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Summary

Transcriptional elongation and termination by RNA
polymerase (RNAP) are controlled by interactions
among the nascent RNA, DNA, and RNAP that com-
prise the ternary transcription elongation complex
(TEC). To probe the effects of cotranscriptionally
folded RNA hairpins on elongation as well as the sta-
bility of the TEC, we developed a single-molecule as-
say to monitor RNA elongation by Escherichia coli
RNAP molecules while applying controlled loads to
the nascent RNA that favor forward translocation. Re-
markably, forces up to 30 pN, twice those required to
disrupt RNA secondary structure, did not significantly
affect enzyme processivity, transcription elongation
rates, pause frequencies, or pause lifetimes. These re-
sults indicate that ubiquitous transcriptional pausing
is not a consequence of the formation of hairpins in
the nascent RNA. The ability of the TEC to sustain
large loads on the transcript reflects a tight binding
of RNA within the TEC and has important implications
for models of transcriptional termination.

Introduction

Transcription constitutes the first step in gene expres-
sion and is highly regulated. Regulation of the elonga-
tion phase of transcription is mediated, in part, by inter-
actions in the TEC involving the RNA (Artsimovitch and
Landick, 2000). Elongation is frequently interrupted by
pauses of varying durations, at least some of which
play regulatory roles. Pausing can act as a governor to
slow rates of polymerization, helping to synchronize
transcription and translation in prokaryotes (Landick
et al., 1985), bind cofactors to modify transcription
(Artsimovitch and Landick, 2002; Bailey et al., 1997;
Marr and Roberts, 2000), and facilitate the cotranscrip-
tional folding of transcripts (Pan and Sosnick, 2006).
Two classes of defined pauses with regulatory functions
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have been identified. Hairpin-stabilized pauses occur
when self-complementary RNA structures form at the
exit channel and help to inhibit nucleotide addition
(Artsimovitch and Landick, 2000; Toulokhonov et al.,
2001; Toulokhonov and Landick, 2003). Backtracking
pauses occur when the enzyme encounters a weak
RNA:DNA hybrid, biasing the enzyme to move upstream
on the DNA template and extrude the nascent RNA into
the nucleotide entry channel (Komissarova and Kashlev,
1997; Reeder and Hawley, 1996).

Frequent, short-lifetime (<20 s) pauses have been
identified in single-molecule experiments (Adelman
et al., 2002; Neuman et al., 2003). These “ubiquitous”
pauses have been found to be sequence dependent
(Herbert et al., 2006) and independent of RNA polymer-
ase (RNAP) backtracking (Neuman et al., 2003; Shaevitz
et al., 2003). Although hairpins are predicted to form fre-
quently in mRNA (Rivas and Eddy, 2000) and are known
to stabilize some pauses (Chan and Landick, 1993), the
extent to which they contribute to ubiquitous pausing is
unknown.

RNAP must maintain a tight association with the grow-
ing RNA while extending it for thousands of nucleotides
yet must readily release the transcript upon recognition
of specific termination sequences or the binding of
termination factors (von Hippel, 1998). RNA is bound to
the TEC via an 8-9 nt RNA:DNA hybrid formed in the
active-site cleft (Korzheva et al., 1998). Crosslinking
and structural studies suggest that RNA is further stabi-
lized by protein contacts (Gnatt et al., 2001; Korzheva
et al., 2000). The extensive contacts between DNA and
RNAP enable the DNA to sustain large external loads
(Neuman et al., 2003; Wang et al., 1998). The nascent
RNA chain might support less force than the DNA, in
principle, given that the enzyme makes significantly
fewer stabilizing contacts to the RNA—roughly one-third
of the number made with DNA (Gnatt et al., 2001).
However, the stability of the TEC against mechanical
disruption of the RNA has not previously been probed.

