42) enable whole-
cell transcriptomic analysis. In addition, stem-loop labeling
methods, such as MS2 and PP7 tags, are used to monitor the
synthesis of mRNAs in live cells in real time (43, 44).

Although single-molecule imaging in live cells has become a
popular tool in the field, in vitro single-molecule methods are
still required to glean a detailed mechanism of molecular
behavior. There are many previous papers offering
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comprehensive reviews on studying transcription in general
(9, 45–49). Here, we summarize the methodologies of several
key single-molecule assays for studying transcription mecha-
nisms and review some advantages and disadvantages of each
method.

The kinetic cycle of transcription

Transcription can be divided into four main stages: pro-
moter recognition, initiation, elongation, and termination.
These steps are highly conserved across many species, but the
details and level of complexity of each step varies across or-
ganisms. For example, the T7 bacteriophage RNAP is a single-
subunit polymerase that initiates transcription without any
transcription factor (TF); in contrast, prokaryotic and
eukaryotic RNAPs are multi-subunit polymerases that require
cofactors and TFs to initiate transcription (4, 50, 51). Owing to
their simplicity, much of what we know about the various steps
of transcription come from studies using the T7 system.
However, recent studies using eukaryotic systems have deep-
ened our understanding of gene regulation in higher-order
organisms (20, 52, 53). In this section, we briefly summarize
the current knowledge of each step in the transcription cycle
and highlight the applications of single-molecule assays that
have contributed to this knowledge.

Promoter recognition

To initiate transcription, RNAP and TFs are recruited to the
promoter (or other regions, such as enhancer), and RNAP un-
dergoes a conformational change to unwind the DNA template
and form an initiation complex. In other words, promoter
recognition involves RNAP engaging with DNA and searching
for the target sequence of the proper promoter. RNAP binding is
concentration dependent, affected by both the local RNAP and
DNA concentrations. For single-molecule study, a practical
approach is to limit either the protein or theDNA to an extremely
low concentration. For example, DNA can be immobilized on a
glass surface via biotin-neutravidin conjugation for TIRF mea-
surement (54) or tethered to a polystyrene bead trapped by a
focused laser beam for optical tweezer experiment (55). In both
cases, DNA concentration is fixed, whereas the RNAP concen-
tration can be titrated to measure the binding kinetics. In
addition, RNAP binding should be categorized as either non-
specific or sequence-specific binding. Such tracking reveals an
inherent binding kinetics of RNAP at or near the promoter (kapp)
that reveals how RNAP searches for a promoter. Recent single-
molecule studies demonstrated that the search process mecha-
nism includes one-dimensional sliding, three-dimensional direct
binding (56, 57), hopping, and intersegment transfer (24, 33, 35,
58) (Fig. 1A). Also, the dynamics of promoter searching is influ-
encedby themolecular crowding condition, chromatin structure,
and concentration of the TFs (59, 60).

Initiation

Upon RNAP (and other TFs) assembly at the promoter,
several conformational changes take place before the forma-
tion of the initiation complex (Fig. 1B). First, RNAP binds the
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DNA template to form a pre-initiation complex. DNA is bent
by the RNAP complex (clamp open) while remaining double-
stranded (closed state), which is termed the RNAP–promoter
closed complex (RPc). Next, the DNA template wraps around
the RNAP as the RNAP clamp is closed, leading to unwinding
and positioning of the DNA template to the RNAP active
center. This new state is termed the RNAP–promoter open
complex (RPo) and is ready to synthesize RNA (42, 61–63).
The transition from the RPc to the RPo is a critical rate-
limiting step in determining the initiation efficiency. It de-
pends on the DNA sequence and the key regulators, such as
the sigma factor that strongly stimulates the transition to the
RPo state (62, 64–66). Furthermore, single-molecule fluores-
cence study demonstrated two intermediate RPc states
including a short- and long-lived isomers, where only the long-
lived RPc was capable of transitioning to the RPo state (42).
After unwinding the DNA template at the RPo state, RNAP
synthesizes and releases a short transcript (up to 11 nt)
through a premature initiation cycle, called “abortive initia-
tion” and the corresponding complex is termed the “initial
transcription complex” (ITC or RPITC) (67, 68) (Fig. 1B).

It was demonstrated by biochemical and single-molecule
experiments that the abortive transcript is synthesized by a
“scrunching mechanism,” which describes the RNAP remains
stationary to the DNA template while the downstream DNA
undergoes scrunching and compaction into the active center
(69). If the RNAP aborts transcript synthesis and releases the
compacted DNA template to downstream, the PRITC returns
to the RPo state. Otherwise, RNAP escapes from the promoter
by releasing the compacted DNA to upstream and entering the
elongation step. Further single-molecule experiments revealed
two abortive cycles, fast and slow, indicating returning to RPo
state and fully dissociating from RPc, respectively (17, 70)
(Fig. 1B).
Elongation

Next, the RNAP escapes from the promoter and proceeds
downstream, forming a “transcription bubble,” called the
elongation complex (EC). The EC moves unidirectionally on
the DNA template, synthesizing the nascent transcript and the
reaction becomes a simple kinetic cycle of incorporating the
appropriate ribonucleotide (NTP) into the growing chain of
RNA from 50 to 30 direction (Fig. 2). Biochemical studies
showed that the kinetic step was primarily regulated by the
NTP concentration (25), indicating the rate of NTP incorpo-
ration as the main control of the RNAP movement and the
resulting RNA synthesis. Nevertheless, a single-molecule study
demonstrated that the kinetic cycle of elongation occurs
through a Brownian ratchet rather than the power stroke
mechanism (energy-dependent chemical step) (28). The
Brownian ratchet model posits that the RNAP translocation is
driven by the thermal noise but directed to move forward by
NTP incorporation, which makes the RNAP movement sen-
sitive to NTP concentration. Therefore, the incorporation of a
single nucleotide can be described as a cycle that entails RNAP
transitioning from the pre-translocated to post-translocated



Figure 1. The start of transcription. A, mechanisms of searching promoters by RNAP. B, the kinetic cycle of initiation. Upon RNAP binding to the promoter, the
RNAP clamp closes to unwind DNA template. A short RNA is synthesized via a scrunching mechanism before RNAP escapes from the promoter region. The
initiation complex (RPITC) can enter either the elongation process or abortive cycle. RPITC returns to the RPo cycle by releasing the short RNA, whereas full
dissociation of RPITC requires a new RNAP to resume the cycle. RNAP, RNApolymerase; RPc, RNAP–promoter closed complex; RPo, RNAP–promoter open complex.
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state, NTP binding, and formation of a phosphodiester bond
on a nascent RNA chain (28). It was also shown that trans-
ferring to a post-translocated state can occur with or without
the binding of incoming NTP (71).

In addition to on-pathway active translocation, the single-
molecule study also demonstrated an off-pathway state called
“pausing,” which has been observed in viral, prokaryotic, and
eukaryotic RNAP (72, 73), albeit via different mechanisms
(74). Generally, pausing is classified into short-lived (also
termed “ubiquitous” and “elemental” pausing) and long-lived
pausing (75–77) (Fig. 2). It is still not clear what causes
short-lived pausing, but the long-lived pausing is initiated from
the short-lived pausing with further backtracking step, caused
by either random walks of the RNAP or trapping of other
factors, such as an upstream RNA hairpin structure (78) or
strong DNA:RNA hybrid (79). The RNAP pausing may be a
mechanism to control the gene expression, especially in
eukaryotic system, where several regulators and TFs are re-
ported to pause or resume RNAP translocation (80).
Termination

When the EC reaches a terminator sequence, the RNA
transcript is released and the complex is dissembled (81, 82).
In prokaryotic system, termination mechanism involves either
the Rho-dependent or Rho-independent pathway (83, 84)
(Fig. 2). The Rho factor, which is a ring-shaped helicase, moves
along mRNA and pulls it out of the EC to trigger the
conformational changes needed for termination (85). On the
other hand, the Rho-independent termination is an intrinsic
mechanism encoded in the RNA sequence. This pathway re-
quires a post-transcriptional formation of an mRNA hairpin
(usually GC rich) and a U-rich signal forming a weak hybrid
within the RNAP active center (86–89). Two models are used
to explain the intrinsic termination: hyper-translocation of
RNAP and shearing the DNA:RNA hybrid to force the RNA
release and the dissociation of RNAP (90, 91). In addition,
some TFs, such as NusA and NusG (92, 93), are also involved
in the Rho-dependent termination but the mechanism remains
unclear. In the eukaryotic system, the termination mechanism
is more complicated because of the additional steps of post-
transcriptional processing, such as RNA polyadenylation
(84). Moreover, termination also involves RNA polymerase II
undergoing dephosphorylation of C-terminal domain and
detachment from the TFs (94). To date, researchers have
applied optical tweezers to measure the terminator hairpin
(95) and riboswitch structure (96) as well as the binding and
translocation of the Rho factor (97). In addition, magnetic
tweezers are also applied in monitoring the disappearance of
transcription bubble in helicase-induced termination (98).
J. Biol. Chem. (2021) 297(3) 101086 3



Figure 2. The end of transcription. Elongation process experiences short-lived pause events, which either revives to the next NTP addition or enters a
long-lived pause state, for example, paused by a short RNA hairpin. Transcriptional termination (bacteria system, for instance) is conducted by either Rho-
dependent mechanism or Rho-independent mechanism with the terminator hairpin.
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Single-molecule methods in transcription studies

In this section, we discuss the application of single-molecule
tools to probe the transcription cycle. The methods discussed
fall into three major categories: fluorescence-based method,
force-based assay, and AFM.

Fluorescence-based assays

The fluorescence-based assays are aimed at directly visual-
izing individual molecules. Typically, DNA is fluorescently
labeled via chemical conjugation or by intercalating dye, and
RNAP (or other cofactors) is labeled chemically or bound by a
fluorescently labeled antibody. Single-molecule fluorescence
detection performed by TIRF microscopy is an ideal method
that provides high spatial (nanometer, nm) and temporal
(minisecond, ms) resolution with a relatively high signal-to-
noise ratio (54). The use of multicolor fluorescence expands
the applicability of these experiments. Overall, the
fluorescence-based assays described here offer complementary
methods to visualize molecular interactions at the single-
molecule level.

