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Abstract
Single-molecule techniques have advanced our understanding of
transcription by RNA polymerase (RNAP). A new arsenal of ap-
proaches, including single-molecule fluorescence, atomic-force mi-
croscopy, magnetic tweezers, and optical traps (OTs) have been em-
ployed to probe the many facets of the transcription cycle. These
approaches supply fresh insights into the means by which RNAP
identifies a promoter, initiates transcription, translocates and pauses
along the DNA template, proofreads errors, and ultimately termi-
nates transcription. Results from single-molecule experiments com-
plement the knowledge gained from biochemical and genetic assays
by facilitating the observation of states that are otherwise obscured
by ensemble averaging, such as those resulting from heterogeneity
in molecular structure, elongation rate, or pause propensity. Most
studies to date have been performed with bacterial RNAP, but work
is also being carried out with eukaryotic polymerase (Pol II) and
single-subunit polymerases from bacteriophages. We discuss recent
progress achieved by single-molecule studies, highlighting some of
the unresolved questions and ongoing debates.
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RNAP: RNA
polymerase

Promoter: a
regulatory region of
DNA located
upstream of a gene
bound by the RNAP
holoenzyme

OPC: open
promoter complex

Abortive initiation:
phase of
transcription
initiation wherein
short RNAs are
synthesized, then
abortively released
upon return of
polymerase to the
promoter

TEC: transcription
elongation complex

PPi: inorganic
pyrophosphate
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INTRODUCTION

The information needed to create and sus-
tain life is encoded within the DNA of ev-
ery cell. The nanoscale machine that serves as
the molecular gatekeeper to this repository of
information is the enzyme RNA polymerase
(RNAP). RNAP moves along the DNA tem-
plate while transcribing selected portions into
messenger RNA, thereby initiating the pro-
cess of gene expression. From a biophysi-
cal perspective, the motion of RNAP along
DNA is reminiscent of the action of motor
proteins, such as kinesin and myosin, which
translocate along microtubule or actin fila-
ment substrates, respectively. The activities
of RNAP are vastly more complex, however,
befitting an enzyme that sits at the nexus of
pathways controlling cellular fate. The pro-
cess of transcription can be divided broadly
into three phases—initiation, elongation, and
termination—each characterized by distinct
chemomechanical activities and levels of reg-
ulation.

To initiate transcription, RNAP must first
recognize and bind to an appropriate pro-
moter sequence. A variety of initiation fac-
tors influence RNAP’s specificity for differ-
ent promoters. Some of these factors also
aid the polymerase in forming an open pro-

moter complex (OPC), in which the DNA is
locally melted to form a transcription bub-
ble, exposing the bases of the template-strand
DNA. From here, RNAP typically under-
goes a process termed abortive initiation, which
involves the synthesis of a series of short
RNA transcripts, followed by their release and
the return of RNAP to the initial promoter
site. Eventually, after a number of such fits
and starts, RNAP escapes the promoter re-
gion, forming a stable, processive transcrip-
tion elongation complex (TEC) capable of
transcribing the entire gene (1).

Elongation, during which individual nu-
cleotides are added to the 3′ end of the grow-
ing RNA chain, involves the coordination
of translocation along DNA with nucleoside
triphosphate (NTP) binding, nucleotide con-
densation, and the release of inorganic py-
rophosphate (PPi). As RNAP carries out elon-
gation, the fundamental nucleotide addition
cycle competes with a variety of off-pathway
states, many of which have regulatory impor-
tance. For example, upon encountering sites
of DNA damage, RNAP is thought to stop,
and the subsequent backtracking of RNAP
along the DNA template triggers the pro-
cess of transcription-coupled repair. More-
over, the misincorporation of an incorrect nu-
cleotide into the nascent RNA may activate
nucleolytic activities inside the polymerase or
recruit additional cofactors that help excise
the base and correct the error. Finally, tran-
scriptional pausing and arrest, i.e., the tran-
sient or permanent entry into catalytically in-
active states, also interrupt elongation; such
states are targets of regulation by certain tran-
scription factors (2).

Despite all these possibilities for interrup-
tion, RNAP can successfully generate tran-
scripts up to 106 nucleotides long (3). How-
ever, this prodigious processivity must halt
efficiently and precisely at the end of a gene.
Transcriptional termination is induced by spe-
cific structural elements that form in the
nascent RNA or by active termination factors,
which can act directly upon the TEC. The
effect of these mechanisms is to release the
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newly minted RNA and dissociate the other-
wise stable elongation complex, allowing the
transcription cycle to begin anew (4).

The repertoire of biomechanical processes
displayed during transcription makes RNAP
particularly intriguing for study. Bulk bio-
chemical studies have previously identified
and characterized many of the essential ac-
tivities of RNAP, but certain details are ob-
scured by ensemble averaging or by the com-
paratively limited time resolution available.
Single-molecule techniques offer a means
to pick apart some of the catalytic states
and complex behaviors of individual macro-
molecules with improved spatial and temporal
resolution.

The physical mechanism of abortive ini-
tiation was recently characterized using in-
novative single-molecule fluorescence and
magnetic tweezers-based techniques. Those
experiments suggest that the template DNA
becomes “scrunched” within the footprint of
RNAP during the initiation phase of tran-
scription (5, 6). Results from high-resolution
optical trapping assays indicate that during
elongation, RNAP likely moves as a rigid
body along DNA in single-base increments,
maintaining a tight coupling between move-
ments along the DNA and the lengths of
RNA transcripts (7). The ability to apply con-
trolled loads during active transcription has
supplied new information about chemome-
chanical coupling, suggesting that RNAP mo-
tion may be a consequence of the rectifi-
cation of random thermal motion brought
about by the binding and hydrolysis of nu-
cleoside triphosphates (NTPs) (7–9). Detailed
measurements of single-molecule elongation
rates have identified a class of short-lifetime
pauses that frequently interrupt transcription,
even in genes previously thought to be devoid
of strong regulatory pauses (10–13), adding
another layer of complexity to the kinetics
of elongation. Finally, single-molecule stud-
ies have indicated that the release of tem-
plate DNA during the transcriptional termi-
nation process is preceded by entry into an
elongation-incompetent state (14).

Backtracking: the
reverse translocation
of RNAP (in the
upstream direction
along the DNA
template) while
keeping the
RNA:DNA hybrid in
register

AFM: atomic force
microscope or
atomic force
microscopy

OT: optical trap

TPM: tethered
particle motion

This review discusses these and other re-
cent findings from single-molecule work, with
an eye toward future applications.

SINGLE-MOLECULE
TECHNIQUES

Single-molecule techniques for investigating
the transcription cycle fall into three classes:
Atomic force microscopy (AFM), single-
molecule fluorescence, and methods that
track the motions of tiny particles to which
molecules of interest are attached, such as
magnetic tweezers, optical traps (OTs) and the
tethered particle motion (TPM) assay (15).

Scanning-mode AFM has been used suc-
cessfully to image ultrastructural alterations in
the TEC, such as changes in the bend angles of
the template DNA induced by RNAP (16). To
visualize transcription, active TECs are gen-
erally deposited onto an atomically flat sur-
face, such as mica, then scanned with the tip
of an AFM cantilever (Figure 1) as minute de-
flections are detected by a laser that reflects off
the cantilever surface. Scanning-mode AFM

Laser

Position
detector

Scanning stage

Sample

Image

AFM

Cantilever

Figure 1
Atomic force microscopy (AFM). Transcription elongation complexes are
deposited onto an atomically flat surface (lower right panel ). A
microfabricated cantilever with a sharp tip is scanned over the sample.
Deflections of the cantilever are registered by means of laser light reflected
onto a position-sensitive detector. Detector signals are used to reconstruct a
two-dimensional image (simulated image shown in the upper right panel ).
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FRET: Förster
(fluorescence)
resonance energy
transfer

Fluorescence tracking

FRET

Figure 2
Single-molecule fluorescence methods. Fluorescence may be used to track
binding and residence times of accessory factors (upper panel ) or the
position of the RNAP holoenzyme ( green) by covalently attaching a
fluorescent dye (star) and exciting it with an appropriate wavelength
(wavy arrows). Förster (fluorescence) resonance energy transfer (FRET)
(lower panel ) allows the determination of intramolecular distances through
fluorescent coupling between a donor ( yellow star) and an acceptor
(red star) dye. In the lower left diagram, the donor ( yellow star) is excited
(blue arrows) and emits light. When the donor fluorophore moves
sufficiently close to the acceptor (lower right), resonance energy transfer
results in emission of a longer wavelength by the acceptor. The degree of
acceptor emission relative to donor excitation is sensitive to the distance
between the attached dyes.

techniques have allowed the reconstruction
of two-dimensional images of transcriptional
complexes to ∼2 nm accuracy; however, arti-
facts produced by the process of sample de-
position onto the surface, as well as the pro-
jection of the three-dimensional molecular
structure into two dimensions, can complicate
the interpretation of images (17).