TEC stability is dramatically modulated during termi-
nation, ultimately leading to release of the bound tran-
script. In prokaryotes, termination follows the formation
of a stable RNA hairpin, followed by a uridine-rich
(U-rich) tract and, consequently, a weak RNA:DNA hy-
brid (Yarnell and Roberts, 1999); or termination follows
the action of Rho protein, which translocates along the
nascent RNA until it reaches the polymerase, where-
upon it induces transcript dissociation (Richardson,
2002). In either case, transcript release is conjectured
to be caused by forces exerted on the RNA, produced
either by hairpin folding or by Rho displacement and
leading to forward translocation of the enzyme in the
absence of continued RNA synthesis (Park and Roberts,
2006; Yarnell and Roberts, 1999). Alternatively, termina-
tion may be produced by an allosteric mechanism,
where the hairpin or Rho factor binds to polymerase
and destabilizes the TEC (Toulokhonov et al., 2001). By
applying an external force to RNA, one can probe differ-
ences between direct mechanical and indirect allosteric
effects.
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Figure 1. Cartoon of Experimental Assays and Data Records, Not Drawn to Scale

(A) The RNA-pulling assay. RNAP (green) transcribing a DNA template (blue) is attached to a bead via an avidin-biotin linkage (yellow/black).
Nascent RNA (red) from the polymerase is hybridized to a 3 kb long DNA handle (green) via a 25 base overhang; the distal end of the handle
is attached via a digoxigenin-antibody linkage (black/purple) to the coverglass of a flow cell mounted on a 3D piezo stage. The optical trap
(pink) holds the bead at a fixed offset from the trap center, producing a constant restoring force. The stage is moved by feedback to compensate

for any elongation of the tether.

(B) The DNA-pulling assay for assisting load. The upstream end of the DNA template is attached to the coverglass surface via a digoxigenin-
antibody linkage; the nascent RNA remains unbound and free to form secondary structure.
(C) Nine representative transcription records (of n = 202) from the RNA-pulling assay (red), showing elongation of the nascent RNA (in nt) versus

time. Note transcriptional pauses.

(D) Six representative transcription records (of n = 87) from the DNA-pulling assay (blue), showing progress along the DNA (in bp) versus time.

Note transcriptional pauses.

To gauge the strength of RNA interactions with the
TEC and ascertain the effects of RNA secondary struc-
ture on transcription, we developed a new variant of
the single-molecule transcription assay for E. coli
RNAP. In our experimental geometry, force is applied
by an optical trap directly to the elongating RNA chain,
as opposed to the DNA template. Employing this assay,
we found that RNAP continues to transcribe despite
comparatively high loads applied to the RNA, indicating
that force alone (up to 30 pN) did not induce termination.
Force-extension curves (FECs) of transcripts demon-
strate that RNA secondary structure was completely
disrupted for forces higher than 18 pN, in broad agree-
ment with single-molecule measurements performed
on RNA and DNA hairpins. Transcriptional pauses
were characterized over a range of forces applied to
the RNA and compared directly to pauses in an assay
in which assisting load was applied instead to template
DNA. Pause lifetime and probability distributions
measured in these two assays are statistically indistin-
guishable, suggesting that RNA structure exerts com-
paratively little influence on ubiquitous transcriptional
pausing.

Results

RNA-Pulling Assay Shows the TEC Can Sustain

High Loads

Force was applied between the bead-attached polymer-
ase molecule and the nascent RNA, mediated by a DNA
molecule hybridized to the RNA, which served as a “han-
dle” (Figure 1A). We also employed a second assay
(Neuman et al., 2003) in which force was applied be-
tween the polymerase and the upstream end of the
DNA template (Figure 1B). In both cases, a stalled TEC
comprised of biotin-tagged RNAP (Tolic-Norrelykke
et al., 2004), template DNA, and a 29 nt long nascent
RNA transcript was bound to an avidin-coated bead.
For the RNA-pulling assay, the 5’ end of the RNA was hy-
bridized to a complementary overhang on a double-
stranded DNA (dsDNA) handle molecule that was bound
at its distal end to the coverglass through a digoxigenin-
antibody linkage. The DNA template remained free at
both ends. For the DNA-pulling assay, the template
DNA was attached directly to the coverglass surface at
its upstream terminus: in this case, the growing RNA
chain remained free at its 5’ end.
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For these experiments, transcription was restarted in
stalled TECs by the addition of saturating levels of
ribonucleotides to surface-tethered complexes (1 mM
NTPs), after which a bead was optically trapped and
its position monitored during elongation. Data were
acquired using a feedback arrangement that maintained
constant force on the RNAP by displacing the stage
to compensate for transcriptional motion. Records
obtained with the RNA-pulling assay were qualitatively
similar to those from the DNA-pulling assay (compare
Figures 1C and 1D), with periods of uniform elongation
rate interspersed with pauses. Lengthy transcription
records were obtained for loads on the RNA as high as
30 pN; beyond this, the frequency of tether rupture
increased dramatically, likely reflecting a disruption of
the antibody linkage. A monoclonal variant of this
linkage is known to break quickly at forces near 24 pN
(Neuert et al., 2006). In contrast, the 25 bp RNA:DNA
hybrid between the nascent chain and the handle is ex-
pected to support shearing forces in excess of ~40 pN
(Lang et al., 2004), while the biotin-avidin linkage sup-
ports forces in excess of ~160 pN (Florin et al., 1994).