DNA curtain

The DNA curtain assay is performed by aligning DNA
molecules on a surface (58, 99) (Fig. 3A, left). The DNA
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molecules are tethered on one end and stretched by a hydro-
dynamic flow to create a linear array to which RNAP can be
applied (Fig. 3A, right top). The array of DNA molecules is
visualized by an intercalating YOYO dye to confirm the proper
immobilization and linear configuration. The RNAP can be
tagged with a quantum-dot, a bright fluorescent nanoparticle,
for tracking the movement. The main advantages of the DNA
curtain platform are that long DNA segments, for example, λ
DNA (about 48 kb), can be imaged and long-range movement
of DNA-binding proteins can be probed (58). The extended
length of DNA allows for capturing high-speed sliding or three-
dimensional diffusion events. The DNA curtain platform has
been used to investigate RNAP binding and promoter search on
long DNA templates. The movement of RNAP was analyzed in
the form of a kymograph, a plot of the position over time
(Fig. 3A, right bottom). In the absence of NTP, RNAP stays at a
promoter for a short time (�sec) until it randomly steps out or
dissociates from the promoter. On the other hand, in the
presence of NTP, RNAP synthesizes RNA and moves away
from the promoter, which can be measured up to a long-
distance range (�μm) (58). One downside of this experiment
is that the native context for DNA flexibility is absent in a
stretched DNA configuration, that is, the potential search
mechanism, such as segmental transfer with DNA looping, may
be limited and suppressed (32).



Figure 3. Fluorescent-based assays. A, DNA curtain. DNA curtain creates a 2D array by aligning DNA molecules with the diffusion barrier and anchor.
Translocation of the quantum-dot (Qdot)-tethered RNAP is tracked by single-molecule fluorescence microscopy. B, CoSMoS. CoSMoS distinguishes the
binding via colocalized signals. For example, blue and red squares indicate the position of the DNA molecule with and without a promoter, and the green
squares indicate the binding of RNAP. Therefore, the two-color squares (green/blue or green/red) indicate the binding of RNAP on the DNA strand. The
fraction of bound DNA can be plotted as a function of time to evaluate the kinetics. The schematics of DNA curtains and CoSMoS are inspired by the work of
Wang (58) and Friedman (24), respectively. CoSMoS, colocalization single-molecule spectroscopy; RNAP, RNA polymerase.
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Colocalization single-molecule spectroscopy

Colocalization single-molecule spectroscopy (CoSMoS) (24,
100) uses multi-color fluorescence to track complex molecular
events. CoSMoS was used to investigate the kinetics of RNAP
binding on DNA with or without a promoter. One end of DNA
was immobilized on the surface, allowing the rest of the
DNA to be freely flexible in solution (Fig. 3B, left). DNA and
RNAP were labeled with different fluorophores such that
binding of RNAP was read out as a colocalization of both
signals within the same diffraction-limited spot defined by the
position of the DNA (Fig. 3B, middle). The duration of the
colocalized signal is interpreted as the lifetime of binding
(except when it is photobleached). This assay can be extended
to a three-color laser system, for example, promoter-
containing DNA and the control DNA without a promoter
can be labeled with different fluorophores, and the protein
with the third color. Therefore, the real-time detection of
colocalization patterns reflects the relative binding affinities of
RNAP to either substrate in the same condition (Fig. 3B, right).
However, CoSMoS is not ideal for detecting one-dimensional
sliding because all the signals are collected from a confined
imaging area, which cannot provide long-range position
changes. CoSMoS has been applied to study the preinitiation
complex assembly process of the yeast system performed with
combinations of labeled DNA, RNAP, and TF (TFIIE and
TFIIF) (101). It is worth noting that both the DNA curtain and
the CoSMoS are limited in terms of the concentration of
fluorescently tagged molecules because of the increased
background fluorescence. TIRF imaging is built for a selective
excitation in an evanescent field (�200 nm from surface), and
the intensity in the evanescent field decays exponentially as a
function of distance away from the slide surface. Therefore, a
relatively high concentration (higher than 5–10 nM) of diffu-
sive molecules can be excited in the evanescent field and make
the signals indistinguishable.

Single-molecule fluorescence resonace energy transfer

The single-molecule fluorescence resonance energy transfer
(smFRET) is a widely applied single-molecule technique that
depends on the measurement of the distance between a pair of
fluorophores (donor and acceptor) attached to the molecules
of interest. Fluorescence resonance energy transfer (FRET)
occurs via a non-radiative energy transfer from a donor (high-
energy state, shorter excitation wavelength) to an acceptor
(low-energy state, longer excitation wavelength). FRET effi-
ciency depends on the distance between the donor and
acceptor with a sixth-order reciprocal relationship, thus
providing an extremely sharp distance dependence. FRET
displays a distance sensitivity between 3 and 8 nm; therefore, it
is suited to detect short distance changes between the two
interacting molecules or two sites within one molecule (102).
For example, smFRET has been applied to visualize the
opening of the transcription bubble and the dynamics within
an RNAP clamp.
J. Biol. Chem. (2021) 297(3) 101086 5
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Upon recognition of a promoter, RNAP undergoes a series
of conformational changes to form an initiation complex,
which entails a structural transition from a closed state (RPc)
to an open state (RPo), while also unwinding the DNA to form
a transcription bubble (Fig. 1B) (103–105). Compared with a
previous study that used 2-aminopurine enhancement to
measure the initiation rate and estimate the size of transcrip-
tion bubble (64, 106), smFRET can directly detect the
structure–function relationship underlying the dynamics of
the transcription initiation in real time.

Previous studies using smFRET have revealed various as-
pects of dynamics during the transcription initiation and
transition states (17, 26, 31, 62, 69, 70, 107–111). Typically, to
visualize the conformational changes during initiation, FRET-
pair dyes, such as Cy3 and Cy5, can be attached to RNAP
subunits (Fig. 4A) or on DNA template surrounding the pro-
moter (Fig. 4B). For the first labeling scheme, RNAP subunits
are labeled with FRET dyes, that is, the donor on β lobe tip and
the acceptor on β0 clamp tip (62). Thus, opening and closing of
the RNAP clamp was monitored by FRET decrease and in-
crease, respectively (Fig. 4A). By stalling RNAP at a particular
DNA sequence, each initiation state was captured at different
Figure 4. Applications of the smFRET. A, smFRET with protein labeling. Clamp
more FRET populations (black arrows) appear after RNAP binding, indicating
scheme is inspired by Chakraborty’s work (62). B, smFRET with DNA labeling. B
(blue arrow). After RNAP leaves the promoter-proximal region, FRET transits to t
in several transitions (asterisk) between two FRET states but not the duplex st
detect interesting sequence, which folds into other structures. Examples are d
hairpin and G-quadruplex (111, 117). The FRET efficiency increases after format
be observed through FRET trajectory. The FRET histogram can demonstrate the
previous work (111). RPc, RNAP–promoter closed complex; RPo, RNAP–promo
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positions along the transcript. These FRET states were further
examined and validated using transcription inhibitors. In
addition, the FRET values were used to estimate the change of
the clamp size (10–20 Å) in agreement with the crystal
structures.

When the dye pair is positioned upstream and downstream
of the T7 RNAP promoter (Fig. 4B), it is suited for probing
DNA melting and bubble formation involved in the initiation
process (17, 26, 111). This strategy has been cleverly applied to
examine the stepwise progression of the early-stage tran-
scription by halting the reaction with limiting the NTP con-
tent. Furthermore, it has been shown that RNAP synthesizes
early transcripts via a “scrunching mechanism” (69). A recent
smFRET study measured continuous RNAP progression with
all NTPs present, demonstrating the sequence of events,
including the transcription bubble formation and progression
through the DNA template (17, 26). The transient increase of
FRET efficiency corresponds to the bubble formation, and the
subsequent FRET decrease indicates reannealing of the DNA
after the bubble passes through the FRET-labeled segment
(Fig. 4B, middle). This experimental scheme provides a unique
opportunity to detect abortive initiation, which produces short
closing as unwinding the DNA increases the FRET efficiency. In addition, two
intermediate states (RPintermedicate) in transition between RPc and RPo. The
ending and unwinding the DNA cause stepwise transitions of the FRET state
he original value, indicating the duplex structure. Abortive cycle is observed
ates. The scheme is inspired by Koh’s work (30). C, smFRET can be used to
epicted from our previous work of other secondary structures, for example,
ion of transcription bubble and folding of structure. Stepwise formation can
overall distribution of each structure state. The scheme is recreated from our
ter open complex; smFRET, single-molecule FRET.
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and incomplete transcripts before RNAP escapes from the
promoter and enters the elongation phase (112, 113). Unlike
the single FRET event that signifies successful and normal
rounds of initiation, the abortive initiation gives rise to char-
acteristic FRET fluctuations (Fig. 4B, right).

Moreover, the transition from the initiation to the EC can
also be distinguished by adding labeled RNAP with a labeled
DNA template, but it requires complicated analysis of the
FRET signals (17, 114). Similarly, labeling the sigma factor and
TFs can be applied to track the intermolecular interactions
during the initiation complex formation in the bacterial and
the eukaryotic system (22, 115). We note that while the
smFRET is optimal for measuring the kinetic parameters and
the mechanistic details involved in the transcription initiation,
it is blind to mechanical force and accurate topological
changes involved in the DNA melting.

