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Backtracking determines the force sensitivity of
RNAP II in a factor-dependent manner
Eric A. Galburt1*{, Stephan W. Grill1*{, Anna Wiedmann2, Lucyna Lubkowska5, Jason Choy{, Eva Nogales1,2,4,
Mikhail Kashlev5 & Carlos Bustamante1,2,3,4

RNA polymerase II (RNAP II) is responsible for transcribing all
messenger RNAs in eukaryotic cells during a highly regulated pro-
cess that is conserved from yeast to human1, and that serves as a
central control point for cellular function. Here we investigate the
transcription dynamics of single RNAP II molecules from Sacchar-
omyces cerevisiae against force and in the presence and absence of
TFIIS, a transcription elongation factor known to increase tran-
scription through nucleosomal barriers2. Using a single-molecule
dual-trap optical-tweezers assay combined with a novel method
to enrich for active complexes, we found that the response of
RNAP II to a hindering force is entirely determined by enzyme
backtracking3–6. Surprisingly, RNAP II molecules ceased to tran-
scribe and were unable to recover from backtracks at a force of
7.56 2pN, only one-third of the force determined for Escherichia
coliRNAP7,8.We show that backtrack pause durations follow a t23/2

power law, implying that during backtracking RNAP II diffuses in
discrete base-pair steps, and indicating that backtracksmay account
formost of RNAP II pauses. Significantly, addition of TFIIS rescued
backtracked enzymes and allowed transcription to proceed up to a
force of 16.96 3.4 pN. Taken together, these results describe a reg-
ulatory mechanism of transcription elongation in eukaryotes by
which transcription factors modify the mechanical performance
of RNAP II, allowing it to operate against higher loads.

Promoter-based initiation of the 12-subunit RNAP II requires the
complex assembly of a host of multi-component general transcrip-
tion factors1,9 and has therefore eluded researchers attempting to
follow eukaryotic transcription at the single-molecule level. To over-
come this difficulty, we adapted a previously described method that
bypasses promoter-based initiation and assembles elongation com-
plexes piecewise in the absence of factors10 (Supplementary Infor-
mation). Sporadic single-molecule activity was observed in this way
(data not shown). To establish a robust assay, we increased the pro-
portion of active elongation complexes by selecting for enzymes that
responded to an initial nucleotide triphosphate (NTP) pulse (Fig. 1a,
and Supplementary Information). Complexes that transcribed to a
nucleotide starvation stall site protected an overlapping restriction
site from digestion by the corresponding endonuclease. Inactive
complexes failed to protect the restriction site andwere digested away
(Fig. 1a, and Supplementary Information). This pulse–digest method
increased the yield of active elongation complexes approximately
fivefold (data not shown).

After pulse–digest, a single ternary complex with 9.8 kb of template
DNA was tethered between two polystyrene beads held in place by
two single-beam optical traps6,11,12 (Supplementary Information).
On addition of 1mM NTPs, RNAP II began to translocate along
the DNA, shortening the tether between the two beads (Fig. 1b,

and Supplementary Fig. 1). Force was monitored in both traps using
laser beamdeflections and the average value was converted to enzyme
position along the template with the worm-like-chain model for
DNA elasticity13 (Supplementary Information). We observed con-
tinuous runs of transcription interrupted by pauses (Fig. 1c), which
were scored and removed with a velocity-threshold algorithm to
obtain a pause-free elongation velocity14. The average pause-free
velocity was 12.26 4.5 nucleotides per second (N5 33, mean6 s.d.
unless otherwise noted; Fig. 2b, Supplementary Fig. 7 and Supplem-
entary Table 1), which is comparable to bulk data from RNAP II15

and to single-molecule data from the bacterial enzyme7,11,16. An
experiment ended when, having ceased to transcribe, no resumption
of activity was observed for 10min. These experiments revealed that
RNAP II was able to transcribe up to forces of 7.56 2.0 pN (Fig. 2a,
and Supplementary Table 1). Interestingly, although the eukaryotic
enzyme translocates at rates comparable to those of its prokaryotic
counterpart, it can only transcribe against a force about one-third
that of the bacterial enzyme8,16,17.