Single-molecule fluorescence tracking has
been used to monitor the binding and res-
idence time of fluorescently tagged tran-
scription factors that influence the catalytic
properties of RNAP (18) (Figure 2). By track-
ing a tagged RNAP itself, or by monitoring
the incorporation of fluorescent nucleotides
into an RNA chain, the processes of promoter
search or elongation can be studied with min-

imal perturbation (19–23). Structural rear-
rangements of the TEC that occur during the
transcription cycle can also be monitored us-
ing Förster (fluorescence) resonance energy
transfer (FRET) (Figure 2) (6, 24, 25). FRET
can follow the distance between two appro-
priately selected fluorophores by means of
the nonradiative coupling of fluorescence en-
ergy from one to another, which leads to a
change in the emission properties. This tech-
nique requires both a donor and an accep-
tor dye, which are each covalently attached to
the molecule(s) of interest in close proximity,
typically within 2–10 nm. When the donor
fluorophore is exposed to excitation light, it
can transfer some of its excited-state energy
to the acceptor fluorophore in a process that
depends on the inverse sixth power of the
distance between fluorophores. By measuring
the intensity change in acceptor fluorescence,
distances on the order of nanometers can cur-
rently be measured in single molecules with
millisecond time resolution (26).

The final class of single-molecule tech-
niques typically employs micrometer-sized
beads attached to single RNAP molecules or
to associated nucleic acids. Records of the
positions of these beads report on the lo-
cations or rotational states of the enzyme
(27–29). Such beads can also be used as “han-
dles” through which forces may be applied to
molecules (28, 30). The position of a bead-
tagged RNAP can be determined sensitively
by measuring the light scattered from the
bead, either by centroid tracking in video im-
ages (31) or, more precisely, through laser-
based light scattering (28).

By tethering the polymerase and the end
of the DNA template between a polystyrene
bead and the cover glass surface, the chang-
ing length of the DNA, and therefore the
progress of the enzyme, can be determined
from the averaged amplitude of the Brown-
ian motion of the tethered bead. This TPM
assay is shown in Figure 3a (32). Improved
resolution in the length of the DNA tether
may be obtained by applying external force to
the bead, thereby straightening the tether and
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allowing for a more direct measurement of
displacement. Apart from improving the po-
sitional resolution of the measurement, appli-
cation of such a force can be used to ener-
getically bias steps in the transcription cycle
that involve motion along the tether. Just as
changes in substrate concentration bias chem-
ical reactions through mass action, variations
in applied force bias translocation, providing
further insights into mechanisms of motor
motion (Figure 4).

One way to apply force to the bead is with
an OT. OTs consist of tightly focused beams
of infrared laser light that exert controlled
forces on small dielectric particles, such as
polystyrene beads, by means of radiation pres-
sure (28). Depending on the geometry of the
assay, up to ∼30 pN of tension can be ap-
plied either to the upstream DNA (Figure 3b)
(an assisting load), to the downstream DNA
(a hindering load) (12, 33), or to the nascent
RNA (Figure 3c) (11). This surface-based
assay offers nanometer-scale positional reso-
lution.

Alternately, force can be applied to the
bead by means of laminar fluid flow. The dis-
tal end of the template DNA is attached to a
second bead (rather than the cover glass sur-
face), which is held by a micropipette, so that
fluid flow exerts force on the free bead, plac-
ing tension on the DNA template (Figure 3d )
(30).

In both OT-based and fluid-flow assays,
the DNA tether is attached to a nominally
fixed reference point, i.e., to the cover glass
surface or to a micropipette. However, any
residual motions of these points can result in
significant drift and signal noise. To circum-
vent such sources of noise, the assay compo-
nents may be levitated by using an additional
OT (Figure 3e) (34), thereby decoupling mo-
tions of the surface. Such a “dumbbell” assay
can achieve single-base pair positional reso-
lution, allowing transcription to be followed
at the level of individual catalytic turnovers
(7, 35).

Rotational motions are produced as RNAP
tracks along the helical pitch of DNA. Such

Plectoneme:
crossings of DNA
helices. Topology
constrains the twist
(number of right-
handed turns of the
DNA double helix)
plus plectonemes

Holoenzyme: a
macromolecular
structure comprising
the core enzyme (α2,
β, β′) plus σ-factor,
required for RNAP
binding to a
promoter sequence

rotations can be observed directly by tethering
a large bead decorated with smaller fluores-
cent beads to the TEC (Figure 3f ) (27, 29).

The local melting of DNA that occurs dur-
ing initiation can be detected using magnetic
tweezers, which can exert both tension and
torque on a DNA template attached to super-
paramagnetic beads (36). When such a DNA
molecule is placed under small amounts of
tension and then twisted, large loops (plec-
tonemes) are formed (Figure 3g). The num-
ber of plectonemes formed is related to the
total amount of excess twist in the DNA. Pro-
cesses that change the degree of twist, such
as melting of the promoter region that oc-
curs during abortive initiation cycles, change
the number of plectonemes. This produces a
large change in the height of the magnetic
bead over the cover glass. A mere 1–2 bases
of melting induces 5–10-nm changes in the
axial bead position, which can be detected by
optical techniques.

Together, these diverse single-molecule
approaches supply an ample toolbox of tech-
niques, each suited to measuring different as-
pects of transcription.

INITIATION

Transcription initiation is a multistep process,
requiring RNAP to locate and bind to a pro-
moter, unwind dsDNA to form an open com-
plex, begin RNA transcription, then escape
from the promoter region, perhaps releas-
ing initiation factors in the process. Single-
molecule experiments have supplied some
unique observations addressing the molecular
mechanisms of several aspects of the intiation
phase.

Promoter Search

The initiation of transcription requires spe-
cific binding of the holoenzyme to DNA
promoter sequences scattered throughout a
vast excess of genomic DNA, a search prob-
lem that is common to all sequence-specific
DNA-binding proteins. In 1970, LacI was
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reported to bind to the lac operator site at
rates 1000-fold faster than could be explained
by random, diffusional encounters with the
DNA in three dimensions (37), and an analo-
gous phenomenon has also been reported for
RNAP (38). Two independent mechanisms,
sliding and intersegment transfer, have been
proposed to account for the enhanced binding
rates. These mechanisms both serve to reduce
the effective dimensionality of the search pro-
cess, increasing its efficiency by orders of mag-
nitude (39, 40). Sliding results when RNAP
associates weakly with nontarget DNA, al-
lowing it to diffuse in a one-dimensional
random walk until it reaches the target site. In-
tersegment transfer involves the polymerase
crossing from one position on the template
to another more distant position by means
of an intermediate state where the protein

is bound simultaneously to both proximal
and distal DNA segments. Multiple transfer
events occur until the promoter site is even-
tually reached (Figure 5).

A number of biochemical assays have de-
veloped indirect evidence that lends sup-
port to the sliding mechanism (41–43).
However, only single-molecule experiments
permit direct observation of the trajectories
of individual RNAP molecules during the
promoter-search process, providing a unique
window into this phase of initiation. Using
a fluorescently labeled antibody for RNAP,
Shimamoto and colleagues (20) imaged the
motions of holoenzymes along nonspecific se-
quences of DNA molecules oriented in the
presence of laminar fluid flow and observed
stable binding only to specific promoter sites.
The fluid flow used in the assay converts what

a b c

Bead-based single-molecule transcription assays
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would otherwise be bidirectional Brownian
motion of polymerase into largely unidirec-
tional motion that can be observed via flu-
orescence tracking (Figure 2). In follow-up
experiments designed to determine if groove
tracking along the DNA helix occurred con-
comitant with polymerase sliding, small, flu-
orescently decorated beads were attached to
the DNA, which was then dragged over
RNAP holoenzymes immobilized on the sur-
face (Figure 3f ). The authors observed small
rotational motions of the beads that were con-
sistent with polymerase groove tracking dur-
ing linear diffusion along DNA (29).

Using total internal reflection fluorescence
microscopy (in this case, in the absence of
any fluid flow or stage movements that might
perturb diffusion), Harada et al. (19) ob-
served the binding and dissociation of Cy3-
labeled RNAP from λ DNA molecules that
were stretched between twin OTs. In rare in-

stances, individual RNAP molecules moved
randomly along the DNA template over dis-
tances greater than 200 nm. These events sup-
plied evidence for RNAP sliding along non-
specific DNA. However, based on such events,
Harada et al. estimated the linear diffusion co-
efficient of RNAP to be 104 nm2/s, which is
1–3 orders of magnitude smaller than (model-
dependent) values implied by rates of pro-
moter binding measured in solution studies
(44). This discrepancy may be attributable to
the rarity of measurable events, to the per-
turbing effects of tension on the system, or
to the validity of bulk estimates of diffusion
rates. Other estimates of diffusion rates have
been obtained using time-resolved AFM to
acquire sequential images every 100 seconds
for RNAP diffusing along λ DNA. The posi-
tion of RNAP on the DNA varied from one
image to the next, consistent with a random
walk in one dimension with a diffusion rate of