Another application of smFRET is to capture transient
formation of DNA secondary structures during transcription.
Such structures include the hairpin, pseudoknot, G-quad-
ruplex, i-motif, and R-loop (111, 116–118). The FRET-paired
dyes can be located across the particular sequence element
but within a FRET-sensitive distance, so the formation of ex-
pected structure will change the FRET signal as a function of
the transcription reaction (Fig. 4C). For example, the forma-
tion of a transcription bubble unwinds a part of ssDNA on the
non-template strand. The released region can form a stable
secondary structure such as G-quadruplex or hairpin (111,
117), and the two dyes located at either end of the sequence on
the non-template strand will show a prominent increase in
FRET during the transcription reaction (Fig. 4C). This assay
can correlate the cotranscriptional structure formation during
the transcription process.
Single-molecule protein induced fluorescence enhancement

Protein induced fluorescence enhancement (PIFE) is a single-
color method that offers a unique and simple approach to study
molecular interactions. The fluorescence enhancement effect
induced by a proximal protein binding occurs in cyanine dyes,
such as Cy3 and Cy5, all of which consist of symmetric car-
bocyanine structures. The cyanine dyes store and release
photon energy at a particular wavelength while undergoing cis-
trans isomerization, which entails interconversion between the
two configurations via the central carbon-carbon double bonds.
Binding of a viscous molecule such as protein stabilizes the
photoactive trans state, thereby increasing the quantum yield
and lifetime of the dye, making the fluorescence signal 2 to 3
folds brighter than by itself (119, 120). Furthermore, the in-
crease in the PIFE signal is linearly correlated to the distance
between the protein and the dye within 0 to 3 nm (119, 121,
122). Because PIFE is sensitive to a short-distance change where
FRET is insensitive, PIFE can complement FRET for obtaining
the entire distance range between 0 and 8 nm. In general, PIFE
is a convenient tool for capturing protein–nucleic acid inter-
action at the single molecule level (17, 111, 123–125).

Single-molecule protein-induced fluorescence enhancement
(smPIFE) was applied to study the RNAP binding and
movement in our recent study. A single fluorophore located at
the promoter site showed a sudden spike of fluorescence in-
tensity, reporting on the specific binding of RNAP via PIFE
(Fig. 5A, top). The PIFE signal was observed immediately after
the addition of RNAP, indicating that the signal represents
RNAP binding (Fig. 5A, bottom left). Importantly, in the PIFE
experiment, DNA is labeled, but not the protein. Therefore,
the validity of the PIFE signal can be tested by titrating RNAP
concentration because the RNAP binding frequency should
scale with the RNAP concentration (Fig. 5A, bottom right).
Furthermore, since PIFE is extremely sensitive to the local
environment, the level of enhancement can distinguish be-
tween the RPc and RPo state of binding complex in the
presence of NTP (17, 23). However, smPIFE is unable to
resolve position information such as the movement expected
from the one-dimensional sliding because the signal disap-
pears once RNAP leaves away from the dye.

The smPIFE experiment can also be used to study elonga-
tion, albeit within a limited length. We recently presented a
novel dual-color PIFE (dual PIFE) assay to efficiently monitor
multiple rounds of successive elongation cycles (111). For dual
PIFE experiment, unlike the smFRET design, the two dyes (Cy3
and Cy5, for example) are positioned on the DNA template but
far apart from each other, that is, outside of the FRET-sensitive
distance range, so that each dye can independently undergo
PIFE without any interference of the FRET signal (Fig. 5B).
Because the PIFE signal is observed when RNAP moves across
the dye, the sequential PIFE signals from each dye in succession
from the same single-molecule spot reports on the movement
of RNAP on the DNA from the first to the second dye. Unlike
the alternating-laser excitation (126), dual PIFE measurement
requires continuous excitation of both dyes to capture the PIFE
events from both channels simultaneously.

In our experimental design, the first dye (Cy3, green) is
labeled at the promoter, near the RNAP-binding site, and the
second dye (Cy5, red) is labeled 40 base pairs away from the
first dye. Therefore, the first PIFE signal turns up when RNAP
passes through the promoter (Fig. 5B, bottom middle), and the
second PIFE occurs if the same RNAP arrives at the 40th base
pair downstream, resulting in the green and red signals
appearing in tandem succession in the single-molecule time
trajectory (Fig. 5B, bottom right). That is, the tandem dual
PIFE signal appears only if the elongation was successful up to
the second position. In the case of the failed elongation, we
only obtain the first green PIFE without the second red PIFE
event. We note that the failed elongation can be distinguished
from photobleaching of the second dye because we can
monitor both dye signals continuously because of the
continuous illumination by both lasers. In this manner, the
fraction of successful elongation events can be calculated over
the total attempted elongation. Furthermore, the dwell time of
each PIFE signal and the time interval between two PIFE sig-
nals can be used to quantify the overall speed of RNAP across
the two dye positions. Taken together, the dual PIFE signals
works as a “molecular gate” to monitor the entry and the exit
of the RNAP along particular positions on the DNA template.
For example, a previous study temporarily decoupled PIFE and
J. Biol. Chem. (2021) 297(3) 101086 7



Figure 5. Applications of smPIFE. A, smPIFE detects RNAP binding. PIFE signal is 2- to 3-fold higher than initial intensity. The green arrow indicates the PIFE
events. The frequency of PIFE signals is RNAP concentration dependent. B, successful elongation event is observed by dual PIFE system. Protein binding and
initiation only cause single PIFE signal (green arrow). Dual PIFE signal appears when RNAP moves downstream and induces the PIFE signal of the second dye
(red arrow). PIFE, protein induced fluorescence enhancement; RNAP, RNA polymerase; smPIFE, single-molecule protein induced fluorescence enhancement.
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FRET to study RNA release and folding (127). We envision
that a multi-color PIFE assay should be feasible, and such
capability will enable the detection of more complex observ-
ables in one platform.
Fluorescent probe

Another fluorescent-based assay was developed for probing
the synthesis of mRNA, which is the final step of the tran-
scription process, that is, how many transcripts are produced
by RNAP per DNA molecule per unit time. Single-molecule
methods have led to detection of stochastic mRNA tran-
scription both in vitro and in vivo (11, 14, 43, 128–130). For
real-time single-molecule detection of in vitro transcription,
the basic concept is to visualize mRNA cotranscriptionally,
that is, while the RNA is being transcribed. One way is to
incorporate fluorescently modified NTP to light up the RNA
molecule (131). Another method, similar to FISH, is to hy-
bridize fluorescently labeled oligonucleotides to a transcript
(128, 129). Although both strategies lead to the direct visual-
ization of RNA products, both suffer from extremely high
fluorescence background, preventing observation of multiple
rounds of transcription. As mentioned above, the detection
under a TIRF microscope typically accommodates up to
10 nM of fluorescent molecules, which is far below the
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requirement for efficient DNA/RNA hybridization for detect-
ing mRNA. Therefore, both methods are not optimal for
monitoring the real-time RNA transcript.

To overcome this limitation, we and others developed a
molecular beacon, which is a prequenched probe that fluoresces
only upon hybridizing with the complementary mRNA product
(132) (Fig. 6A). The key difference from previous methods is
that the prequenched probe is initially dark and becomes
dequenched and fluorescent only upon hybridizing to the RNA
molecule. This strategy reduces the intrinsic background dras-
tically, allowing up to 500 nM probe concentration to be added
to single-molecule transcription assays. This concentration is
sufficient to induce instantaneous annealing to the nascent
RNA strand in a cotranscriptional manner. More importantly,
the sequence and length of a probe should be carefully designed
based on the calculation of the folding and annealing energy.
That is, the hybridization rate of the probe to a target mRNA
exceeds the diffusion rate, and the probe position should not be
far from the promoter to ensure that the probe binds before the
mRNA detaches from the DNA template. Moreover, single
molecular dynamics of protein–DNA interactions, for example,
RNAP, and TF can be simultaneously detected by combining
labeled protein and prequenched beacon. The signal from the
protein indicates the initiation of transcription, while the bea-
con signal reflects the RNA synthesis (Fig. 6B). One round of



Figure 6. Transient RNA production is visualized by a prequenched probe. A, RNA transcript is detected by a complementary probe to RNA sequence
(colored in magenta). The fluorescence signal appears when probe anneals with RNA transcript (green arrow). B, coupling with labeled protein, binding of
RNAP and RNA production are visualized together to determine the timing of beginning and dissociation of transcription. RNAP entering, probe binding,
and dissociation are indicated by red, green, and black arrows, respectively. The scheme is inspired by Zhang’s work (132). RNAP, RNA polymerase.
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dual signal likely indicates a single TF-induced single turnover
reaction. However, as stated above, only a low concentration of
labeled protein can be applied to avoid high fluorescence
background. Also, the advantage of using the quencher probe
can be extended to a long transcript, that is, above 100 nucle-
otides as long as the probe-binding site is available, and the
probe sequence is optimized.
Force-based assays

Optical tweezers

Recent single-molecule studies on elongation have mostly
focused on the transition from initiation complex to the early
EC (23, 133). As stated above, while the structural dynamics of
protein and DNA can be observed by directly labeling RNAP
or DNA (17, 21, 121, 122), FRET detection is limited to
approximately 3 to 8 nm distance, far below the distance range
for elongation. One single-molecule method to measure
elongation process is the optical tweezers, which is suited to
measure a large distance change within a tethered molecule or
between two tethered molecules (20, 134).
In optical tweezers, DNA and RNAP are tethered to a
polystyrene bead and trapped at the center of a focused laser
beam, where a strong electric field pulls the bead toward the
center. The trap system can be described as a simple linear
spring that follows the linear Hooke’s law within a short dis-
tance to the center of the beam (55). According to the Hooke’s
law, F = kx, where F is optical force (piconewton level) and x is
the displacement from center of the beam (nanometer level);
optical tweezers enable controlling the force to measure the
stiffness of the system (Δx). The force generated from the
system can be measured by the displacement. Therefore, op-
tical tweezers can measure kinetic steps of the RNAP. In the
single-trap system, one end of the DNA fragment is immobi-
lized on the surface, whereas the rest is held by the RNAP
complex attached to a trapped polystyrene bead (Fig. 7A). The
dual-trap tweezers tether both DNA and RNAP on two beads
trapped by two separate laser beams. This arrangement
significantly reduces the fluctuation noise and thereby resolves
single base pair distance change (Fig. 7B). The bead-to-bead
distance can be used as a reference scaler to calibrate the
displacement of the sample (135). The distance between the
J. Biol. Chem. (2021) 297(3) 101086 9



Figure 7. RNAP translocation detected by optical tweezers. A, single
optical trap system. One end of the DNA strand is immobilized on the slide
surface, and the other end is dragged by the RNAP, which is tethered to the
bead. B, dual optical trap system. One end of the DNA strand and RNAP are
tethered to the beads. When RNAP moves to the other end of the DNA
strand during elongation process, it causes the tension force change (ΔF),
which can be further interpreted to the coverslip displacement (single trap)
or the change of bead-to-bead distance (dual trap). C, an example of the
real-time extension trace. DNA extension is plotted as a function of time.
The pause events (red arrow) are observed as temporary stops with certain
time intervals. RNAP, RNA polymerase.
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beads changes as the RNAP moves on the DNA template
through the elongation cycle. With proper calibration between
the bead-to-bead distance and the corresponding length of
DNA in base pairs, the translocation rate of the EC was
calculated from the real-time single-molecule traces (27, 28).