Next, we looked at the relationship between pause-free velocity and
force8,16. Because velocity differed significantly between enzymes8,16,17

(Fig. 2b), we preserved the force–velocity (F–V) relationship of indi-
vidual enzymes by normalizing both variables8. Pause-free velocity
shows no force dependence up to the average force of 7.5 pN (Fig. 2c),
indicating that under physiological and saturating NTP concentra-
tions, translocation is not rate limiting at these forces (also true at
120mM NTP, data not shown). At 7.5 pN, transcription rates drop
sharply to zero in contrast to the gradual decrease observed for the
bacterial enzyme8,11. We then asked whether this sharp decrease is due
to enzyme translocation becoming rate limiting at 7.5 pN or if it
reflects the force sensitivity of another process. A single-parameter
fit of the F–V relationship to a generalized Boltzmann scheme8

yielded an unphysical distance to the translocation transition state
of 1526 8 nucleotides. This suggests that the force dependence of a
process other than NTP-dependent forward translocation determines
the behaviour of the eukaryotic enzyme in this force regime. Thus,
7.5 pN is not themaximum force thatRNAP II can generate (that is, its
thermodynamic stall force), but instead represents an ‘operational
force limit’.

What is the physical origin of the strong force sensitivity observed
around 7.5 pN? Data obtained at the maximum spatial resolution
allowed by our experiments (,3 nucleotides) revealed that arrest
strongly correlates with a lengthening of the tether, an observation
consistent with backtracking (Fig. 1c, inset). Backtracking is inde-
pendent of NTP hydrolysis and involves a process wherein the
enzyme moves upstream on the DNA template while the RNA–
DNA register is maintained. This process results in an inactive state
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because the 39-end of the transcript is no longer at the active site3,4,18

(Supplementary Fig. 2). Fifty per cent of all the experiments ended
with a terminal backtrack, with an average length of 7.26 3.0 nucleo-
tides. We note that the real average terminal backtrack distance must
be considerably smaller (we estimate ,3 nucleotides) because we
expect to miss a significant fraction of backtrack events less than
3 nucleotides in size (Supplementary Fig. 3). These observations
strongly implicate backtracking as the origin of the force sensitivity
of the enzyme at 7.5 pN.

Because the backtracked state is physically displaced along the
template, an applied force should affect either the rate of entry to
or the rate of exit from this backtracked state, or both. Thus, we
sought to characterize the force dependence of these rates. By looking
at the effects of assisting force on arrest, studies on the bacterial

polymerase have inferred that force primarily affects the ability of
the enzyme to recover from backtracks16. To determine the force
dependence of backtrack return for the eukaryotic enzyme, we mea-
sured the fraction of observed backtracks that did not recover within
10min in different force ranges (Fig. 3a, filled red circles). The return
probability is highly sensitive to force: above 8 pN, less than 50% of
the enzymes are able to recover from the backtracked state. To deter-
mine the force dependence of backtrack entry, we measured the
probability of observing a backtrack event within one second of active
transcription. Below the operational force limit of the enzyme, this
probability is 0.026 0.012 and exhibits no force dependence (Fig. 3a,
filled blue circles). To conclude, force does not significantlymodulate
the probability of entering a backtracked state in the operational
force range of the enzyme. The probability of returning from the
backtracked state is, however, highly force sensitive and the response
of RNAP II to force in the absence of factors is entirely dominated by
this effect.

We have shown that RNAP II can only transcribe against a force
about one-third that of its bacterial counterpart as it can no longer
return from the backtracked state. The maximum force that RNAP II
can generate during translocation, however, should be higher than
this operational force limit. To measure this thermodynamic stall
force, we devised an experiment that would allow us to observe
transcription at forces beyond the operational force limit of
RNAP II. To this end, we performed ‘force jump’ experiments during
active enzyme translocation19. In these experiments, the force on the
enzyme was rapidly increased by suddenly displacing one of the two
traps (Supplementary Fig. 4). After one second, the original position
of the trap was restored, and the velocity of the enzyme during the
jump was measured. In these experiments, enzymes were seen to
transcribe beyond the operational force limit determined above.
Transcription was observed for 50% (6/12) of jumps between 14 to
20 pN, for 17% (1/6) of jumps between 20 to 25 pN, and 0% (0/12) of
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Figure 2 | Force–velocity analysis. a, A gaussian fit of the histogram of
forces reached shows that RNAP II ceases transcription at a force of
7.56 2.0 pN (mean6 s.d., R25 0.82,N5 33). b, A gaussian fit of the pause-
free transcription velocity histogram yields an average of 12.26 4.5 nt s21