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Bead-based, single-molecule transcription assays showing DNA (large blue strands), RNA (red strands),
beads (blue spheres), optical traps (OTs, pink), fluorescent beads ( yellow), magnets and magnetic beads
(orange/blue gradients). Directions of applied forces (F) are shown by straight black arrows. The cover
glass surface is indicated by a blue horizontal line. (a) Tethered particle motion assay. This method tracks
transcriptional progress by averaging the Brownian excursions of a bead tethered by a changing length of
DNA to a molecule of RNAP ( green) immobilized on the cover glass surface. (b) Surface-based
DNA-pulling OT assay. RNA polymerase is bound to a bead, and the distal end the DNA template is
anchored to the cover glass. Force is exerted on the bead by an OT. Here, the force is shown assisting
polymerase motion; reversal of the template direction allows the application of hindering loads.
(c) Surface-based RNA-pulling OT assay. A molecular handle consisting of dsDNA with a
complementary ssDNA overhang is annealed to the 5′ end of the nascent RNA. As in panel b, the RNAP
is bound to a bead, and the DNA is anchored to the cover glass. Forces applied to the bead produce
tension on the transcript. (d ) Pipette-based DNA-pulling assay. An RNAP molecule is bound to a bead
held by a suction micropipette, and the distal end of the DNA template is attached to a second, free bead.
Fluid flow exerts viscous forces on the free bead (right), placing tension on the tether. (e) Dumbbell OT
assay. Two beads, one attached to an RNAP molecule and the other to the distal end of the DNA
template, are levitated above the surface by twin OTs. Transcriptional progress of RNAP can be
measured free of the drift caused by motion of the cover glass surface. ( f ) Fluorescent particle rotation
assay. A larger bead is decorated with smaller fluorescent reporter beads, which can be used to determine
its angle about a vertical axis. Similar to panel a, the larger bead is tethered to a molecule of RNAP on the
cover glass surface through the template DNA. Rotations of RNAP around the DNA template axis
during elongation or promoter search lead to rotations of the larger bead that can be directly visualized.
( g) Magnetic tweezer assay. A superparamagnetic bead is tethered to one end of a DNA molecule whose
distal end is attached to the cover glass surface. External magnets are used to impart both twist and small
amounts of tension to the DNA. Rotations of these magnets underwind the DNA and induce the
formation of plectonemes. Melting of the transcription bubble during initiation adds a positive twist to
the template, removing plectonemes and causing a large change in the height of the tethered bead that
can be measured directly (36).
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Figure 4
Force affects translocation. Force biases rates of chemical reactions
involving translocation. The graph depicts a notional energy landscape
(solid red line) connecting states A (initial ) and B ( final ) with the reaction
coordinate, X, corresponding to displacement along the direction of
translocation. In this example, a retarding force, F, tilts the energy
landscape by an amount equal to the work performed against the applied
load, F ∗X, producing a changed landscape (dashed green line). The
transition state for this reaction is raised by an amount F ∗δtrans, where
δtrans is the distance to the transition state located between A and B. Force
also affects the thermodynamic equilibrium between states A and B,
raising the relative energy of state B by an amount F ∗δeq, where δeq is the
equilibrium distance between A and B. The capacity to bias both
transition-state barriers as well as equilibrium constants of chemical
reactions makes force a powerful tool in probing the nature of
chemomechanical coupling. This general reaction picture is readily
interpreted in terms of RNAP during its elongation phase. If state A and
B are taken to represent pre- and posttranslocated states of the
transcription elongation complex, then the reaction diagram above
corresponds to a force-dependent translocation mechanism (69). This
same picture can be adapted equally well to represent the force
dependence of pausing or backtracking events, if state B is taken to
represent a configuration of RNAP competent for active elongation, and
state A is taken to represent a paused or backtracked state.

101 nm2/s (45, 46), which is again too low to
explain bulk search data.

Despite the troubling differences in the es-
timated diffusion coefficients between single-
molecule and bulk experiments, both provide
convincing evidence for sliding as a possible
mechanism. In addition, time-resolved AFM
imaging has provided some support for the
intersegment transfer mechanism. A single

RNAP molecule was observed contacting two
positions along DNA and then transferring
from one position to the other. In another
image series, RNAP dissociated and rebound
at a different template position (45, 46). On
a cautionary note, AFM measures molecular
interactions in only two dimensions that oc-
cur near the surface, leading to the possibility
that surface effects may restrict diffusion or
that the reduced dimensionality of the mea-
surement may promote intersegment transfer
or rebinding.

Open-Complex Formation

Upon locating a specific promoter site,
RNAP undergoes a structural transition from
the closed promoter complex to the OPC
(Figure 5). During this transition, RNAP
bends and unwinds a local segment of DNA
with the help of initiation factors such as
σ, forming the transcription bubble. The
“housekeeping” factor, σ70, requires no addi-
tional factors to unwind a promoter sequence
and directs RNAP to recognize the vast ma-
jority of promoters in enteric bacteria. AFM
images of Escherichia coli RNAP-σ70 OPCs
formed at the λPR or λPL promoters show that
the DNA is bent between 55◦ and 88◦ (by con-
vention, this angle refers to the deviation from
a straight line, not to the included angle of
bend) (47, 48). These measurements are con-
sistent with bend angles inferred from gel mo-
bility assays that compared bent A-tract DNA
to OPCs (47). RNAP with σ54, a factor that
requires the transcriptional activator NtrC to
unwind DNA, was imaged on the glnA pro-
moter DNA in both the presence and absence
of NtrC, allowing comparison of closed and
open complexes. The closed promoter com-
plex yielded a DNA bend angle of 49◦ ± 24◦,
whereas the open complex bent the template
DNA 114◦ ± 18◦ (49). Experimental differ-
ences in the DNA bend angles produced by
OPCs carrying either σ70 and σ54 might be at-
tributable, in principle, to the different sigma
factors or to different promoter sequences.
A more detailed study of DNA bend angles
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Closed complex Open complex Abortive initiation Promoter clearance

σ-Factor release

Promoter search and initiation

Sliding

Intersegment 
transfer

Figure 5
Promoter search and initiation. The RNAP holoenzyme (core polymerase in green; σ-factor in purple) is
postulated to find promoter target sequences through two mechanisms. During intersegment transfer,
the polymerase binds loosely to a position on the DNA (blue) and then makes bridging contacts to a
second position on the DNA before transferring from one position to the other. The sliding mechanism
involves the diffusion of weakly bound RNAP along the DNA. Once a promoter is found, the
holoenzyme binds tightly to the DNA and bends it, forming the closed promoter complex. With the help
of σ-factor, a portion of the DNA melts, exposing bases of the template strand and forming the open
promoter complex. Subsequently, during abortive initiation, RNAP repeatedly synthesizes short RNA
fragments before eventually clearing the promoter to form a stable transcription elongation complex, and
σ-factor is likely released (1).

induced by static OPCs on various promot-
ers might therefore be revealing and could
be complemented by bulk studies comparing
the gel mobility of these complexes to A-tract
DNA. To observe the dynamics of OPC for-
mation, however, additional single-molecule
techniques must be employed.

Single-molecule magnetic tweezer experi-
ments allow the observation of OPC forma-
tion in real time (36), a process that produces
conformational changes but no RNA tran-
script and therefore is difficult to measure in
bulk. Strick and coworkers (50) created tor-
sionally constrained tethers of DNA, contain-
ing either a strong lacCONS promoter or a
weaker rrnB P1 promoter, by attaching one
end of the DNA template to the cover glass
and the other to a magnetic bead. By rotat-
ing external magnets, torque was applied to
the bead, introducing either positive or neg-
ative supercoils into the DNA (Figure 3g).
Topology constrains the linking number of
the DNA (which, in this case, is the sum of the

positive plectonemes formed and the number
of right-handed turns of the DNA helix) so
that it remains fixed. For every helical turn of
DNA unwound by RNAP during OPC for-
mation, one full positive plectoneme is cre-
ated (or negative plectoneme destroyed). This
change in the number of plectonemes results
in an axial movement (up or down) of the mag-
netic bead of roughly 50 nm for every 10 bp
unwound, depending on the initial tension ap-
plied. However, any compaction of the DNA
results in an axial reduction in the height of
the bead, regardless of the sign of the super-
coils, permitting unwinding signals to be dis-
tinguished from compaction. The unwinding
of as little as 1 bp and compaction as small as
5 nm can be observed.

Using this sensitive technique, differences
in the amplitudes of transitions between pos-
itively and negatively supercoiled DNA were
used to infer that the opening of the promoter
region unwinds 1.2 ± 0.1 turns and compacts
(because of wrapping and/or bending of the
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ITC: initially
transcribing
complex,
transcription that
occurs before
promoter escape

DNA) 15 ± 5 nm of DNA (50). This unwind-
ing amount is consistent with that inferred by
previous biochemical footprinting assays (51),
and the level of DNA compaction is consis-
tent with AFM imaging experiments of the
λPR promoter (47).

Negative supercoiling of DNA energeti-
cally favors melting of the transcription bub-
ble, whereas positive supercoiling makes it
less favorable. Consistent with these effects of
torque, OPCs formed irreversibly on under-
wound DNA carrying the strong lacCONS
promoter, whereas overwound DNA dis-
played transitions from the closed to OPCs
and vice versa. In contrast, on DNA carrying
the weak rrnB P1 promoter, reversible tran-

Scrunching

Inchworming

Transient excursions

Figure 6
Abortive initiation models. The initially transcribing complex is shown
with RNA polymerase, DNA, RNA, and the enzyme active site. Three
mechanisms have been proposed to explain abortive initiation. In the
transient excursions model (top), RNAP briefly breaks its contacts with the
promoter region ( green horizontal arrows) and transcribes a short segment
of RNA. Upon release of the aborted product, RNAP diffuses back to
restart the cycle. In the inchworming model (middle), flexible elements
within the enzyme allow the footprint of RNAP to grow as RNA is
synthesized, and promoter contacts at the upstream face are maintained
(blue vertical arrow). Upon release of the abortive RNA, the polymerase
relaxes to its normal footprint. In the scrunching model (bottom), RNAP
maintains its shape while increasing its effective footprint by pulling in
some of the downstream DNA. Abortive loss of the RNA transcript then
results in the release of this scrunched DNA, resetting the enzyme.

sitions were found on negatively supercoiled
DNA only, suggesting that strong promoters
may be easier to melt than weak promoters.
In the presence of initiating nucleotides or
the transcription effecter ppGpp, the stabil-
ity of the OPC was dramatically increased or
decreased, respectively (50).