Since optical tweezers can generate the real-time extension
traces, the active translocation (on-path) and RNAP pausing
(off-path) can be distinguished (Fig. 7C) (29, 77, 136, 137). As
expected, the transcription through nucleosomes reflected a
barrier effect evidenced by pauses in RNAP translocation
under varying ionic strength (138). Furthermore, the forma-
tion of terminator hairpin (95) and riboswitch structure (96)
causes stalling of RNAP or bypass synthesis, which can be
10 J. Biol. Chem. (2021) 297(3) 101086
distinguished from the real-time trace. In addition, another
type of optical trap, angular optical trap, which tethers the
DNA molecule by a nanofabricated quartz cylinder instead of
bead, can measure the rotation, torque, displacement and
force simultaneous. Angular optical trap extends the appli-
cation of optical tweezers in studying RNAP pausing under
torsion (139). Later, the binding and translocation of the Rho
factor during termination which induced contour length
change of mRNA by a looping conformation was successfully
detected (97).
Magnetic tweezers

It is well-known that RNAP causes the change in DNA
supercoiling during transcription. Therefore, DNA super-
coiling is also a useful proxy correlated with the transcription
process. The suitable tool to measure DNA supercoiling is the
magnetic tweezers, a magnetic trapping microscopy that
controls the strength and the orientation of the sample by
using a magnetic field (19). In this method, one end of the
DNA is tethered on the surface, whereas the other end is
tagged to a superparamagnetic bead and trapped by a magnet.
Therefore, the trapped DNA is unable to drift or rotate, except
by the Brownian motion of the bead, which is used to calibrate
the force and end-to-end distance of the DNA (Fig. 8A).
Magnetic tweezers apply force to move the bead vertically
away from the surface to stretch the DNA and reduce the noise
from thermal fluctuations. In addition, the DNA supercoiling
is constrained by restricting the rotation of the bead to fix the
DNA topology, specifically the linking number (Lk). This
number describes the correlation of the twist (Tw) and the
writhe (Wr) of the DNA topology, that is, ΔLk = ΔTw + ΔWr
(140). Twist is the number of turns within the dsDNA, and
writhe is the number of intramolecular dsDNA crossings. The
constrained DNA fragment with a positive or negative ΔLk is
referred to as positive or negative supercoiling of DNA.
Importantly, the Lk of a torsionally constrained DNA is unable
to change (ΔLk = 0), which means that the gain of twist must
be compensated by the loss of writhe and vice versa
(ΔTw = −ΔWr). Because the writhe indicates the structural
crossover within a single DNA, the change of writhe drastically
alters the DNA end-to-end distance (141).

In the context of DNA unwinding during initiation, DNA
can be induced to a positive or negative writhe (ΔWr > 0 or
ΔWr < 0) by rotating the bead of the magnetic tweezers set up.
Upon RNAP binding, the closed form complex (RPc) transits
to the open form complex (RPo) via unwinding the dsDNA
about one turn (ΔTw = −1). For example, if ΔWr = +3, loss of
ΔTw increases ΔWr to +4, leading to DNA compaction; in
contrast, if ΔWr = −3, loss of ΔTw increases ΔWr to −2,
resulting in the DNA relaxation by one writhe and the cor-
responding extension (Fig. 8A). Therefore, the unwinding can
be detected by measuring the DNA extension (Fig. 8B).
Furthermore, the kinetics of unwinding and the size of
transcription bubble can be observed by the real-time mea-
surement of the change of DNA extension (30, 31, 53).
Although magnetic tweezers cannot depict the relative



Figure 8. Transcription initiation measured by magnetic tweezers. A, scheme of a magnetic tweezer and DNA topologies. Unwinding DNA in the RPo
complex causes the loss of twist, which is later compensated by the writhe. Magnetic tweezers detect the topological change whenever the end-to-end
distance of the tethered DNA is shortened or lengthened (Δl) during DNA unwinding. B, the examples of real-time traces with positively and negatively
supercoiled DNA substrates. Opening the positively supercoiled DNA is an unstable and reversible transition, which can be observed in repeated unwinding
(red arrow) and rewinding (blue arrow) signals. In contrast, opening the negatively supercoiled DNA is a stable and irreversible transition, resulting in one
unwinding (red arrow) event during the initiation. The schematics are inspired by Revyakin’s work (30). RPo, RNAP–promoter open complex.
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distance change, it can study the kinetics of each transcription
stage if supercoiling changes. For example, the comparison of
the transcription bubble size between the initiation complex
and EC (53) and the unwinding by helicase that facilitated
termination was demonstrated (98).
AFM

AFM, a scanning probe microscopy, allows for a direct
visualization of molecules with a high spatial resolution. AFM
reveals the three-dimensional shape (topography) of a mole-
cule by scanning the surface and recording the height of a
probe tip that depends on the protrusions of the surface-
bound molecules (18, 142) (Fig. 9A). Samples for AFM do
not require a harsh chemical treatment, making it less
disruptive to the biological properties. Conventional AFM
provides single-digit nanometer resolution but is limited by
the low scanning speeds. However, recent advancements in
Figure 9. Atomic force microscopy. A, scheme of the AFM. AFM scans the heig
shape of molecule. B, an example of the AFM image. The white arrow indicates
AFM allow for a drastically improved scanning rate of sub-
second (2 frame/s) while maintaining the same degree of
spatial resolution (35). This high-speed AFM was applied to
visualize the RNAP–DNA interaction. Briefly, DNA was mixed
with RNAP and deposited on a mica disc in an imaging buffer.
The scanned image displayed the RNAP binding as a bright
dot, commensurate with the three-dimensional volume of
RNAP that changes the vertical height of the probing tip from
the surface (Fig. 9B). The trajectory of RNAP movement was
reconstructed by combining series frames of scanning images
as a time-lapse video.

AFM is well suited for measuring DNA structural changes,
for example, bending and wrapping of DNA by RNAP.
Bending and wrapping during initiation was proposed based
on footprinting data (61, 143, 144). AFM images directly
confirmed the wrapped state of DNA with a bending angle and
a shorter contour length of DNA template upon RNAP
binding to the promoter sequence. These images also revealed
ht (Z) of 2D surface (XY) to create a molecular altitude map and visualize the
a higher Z-axis value, which is due to RNAP binding. RNAP, RNA polymerase.
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the transition states, RPc and RPo as well as a looped structure
in a complex with a TF (34). Furthermore, a recent study used
fast-scan AFM to capture RNAP sliding, hopping, and disso-
ciation and re-association on DNA (through random walk on
the mica surface) (35). Interestingly, AFM enables observation
of intersegmental transfer of RNAP, which cannot be reliably
deduced by other single-molecule methods. One drawback of
the AFM measurement is that the molecules tethered to the
mica surface may impact the protein conformation or activity.

Conclusion

Investigating transcription regulation is essential to under-
stand how gene expression is controlled. Transcription of
housekeeping genes versus regulatory genes and oncogenes
versus tumor suppressor genes can operate under vastly
different regulating conditions exhibiting diverse types of
stochastic transcription. One important aspect of these pro-
cesses is the underlying kinetics and mechanism governed by
the RNAP activity. Single-molecule methods provide highly
accurate structure–function dynamics in transcription with
high temporal and spatial resolution (millisecond, nanometer).
Here, we summarize the recent usage of single-molecule
techniques by categorizing them into four classes,
fluorescence-based microscopy, optical tweezers, magnetic
tweezers, and AFM-based detection, and describe the practical
application to probe the transcription stages. We note that
these methods can also be coupled to other systems, for
example, optical tweezers coupled with a fluorescence micro-
scopy can detect the mechanical force and visualize the
molecule translocation simultaneously (145–147). Similarly,
the magnetic tweezers coupled with smFRET can measure the
RNAP dynamics as well as the topological changes of DNA
(148). In addition, other single-molecule sequencing methods
have the potential to contribute to studies of transcription. For
instance, single-molecule picometer-resolution nanopore
tweezers read out the DNA sequence by the electron current
change when it passes through a protein-formed nanopore
(149). Similarly, a solid-state nanopore was used to detect the
RNAP–DNA complex by measuring the change of conduc-
tance (150).

To date, these techniques have demonstrated their ability to
study in vitro transcription in simple systems, such as viral and
bacterial cases. However, for a decade, single-molecule tran-
scription studies have reached a bottleneck because of the
complexity of the eukaryotic system. Eukaryotic transcription,
which is regulated by lots of TFs and undergoes a slow, yet
dynamic assembly process, has challenged scientists in inves-
tigating the complex transcription components and mecha-
nisms. We look forward to seeing adaptation of single-
molecule approaches by researchers outside of the biophysics
community to deepen our knowledge about the transcriptional
regulation.