(mean6 s.d., R25 0.85, N5 33). c, Normalized force–velocity curve
(Supplementary Information). Velocity is uncorrelated with force (error
bars, s.e.m.) for normalized forces smaller than 1 (r25 73 1023). The solid
line represents a fit to a generalized Boltzmann scheme8 (single parameter
fit, R25 0.97).
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Figure 1 | Single-molecule transcription. a, Elongation complexes are
formed as previously described10 (Supplementary Methods; biotinylated
RNAP II, blue with green star; digoxigenin, yellow star) and ligated to the
transcription template. After pulse–digest, inactive complexes (yellow
shading) are digested away and only active complexes (green shading) can
form tethers. b, Passive mode dual-trap optical tweezer. After adding NTPs,
transcription begins, the tether shortens and the load increases
(Supplementary Fig. 1). c, Template position and force versus time (100Hz
bandwith, 3rd order Savitzky–Golay filter with time constant of 2.5 s).
Enzymes exhibit elongation (black), pausing (red), backtracking (blue
arrows and inset) and arrest. Nucleotides, nt.
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jumps over 25 pN. Enzymes that continued to transcribe in these
experiments displayed pause-free velocities not significantly different
from velocitiesmeasured at lower forces (data not shown), indicating
that translocation is still not rate limiting at these increased forces.
These results indicate that the thermodynamic stall force of RNAP II
is higher than 20 pN at physiological NTP concentrations. Signifi-
cantly, measurements of transcriptional velocity beyond ,25 pN
were foiled because the probability of backtracking within one
second increased dramatically (Fig. 3a, filled blue squares): 17/21
enzymes backtracked during the jump at jump forces beyond
20 pN, and 100% (7/7) of enzymes backtracked above 30 pN. In
conclusion, both backtrack entry and exits are sensitive to force,
however, the former only at very high forces, whereas the latter
determines the operational force limit of the enzyme.

We have shown that the main response of RNAP II to force is
backtracking, which causes the enzyme to pause. Next we ask if it
is possible that all transcriptional pauses in RNAP II are due to back-
tracking. However, with a resolution of 3 to 4 nucleotides at physio-
logical NTP concentrations11, it is not possible to determine whether
or not brief pauses are associated with backtracking events. Speci-
fically, backtrack displacements of a couple of nucleotides will not be
recognized (Supplementary Fig. 3 and Supplementary Information).
Because it is easier to determine the duration of a pause than its
backtracking distance, we identified enzyme pauses with a computer
algorithm and analysed the distribution of pause lifetimes14. Analysis
of the pause time durations (t) revealed that the distribution of pause

lifetimes follows a t23/2 power law (Fig. 3c, and Supplementary
Information). This observation implies a mechanism in which, dur-
ing a pause, a polymerase diffuses among many intermediate states
and ends the pause when it diffusively realigns the dislocated 39-end
of the transcript with the active site to resume elongation.
Significantly, all pause durations, short and long, follow this power
law distribution, implying that the molecular mechanism underlying
most transcriptional pauses in RNAP II is the same, that is, diffusive
backtracking. Note that the distribution deviates from the t23/2

power law only for pauses longer than 10 s, as is to be expected from
the effect of the opposing force on the polymerase (manuscript in
preparation).

Because the operational force limit of the enzyme is determined by
the force dependence of exit from backtracked states, it follows that
the enzyme should be able to transcribe to higher forces in conditions
that increase its probability to return from these states. Specifically,
the polymerase would be expected to transcribe up to forces in the
20 pN range, where the probability of backtracking would limit tran-
scriptional progress (Fig. 3a). To test this prediction, we performed
experiments in the presence of the transcription factor TFIIS. This
factor is involved in both the initiation and elongation of RNAP II20,
is functionally homologous to the Gre factors in bacteria21, and may
have an important role in RNA proofreading22. TFIIS binds RNAP II,
catalyses the enzyme’s intrinsic RNA cleavage activity, and rescues
backtracked states by producing a new 39-end that is aligned with the
enzyme’s active site23,24 (Supplementary Fig. 2).
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Figure 3 | Backtrack entry and exit. a, The probability of entering a
backtrack within one second of transcription (blue markers) and the
probability of returning from a backtrack within 10min (red markers)
versus force. Data are shown in the absence (filled markers) and presence
(open markers) of TFIIS, and arrows indicate the respective forces reached.
Square markers represent data from force jump experiments. Error bars
represent s.e.m. and solid lines indicate trends. b, Illustrated kinetic schemes
for three regions of force where return to elongation (E) froma backtrack (B)
is likely (green), unlikely (white and yellow) and where backtrack entry is