When sufficiently high tension was applied, progres-
sive lengthening of the RNA was observed (force,
F = 22 pN; Figure 2A). However, when the force was
abruptly reduced, the apparent transcript length de-
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creased dramatically and remained nearly invariant (F =
7 pN; Figure 2A). Once force was restored, this length re-
turned to a level commensurate with the value extrapo-
lated from the period prior to force reduction, indicating
that RNA elongation had continued throughout the inter-
val of low force at the same rate. From this result, we con-
clude that the precipitous drop in extension is caused by
the formation of extensive secondary (and possibly ter-
tiary) structure in the RNA, causing the growing chain
to develop a highly compact shape at low loads.

Secondary Structure Is Removed above F= 18 pN

To quantitate RNA elongation, we needed to establish
the force sufficient to disrupt most secondary structure.
FECs for RNA transcribed by a complex that had stalled
prematurely were measured. Curves obtained using
monotonically increasing force showed a series of
jagged-sawtooth features that were not reproducible
in successive pulls (Figure 2B). Such features, reaching
up to 20 pN, correspond to the opening of secondary
structures that form in the absence of tension (Onoa
etal., 2003). By contrast, curves obtained with monoton-
ically decreasing force were consistently reproducible
and displayed a broad force plateau for intermediate
loads, reminiscent of the plateaus for ssDNA (Dessinges
et al., 2002), the Tetrahymena ribozyme (Onoa et al.,
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Table 1. Effect of ITP on Single-Molecule Assays with Loads
Applied to RNA or DNA

Force (pN) [ITP] Pause Density

Assay Direction (M) (kb™") (n)

RNA pulling 28 0 0.12 + 0.03 (46)
RNA pulling 28 200 0.20 + 0.10 (4)
DNA pulling 28 assisting 0 0.20 + 0.10 (24)
DNA pulling® 8 assisting 0 <0.03 (1)

DNA pulling® 8 assisting 200 0.15+=0.10 (2)
DNA pulling® 8 hindering 0 0.95 + 0.21 (56)
DNA pulling® 8 hindering 200 1.46 = 0.29 (26)

2Data from Shaevitz et al. (2003).

2003), and E. coli 16S rRNA structures (Harlepp et al.,
2003).

To model the force plateau and determine the force at
which RNA secondary structure is disrupted, we com-
puted theoretical FECs in the absence or presence of
numerous hairpins formed at random in a load-depen-
dent manner, based on the elastic properties of the
single- and double-stranded nucleic acids comprising
the RNA-dsDNA tether (Figure 2B; see also the Supple-
mental Data available with this article online). This sim-
ple model reproduces the basic features of the plateau,
consistent with the hypothesis that it arises from the for-
mation of multiple short RNA hairpins as load is relieved.
The propensity to form secondary structure sets the
minimal load necessary to recover the full transcriptional
extension of the RNA; based on our data, forces beyond
18 pN generate records free of secondary structure. This
value is consistent with results from a recent study of
DNA hairpins under load (Woodside et al., 2006).