Author contributions—C.-Y. L. and S. M. conceptualization; C.-Y. L.
and S. M. resources; C.-Y. L. data curation; C.-Y. L. formal analysis;
C.-Y. L. and S. M. investigation; C.-Y. L. visualization; C.-Y. L. and
12 J. Biol. Chem. (2021) 297(3) 101086
S. M. methodology; C.-Y. L. writing–original draft; S. M. supervi-
sion; S. M. funding acquisition; S. M. validation; S. M. project
administration; S. M. writing–review and editing.

Funding and additional information—This work was supported by
the NIGMS, National Institutes of Health (1R01GM115631-01A1)
to C.-Y. L. and S. M., National Science Foundation Physics Frontiers
Centers Program (0822613) through the Center for the Physics of
Living Cells to S. M., and NCI, National Institutes of Health
(R01CA207341) to S. M. The content is solely the responsibility of
the authors and does not necessarily represent the official views of
the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AFM, atomic force
microscopy; CoSMoS, colocalization single-molecule spectroscopy;
EC, elongation complex; FRET, fluorescence resonance energy
transfer; ITC, initial transcription complex; Lk, linking number;
PIFE, protein-induced fluorescence enhancement; RNAP, RNA
polymerase; RPc, RNAP–promoter closed complex; RPo, RNAP–
promoter open complex; smFRET, single-molecule FRET; smPIFE,
single-molecule protein-induced fluorescence enhancement; TF,
transcription factor; TIRF, total internal reflection fluorescence.

References

1. Shandilya, J., and Roberts, S. G. (2012) The transcription cycle in eu-
karyotes: From productive initiation to RNA polymerase II recycling.
Biochim. Biophys. Acta 1819, 391–400

2. Cramer, P. (2019) Organization and regulation of gene transcription.
Nature 573, 45–54

3. Chen, J., Boyaci, H., and Campbell, E. A. (2021) Diverse and unified
mechanisms of transcription initiation in bacteria. Nat. Rev. Microbiol.
19, 95–109

4. Browning, D. F., and Busby, S. J. (2016) Local and global regulation of
transcription initiation in bacteria. Nat. Rev. Microbiol. 14, 638–650

5. Wang, W., Li, Y., Wang, Y., Shi, C., Li, C., Li, Q., and Linhardt, R. J.
(2018) Bacteriophage T7 transcription system: An enabling tool in
synthetic biology. Biotechnol. Adv. 36, 2129–2137

6. Sainsbury, S., Bernecky, C., and Cramer, P. (2015) Structural basis of
transcription initiation by RNA polymerase II. Nat. Rev. Mol. Cell Biol.
16, 129–143

7. Nogales, E., Louder, R. K., and He, Y. (2017) Structural insights into the
eukaryotic transcription initiation machinery. Annu. Rev. Biophys. 46,
59–83

8. Hanske, J., Sadian, Y., and Muller, C. W. (2018) The cryo-EM resolution
revolution and transcription complexes. Curr. Opin. Struct. Biol. 52, 8–15

9. Wang, F., and Greene, E. C. (2011) Single-molecule studies of tran-
scription: From one RNA polymerase at a time to the gene expression
profile of a cell. J. Mol. Biol. 412, 814–831

10. Neuert, G., Munsky, B., Tan, R. Z., Teytelman, L., Khammash, M., and
van Oudenaarden, A. (2013) Systematic identification of signal-activated
stochastic gene regulation. Science 339, 584–587

11. Coulon, A., Ferguson, M. L., de Turris, V., Palangat, M., Chow, C. C.,
and Larson, D. R. (2014) Kinetic competition during the transcription
cycle results in stochastic RNA processing. Elife 3, e03939

12. Liu, X., Bushnell, D. A., and Kornberg, R. D. (2013) RNA polymerase II
transcription: Structure andmechanism. Biochim. Biophys. Acta 1829, 2–8

13. Khatter, H., Vorlander, M. K., and Muller, C. W. (2017) RNA poly-
merase I and III: Similar yet unique. Curr. Opin. Struct. Biol. 47, 88–94

14. Vera, M., Biswas, J., Senecal, A., Singer, R. H., and Park, H. Y. (2016)
Single-cell and single-molecule analysis of gene expression regulation.
Annu. Rev. Genet. 50, 267–291

http://refhub.elsevier.com/S0021-9258(21)00889-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref14


JBC REVIEWS: Measuring transcription by single-molecule detection
15. Schafer, D. A., Gelles, J., Sheetz, M. P., and Landick, R. (1991) Tran-
scription by single molecules of RNA polymerase observed by light
microscopy. Nature 352, 444–448

16. Alhadid, Y., Chung, S., Lerner, E., Taatjes, D. J., Borukhov, S., andWeiss, S.
(2017) Studying transcription initiation by RNA polymerase with
diffusion-based single-molecule fluorescence. Protein Sci. 26, 1278–1290

17. Koh, H. R., Roy, R., Sorokina, M., Tang, G. Q., Nandakumar, D., Patel, S.
S., and Ha, T. (2018) Correlating transcription initiation and confor-
mational changes by a single-subunit RNA polymerase with near base-
pair resolution. Mol. Cell 70, 695–706.e695

18. Billingsley, D. J., Bonass, W. A., Crampton, N., Kirkham, J., and
Thomson, N. H. (2012) Single-molecule studies of DNA transcription
using atomic force microscopy. Phys. Biol. 9, 021001

19. Sarkar, R., and Rybenkov, V. V. (2016) A guide to magnetic tweezers and
their applications. Front. Phys. 4, 48

20. Lisica, A., and Grill, S. W. (2017) Optical tweezers studies of tran-
scription by eukaryotic RNA polymerases. Biomol. Concepts 8, 1–11

21. Mukhopadhyay, J., Kapanidis, A. N., Mekler, V., Kortkhonjia, E.,
Ebright, Y. W., and Ebright, R. H. (2001) Translocation of sigma(70)
with RNA polymerase during transcription: Fluorescence resonance
energy transfer assay for movement relative to DNA. Cell 106, 453–
463

22. Kapanidis, A. N., Margeat, E., Laurence, T. A., Doose, S., Ho, S. O.,
Mukhopadhyay, J., Kortkhonjia, E., Mekler, V., Ebright, R. H., and Weiss,
S. (2005) Retention of transcription initiation factor sigma70 in tran-
scription elongation: Single-molecule analysis. Mol. Cell 20, 347–356

23. Sorokina, M., Koh, H. R., Patel, S. S., and Ha, T. (2009) Fluorescent
lifetime trajectories of a single fluorophore reveal reaction intermediates
during transcription initiation. J. Am. Chem. Soc. 131, 9630–9631

24. Friedman, L. J., Mumm, J. P., and Gelles, J. (2013) RNA polymerase
approaches its promoter without long-range sliding along DNA. Proc.
Natl. Acad. Sci. U. S. A. 110, 9740–9745

25. Anand, V. S., and Patel, S. S. (2006) Transient state kinetics of tran-
scription elongation by T7 RNA polymerase. J. Biol. Chem. 281, 35677–
35685

26. Tang, G. Q., Roy, R., Bandwar, R. P., Ha, T., and Patel, S. S. (2009) Real-
time observation of the transition from transcription initiation to
elongation of the RNA polymerase. Proc. Natl. Acad. Sci. U. S. A. 106,
22175–22180

27. Skinner, G. M., Baumann, C. G., Quinn, D. M., Molloy, J. E., and
Hoggett, J. G. (2004) Promoter binding, initiation, and elongation by
bacteriophage T7 RNA polymerase. A single-molecule view of the
transcription cycle. J. Biol. Chem. 279, 3239–3244

28. Abbondanzieri, E. A., Greenleaf, W. J., Shaevitz, J. W., Landick, R., and
Block, S. M. (2005) Direct observation of base-pair stepping by RNA
polymerase. Nature 438, 460–465

29. Herbert, K. M., La Porta, A., Wong, B. J., Mooney, R. A., Neuman, K. C.,
Landick, R., and Block, S. M. (2006) Sequence-resolved detection of
pausing by single RNA polymerase molecules. Cell 125, 1083–1094

30. Revyakin, A., Ebright, R. H., and Strick, T. R. (2004) Promoter un-
winding and promoter clearance by RNA polymerase: Detection by
single-molecule DNA nanomanipulation. Proc. Natl. Acad. Sci. U. S. A.
101, 4776–4780

31. Revyakin, A., Liu, C., Ebright, R. H., and Strick, T. R. (2006) Abortive
initiation and productive initiation by RNA polymerase involve DNA
scrunching. Science 314, 1139–1143

32. Rippe, K., Guthold, M., von Hippel, P. H., and Bustamante, C. (1997)
Transcriptional activation via DNA-looping: Visualization of in-
termediates in the activation pathway of E. coli RNA polymerase x sigma
54 holoenzyme by scanning force microscopy. J. Mol. Biol. 270, 125–138

33. Guthold, M., Zhu, X., Rivetti, C., Yang, G., Thomson, N. H., Kasas, S.,
Hansma, H. G., Smith, B., Hansma, P. K., and Bustamante, C. (1999)
Direct observation of one-dimensional diffusion and transcription by
Escherichia coli RNA polymerase. Biophys. J. 77, 2284–2294

34. Rivetti, C., Guthold, M., and Bustamante, C. (1999) Wrapping of DNA
around the E.coli RNA polymerase open promoter complex. EMBO J.
18, 4464–4475
35. Suzuki, Y., Shin, M., Yoshida, A., Yoshimura, S. H., and Takeyasu, K.
(2012) Fast microscopical dissection of action scenes played by
Escherichia coli RNA polymerase. FEBS Lett. 586, 3187–3192

36. Levsky, J. M., Shenoy, S. M., Pezo, R. C., and Singer, R. H. (2002) Single-
cell gene expression profiling. Science 297, 836–840