Plectonemes can form in the DNA tem-
plate only under specific conditions of torque
and tension. Because the change in plec-
toneme number constitutes the signal used for
the detection of initiation, torque and tension
are interdependent and cannot be varied at
will in magnetic tweezer assays. Newer forms
of sensitive optical instrumentation are being
developed that may permit a wider range of
torques and tensions to be explored at high
bandwidth (52).

Abortive Initiation

After forming the OPC, RNAP begins syn-
thesis of an RNA oligonucleotide comple-
mentary to the DNA template strand. Al-
though RNAP forms a highly stable, pro-
cessive complex during the elongation phase,
the initially transcribing complex (ITC) is
comparatively unstable, spontaneously releas-
ing short RNA chains and restarting synthe-
sis, a process known as “abortive initiation”
(Figure 5). The ability to synthesize many
short transcripts coupled with the capacity to
reinitiate quickly once a transcript has been
aborted implies that the active site of RNAP
is able to move forward along DNA while si-
multaneously maintaining promoter contact.
How can this occur?

One model postulates that the RNAP
molecule makes transient downstream excur-
sions on the template, briefly breaking its
bonds with the promoter, until the short RNA
is released, and then the enzyme diffuses back
to the promoter (53) (Figure 6). Such a model
is not easily reconciled with bulk footprinting
data, which suggest that the abortive initiation
process results from an inability of RNAP to
break its promoter contacts (54–56). These
observations led Straney & Crothers (55) to
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propose that the energy required to break free
of the promoter might be somehow stored
in a “stressed intermediate” and that abortive
initiation was a consequence of this energy
not being used productively. One particular
instance of this concept, the “inchworming”
model, postulates that flexible elements in-
side RNAP might allow the active center to
move forward transiently with respect to the
upstream face during synthesis, storing up en-
ergy like a stretched spring that retracts upon
aborted synthesis (Figure 6).

In a third model, the flexible element that
stores the energy ultimately used for promoter
escape lies not in RNAP but in the single-
stranded DNA of the transcription bubble
and its interactions with the enzyme. In this
scrunching model, RNAP functions more or
less as a rigid body. The downstream DNA
is pulled progressively into the enzyme with
each nucleotide addition cycle, producing a
scrunched form within the enzyme footprint
(Figure 6). Abortive RNA transcripts lead to
the release of the scrunched DNA, which is
then extruded out the downstream face of
RNAP (1, 56–58), only to be reeled in again
upon further RNA synthesis.

To distinguish among these three possi-
bilities, single-molecule FRET was used to
monitor the relative motions of components
of the transcription complex during the iso-
merization from the OPC to the ITC. The
following quantities were measured: (a) the
distance between the RNAP leading edge and
a point on the downstream DNA; (b) the dis-
tance between the RNAP trailing edge and
a point on the upstream DNA; (c) any ex-
pansion or contraction within RNAP itself;
and (d ) any expansion or contraction between
points on the upstream and downstream DNA
(6). Freely diffusing complexes were observed
by confocal microscopy, using the technique
of alternating-laser excitation (ALEX). This
dual-laser method facilitates measurements of
FRET efficiency in select molecules carrying
both an active donor and active acceptor dye,
eliminating the background of singly labeled
molecules (59, 60). For the lacCONS pro-

moter, distance changes were only observed
between FRET pairs located on the RNAP
leading edge and the downstream DNA
(∼7-Å contraction), as well as pairs located
on the upstream DNA and downstream DNA
(∼4-Å contraction), consistent with scrunch-
ing of the DNA during abortive initiation (6,
61).

In parallel work, magnetic tweezers were
employed to monitor the winding and un-
winding of the DNA bubble during initial
transcription (Figure 3g). These single-
molecule experiments supplied complemen-
tary data in support of the scrunching model
(5). The scrunching model uniquely predicts
that the extent of DNA unwinding should in-
crease proportionally for longer RNA tran-
scripts. Because the formation of plectonemes
in pretwisted DNA makes the axial position of
a tethered bead sensitive to small amounts of
additional twist, even the unwinding of a sin-
gle base can be observed. Abortive initiation
was halted after varying amounts of transcript
were synthesized by supplying the polymerase
with a subset of the four NTPs. For transcript
lengths beyond 2 bp, unwinding was observed
equivalent to slightly less than the number of
bases in the nascent RNA. Furthermore, com-
plexes spent the majority of time in an un-
wound state, suggesting that abortive product
synthesis was fast compared to transcript re-
lease, consistent with an independent single-
molecule FRET experiment (62). With all
four NTPs present, transcription cycles were
observed with four distinct transitions: (a) un-
winding of the promoter DNA correspond-
ing to the closed-to-open promoter transi-
tion; (b) further unwinding, corresponding to
the ITC with scrunched DNA; (c) rewind-
ing to a state consistent with a transcription
bubble (identical to the size expected for the
TEC, with no scrunched DNA); and (d ) fur-
ther rewinding, back to the initial state upon
transcription termination (5). These results,
coupled with the FRET observations, provide
strong evidence that promoter escape involves
DNA scrunching during the initial phase of
transcription.
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Sigma Release

To initiate transcription, core RNAP must
bind to a dissociable σ-factor, forming the
holoenzyme. Previously, it was widely be-
lieved that σ-factor was released upon the
transition into the TEC (Figure 5), permit-
ting individual RNAP molecules to bind dif-
ferent σ factors during successive rounds of
transcription and thereby to respond quickly
to changes in cell cycle or growth conditions
(63).

Alternative pictures explain the timing and
mechanism of σ release. In the obligate re-
lease model, σ dissociation is mechanistically
coupled to promoter escape and occurs as the
growing RNA transcript reaches eight or nine
nucleotides (nt) in length, although the exact
value may vary with different promoter se-
quences (55, 64, 65). The stochastic release
model proposes instead that the affinity of
RNAP for σ decreases as the TEC is formed,
so that σ gets released stochastically from the
complex after the transition to the elongation
phase (66).

Recent work has questioned the paradigm
that σ is released concomitant with promoter
escape and suggested that a subpopulation of
elongation complexes may not release σ70 at
all. Such a possibility might facilitate more
rapid transcription of genes whose promot-
ers require σ70 (67). Bulk (solution) FRET
measurements with dye labels incorporated
into σ and DNA showed persistent signals in
TECs that had synthesized RNA transcripts
up to 50 nt long, although these signals did
decay with increasing transcript length (68).
However, bulk experiments cannot differen-
tiate between a homogeneous population of
complexes with a single lifetime and a hetero-
geneous population of both long- and short-
lived lifetimes, nor can they score possible re-
association events.

Single-molecule FRET measurements,
similar to those performed in bulk, con-
firmed that σ70 is not released obligatorily
upon promoter escape. In experiments with
freely diffusing complexes, a significant frac-

tion of early TECs (transcript lengths of 11
or 14 nt) were bound to σ-factor. Further-
more, the introduction of a promoter-like se-
quence in the initially transcribed region sig-
nificantly increased the half-life of bound σ70

(18). The authors argued that the σ-factor
remained bound as a consequence of ineffi-
cient release upon transitioning to the elon-
gation phase. However, the experiments with
freely diffusing complexes allow for the possi-
bility that σ might be released upon promoter
escape but subsequently rebind, for exam-
ple, at certain promoter-like sequences found
in the downstream DNA. Subsequent single-
molecule FRET experiments using surface-
immobilized TECs permitted measurements
with improved time resolution and ruled out
the release or exchange of σ (62). In addi-
tion to showing that early TECs retain σ, the
experiments with freely diffusing elongation
complexes also showed that mature TECs
(those with transcript lengths of 50 nt) still
retained ∼50% of σ, with a retention half-
life of 50 min (18). This long lifetime hints
at the possible existence of a subpopulation
of TECs that remain bound to σ70 through-
out multiple rounds of transcription. It seems
worthwhile to conduct follow-up experiments
in the presence of other factors that may mod-
ulate rates of σ release, e.g., NusA, competing
σ factors, and core RNAP, to determine if such
a long half-life is consistent with the cellular
milieu.

ELONGATION

The elongation phase of transcription is
known to be a highly complex, multistate pro-
cess. Conceptually, one can separate the elon-
gation phase into a series of “on-pathway”
states associated with DNA-templated RNA
synthesis via the nucleotide condensation
reaction with PPi release (along with any
associated translocations) and various “off-
pathway” states that are incompetent for elon-
gation, such as paused or arrested states
(Figure 7).
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On-Pathway Elongation

During the transcription of a typical gene,
RNAP processively translocates along DNA,
generating an mRNA that may reach thou-
sands of nucleotides in length. Single-
molecule experiments have probed the sta-
bility of the actively transcribing complex, as
well as the chemomechanics and kinetics of
the elongation process, providing a window
into the inner workings of the enzyme as it
carries out its primary biological function.