Backtracking Is Inhibited in the RNA-Pulling Assay

Pulling the 5’ end of the RNA away from the polymerase
tends to promote forward (transcriptionally down-
stream) motion of the polymerase along DNA. Thus,
the effect of applying force to the RNA should be similar
to that of applying an assisting load that pulls the up-
stream end of the DNA away from the polymerase, as
in the experimental geometry of Neuman et al. (2003).
Assisting forces on the DNA are known to suppress tran-
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scriptional backtracking (Shaevitz et al., 2003). For this
reason, we anticipated that loads applied to RNA would
also inhibit pauses associated with backtracking. To
test this, we measured elongation in the RNA-pulling
assay in the presence of inosine triphosphate (ITP),
a GTP analog that induces long-duration, backtracking
pauses associated with misincorporation. Addition of
200 uM ITP to the reaction buffer did not result in a statis-
tically significant increase in the long-pause density, in
contrast to previous data for a hindering-load assay
(Table 1), indicating that pauses in the RNA-pulling as-
say are not due to backtracking.

Comparison of RNA-Pulling and DNA-Pulling

Pause Data

The role played by RNA structure in ubiquitous pausing
was probed by collecting transcriptional elongation re-
cords while applying a force of 26-30 pN to the RNA, suf-
ficient to disrupt secondary structure. The pause lifetime
distribution was determined by a pause-finding algo-
rithm that compares the dwell time in a record at a given
position with a velocity-dependent threshold, scoring
a pause whenever the threshold is exceeded (Adelman
et al., 2002); this distribution was normalized by the total
transcription time to supply the pause frequency (Fig-
ure 3). We compared pause distributions from the
RNA-pulling assay with an assisting-load DNA-pulling
assay. RNA is considerably more compliant than dsDNA
of comparable length for the loads explored here, giving
rise to larger thermal fluctuations in extension at a given
load. To compare pauses scored in the two different
types of assay, we numerically imposed a comparable
level of noise on the DNA-pulling records prior to analy-
sis (see Experimental Procedures). In the presence of
this additional noise, pauses >4 s duration were reliably
detected. A comparison of pause lifetime duration distri-
butions obtained from RNA- and DNA-pulling assays
agreed statistically (Figure 3, see Experimental Proce-
dures). Pause lifetime distributions for both assays
were fit by double-exponential functions and were con-
sistent with previous measurements (Neuman et al.,
2003).

Figure 3. Normalized Pause Lifetime Distri-

butions for RNA-Pulling and DNA-Pulling
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Lifetime distributions were scaled by total
number of seconds transcribed (RNA, t =
14,608 s, n = 132; DNA, t = 12,042 s, n =
122) to supply the overall frequency
(pauses/s). Bin widths were >1 s and scaled
to ensure >6 counts per bin; statistical errors
were computed from /n. (Inset) Semilogarith-
mic plot for DNA (filled triangles) and RNA
(open squares). Fits to DNA data, double ex-
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0.81; v = 3; p[x.?] = 0.48; four parameters);
single exponential (data not shown) 1 =2.7 +
0.3 (.2 =3.1; v = 5; p[y,?] = 0.009; two param-
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eters). Fits to RNA data, double exponential
7=0.6 = 0.2and 3.8 = 0.2s (2 = 0.99;
v = 3; p[x.2] = 0.39; four parameters); single
exponential (data not shown) 1 = 2.4 = 0.3
(xv2 = 3.31; v = 5; p[x,2] = 0.003; two parame-
ters). RNA-pulling assays are shown in red,
and DNA-pulling assays are shown in blue.
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Figure 4. Force Dependence of Velocity, Pause Characteristics, and Processivity

RNA-pulling data (open squares), DNA-pulling data (filled triangles). Fits to weighted means (black horizontal lines) rather than to lines (nonzero
slope) were justified by F tests. The low-force point at 18 pN was excluded from fits because it was deemed too close to the opening force for the

most stable hairpins. Estimated errors represent standard errors in (A) and (B) and bootstrap errors in (C)-(F).

(A) Mean velocity versus force; avg. = 8.6 = 0.7 nt/s.

(B) Mean pause duration versus force; avg. = 6.9 = 0.2 s.

(C) Pause density versus force; avg. = 1.2 = 0.1 kb™".

(D) Pause frequency versus force; avg. = 9.7 = 0.9 x 107 3s7",

(E) Pause strength (pause duration multiplied by frequency) versus force; avg. = 68 = 7 x 1073,

(F) Apparent processivity (distance to tether rupture) versus force.