37. Eng, C. L., Lawson, M., Zhu, Q., Dries, R., Koulena, N., Takei, Y., Yun, J.,
Cronin, C., Karp, C., Yuan, G. C., and Cai, L. (2019) Transcriptome-scale
super-resolved imaging in tissues by RNA seqFISH. Nature 568, 235–
239

38. Chen, K. H., Boettiger, A. N., Moffitt, J. R., Wang, S., and Zhuang, X.
(2015) RNA imaging. Spatially resolved, highly multiplexed RNA
profiling in single cells. Science 348, aaa6090

39. Moffitt, J. R., Hao, J., Bambah-Mukku, D., Lu, T., Dulac, C., and Zhuang,
X. (2016) High-performance multiplexed fluorescence in situ hybridi-
zation in culture and tissue with matrix imprinting and clearing. Proc.
Natl. Acad. Sci. U. S. A. 113, 14456–14461

40. Ke, R., Mignardi, M., Pacureanu, A., Svedlund, J., Botling, J., Wahlby, C.,
and Nilsson, M. (2013) In situ sequencing for RNA analysis in preserved
tissue and cells. Nat. Methods 10, 857–860

41. Lee, J. H., Daugharthy, E. R., Scheiman, J., Kalhor, R., Yang, J. L., Fer-
rante, T. C., Terry, R., Jeanty, S. S., Li, C., Amamoto, R., Peters, D. T.,
Turczyk, B. M., Marblestone, A. H., Inverso, S. A., Bernard, A., et al.
(2014) Highly multiplexed subcellular RNA sequencing in situ. Science
343, 1360–1363

42. Wang, X., Allen, W. E., Wright, M. A., Sylwestrak, E. L., Samusik, N.,
Vesuna, S., Evans, K., Liu, C., Ramakrishnan, C., Liu, J., Nolan, G. P.,
Bava, F. A., and Deisseroth, K. (2018) Three-dimensional intact-tissue
sequencing of single-cell transcriptional states. Science 361, eaat5691

43. Tutucci, E., Livingston, N. M., Singer, R. H., and Wu, B. (2018)
Imaging mRNA in vivo, from birth to death. Annu. Rev. Biophys. 47,
85–106

44. Gaspar, I., and Ephrussi, A. (2015) Strength in numbers: Quantitative
single-molecule RNA detection assays. Wiley Interdiscip. Rev. Dev. Biol.
4, 135–150

45. Herbert, K. M., Greenleaf, W. J., and Block, S. M. (2008) Single-molecule
studies of RNA polymerase: Motoring along. Annu. Rev. Biochem. 77,
149–176

46. Larson, M. H., Landick, R., and Block, S. M. (2011) Single-molecule
studies of RNA polymerase: One singular sensation, every little step it
takes. Mol. Cell 41, 249–262

47. Dangkulwanich, M., Ishibashi, T., Bintu, L., and Bustamante, C. (2014)
Molecular mechanisms of transcription through single-molecule ex-
periments. Chem. Rev. 114, 3203–3223

48. Chen, H. M., and Larson, D. R. (2016) What have single-molecule
studies taught us about gene expression? Genes Dev. 30, 1796–1810

49. Kramm, K., Endesfelder, U., and Grohmann, D. (2019) A single-mole-
cule view of archaeal transcription. J. Mol. Biol. 431, 4116–4131

50. Spitz, F., and Furlong, E. E. (2012) Transcription factors: From enhancer
binding to developmental control. Nat. Rev. Genet. 13, 613–626

51. Busby, S. J. W. (2019) Transcription activation in bacteria: Ancient and
modern. Microbiology (Reading) 165, 386–395

52. Zhang, Z., and Tjian, R. (2018) Measuring dynamics of eukaryotic
transcription initiation: Challenges, insights and opportunities. Tran-
scription 9, 159–165

53. Tomko, E. J., Fishburn, J., Hahn, S., and Galburt, E. A. (2017) TFIIH
generates a six-base-pair open complex during RNAP II transcription
initiation and start-site scanning. Nat. Struct. Mol. Biol. 24, 1139–1145

54. Roy, R., Hohng, S., and Ha, T. (2008) A practical guide to single-
molecule FRET. Nat. Methods 5, 507–516

55. Heller, I., Hoekstra, T. P., King, G. A., Peterman, E. J., and Wuite, G. J.
(2014) Optical tweezers analysis of DNA-protein complexes. Chem. Rev.
114, 3087–3119

56. Berg, O. G., Winter, R. B., and von Hippel, P. H. (1981) Diffusion-driven
mechanisms of protein translocation on nucleic acids. 1. Models and
theory. Biochemistry 20, 6929–6948

57. von Hippel, P. H., and Berg, O. G. (1989) Facilitated target location in
biological systems. J. Biol. Chem. 264, 675–678
J. Biol. Chem. (2021) 297(3) 101086 13

http://refhub.elsevier.com/S0021-9258(21)00889-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref57


JBC REVIEWS: Measuring transcription by single-molecule detection
58. Wang, F., Redding, S., Finkelstein, I. J., Gorman, J., Reichman, D. R., and
Greene, E. C. (2013) The promoter-search mechanism of Escherichia
coli RNA polymerase is dominated by three-dimensional diffusion. Nat.
Struct. Mol. Biol. 20, 174–181

59. Izeddin, I., Recamier, V., Bosanac, L., Cisse, I. I., Boudarene, L., Dugast-
Darzacq, C., Proux, F., Benichou, O., Voituriez, R., Bensaude, O., Dahan,
M., and Darzacq, X. (2014) Single-molecule tracking in live cells reveals
distinct target-search strategies of transcription factors in the nucleus.
Elife 3, e02230

60. Dey, P., and Bhattacherjee, A. (2018) Role of macromolecular crowding
on the intracellular diffusion of DNA binding proteins. Sci. Rep. 8, 844

61. Saecker, R. M., Record, M. T., Jr., and Dehaseth, P. L. (2011) Mechanism
of bacterial transcription initiation: RNA polymerase - promoter bind-
ing, isomerization to initiation-competent open complexes, and initia-
tion of RNA synthesis. J. Mol. Biol. 412, 754–771

62. Chakraborty, A., Wang, D., Ebright, Y. W., Korlann, Y., Kortkhonjia, E.,
Kim, T., Chowdhury, S., Wigneshweraraj, S., Irschik, H., Jansen, R.,
Nixon, B. T., Knight, J., Weiss, S., and Ebright, R. H. (2012) Opening and
closing of the bacterial RNA polymerase clamp. Science 337, 591–595

63. Lerner, E., Ingargiola, A., Lee, J. J., Borukhov, S., Michalet, X., and
Weiss, S. (2017) Different types of pausing modes during transcription
initiation. Transcription 8, 242–253

64. Jia, Y., Kumar, A., and Patel, S. S. (1996) Equilibrium and stopped-flow
kinetic studies of interaction between T7 RNA polymerase and its
promoters measured by protein and 2-aminopurine fluorescence
changes. J. Biol. Chem. 271, 30451–30458

65. McClure, W. R. (1985) Mechanism and control of transcription initia-
tion in prokaryotes. Annu. Rev. Biochem. 54, 171–204

66. Jia, Y., and Patel, S. S. (1997) Kinetic mechanism of transcription initiation
by bacteriophage T7 RNA polymerase. Biochemistry 36, 4223–4232

67. Munson, L. M., and Reznikoff, W. S. (1981) Abortive initiation and long
ribonucleic acid synthesis. Biochemistry 20, 2081–2085

68. Margeat, E., Kapanidis, A. N., Tinnefeld, P., Wang, Y., Mukhopadhyay, J.,
Ebright, R. H., and Weiss, S. (2006) Direct observation of abortive
initiation and promoter escape within single immobilized transcription
complexes. Biophys. J. 90, 1419–1431

69. Kapanidis, A. N., Margeat, E., Ho, S. O., Kortkhonjia, E., Weiss, S., and
Ebright, R. H. (2006) Initial transcription by RNA polymerase proceeds
through a DNA-scrunching mechanism. Science 314, 1144–1147

70. Duchi, D., Bauer, D. L., Fernandez, L., Evans, G., Robb, N., Hwang, L. C.,
Gryte, K., Tomescu, A., Zawadzki, P., Morichaud, Z., Brodolin, K., and
Kapanidis, A. N. (2016) RNA polymerase pausing during initial tran-
scription. Mol. Cell 63, 939–950

71. Dangkulwanich, M., Ishibashi, T., Liu, S., Kireeva, M. L., Lubkowska, L.,
Kashlev, M., and Bustamante, C. J. (2013) Complete dissection of
transcription elongation reveals slow translocation of RNA polymerase
II in a linear ratchet mechanism. Elife 2, e00971

72. Kang, J. Y., Mishanina, T. V., Landick, R., and Darst, S. A. (2019)
Mechanisms of transcriptional pausing in bacteria. J. Mol. Biol. 431,
4007–4029

73. Gaertner, B., and Zeitlinger, J. (2014) RNA polymerase II pausing during
development. Development 141, 1179–1183

74. Saba, J., Chua, X. Y., Mishanina, T. V., Nayak, D., Windgassen, T. A.,
Mooney, R. A., and Landick, R. (2019) The elemental mechanism of
transcriptional pausing. Elife 8, e40981

75. Davenport, R. J., Wuite, G. J., Landick, R., and Bustamante, C. (2000)
Single-molecule study of transcriptional pausing and arrest by E. coli
RNA polymerase. Science 287, 2497–2500

76. Forde, N. R., Izhaky, D., Woodcock, G. R., Wuite, G. J., and Bustamante,
C. (2002) Using mechanical force to probe the mechanism of pausing
and arrest during continuous elongation by Escherichia coli RNA po-
lymerase. Proc. Natl. Acad. Sci. U. S. A. 99, 11682–11687

77. Zhou, J., Ha, K. S., La Porta, A., Landick, R., and Block, S. M. (2011)
Applied force provides insight into transcriptional pausing and its
modulation by transcription factor NusA. Mol. Cell 44, 635–646