Structure and stability. Once the nascent
transcript reaches ∼9–11 nt in length, RNAP
breaks free of the promoter region and en-
ters the elongation phase. At this point, the
TEC becomes highly stable and processive,
remaining tightly associated to both the tem-
plate DNA and nascent RNA throughout (po-
tentially) thousands of cycles of nucleotide
addition. The robustness of the TEC is dra-
matically displayed in single-molecule optical
trapping assays that are able to exert ex-
traordinarily large loads (up to 30 pN ten-
sion, applied to either the DNA or RNA)
without disrupting transcription (11, 12, 69)
(Figure 3b-e). The stability of the TEC is
underlined by the fact that transcriptionally
stalled TECs can be prepared in advance and
stored for weeks or longer, then restarted dur-
ing an experiment by the addition of NTPs
(70, 71). The primary stabilizing factor of
the TEC has been presumed to be base pair-
ing within the RNA:DNA hybrid (72). How-
ever, the forces that can be applied to the
nascent RNA without impairing transcrip-
tion vastly exceed the forces required to un-
zip or shear apart an 8–9-bp RNA:DNA du-
plex. A “sliding clamp” model, where exten-
sive protein-nucleic acid contacts within the
polymerase contribute significantly to RNA
retention, has been proposed to explain over-
all TEC stability (73). Such a clamp, consist-
ing of a narrow protein channel surrounding
the hybrid, would also prevent any significant
shearing motions between the RNA and DNA
strands under load because confinement in-

side a channel would lead to significant steric
clashes between bases (11).

Prior to determination of the crystal struc-
ture of RNAP (74, 75) and to the elucidation
of the paths taken by nucleic acids through
the elongating enzyme (73), AFM images of
TECs correctly measured the large bend an-
gle between the upstream and downstream
DNA, which is close to 90◦ (48). Longer RNA
transcripts could occasionally be visualized in
TEC images as well (76). However, the angles
measured between the RNA and DNA arms
proved to be inconsistent with the currently
modeled location of nucleic acids in the crys-
tal structures, perhaps because of confound-
ing surface interactions with the RNA, which
is substantially less rigid than DNA, or be-
cause of the difficulties inherent in imaging
a three-dimensional structure in two dimen-
sions (77).

Step size. During elongation, translocation
of the nucleic acid scaffold with respect to
the enzyme active site must be coordinated
with the nucleotide condensation reaction.
Initially, RNAP was postulated to behave as
a rigid body, maintaining an invariant foot-
print as it advanced by one base pair for ev-
ery nucleotide added to the growing RNA
chain (78). However, an inchworming model
of elongation was subsequently proposed in an
attempt to rationalize the apparent differences
in the size of the enzyme footprint when com-
plexes were halted at successive template po-
sitions (79). During the proposed inchworm-
ing motion, a flexible element, hypothesized
to exist within RNAP, allowed upstream and
downstream portions of the enzyme to move
out of phase, quasi independently, while si-
multaneously producing its transcript one nu-
cleotide at a time. The discrepancies in foot-
print size were eventually reinterpreted as
resulting from the backtracking behavior of
TECs, which were found to slide upstream
along the template DNA under certain condi-
tions (80–82). The inchworming model con-
sequently fell into disfavor. However, other
bulk biochemical experiments have supplied
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some evidence for the existence of flexible el-
ements within RNAP itself (83–85), and re-
cent single-molecule data obtained during the
initiation phase support the notion that the
footprint of RNAP may have the capacity to
change (6, 61). All this leaves open the ques-

tion of the actual DNA step size during elon-
gation.

Single-molecule techniques have success-
fully measured the nanometer-scale step sizes
of many motor proteins (86–90), but the
Ångström-scale step sizes expected for nucleic

Backtracking

ρ-Binding

Misincorporation
Elemental

pause

Termination hairpin 
formation

Termination

Hairpin
pause

Pyrophosphorolysis

NTP addition NTP addition

Pyrophosphorolysis

Pausing
Elongation
Termination
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acid-based motors were experimentally inac-
cessible until recently. The construction of an
ultrastable OT with Ångström resolution al-
lowed Block and coworkers (7, 91) to follow
individual, actively elongating TECs with un-
precedented precision. Records of transcrip-
tional elongation obtained under conditions
of low nucleotide concentration and moder-
ate loads (2.5–10 μM NTPs; 18 pN assisting
force) displayed clear steps of varying dura-
tion averaging 3.7 ± 0.6 Å in length, which is
nearly the rise per base of double-stranded, B-
form DNA (3.4 ± 0.5 Å) (92). Larger steps,
consisting of small integral multiples of the
fundamental spacing, were also observed. The
larger steps were statistically attributable to
the temporal resolution of the assay and anal-
ysis, which fails to detect brief events below
the integration time used for measurement.
The observation of single-base stepping is in-
consistent with either an obligate scrunch-
ing or an inchworming model and supports
the original concept of a rigid-body, sliding-
clamp mechanism, where RNAP translocates
in single base pair increments that are tightly
coupled to nucleotide addition (7).

Kinetics: heterogeneity and state switch-
ing. The rates at which genes are tran-
scribed play an important regulatory role by
freeing the polymerase molecule to under-
take additional rounds of transcription or,

conversely, by causing it to remain occu-
pied. Single-molecule measurements of elon-
gation dynamics offer insights into such
rate-based regulatory mechanisms (93). The
very first single-molecule transcription exper-
iments employed the TPM assay (Figure 3a)
to measure rates of elongation by E. coli RNAP
molecules (32, 70). Measured speeds were
generally consistent with the transcription
rates reported in bulk studies. Interestingly,
however, although the average speeds of in-
dividual transcribing molecules did not vary
substantially with time, these speeds did vary
significantly from molecule to molecule (70).
The time resolution of the TPM assay made it
difficult to determine if the heterogeneity was
due to intrinsic differences in the on-pathway
elongation rates of molecules or to different
propensities to enter into off-pathway, paused
states. High-resolution optical trapping stud-
ies subsequently permitted a more accurate
separation of active elongation from pausing
in E. coli RNAP (10, 12). These studies as well
as measurements of T7 RNAP (9, 94), where
pausing is rarely observed, corroborated the
original observation of molecular heterogene-
ity in the overall rates of transcription and de-
termined that the variance in molecular rates
was largely attributable to on-pathway differ-
ences in speeds.

Arguably, results from bulk steady-state
and presteady-state kinetic studies may also

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 7
Transcription elongation pathway and a subset of off-pathway states showing RNA polymerase ( green),
the template strand (light blue), the nontemplate strand (dark blue), RNA strand (red ), and ρ-factor
( purple). Elongation (central panel ) corresponds to the template-directed condensation of nucleoside
triphosphates (NTPs, yellow) onto the 3′ end of the growing RNA chain, along with the release of
inorganic pyrophosphate. Individual nucleotides may occasionally be excised via pyrophosphorolysis. A
number of paused states branch off the central elongation pathway (upper panel ). An elemental pause state
has been proposed as a common intermediate state preceding hairpin-stabilized and backtracking pauses
(solid arrows), although both these states might be reached directly from the main elongation pathway
(dashed arrows) (97). Misincorporation-induced pauses are triggered when a mismatched NTP ( yellow) is
added to the RNA chain; backtracking often results in such cases (34, 95). Two paths lead to
transcriptional termination (lower panel ). Intrinsic termination occurs when RNAP transcribes specific
sequence elements that code for a termination hairpin in the RNA followed by a U-rich tract, triggering
dissociation of the TEC. Another pathway to termination involves the binding of ρ, which is thought to
move along the transcript until reaching RNAP and ultimately dislodging the RNA from the enzyme
(114).
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be taken as evidence of heterogeneous kinet-
ics (95, 96). However, rather than assuming
a molecular population with a distribution of
intrinsic elongation rates, the data were in-
terpreted in terms of a model in which mem-
bers of an otherwise homogeneous population
switched between two distinct elongation
rates on a slow timescale compared to nu-
cleotide addition. Whereas regulator bind-
ing is known to switch RNAP into different,
persistent states (97, 98), the phenomenon of
spontaneous switching behavior is disputed
(99). One early single-molecule study, which
was conducted at comparatively low spatial
and temporal resolution, reported that wild-
type RNAP can spontaneously switch veloc-
ity states (100). However, subsequent stud-
ies have failed to confirm any such switching
(12, 13, 101), casting doubt on the finding. To
date, only one other observation of velocity-
state switching has been reported, in this case
for rpoB8, a mutant RNAP bearing a point
mutation in the β-subunit (but not for wild
type) (13). The mechanistic basis of this par-
ticular mutation is unclear, however, it poten-
tially affects a specific contact with the nascent
mRNA that is located more then 20 Å from
the enzyme’s active site.

Careful control experiments performed by
Gelles and coworkers (101) have ruled out
a number of trivial explanations for the ap-
parent intermolecular heterogeneity, such as
the effect of temperature, the solute concen-
tration, and the immobilization technique.
This suggests that the source of heterogene-
ity may be structural in origin, perhaps owing
to minor defects in RNAP caused by trans-
lation errors, posttranslational modifications
of RNAP, or different conformers in RNAP
folding (101). Supporting the structural ori-
gin of heterogeneity, the variance in FRET
distances between the RNA 5′ end and a la-
beled base located on the template DNA in
a TEC was significantly larger than the cor-
responding variance in a control sample with
the identical dyes placed on a DNA molecule.
In individual TECs, these FRET levels per-
sisted for more than 10 min (24). Analo-

gous FRET measurements with active com-
plexes initiated from natural promoters may
help establish whether any such heterogene-
ity persists during elongation. Simultane-
ous FRET and elongation-rate measurements
(performed with TPM or OTing assays)
may provide evidence for a correlation be-
tween structural and velocity heterogeneity.