Elongation Rates and Pauses Are Independent
of Force
In models in which pausing represents an off-pathway
state that is distinct from the normal elongation path-
way, entry into the pause state is in kinetic competition
with elongation (Herbert et al., 2006; Neuman et al.,
2003). To ensure that loads applied to the RNA did not
affect elongation kinetics, we measured the transcrip-
tional velocity between pauses as a function of force, us-
ing previously established methods (Neuman et al.,
2003). Velocity was approximately invariant over the ac-
cessible range (Figure 4A), with a global mean rate of
8.5 = 2.5 nt/s, comparable to the rate of the DNA-pulling
assay performed here (10.3 = 3.5 bp/s) and to values
from other single-molecule studies (Abbondanzieri
et al., 2005; Adelman et al., 2002; Neuman et al., 2003).
We also measured pause frequency (pauses/s), pause
density (pauses/kb transcribed), pause duration, and
pause strength (defined here as pause duration multi-
plied by frequency) as functions of load applied to the
RNA (Figures 4B-4E): these quantities were all fairly con-
stant over the accessible force range. Pause character-
istics for the RNA-pulling assay were similar to those
found in the DNA-pulling assay, as well as generally con-
sistent with previous measurements where assisting
and hindering load forces were applied to template
DNA (see Supplemental Data) (Neuman et al., 2003).

Apparent Processivity Is Independent of Force

on RNA

One current model for transcriptional termination
invokes a mechanical displacement of the RNA 3 end

from the enzyme active site (hypertranslocation), driven,
for example, by terminator-hairpin folding or by Rho-
driven translocation (Park and Roberts, 2006; Richard-
son, 2002; Yarnell and Roberts, 1999). This model
predicts that the application of significant force to the
nascent RNA would induce RNAP to release the
transcript prematurely. We tested this possibility by
determining the apparent enzyme processivity, i.e., the
average elongation of the RNA transcript prior to rup-
ture, for forces of 18-30 pN. Processivity was found to
be largely independent of force (Figure 4F). However,
for forces beyond 30 pN, processivity decreased, likely
due to premature breakage of the surface linkage. The
apparent processivity agreed, within error, with the
equivalent measure for the DNA-pulling assay, indicat-
ing that forces <30 pN applied to the RNA did not sub-
stantially reduce enzyme processivity. Moreover, U-rich
tracts encountered in the transcript (up to 6 nt within an
8 nt window) were not strongly correlated with rupture
position (see Supplemental Results and Discussion).

Discussion

Ubiquitous Pausing Unaffected by Force

on Nascent RNA

Heretofore, single-molecule studies of transcriptional
pausing have exerted forces only between the enzyme
and the template DNA (Adelman et al., 2004; Forde
et al., 2002; Neuman et al., 2003; Shaevitz et al., 2003).
The most recent studies show that the brief ubiquitous
pauses that occur roughly once per 100 bases are not
a consequence of enzyme backtracking. However, that
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work could not exclude the possibility that ubiquitous
pauses might be associated with RNA hairpin formation.
Indeed, hairpin formation would seem to be a plausible
explanation for ubiquitous pausing, given the high
frequency of the predicted formation of hairpins in
cotranscriptionally folded RNA, the well-characterized
regulatory pauses produced by hairpins known to exist
in biosynthetic operons (so-called “class I” pauses [Art-
simovitch and Landick, 2000]), and the long-recognized
role of hairpins in termination (Lee and Yanofsky, 1977).

Here, we studied transcription by single RNAP mole-
cules subjected to forces exerted between the enzyme
and the nascent RNA chain, sufficient to disrupt all sec-
ondary structure (18-30 pN; Figure 2B). Interestingly,
RNAP continued to exhibit ubiquitous pausing under
these circumstances. Because forces in the RNA-pulling
assay have the same directional sign as loads applied to
the upstream end of the template DNA in a DNA-pulling
assay, they tend to supply assisting loads that suppress
enzyme backtracking. That suppression was confirmed
by the addition of the nucleotide analog ITP, which
induces long-duration pauses at low or hindering
loads on DNA (Shaevitz et al., 2003) but which failed to
generate additional pausing here.