78. Artsimovitch, I., and Landick, R. (2000) Pausing by bacterial RNA po-
lymerase is mediated by mechanistically distinct classes of signals. Proc.
Natl. Acad. Sci. U. S. A. 97, 7090–7095
14 J. Biol. Chem. (2021) 297(3) 101086
79. Palangat, M., and Landick, R. (2001) Roles of RNA:DNA hybrid stability,
RNA structure, and active site conformation in pausing by human RNA
polymerase II. J. Mol. Biol. 311, 265–282

80. Core, L., and Adelman, K. (2019) Promoter-proximal pausing of RNA
polymerase II: A nexus of gene regulation. Genes Dev. 33, 960–982

81. Porrua, O., and Libri, D. (2015) Transcription termination and the
control of the transcriptome: Why, where and how to stop. Nat. Rev.
Mol. Cell Biol. 16, 190–202

82. Porrua, O., Boudvillain, M., and Libri, D. (2016) Transcription termi-
nation: Variations on common themes. Trends Genet. 32, 508–522

83. Roberts, J. W. (2019) Mechanisms of bacterial transcription termination.
J. Mol. Biol. 431, 4030–4039

84. Ray-Soni, A., Bellecourt, M. J., and Landick, R. (2016) Mechanisms of
bacterial transcription termination: All good things must end. Annu.
Rev. Biochem. 85, 319–347

85. Mitra, P., Ghosh, G., Hafeezunnisa, M., and Sen, R. (2017) Rho protein:
Roles and mechanisms. Annu. Rev. Microbiol. 71, 687–709

86. Gardner, P. P., Barquist, L., Bateman, A., Nawrocki, E. P., and Weinberg,
Z. (2011) RNIE: Genome-wide prediction of bacterial intrinsic termi-
nators. Nucleic Acids Res. 39, 5845–5852

87. Gusarov, I., and Nudler, E. (1999) The mechanism of intrinsic tran-
scription termination. Mol. Cell 3, 495–504

88. Yarnell, W. S., and Roberts, J. W. (1999) Mechanism of intrinsic tran-
scription termination and antitermination. Science 284, 611–615

89. Epshtein, V., Cardinale, C. J., Ruckenstein, A. E., Borukhov, S., and
Nudler, E. (2007) An allosteric path to transcription termination. Mol.
Cell 28, 991–1001

90. Komissarova, N., Becker, J., Solter, S., Kireeva, M., and Kashlev, M.
(2002) Shortening of RNA:DNA hybrid in the elongation complex of
RNA polymerase is a prerequisite for transcription termination. Mol.
Cell 10, 1151–1162

91. Santangelo,T. J., andRoberts, J.W. (2004)Forward translocation is thenatural
pathway of RNA release at an intrinsic terminator.Mol. Cell 14, 117–126

92. Burns, C. M., Richardson, L. V., and Richardson, J. P. (1998) Combi-
natorial effects of NusA and NusG on transcription elongation and Rho-
dependent termination in Escherichia coli. J. Mol. Biol. 278, 307–316

93. Yakhnin, A. V., Murakami, K. S., and Babitzke, P. (2016) NusG is a
sequence-specific RNA polymerase pause factor that binds to the non-
template DNA within the paused transcription bubble. J. Biol. Chem.
291, 5299–5308

94. Mayfield, J. E., Burkholder, N. T., and Zhang, Y. J. (2016) Dephos-
phorylating eukaryotic RNA polymerase II. Biochim. Biophys. Acta 1864,
372–387

95. Larson, M. H., Greenleaf, W. J., Landick, R., and Block, S. M. (2008)
Applied force reveals mechanistic and energetic details of transcription
termination. Cell 132, 971–982

96. Frieda, K. L., and Block, S. M. (2012) Direct observation of cotran-
scriptional folding in an adenine riboswitch. Science 338, 397–400

97. Koslover, D. J., Fazal, F. M., Mooney, R. A., Landick, R., and Block, S. M.
(2012) Binding and translocation of termination factor rho studied at the
single-molecule level. J. Mol. Biol. 423, 664–676

98. Wang, S., Han, Z., Libri, D., Porrua, O., and Strick, T. R. (2019) Single-
molecule characterization of extrinsic transcription termination by Sen1
helicase. Nat. Commun. 10, 1545

99. Cha, J., and Lee, J. Y. (2021) A novel high-throughput single-molecule
technique: DNA curtain. J Korean Phys. Soc. 78, 442–448

100. Gourse, R. L., and Landick, R. (2012) CoSMoS unravels mysteries of
transcription initiation. Cell 148, 635–637

101. [preprint] Baek, I., Friedman, L. J., Gelles, J., and Buratowski, S. (2021)
Single molecule studies reveal branched pathways for activator-
dependent assembly of RNA polymerase II pre-initiation complexes.
bioRxiv. https://doi.org/10.1101/2021.06.20.449130

102. Lerner, E., Cordes, T., Ingargiola, A., Alhadid, Y., Chung, S., Michalet, X.,
andWeiss, S. (2018) Toward dynamic structural biology: Two decades of
single-molecule Forster resonance energy transfer. Science 359, eaan1133

103. Greber, B. J., and Nogales, E. (2019) The structures of eukaryotic
transcription pre-initiation complexes and their functional implications.
Subcell. Biochem. 93, 143–192

http://refhub.elsevier.com/S0021-9258(21)00889-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref100
https://doi.org/10.1101/2021.06.20.449130
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref103


JBC REVIEWS: Measuring transcription by single-molecule detection
104. Durniak, K. J., Bailey, S., and Steitz, T. A. (2008) The structure of a
transcribing T7 RNA polymerase in transition from initiation to elon-
gation. Science 322, 553–557

105. Barnes, C. O., Calero, M., Malik, I., Graham, B. W., Spahr, H., Lin, G.,
Cohen, A. E., Brown, I. S., Zhang, Q., Pullara, F., Trakselis, M. A.,
Kaplan, C. D., and Calero, G. (2015) Crystal structure of a transcribing
RNA polymerase II complex reveals a complete transcription bubble.
Mol. Cell 59, 258–269

106. Liu, C., and Martin, C. T. (2001) Fluorescence characterization of the
transcription bubble in elongation complexes of T7 RNA polymerase. J.
Mol. Biol. 308, 465–475

107. Cordes, T., Santoso, Y., Tomescu, A. I., Gryte, K., Hwang, L. C.,
Camara, B., Wigneshweraraj, S., and Kapanidis, A. N. (2010) Sensing
DNA opening in transcription using quenchable Förster resonance en-
ergy transfer. Biochemistry 49, 9171–9180

108. Nagy, J., Grohmann, D., Cheung, A. C., Schulz, S., Smollett, K., Werner,
F., and Michaelis, J. (2015) Complete architecture of the archaeal RNA
polymerase open complex from single-molecule FRET and NPS. Nat.
Commun. 6, 6161

109. Vishwakarma, R. K., Cao, A. M., Morichaud, Z., Perumal, A. S., Margeat,
E., and Brodolin, K. (2018) Single-molecule analysis reveals the mecha-
nism of transcription activation in M. tuberculosis. Sci. Adv. 4, eaao5498

110. Mazumder, A., Lin, M., Kapanidis, A. N., and Ebright, R. H. (2020)
Closing and opening of the RNA polymerase trigger loop. Proc. Natl.
Acad. Sci. U. S. A. 117, 15642–15649

111. Lee, C. Y., McNerney, C., Ma, K., Zhao, W., Wang, A., and Myong, S.
(2020) R-loop induced G-quadruplex in non-template promotes tran-
scription by successive R-loop formation. Nat. Commun. 11, 3392

112. Martin, C. T., Muller, D. K., and Coleman, J. E. (1988) Processivity in
early stages of transcription by T7 RNA polymerase. Biochemistry 27,
3966–3974

113. Carpousis, A. J., and Gralla, J. D. (1980) Cycling of ribonucleic acid
polymerase to produce oligonucleotides during initiation in vitro at the
lac UV5 promoter. Biochemistry 19, 3245–3253

114. Lerner, E., Ploetz, E., Hohlbein, J., Cordes, T., and Weiss, S. (2016)
A quantitative theoretical framework for protein-induced fluorescence
enhancement-forster-type resonance energy transfer (PIFE-FRET). J.
Phys. Chem. B 120, 6401–6410

115. Zhang, Z., English, B. P., Grimm, J. B., Kazane, S. A., Hu, W., Tsai, A.,
Inouye, C., You, C., Piehler, J., Schultz, P. G., Lavis, L. D., Revyakin, A.,
and Tjian, R. (2016) Rapid dynamics of general transcription factor
TFIIB binding during preinitiation complex assembly revealed by single-
molecule analysis. Genes Dev. 30, 2106–2118

116. Kreig, A., Calvert, J., Sanoica, J., Cullum, E., Tipanna, R., and Myong, S.
(2015) G-quadruplex formation in double strand DNA probed by NMM
and CV fluorescence. Nucleic Acids Res. 43, 7961–7970

117. Qiu, Y., Niu, H., Vukovic, L., Sung, P., and Myong, S. (2015) Molecular
mechanism of resolving trinucleotide repeat hairpin by helicases.
Structure 23, 1018–1027

118. Lim, G., and Hohng, S. (2020) Single-molecule fluorescence studies on
cotranscriptional G-quadruplex formation coupled with R-loop forma-
tion. Nucleic Acids Res. 48, 9195–9203

119. Hwang, H., Kim, H., and Myong, S. (2011) Protein induced fluorescence
enhancement as a single molecule assay with short distance sensitivity.
Proc. Natl. Acad. Sci. U. S. A. 108, 7414–7418

120. Hwang, H., and Myong, S. (2014) Protein induced fluorescence
enhancement (PIFE) for probing protein-nucleic acid interactions.
Chem. Soc. Rev. 43, 1221–1229

121. Stennett, E. M., Ciuba, M. A., Lin, S., and Levitus, M. (2015) Demysti-
fying PIFE: The photophysics behind the protein-induced fluorescence
enhancement phenomenon in Cy3. J. Phys. Chem. Lett. 6, 1819–1823