Chemomechanics: translocation mecha-
nism and stall. Recent single-molecule work
has helped characterize the molecular mech-
anism of RNAP translocation. Two different
models have been proposed. In the “power
stroke” model, a conformational change in
the enzyme generates translocation through
the direct coupling of displacement to NTP
hydrolysis and subsequent PPi release. In the
“Brownian ratchet” model, random thermal
fluctuations between the pre- and posttranslo-
cated states of the enzyme are mechanically
rectified by NTP binding and hydrolysis,
leading to unidirectional motion. Experimen-
tal (80, 102) and theoretical (103, 104) evi-
dence has often been interpreted in terms of
a ratchet-like mechanism, although other in-
terpretations certainly cannot be ruled out.
The power stroke model was inspired by
crystal structures of T7 RNAP obtained in
nominally pre- and posttranslocated states. In
that model, translocation is tightly coupled
to PPi release through a structural change
that constitutes the power stroke (105). Op-
tical trapping techniques, wherein force can
be used as a control parameter to modulate
stepping rates, are well suited for differentiat-
ing between these particular models because
they supply quantitatively different predic-
tions about the relationship between translo-
cation rates and applied loads.

The elongation velocity, v(F), is expected
to fit a Boltzmann-type model, which returns
a distance parameter, δ, representing the ef-
fective distance over which an applied force,
F, acts to slow translocation (where �G = F·δ
supplies the associated mechanical energy).
For the general case of a Brownian ratchet
mechanism, this parameter corresponds to the
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distance over which the enzyme fluctuates
during the stepping cycle between transloca-
tion states. For the specific case of an RNAP
ratchet, the distance between pre- and post
translocated states subtends exactly one base
pair. For a power stroke mechanism, however,
the distance parameter corresponds to the dis-
placement of the enzyme in moving from the
start of its cycle to a transition state located in-
termediate between the pre- and posttranslo-
cated positions, which is necessarily less than
one base pair. In addition to predicting dif-
ferent values for the distance parameter, the
Brownian ratchet and power stroke models
also predict significant differences in the force
dependence of transcriptional velocity over a
range of nucleotide concentrations. Because
the NTP-binding event is coupled to translo-
cation in the ratchet model, velocity becomes
most sensitive to applied loads when NTP
concentrations are very low, which causes
NTP binding to become rate limiting. In this
regime, force acts like a competitive inhibitor
to NTP binding. Conversely, in the power
stroke model, NTP binding tends to be de-
coupled from translocation, because it is sep-
arated by one or more biochemical transitions
that are very nearly irreversible, such as nu-
cleotide condensation followed by PPi release
(where the latter is presumed to be responsible
for the power stroke itself ). The presence of
these intervening biochemical steps therefore
tends to make velocities largely independent
of load at the lowest NTP concentrations and
most sensitive when concentrations are high.
Thus, the Brownian ratchet and power stroke
mechanisms have diametrically opposite ef-
fects on force-velocity curves as the NTP con-
centrations are varied.

Accurate measurements of force-velocity
relationships for RNAP are made significantly
more challenging by the presence of off-
pathway events, such as the entry into back-
tracking and arrested states, which also ex-
hibit a load dependence (34, 100, 106). This
complication is evident in the variety of stall
forces reported for E. coli RNAP, which range
from 14 to 25 pN, depending on how fast

load was applied (33, 69). Heterogeneity in the
stall force from molecule to molecule has also
been observed, suggesting that polymerases
may stall at different locations on the DNA
template, corresponding to different under-
lying sequences. Some DNA sequences are
prone to enzyme backtracking and arrest, and
therefore, this variability may be responsible
for the different apparent stall forces (12, 69).
In addition, a eukaryotic RNAP (yeast Pol II)
reportedly stalled at a comparatively low force
of 7.5 pN. However, Pol II elongated success-
fully against forces significantly beyond this
stall force for brief periods of time. Further-
more, the apparent stall force was doubled
with the addition of elongation factor TFIIS
(107). All together, the results from prokary-
otic and eukaryotic RNAP suggest that stall
occurs not when translocation forces are ex-
actly balanced by the application of an exter-
nal load but rather when the probability of
encountering a backtracking-prone sequence
becomes significant, leading to enzyme inac-
tivation. This makes measuring the true stall
force of RNAP considerably more challeng-
ing than for the conventional motor proteins,
such as kinesin and myosin, and highly depen-
dent on the method of data collection and its
interpretation.

The first measurements of the force-
velocity relationships for E. coli and yeast
RNAP were obtained by rapidly increasing a
hindering load in such a way that RNAP tran-
scribed only a short distance before stalling.
Force-velocity characteristics obtained in this
fashion were conducted under conditions of
saturating NTP concentrations, and the is-
sue of RNAP heterogeneity was addressed by
normalizing each record in both force and
velocity before ensemble averaging, so that
individual records could be combined (12,
69, 107). However, these normalization pro-
cedures may have obscured the underlying
force-velocity relationships somewhat, mak-
ing the velocity appear rather insensitive to
load until stall was reached, and at this point
it dropped precipitously with additional force
(8). This insensitivity to external load under
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saturating NTP concentrations implies that
force does not significantly affect overall
translocation rates until other (off-pathway)
processes intervene, such as backtracking or
an irreversible stall. For saturating nucleotide
concentrations, a force-insensitive velocity is
broadly consistent with a Brownian ratchet-
type model where translocation is coupled to
NTP binding, as discussed above.

Recent experiments, however, on T7
RNAP and E. coli RNAP, provide evidence
for a greater load sensitivity in the elongation
velocity. For T7 RNAP, under conditions
of limiting NTP concentrations, hindering
loads reduced transcription rates, consistent
with the load acting as a competitive in-
hibitor of NTP binding (9). Velocity was
not load dependent, however, under satu-
rating NTP concentrations. These findings
were interpreted in terms of a Brownian
ratchet model similar to one first proposed
by Guajardo & Sousa (104), wherein RNAP
molecules fluctuate between pre- and post-
translocated states until NTP binding locks
these into the posttranslocated state. In ex-
periments on E. coli RNAP, Block and cowork-
ers (7) used a high-resolution, passive optical
force clamp to measure an entire ensemble
of force-velocity curves, varying the NTP
concentration over more than two orders of
magnitude. The improved spatial resolution
achieved using this approach allowed poten-
tially confounding backtracking events (which
are off-pathway) to be identified in individual
records and removed from further analysis,
thereby isolating the force dependence of the
(on-pathway) translocation events. The en-
semble of experimental force-velocity curves
were globally fit to a Boltzmann-type rela-
tion, which returned a distance parameter of
1 bp. Furthermore, elongation velocity was
more sensitive to force at low NTP concen-
trations (7). A separate experiment conducted
by Wang and coworkers (8) also returned a
distance parameter of 1 bp. Taken all together,
these findings lend support to the notion that
RNAP moves by means of a Brownian ratchet
mechanism.

The angular motion of RNAP was also
probed using an externally applied torque
(27). Magnetic beads, decorated with small
fluorescent beads used to track the rela-
tive angular motion of RNAP and DNA
(Figure 3f ), displayed rotations of ∼8.7 ±
3.7 bp/revolution during elongation. The ob-
served rate was within the error of the ro-
tational speed expected if RNAP tracked the
DNA helix, which has 10.4 bp per turn. In ad-
dition, RNAP stalled under external torques
greater then 5 pN nm. Newly developed tech-
nology, such as the optical torque wrench (52),
which is capable of exerting both forces and
torques in single-molecule experiments, may
eventually allow the simultaneous acquisition
of torque-velocity and force-velocity curves.

Off-Pathway Events

The process of active, on-pathway elonga-
tion is frequently interupted by entry into
off-pathway states that can be important for
the regulation of RNA synthesis. By avoid-
ing the ensemble averaging inherent in tradi-
tional biochemistry, single-molecule methods
allow for the direct observation of these asyn-
chronous states and have thereby led to an
improved understanding of their origin.

Transcriptional pausing. Transcriptional
initiation has long been identified as a critical
point of regulation, but mechanisms for
controlling expression levels during the
elongation phase have received compara-
tively little attention until recently (108).
Transcriptional pausing can not only reduce
rates of mRNA production, but also recruit
regulatory factors to the TEC that modify
subsequent transcription (109–112), function
as a precursor to transcriptional arrest and
termination (113, 114), help synchronize
transcription and translation in prokary-
otes (115), or lead to messenger splicing
or polyadenylation in eukaryotes (116,
117). The long-lived, “stabilized pauses”
that are known to play a regulatory role
are often associated with the formation of
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RNA hairpins in the transcript (which are
thought to allosterically inactivate RNAP)
or with the formation of energetically weak
RNA:DNA hybrids (which are thought to
induce backtracking) (118).

High-resolution, single-molecule studies
of transcriptional pausing complement tradi-
tional biochemical studies, helping to over-
come some of their intrinsic limitations. Bio-
chemical measurements of pausing typically
employ gel-based assays that score the pres-
ence or absence of bands generated by RNAs
produced by an ensemble of transcribing
complexes. To form a sharp band, an ini-
tially synchronized population of transcribing
molecules must simultaneously encounter a
signal on the DNA template and pause there
for long enough to be detected. To produce
adequate signal levels, the NTP concentra-
tions used in gel-based assays are often re-
duced to nonphysiological levels to slow tran-
scription. Furthermore, once a synchronized
population encounters the initial pause loca-
tion, the stochastic duration of the pause life-
time results in molecules leaving this posi-
tion over a distribution of times, thereafter
desynchronizing the population and reducing
the sharpness of all succeeding bands. This
desynchronization makes it difficult to study
pausing over significant distances along the
DNA template. Single-molecule methods, by
contrast, are not subject to desynchroniza-
tion (which is an ensemble property), and they
currently allow for the detection of pauses as
short as ∼1 s and separated by as little as ∼2 bp
(10) at physiological concentrations of NTPs.
In addition, OT-based methods allow pausing
to be probed as a function of the force applied
to the DNA or the RNA. Pausing that involves
any longitudinal motion of polymerase along
the template or transcript is generally a strong
function of the applied load, and therefore,
such measurements can supply additional in-
sights into the mechanism.