Comparisons among transcriptional records obtained
when loads are applied to DNA and to RNA are challeng-
ing, due to the increased level of thermal noise encoun-
tered in the latter, arising from the comparatively high
elastic compliance of RNA, which limits the time resolu-
tion for pauses to a few seconds. Nevertheless, parallel
studies of the two pulling assays obtained at equivalent
loads and analyzed with equivalent noise levels gave re-
markably similar results, with similar pause lifetimes and
densities (Figure 2, Table 1).

If hairpins were responsible for ubiquitous pausing at
low forces, it is still formally possible that the removal of
hairpins at high force is somehow compensated by an
effect of external load, which might substitute for the
role of hairpin formation by pulling directly on the RNA.
In this interpretation, the effect of external load (or hair-
pin folding) is to transiently displace the 3’ end of RNA
from the active site, producing a hypertranslocated
state that renders polymerase incompetent for further
elongation (Artsimovitch and Landick, 2000). However,
any such compensation of load for hairpin folding would
need to be fairly exact, because pause rates scarcely
differ between DNA-pulling assays (where no load is ap-
plied to RNA) and RNA-pulling assays. Moreover, there
is no effect of load on pause frequency in DNA-pulling
assays (Neuman et al., 2003). One would expect the
degree of hypertranslocation-induced pausing to be
closely correlated with the amount of load placed on
the RNA, which is contrary to observation (Figure 4), at
least over the range of force that could be usefully
explored here. Nevertheless, it remains possible that
load on the RNA induces hypertranslocation pausing
but that this phenomenon saturates for forces above
20 pN, beyond which pause characteristics are indepen-
dent of force; we consider this unlikely.

The available single-molecule data suggest that nei-
ther RNA hairpins, backtracking, nor hypertranslocation
is responsible for ubiquitous pauses. Potential mecha-
nisms for ubiquitous pausing have been proposed;
these include fraying of the RNA 3’ end away from the

active site, conformational rearrangements of the so-
called “bridge helix” and “trigger loop,” and hyperex-
tension of the RNA:DNA hybrid (Bar-Nahum et al.,
2005; Gnatt et al., 2001; Herbert et al., 2006; Landick,
2004; Neuman et al., 2003). The absence of hairpin,
backtracking, and hypertranslocation effects is consis-
tent with the idea that ubiquitous pausing represents
an elemental pause state from which subsequent rear-
rangements (e.g., hairpin formation or backtracking)
create long-lived pauses (Artsimovitch and Landick,
2000; Erie, 2002; Toulokhonov and Landick, 2003; Her-
bert et al., 2006).

Given their frequency in nascent RNA, why don’t the
majority of hairpins stabilize pauses? Disruption of the
his pause hairpin does not completely abolish the asso-
ciated pause (Chan and Landick, 1993; Toulokhonov
and Landick, 2003), and the effect of the hairpin appears
to require a precisely spaced interaction with the § flap
of RNAP near the RNA exit channel (Toulokhonov
et al., 2001). Thus, hairpin pausing would require both
a sequence signal to trigger entry into the elemental
pause state and the subsequent formation of an appro-
priately spaced hairpin (Artsimovitch and Landick, 2000;
Erie, 2002; Herbert et al., 2006; Toulokhonov and Land-
ick, 2003). In this scenario, any RNA hairpins that do not
coincide with an elemental pause signal will not affect
pausing. Furthermore, hairpins that form near an ele-
mental pause signal but fail to interact allosterically
with the enzyme will not stabilize the pause.

A Sliding Clamp May Help Maintain Association

of RNA with the TEC

Even when forces up to 30 pN are applied to the nascent
RNA, RNAP is able to maintain a functional TEC, with
negligible changes in the kinetics, pause characteris-
tics, or processivity. These loads are comparable to
the maximum forces that have been applied to template
DNA (30-35 pN; Neuman et al., 2003). They are also
larger than the forces sufficient to shear a 10 bp long
DNA duplex (~20 pN at low loading rates; Strunz
et al., 1999). The DNA:RNA heteroduplex inside RNAP
is just 8-9 bp long; pulling the RNA away from RNAP
should exert a shearing force on this hybrid. Clearly,
significant protein-nucleic acid interactions must con-
tribute to keeping the RNA stably bound.