122. Luo, G., Wang, M., Konigsberg, W. H., and Xie, X. S. (2007) Single-
molecule and ensemble fluorescence assays for a functionally important
conformational change in T7 DNA polymerase. Proc. Natl. Acad. Sci. U.
S. A. 104, 12610–12615

123. Koh, H. R., Xing, L., Kleiman, L., and Myong, S. (2014) Repetitive RNA
unwinding by RNA helicase A facilitates RNA annealing. Nucleic Acids
Res. 42, 8556–8564
124. Niaki, A. G., Sarkar, J., Cai, X., Rhine, K., Vidaurre, V., Guy, B., Hurst,
M., Lee, J. C., Koh, H. R., Guo, L., Fare, C. M., Shorter, J., and Myong, S.
(2020) Loss of dynamic RNA interaction and aberrant phase separation
induced by two distinct types of ALS/FTD-Linked FUS mutations. Mol.
Cell 77, 82–94.e4

125. Koh, H. R., Kidwell, M. A., Doudna, J., and Myong, S. (2017) RNA
scanning of a molecular machine with a built-in ruler. J. Am. Chem. Soc.
139, 262–268

126. Kapanidis, A. N., Laurence, T. A., Lee, N. K., Margeat, E., Kong, X., and
Weiss, S. (2005) Alternating-laser excitation of single molecules. Acc.
Chem. Res. 38, 523–533

127. Hua, B., Panja, S., Wang, Y., Woodson, S. A., and Ha, T. (2018)
Mimicking co-transcriptional RNA folding using a superhelicase. J. Am.
Chem. Soc. 140, 10067–10070

128. Revyakin, A., Zhang, Z., Coleman, R. A., Li, Y., Inouye, C., Lucas, J. K.,
Park, S. R., Chu, S., and Tjian, R. (2012) Transcription initiation by
human RNA polymerase II visualized at single-molecule resolution.
Genes Dev. 26, 1691–1702

129. Friedman, L. J., and Gelles, J. (2012) Mechanism of transcription initi-
ation at an activator-dependent promoter defined by single-molecule
observation. Cell 148, 679–689

130. Liu, Z., and Tjian, R. (2018) Visualizing transcription factor dynamics in
living cells. J. Cell Biol. 217, 1181–1191

131. Gueroui, Z., Place, C., Freyssingeas, E., and Berge, B. (2002) Observation
by fluorescence microscopy of transcription on single combed DNA.
Proc. Natl. Acad. Sci. U. S. A. 99, 6005–6010

132. Zhang, Z., Revyakin, A., Grimm, J. B., Lavis, L. D., and Tjian, R. (2014)
Single-molecule tracking of the transcription cycle by sub-second RNA
detection. Elife 3, e01775

133. Deshpande, A. P., Sultana, S., and Patel, S. S. (2014) Fluorescent
methods to study transcription initiation and transition into elongation.
Exp. Suppl. 105, 105–130

134. Fazal, F. M., Meng, C. A., Murakami, K., Kornberg, R. D., and Block, S.
M. (2015) Real-time observation of the initiation of RNA polymerase II
transcription. Nature 525, 274–277

135. Shaevitz, J. W., Abbondanzieri, E. A., Landick, R., and Block, S. M.
(2003) Backtracking by single RNA polymerase molecules observed at
near-base-pair resolution. Nature 426, 684–687

136. Neuman, K. C., Abbondanzieri, E. A., Landick, R., Gelles, J., and Block,
S. M. (2003) Ubiquitous transcriptional pausing is independent of RNA
polymerase backtracking. Cell 115, 437–447

137. Larson, M. H., Zhou, J., Kaplan, C. D., Palangat, M., Kornberg, R. D.,
Landick, R., and Block, S. M. (2012) Trigger loop dynamics mediate the
balance between the transcriptional fidelity and speed of RNA poly-
merase II. Proc. Natl. Acad. Sci. U. S. A. 109, 6555–6560

138. Fitz, V., Shin, J., Ehrlich, C., Farnung, L., Cramer, P., Zaburdaev, V., and
Grill, S. W. (2016) Nucleosomal arrangement affects single-molecule
transcription dynamics. Proc. Natl. Acad. Sci. U. S. A. 113, 12733–12738

139. Ma, J., Bai, L., and Wang, M. D. (2013) Transcription under torsion.
Science 340, 1580–1583

140. Neuman, K. C. (2010) Single-molecule measurements of DNA topology
and topoisomerases. J. Biol. Chem. 285, 18967–18971

141. Tomko, E. J., and Galburt, E. A. (2019) Single-molecule approach for
studying RNAP II transcription initiation using magnetic tweezers.
Methods 159, 35–44

142. Krieg,M., Flaschner, G., Alsteens, D., Gaub, B.M., Roos,W.H.,Wuite, G. J.
L., Gaub, H. E., Gerber, C., Dufrene, Y. F., and Muller, D. J. (2019) Atomic
force microscopy-based mechanobiology. Nat. Rev. Phys. 1, 41–57

143. Coulombe, B., and Burton, Z. F. (1999) DNA bending and wrapping
around RNA polymerase: A “revolutionary” model describing tran-
scriptional mechanisms. Microbiol. Mol. Biol. Rev. 63, 457–478

144. Davis, C. A., Bingman, C. A., Landick, R., Record, M. T., Jr., and
Saecker, R. M. (2007) Real-time footprinting of DNA in the first
kinetically significant intermediate in open complex formation by
Escherichia coli RNA polymerase. Proc. Natl. Acad. Sci. U. S. A. 104,
7833–7838

145. Farge, G., Laurens, N., Broekmans, O. D., van den Wildenberg, S. M.,
Dekker, L. C., Gaspari, M., Gustafsson, C. M., Peterman, E. J.,
J. Biol. Chem. (2021) 297(3) 101086 15

http://refhub.elsevier.com/S0021-9258(21)00889-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref113
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref113
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref113
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref114
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref114
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref114
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref114
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref115
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref115
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref115
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref115
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref115
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref116
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref116
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref116
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref117
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref117
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref117
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref118
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref118
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref118
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref119
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref119
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref119
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref120
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref120
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref120
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref121
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref121
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref121
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref122
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref122
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref122
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref122
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref123
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref123
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref123
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref124
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref124
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref124
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref124
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref124
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref125
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref125
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref125
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref126
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref126
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref126
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref127
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref127
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref127
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref128
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref128
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref128
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref128
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref129
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref129
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref129
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref130
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref130
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref131
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref131
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref131
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref132
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref132
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref132
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref133
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref133
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref133
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref134
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref134
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref134
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref135
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref135
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref135
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref136
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref136
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref136
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref137
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref137
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref137
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref137
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref138
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref138
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref138
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref139
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref139
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref140
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref140
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref141
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref141
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref141
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref142
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref142
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref142
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref143
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref143
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref143
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref144
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref144
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref144
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref144
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref144
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref145
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref145


JBC REVIEWS: Measuring transcription by single-molecule detection
Falkenberg, M., and Wuite, G. J. (2012) Protein sliding and DNA
denaturation are essential for DNA organization by human mitochon-
drial transcription factor A. Nat. Commun. 3, 1013

146. Gross, P., Farge, G., Peterman, E. J., and Wuite, G. J. (2010) Combining
optical tweezers, single-molecule fluorescence microscopy, and micro-
fluidics for studies of DNA-protein interactions. Methods Enzymol. 475,
427–453

147. Andrea, C. (2021) Study and visualize DNA transcription mechanisms at
the nanoscale Part of: DNA transcription. LUMICKS

148. Kemmerich, F. E., Swoboda, M., Kauert, D. J., Grieb, M. S., Hahn,
S., Schwarz, F. W., Seidel, R., and Schlierf, M. (2016) Simultaneous
16 J. Biol. Chem. (2021) 297(3) 101086
single-molecule force and fluorescence sampling of DNA
nanostructure conformations using magnetic tweezers. Nano Lett.
16, 381–386

149. Derrington, I. M., Craig, J. M., Stava, E., Laszlo, A. H., Ross, B. C.,
Brinkerhoff, H., Nova, I. C., Doering, K., Tickman, B. I., Ronaghi, M.,
Mandell, J. G., Gunderson, K. L., and Gundlach, J. H. (2015) Sub-
angstrom single-molecule measurements of motor proteins using a
nanopore. Nat. Biotechnol. 33, 1073–1075

150. Raillon, C., Cousin, P., Traversi, F., Garcia-Cordero, E., Hernandez, N.,
and Radenovic, A. (2012) Nanopore detection of single molecule RNAP-
DNA transcription complex. Nano Lett. 12, 1157–1164

http://refhub.elsevier.com/S0021-9258(21)00889-9/sref145
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref145
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref145
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref146
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref146
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref146
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref146
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref147
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref147
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref148
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref148
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref148
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref148
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref148
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref149
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref149
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref149
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref149
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref149
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref150
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref150
http://refhub.elsevier.com/S0021-9258(21)00889-9/sref150

	Probing steps in DNA transcription using single-molecule methods
	The kinetic cycle of transcription
	Promoter recognition
	Initiation
	Elongation
	Termination

	Single-molecule methods in transcription studies
	Fluorescence-based assays
	DNA curtain
	Colocalization single-molecule spectroscopy
	Single-molecule fluorescence resonace energy transfer
	Single-molecule protein induced fluorescence enhancement
	Fluorescent probe

	Force-based assays
	Optical tweezers
	Magnetic tweezers

	AFM

	Conclusion
	Author contributions
	Funding and additional information
	References