Early on, numerous brief transcriptional
pauses were noted in records of RNAP
transcription obtained using OTs (69). Such
events, which would eventually come to be

Stabilized pause:
long-lived pauses
resulting from
formation of a
hairpin in the
nascent RNA,
backtracking of
polymerase, or
interactions of
transcriptional
regulators

Elemental pause: a
class of short-lived
pause that is believed
to be a precursor to
longer-lived
stabilized pause
states

known as “ubiquitous” pauses, occur even
in regions of the template DNA previously
thought devoid of regulatory pauses (based
on biochemical assays), such as the E. coli
rpoB gene. These ubiquitous pauses, mak-
ing up approximately 95% of all detected
pauses, have lifetimes <25 s and occur ev-
ery ∼100 bp, on average, along the tem-
plate (12, 13). Limitations in the spatial res-
olution of earlier work made it impossible
to determine whether ubiquitous pauses oc-
curred stochastically, independent of the un-
derlying sequence, or were instead triggered
in a sequence-dependent fashion by coding
elements located at frequent, apparently ran-
dom intervals. Two recent single-molecule
studies succeeded in improving the preci-
sion of assays to a point where displacement
records could be correlated with the underly-
ing DNA sequences with base pair (or near-
base pair) resolution. In brief, these studies
relied upon imbedded “fiducial marks” (reg-
istration points), which were used to align in-
dividual records and supply improved accu-
racy in the absolute position on the basis of
either the release points of RNAP at the ends
of the template (119) or on the transcrip-
tional behavior of RNAP moving on repet-
itive (concatamer) templates carrying char-
acterized pause sequences (10). Using the
latter method, Herbert et. al. (10) determined
pause positions within a base pair over nearly
2000 bp of overall transcription and con-
cluded that ubiquitous pauses were induced
by specific commonly occurring sequences.

How, then, do the ubiquitous pauses of
single-molecule assays, which are brief and
sequence specific, relate to the longer-lived
pauses identified in biochemical assays, many
of which are regulatory? Bulk studies found
that short-lifetime pauses still persist after
RNA hairpin formation or DNA backtracking
are suppressed, suggesting that such events
may stabilize and thereby prolong preexist-
ing, but weaker, pauses. This observation led
to the proposal that long-lived pauses are pre-
ceded by a common, elemental pause that can
be further stabilized (97). The existence of
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an elemental pause (inactivated) state gained
additional support from cross-linking studies
(120), and it has been invoked to explain the
kinetics of misincorporation and nucleotide
addition (95, 96, 121). In contrast to stabi-
lized pauses, which involve either large-scale
backtracking motions or postulated allosteric
modulation of the enzyme by RNA hairpins,
an elemental pause likely requires only a very
small structural isomerization affecting the
active site (97, 118, 120).

Because rates of entry into the presump-
tive elemental paused state, determined bio-
chemically, are similar to corresponding rates
of entry into the ubiquitous pause state, iden-
tified in single-molecule experiments, it was
conjectured that ubiquitous pauses represent
the elemental pause state (12). Consistent with
this hypothesis, ubiquitous pause states lie off
the main elongation pathway and are induced
by sequences generally similar to those found
in biochemically characterized hairpin and
backtracking pauses (10). Furthermore, the
duration and frequency of ubiquitous pauses
are largely independent of the applied load,
implying that such pauses did not involve
translocations of polymerase along the RNA
or DNA (11, 12). Finally, ubiquitous pauses
occurred in single-molecule records where ex-
ternal loads were applied to the transcript suf-
ficient to remove any secondary structure, in-
dicating that RNA hairpin formation was not
responsible for such events (11).

In contrast to studies of E. coli RNAP, a re-
cent single-molecule study of transcription in
yeast Pol II concluded that ubiquitous paus-
ing in eukaryotic polymerase resulted mainly
from backtracking (107). No backtracking at
ubiquitous pause sites was actually observed
in the single-molecule records from these ex-
periments, however, owing to limitations in
spatial resolution. Instead, backtracking was
inferred by modeling of the pause lifetime dis-
tribution, which was fit to a t−3/2 power law. A
power-law relationship of this type is expected
(at long times) for the first passage time to a
barrier by a continuum random-walk process,

such as diffusion. Pausing was therefore mod-
eled as inactivation of the enzyme induced by
backtracking, followed by diffusional return
to an active state, where the 3′ end of the RNA
is realigned with the active site (107). A back-
tracking model for pausing is tantalizing, but
the pause lifetime distributions acquired for
both bacterial and yeast RNAP appear to be
complex and composed of multiple compo-
nents. For E. coli RNAP, the lifetime distribu-
tions of short pause events were previously fit
by a sum of two exponentials rather than by
a power law (10–12, 34). Longer pause life-
times, such as those arising from misincorpo-
ration events, constitute a third component
in the tail of the overall distribution that is
sensitive to load (34) (see below). Because in-
dividual pauses may have different character-
istic lifetimes, pooling all pauses observed on
a given template in a global distribution re-
sults in a superposition of multiple exponen-
tials, generating a composite curve in which
the shortest and longest lifetimes predomi-
nate (10). Such a relationship might also give
the appearance of a power law. It may there-
fore be difficult to draw definitive conclusions
based solely on models of global lifetime dis-
tributions. In any event, considerable atten-
tion needs to be paid to details of the analysis
procedure and any estimates of error, as well
as to alternative models. Assuming that back-
tracking is responsible for ubiquitous pausing
in Pol II, pause lifetimes should be signifi-
cantly affected by external loads.

One previous study of E. coli RNAP re-
ported load dependence for a particular pause
site (�tR2), which displayed a significant
increase in transcriptional dwell time with
increasing (hindering) load, implying back-
tracking (119). However, because these exper-
iments were conducted at low uridine triphos-
phate (UTP) levels, the possibility remains
that the observed load dependence may reflect
a force-dependent decrease in elongation rate
at this site produced by its sequence, which
requires the addition of a number of uri-
dine bases (119). It seems clear that our

168 Herbert · Greenleaf · Block

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
8.

77
:1

49
-1

76
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 R

ob
er

t C
ro

w
n 

L
aw

 L
ib

. o
n 

08
/1

3/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV345-BI77-08 ARI 28 April 2008 11:12

understanding of backtracking for both the
bacterial and eukaryotic forms of polymerases
could be improved by the characterization of
pausing behavior at specific sites for molecules
subjected to various loads. Such studies may
place models of pausing mechanisms on
firmer ground.

The ability of single-molecule experi-
ments to discern subtle changes in pausing
and elongation kinetics has led to a vari-
ety of other interesting results. Experiments
on rpoB8, a point mutant of E. coli RNAP,
showed that it elongates more slowly, and
because pausing is an off-pathway state that
competes with elongation, it should therefore
pause more frequently per unit distance trav-
eled (13). Another study that modulated tem-
perature found that the elongation rate for
E. coli RNAP increased by ∼1.5 bp/s per ◦C
for small changes in temperature. However,
neither the pause frequency nor the pause
lifetime varied with temperature, suggesting
that elongation has a large enthalpic contribu-
tion, whereas pausing is dominated by entropy
(122). In another study, the effect of microcin
J25, an antibiotic known to bind RNAP and
decrease overall transcription, was shown not
to affect the active elongation rate. Instead,
the frequency of pausing was significantly en-
hanced. These data, taken together with re-
sults from cross-linking studies showing that
microcin J25 occupies the NTP entry chan-
nel, suggest that microcin J25 acts to inhibit
transcription by blocking access of NTPs to
the active site (123). Finally, using an ultra-
stable assay with base pair resolution and scor-
ing the positions of pauses induced by limiting
a single NTP species, the DNA sequence of
the template was reconstructed from the mo-
tions of as few as four RNAP molecules (35).

Proofreading. Two single-molecule studies
conducted at comparatively low temporal res-
olution studied the effects of load on tran-
scription (100, 106). The first such study, re-
stricted to pause events lasting ∼15 s or longer
under hindering loads, concluded that the

propensity to arrest was force dependent, but
not the propensity to pause (100). The sec-
ond study, which employed both hindering
and assisting loads, reported that both pausing
and arrest were force dependent (106). Sub-
sequent high-resolution measurements sup-
plied direct evidence for load-induced paus-
ing. In averaged records of long (but not
short-lifetime) pauses, enzymes subjected to
moderate hindering loads were found to back-
track (34). The density of pauses lasting 20 s or
more (∼1 per kilobase) corresponds closely to
measured rates of base misincorporation dur-
ing RNA synthesis in vitro (124), suggesting
proofreading as the likely explanation for such
events.