To explain this stability, we favor a sliding-clamp
model where protein-nucleic acid contacts prevent
TEC dissociation (Korzheva et al., 2000). Crosslinking
studies show the bacterial enzyme to be in close prox-
imity to the RNA at both the front and rear ends of the
RNA:DNA heteroduplex (Korzheva et al., 1998). Studies
of eukaryotic RNA polymerase Il suggest analogous sta-
bilizing contacts with phosphates along the RNA:DNA
hybrid, and spatial confinement inside the protein chan-
nel may provide additional stabilization (Gnatt et al.,
2001; Kireeva et al., 2000). Pulling the RNA strand from
a confined protein channel would be inhibited by steric
clashes between bases as the two strands of the hybrid
attempted to slide past one another. Slippage of the
entire hybrid would be discouraged by further contacts
between protein and DNA and because reducing the
hybrid length is energetically unfavorable.

In the context of the sliding clamp, our results offer
a natural explanation for the failure of most hairpins to
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induce dissociation except at intrinsic terminators
(Korzheva et al., 2000). As the terminator hairpin starts
to fold, it exerts a force on the RNA; we estimate the
maximal force from such a hairpin to be ~20 pN (see
Supplemental Data). For the majority of transcript
sequences, such forces are insufficient to lead to RNA
release, as shown by our data. At terminator sites, how-
ever, the RNA in the hybrid consists of a U-rich tract that
forms a weaker hybrid and offers minimal steric hin-
drance when sliding past complementary adenosine
bases in DNA, leading to release at lower forces. Mech-
anisms that destabilize the RNA:DNA hybrid could
further facilitate RNA release, including hairpin-stem in-
vasion (Korzheva et al., 2000), allostery (Toulokhonov
et al., 2001), or forward translocation (Santangelo
and Roberts, 2004; Yarnell and Roberts, 1999).
Future RNA-pulling experiments using defined termina-
tor sequences may clarify the role of force in intrinsic
termination.

Rho protein has been proposed to induce termination
by pulling the RNA from the polymerase, hydrolyzing 1
ATP/nt translocated (Richardson, 2002). In a cell, Rho
ATPase can expend ~80 pN-nm per ATP, which corre-
sponds to an upper bound force of ~130 pN exerted
over a distance of 0.6 nm (the separation of bases in
ssRNA). The actual force developed is likely to be less
than this amount but nevertheless must exceed a lower
bound of 30 pN, set by these measurements, to cause
release of RNA through a force-dependent mechanism
in the absence of a weak hybrid.

Cotranscriptional Folding Studied

with the RNA-Pulling Assay

In closing, we note that the RNA-pulling assay geometry
developed for this work is able to apply a range of con-
trolled forces to the nascent RNA during transcription.
The current study focused on the use of force in the
high range (F > 20 pN), sufficient to disrupt secondary
structure in transcripts during elongation. However,
the data of Figure 2 indicate that it is also feasible to
carry out transcription under essentially unloaded con-
ditions (F < 7 pN), where the growing RNA chain folds
cotranscriptionally. The complex shapes of stretching
curves performed after transcript growth reveal that
substantial structure is formed (Figure 2B). By compar-
ing features observed to unfold during the initial pull
with those that later reform and open during subsequent
pulls, it should be possible to characterize cotranscrip-
tional folding elements in a variety of RNA structures
of interest.

Experimental Procedures

Experimental Assays

Preparation of samples and calculation of tether length for the DNA-
pulling assay were performed as described (Neuman et al., 2003).
The 4954 bp template DNA for the RNA-pulling assay was created
by PCR from plasmid pRL732, which contains the rpoB gene follow-
ing the T7A1 promoter (Neuman et al., 2003). The promoter site was
located at positions 1093-1144, leading to a maximum possible RNA
transcript of 3811 nt. The DNA handle was created by autosticky
PCR (Lang et al., 2004) of the M13mp18 plasmid using two primers:
one had a 5’ digoxigenin linker molecule, and the other primer was
50 nt long with a 24 nt hybridization region, followed by an abasic
site and a 25 nt overhang. The PCR product was a 3057 bp DNA
with a 25 nt single-stranded overhang that was complementary to

the initial 25 bases of the nascent RNA generated from the pRL732
template.