likely (yellow). c, Distribution of measured pause durations with a single-
parameter fit of a t23/2 power-law (R25 0.84). d, Template position and
force versus time in the presence and absence of TFIIS (Supplementary Fig.
5). e, Illustrated scheme in the presence of TFIIS. f, An example of cycles of
backtracking and TFIIS rescue at 18 pN. g, Histogram of forces reached in
the presence of TFIIS. Instances of cycling between backtracking and rescue
are indicated in dark grey. Solid lines indicate a double gaussian fit with
means of 8.56 2.0 and 16.56 3.5 pN (mean6 s.d., R25 0.96, N5 32).
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TFIISwas expressed andpurified as described23 and introduced at a
saturating concentration (600 nM), concomitant with NTPs. Seventy
five per cent of the runs obtained in the presence of TFIIS (24/32)
were not significantly different from runs obtained in the absence of
TFIIS (Fig. 3g, and Supplementary Information). However, 25% of
the transcription runs (8/32) exhibited a dramatic change in beha-
viour (Fig. 3d): instead of arresting after a terminal backtrack, these
enzymes never ceased to transcribe but repeatedly switched between
backtracking and active transcription (Fig. 3d, f, and Supplementary
Fig. 5) and translocated to significantly higher forces (16.96 3.4 pN,
Fig. 3d, g). This behaviour was never observed in the absence of TFIIS
(0/33). At this new operational force limit, the average distance back-
tracked before rescue equals the average distance transcribed before
entering a backtracked state (Fig. 3d, f, g). Again, pause-free velocity
was unchanged even at the increased opposing forces accessible in
the presence of TFIIS (Supplementary Fig. 6). To conclude, TFIIS
increases the operational force limit of RNAP II more than twofold
by accelerating backtrack exit and allowing the polymerase to pro-
ceed to forces where the rate of backtrack entry is significantly in-
creased (Fig. 3a). These results rationalize observations that TFIIS
promotes transcription through transcriptional blocks such as the lac
operon repressor25 and the nucleosome in vitro2. Additionally, they
predict that bacterial enzymes might transcribe to higher forces in
GreB’s presence.

The low intrinsic operational force limit of RNAP II, coupled with
the dramatic effect of TFIIS, indicates the possibility of transcrip-
tional regulation through a TFIIS-dependent switch of the poly-
merase’s operational force limit. Although it does not seem that
TFIIS levels are regulated directly in yeast (C. M. Kane, personal
communication), the ability of TFIIS to bind the polymerase is regu-
lated by additional factors in multi-cellular eukaryotes26. The results
described here set the stage for the investigation of eukaryotic tran-
scription elongation through nucleosomal arrays in the presence and
absence of transcription elongation factors, using single-molecule
manipulation methods.

METHODS
A detailed description of materials and methods is given in Supplementary
Information.
Transcription initiation. Elongation complexes were formed through the
ordered addition of a 54 nucleotide template DNA, 9 nucleotide RNA primer,
biotinylated RNAP II, and complementary 50 nucleotide non-template DNA
strand10,27. Elongation complexes were then ligated to a 9.8 kilobase double-
stranded DNA template with a downstream digoxigenin label. Oligonucleo-
tide sequences and other details are provided in Supplementary Information.
Optical trapping.The optical trap used for these experiments is based on a setup
previously described28. To reduce drift, the dual-beam, single-trap setup was
converted to a single-beam, dual-trapmachine by slightly overfilling each objec-
tive. The experimental setup is described in more detail in the Supplementary
Information.
Backtrack detection. Backtracks were detected by looking at the first 4 s of a
pause and asking whether the enzyme moved backwards by more than 3 nucleo-
tides. These strict limits ensured that backtrack signals were not generated by
noise.
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