The prevailing model for proofreading by
RNAP, based on both structural and biochem-
ical data, invokes the backtracking of RNAP
along the DNA template in response to a mis-
incorporation event. This backtracking is fol-
lowed by endonucleolytic cleavage of the 3′

RNA fragment carrying the error, which can
be promoted by transcription factors GreA
and GreB in prokaryotes or by TFIIS in eu-
karyotes (96, 125, 126). Single-molecule ex-
periments provide compelling support for this
model, showing that the frequency of long
pauses increases in the presence of the nu-
cleotide analog inosine triphosphate (ITP),
which mimics misincorporation, and that long
pauses lead to enzyme backtracking by an av-
erage of ∼5 bp. Addition of the transcription
factors GreA or GreB can relieve long pauses
induced by ITP in single-molecule assays (34).
Single-molecule studies complement the bio-
chemical picture developed for proofread-
ing, providing a real-time window into this
process during active elongation at saturat-
ing nucleotide levels, rather than in stalled
complexes under subsaturating conditions
that are forced to incorporate an incorrect
nucleotide.

Enzyme “memory” and heterogeneity.
Single-molecule experiments have shown that
transcriptional elongation rates do not tend
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to change in any systematic way upon re-
covery from a pause (12, 13). However, the
possibility that individual RNAP molecules
might retain a kind of “intramolecular mem-
ory,” whereby pausing at an upstream site
affects the propensity of RNAP to pause
thereafter downstream, remains an open
question (99, 127). The binding of transcrip-
tion regulators, such as RfaH, causes RNAP
to respond differently to downstream pause
signals (109). Could an analogous effect ex-
ist in the absence of bound transcription fac-
tors, triggered instead by DNA sequence in-
formation? Optical trapping experiments on
DNA templates containing eight repeats of
the identical sequence allow this and sim-
ilar questions about molecular memory to
be examined quantitatively. On repetitive
templates, the pause probability at a given se-
quence site was correlated to pause probabil-
ities at subsequent sites, implying that indi-
vidual molecules exist in heterogeneous states
with greater or lesser propensities to pause.
However, the degree of correlation did not
decay with the distance between pause sites,
suggesting that molecular pause propensities
were stable on the timescale of the experiment
and were not due to a transient memory effect.
The pause correlation analysis was restricted
to pause sites that did not display any correla-
tion with elongation velocity, suggesting that
the molecular heterogeneity in pause propen-
sity may be caused by a different mechanism
than the previously observed heterogeneity in
velocity states (10). Further experiments are
required to identify the source of this hetero-
geneity.

TERMINATION

The TEC is extremely stable, but ultimately
RNAP must dissociate accurately in response
to termination signals, releasing the tran-
script and the DNA template. In prokary-
otes, intrinsic termination occurs at specific
sequence elements that code for a stable
hairpin in the nascent RNA followed by a

U-rich tract, which together are thought to
generate an unstable RNA:DNA hybrid in the
enzyme. Termination in prokaryotes also oc-
curs via a different mechanism involving the
termination factor ρ, which can translocate
along RNA until it encounters the polymerase
(114), leading to release of the nascent chain
(Figure 7). In general, termination might be
produced indirectly through allosteric inter-
actions between the RNA hairpin (or ρ-factor)
and RNAP that signal the TEC to release its
substrates (128, 129). Alternatively, termina-
tion might be produced directly by forces ex-
erted during folding of the terminator hair-
pin (or by ρ-factor), which push the enzyme
forward in the absence of RNA synthesis, so
that the hybrid is shortened and the TEC
becomes mechanically destabilized (98, 130,
131). Because up to 30 pN of tension can be
applied to the RNA without causing the re-
lease of a transcript, the ρ-factor must exert at
least this much force if the latter mechanism is
responsible for ρ-based termination. For the
case of intrinsic termination, the force gen-
erated by a terminator hairpin during fold-
ing is not thought sufficient to release RNA
at most sites along the DNA (11). There-
fore, the hybrid-destabilizing effect of the
U-rich tract, possibly aided by other mech-
anisms, such as hairpin stem invasion (73), al-
lostery (128), or forward translocation (131),
must play some role in the energetics of in-
trinsic termination. Future single-molecule
experiments should be able to probe these
energetics.

Previous biochemical experiments have
suggested that termination is an off-pathway
state that competes with on-pathway elonga-
tion because the termination efficiency can be
increased by slowing the rate of elongation
(132). However, controversy arises concern-
ing the pathway involved in intrinsic termina-
tion. Some studies conclude that termination
is preceded by an intermediate elongation-
incompetent state (133, 134), whereas oth-
ers find that termination occurs quickly, with
no stable intermediate (on a timescale of
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seconds) (135). Using TPM (Figure 3a),
Gelles and coworkers (14) found that RNAP
pauses with a ∼1 min characteristic lifetime
before releasing DNA at the his terminator.
A corresponding pause was not observed for
polymerases that read through the terminator
or transcribed a template lacking the termina-
tion site, suggesting that termination may be
irreversibly preceded by an inactivated inter-
mediate state that is committed to termina-
tion. In these experiments, the surface immo-
bilization of RNAP is thought to significantly
reduce the rate at which DNA can diffuse
away from the enzyme, thereby slowing dis-
sociation of the TEC and facilitating the ob-
servation of a paused intermediate state. This
same reduced diffusion rate might, however,
also promote nonspecific rebinding to a re-
leased DNA template, thereby generating a
false signal (135).

In principle, single-molecule fluorescence
experiments could be designed to pinpoint if
RNA transcripts are released from the TEC
before, after, or synchronously with release
of the DNA and if the template or the tran-
script are both present during the proposed
committed intermediate state. Optical trap-
ping experiments where controlled loads are
applied to the DNA or RNA during termina-
tion should be able to distinguish whether the
forward translocation of RNAP is required
and whether forces applied to the RNA are
able to dissociate TECs with weak RNA:DNA
hybrids.

CONCLUSION

Seventeen years have elapsed since the pio-
neering single-molecule assay for RNAP tran-
scription was developed by Schafer et al. (70),
and enormous progress has been achieved
during this period. Many of the questions that
were previously identified as uniquely well
suited to the use of single-molecule meth-
ods have already been addressed (3). Single-
molecule experiments have shown that RNAP
advances by one base at a time along DNA,

with translocation tightly coupled to RNA
synthesis, and that it likely operates by a Brow-
nian ratchet-type mechanism (7–9). Single-
molecule experiments have identified and
characterized long-lived heterogeneities in
RNAP conformations (24), elongation rates
(12, 13, 101), and pause propensities (10).
Other single-molecule studies have found that
transcriptional initiation involves scrunching
of the DNA template until contacts with
the promoter are released (5, 6) and sup-
plied evidence for an elongation-incompetent
intermediate state preceding transcriptional
termination (14). Steady improvements in
single-molecule assays have allowed the ef-
fects of transcriptional cofactors and effectors
to be studied as well, including σ-factor (18),
Gre A and GreB (34), ppGpp (50), and mi-
crocin J25 (123).

Progress in single-molecule work on tran-
scription has also raised deeper questions and
created new avenues of potential research.
Results from new assays for eukaryotic poly-
merases have revealed large differences in
mechanical stability between prokaryotic and
eukaryotic polymerases, raising intriguing
questions with regard to functional differ-
ences between these enzymes (107). The ad-
vent of base pair resolution in single-molecule
assays (7) opens the possibility of probing en-
zyme reaction rates at individual sequence
sites. Advanced techniques, such as multi-
color, single-molecule FRET (61), should also
make it possible to observe directly the as-
sembly of large macromolecular complexes,
such as Mediator, which serves as a coacti-
vator of Pol II transcription, and may ulti-
mately provide insights into the coordination
of RNA splicing and transcription. The re-
cent development of assays that exert con-
trolled forces on the nascent RNA (11) will
likely be important in eventually establishing
the mechanism of transcriptional termination
and also in determining how elongation ki-
netics can affect the structures of cotranscrip-
tionally folded RNAs. Single-molecule work
on RNAP is really motoring along!
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SUMMARY POINTS

1. RNAP can slide along the DNA template to search for promoter sites.

2. Some fraction of RNAP molecules retain σ-factor upon the transition from the OPC
to TEC in vitro.

3. Transcription initiation involves scrunching of the template DNA within the enzyme.

4. Translocation occurs in single-base increments, consistent with a tight coupling be-
tween the length of the RNA transcript and the position of the RNAP on the DNA
template.

5. The force and nucleotide concentration dependence of transcription velocity is most
consistent with a Brownian ratchet model for translocation.

6. TFIIS, a eukaryotic transcription accessory factor, modulates the stall force.

7. Ubiquitous, short-lifetime pauses interrupt transcription by E. coli RNAP, even under
saturating nucleotide concentrations. Ubiquitous pauses are sequence dependent and
independent of the applied load, and they may represent an elemental pause state
from which stabilized, regulatory pauses are derived.

8. Heterogeneity with respect to elongation rates and the propensity to enter the paused
state has been observed in populations of molecules.

FUTURE ISSUES

1. Does σ-factor remain bound to the TEC, even in vivo?

2. During abortive initiation, where does the scrunched DNA reside within RNAP?

3. Are short-lifetime pauses caused by backtracking, small conformational rearrange-
ments, or something else? Is pausing caused by the same mechanism at all sites? Are
these mechanisms the same in both prokaryotes and eukaryotes?

4. What is responsible for intermolecular heterogeneity, and are changes in the elonga-
tion rate correlated to structural changes?

5. What are the mechanisms by which accessory factors, such as GreA, GreB, NusA,
NusG, λQ, and N, affect transcription?

6. How do specific sequence elements in the transcribed DNA sequence affect the rates
of next nucleotide addition to RNA?

7. How does torque affect transcriptional elongation and termination processes?

8. How is transcriptional termination modulated by force applied to either the DNA
template or the RNA transcript?
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