Buffers, beads, reagents, and flow cells were prepared as in Neu-
man et al. (2003); these were common to both assays unless noted.
Stalled transcription complexes (8 ul at 2-4 nM, see Supplemental
Experimental Procedures) were mixed with an approximately equi-
molar quantity of DNA handle and a 3-fold molar excess of 500 nm
avidin DN-coated beads for 1 hr. Flow cells were incubated with
20 pg/ml antidigoxigenin polyclonal antibody (Roche Molecular Bio-
chemicals) dissolved in 100 mM phosphate buffer (pH 8.0) and were
washed after 1 hr with 200 ul transcription buffer (50 mM HEPES [pH
8.0], 130 mM KCI, 4 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, 20 ug/ml
heparin, 5 mg/ml BSA). Microscope flow cells were then perfused
with 12 pl of diluted complex-handle-bead mixture and incubated
for 1 hr, followed by a final wash with 200 pl transcription buffer.
TECs were prescreened for single tethers (see Supplemental Exper-
imental Procedures).

Data Collection

Data were collected using the apparatus described in Neuman et al.
(2003). A position-sensitive diode (Pacific Silicon Sensors) was used
to detect displacements in two dimensions in the specimen plane
(Neuman et al., 2005). We estimate the uncertainty in force due to
calibration errors and bead size variations at ~5%-10%. Position
data were filtered at 1 kHz by an 8 pole lowpass Bessel filter, ac-
quired at 2 kHz using custom software (written in LabVIEW), and an-
alyzed using Igor. Data were boxcar averaged over a 20 point win-
dow to supply a 100 Hz signal that controlled stage feedback for
the force clamp. Tether lengths were calculated as described in
Supplemental Experimental Procedures.

Pause Detection and Data Analysis

Initial and terminal pauses were excluded from analysis. Long
pauses (>25 s) were scored by eye to circumvent problems associ-
ated with long-term drift. Short pauses (4-25 s) were determined by
an automated algorithm (Adelman et al., 2002). In brief, the dwell
time was computed at every position in a record and smoothed
with a 10 s boxcar filter. Peaks in the dwell time distribution corre-
spond to pauses; pause durations were determined by integrating
these peaks. For RNA-pulling assays, pauses >4 s could be detected
reliably; this limit was confirmed by simulations, as follows. Artificial
records were generated from a model pathway consisting of a single
elongation step acting in kinetic competition with transitions to two
pause states (this model generates a constant elongation rate inter-
spersed with pauses drawn from a double-exponential distribution).
Transcription elongation rates, pause entry/exit rates, and branch-
ing ratios were adjusted to match the experimental data of Neuman
et al. (2003). The noise power spectrum was determined from
a stalled RNA-pulling tether, and the corresponding spatial distribu-
tion was added to the simulated records. Analysis by the automated
algorithm confirmed that 94% of pauses were detected with a 3%
false-positive rate above 4 s.

Noise levels in RNA- and DNA-pulling records were evaluated by
plotting the SD of the position computed in 10 s windows against
the average template position. Noise in RNA records increased
faster with elongation and was twice that of the equivalent DNA re-
cords by ~1300 nt. Noise affects pause detection efficiency. To fa-
cilitate comparisons of pausing with RNA records, the magnitude of
noise in a DNA record was artificially increased by first subtracting
a smoothed (10 s filter) version of the record, then rescaling the re-
sidual according to the formula new noise =residual x (1 + [# bases]/
1300 nt) and adding the result back to the smoothed record.

To compare pause lifetime distributions (Figure 3), we applied the
Kuiper variant of the Kolmogorov-Smirnov (KS) test, which mea-
sures the separation of the normalized cumulative distribution func-
tions for the two unbinned data sets (Press, 2002). This test has the
advantage that there is no loss of information associated with bin-
ning. The KS test returned p = 0.60, indicating a <40% chance that
the two experimental distributions were inconsistent with the
same parent distribution. For a simulation of two data sets drawn
from an identical parent distribution and containing the same num-
ber of points as the experimental data (npya = 132 and ngna =
122), the KS test returned p = 0.53 = 0.30.
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Supplemental Data

Supplemental Data include Supplemental Results and Discussion,
Supplemental Experimental Procedures, Supplemental References,
three figures, and one table and can be found with this article online
at http://www.molecule.org/cgi/content/full/23/2/231/DC1/.
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