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The central dogma of molecular biology
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Regulation of transcription is the most common form of genetic control 



Transcription is a complex process

3Mooney et al. J. Bact (1998)



RNA polymerase (RNAP) carries out transcription
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Levitated experiment avoids noise and drift
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Massively Parallel Serial Enzymology!
(but very precise ...)

Shaevitz et al. Nature (2003)



Transcription assay in an optical trap
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RNAP motion in the optical trap
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RNAP advances in single bp steps (3.4 Å)

8Abbondanzieri et al. Nature (2005)



Automated analysis finds same step size
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Using single proteins to sequence DNA

Greenleaf et al. Science (2006) 10

We make two mistakes out of 32 bases = 94% correct!



Force as a control variable
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k(F ) = k(F = 0)eFδ/kBT

Use force as a control variable like 
temperature or substrate concentration etc...

Force dependent reactions involve physical 
motion and are slowed due to the energy 
required to move against the force.
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Three competing models of elongation
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Yin and Steitz Cell (2004) Guajardo and Sousa J Mol Biol (1997) Zhang and Burton J Mol Biol (2004)

Gong et al. Mol Cell (2005)
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Phosphate-release power stroke
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v(F, [NTP ]) =
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Here, δ is the distance 
to the transition state:
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Two brownian ratchet models

14

vmax =
kp[NTP ]

KD + [NTP ]

Kδ(F ) = Kδe
−Fδ/kBT

F1/2 =
kBT

δ
ln

(

KDKδ + AKδ[NTP ]

KD + [NTP ]

)

F1/2 =
kBT

δ
ln

(

KDKδ

KD + [NTP ]

)



We remove backwards motion (a separate pathway)
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Force data rules out Power Stroke model
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Power Stroke Model
Brownian Ratchet
Brownian Ratchet with 
secondary NTP binding 
site



Pauses occur on many time scales
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Pausing occurs on many timescales 
and is the main method of regulation 
during elongation. 

Pausing:

1.allows for the recruitment of factors 
(DNA repair etc.)

2.serves as a precursor for 
termination and arrest

3.used during proofreading

4.couples transcription to translation 
in prokaryotes

5.couples transcription to splicing 
and polyadenylation in eukaryotes

6.transcription factors can modulate 
pausing to control the overall rate of 
RNA synthesis



Two main mechanisms of pausing
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Backtracking Pause Hairpin Pause

Formed by weak DNA:RNA hybrid (?)
Used to allow factor recruitment
Example: ops pause in E coli -- Backtracking 
leads to binding of RfaH factor that 
suppresses early termination

Secondary structure in RNA strains RNAP 
causing a pause (not clear?)
Found in leader region of operons in bacteria 
to synchronize RNAP with ribosomes during 
attenuation. Modification of secondary 
structure by factors can regulate this
Example: his pause near beginning of 
histidine operon in E coli



A repeating pause sequence

19

Repeat pause can be used as fiducial 
references to study sequence 
dependance.



Aligned single molecule data shows many sequence dependent pauses 
and agrees with bulk data

20

To identify pause sites, data from each of the eight re-
peat regions were combined to generate average dwell-
time histograms for his and ops repeat motifs separately
(Figure 2D). This 8-fold averaging procedure assumes
that the behavior of an enzyme encountering each suc-
cessive motif is statistically equivalent. Distinct peaks
are evident not only at the locations of the imbedded his
and ops sites, as anticipated, but also at four additional
sites found in the flanking regions (labeled a through d).
The similarity of the histograms throughout the common
flanking regions of the two templates illustrates the repro-
ducibility of this technique. In particular, the relative dis-
tances computed between distal pairs of pauses (a–d)
on the two templates agreed to within 0.14 bp, indicative
of the level of precision attained. To compare single-mol-
ecule pauses with traditional gel-based assays of tran-
scription, a simulated gel image was computed for the

his repeat region (Figure 2E, left). The simulated image dis-
played excellent agreement with an actual gel from a con-
ventional transcription assay carried out on a correspond-
ing sequence from the his repeat template (Figure 2E,
right).

RNAP Pause Positions with Respect to DNA
Translocation and RNA Elongation
These high-resolution data allowed us for the first time to
correlate positions of paused RNAPs on DNA with the
lengths and sequences of RNA transcripts. We deter-
mined the sequences of the RNA transcripts at pause sites
using transcription gels and RNA sequencing ladders
(Supplemental Data; Figure 3). The his and major ops
pause positions were identical to those found previously
(Artsimovitch and Landick, 2000). However, only one of
the two previously observed minor ops pause sites was

Figure 2. Record Alignment and Pause
Locations Identified
(A–C) Dwell-time histograms were compiled for

each transcriptional record as a function of po-

sition. The logarithms of these histogramswere

then averaged for groups of records, as follows:

(A) Average log dwell-time histogram for his

records (n = 53) before any rescaling or offsets

applied.

(B) Average log dwell-time histogram for termi-

nating his traces (n = 27) after initial rescaling

and alignment of records at the termination site.

(C) Average log dwell-time histogram for all his

traces (n = 53) after final alignment.

(D) Average log dwell-time histogram for

aligned data computed from all eight repeats

for the his repeat motif (red; n = 53 molecules,

310 records) and the ops repeat motif (ma-

genta; n = 61 molecules, 419 records), shown

with the bootstrapped standard deviations

(white). Background color indicates origin of

the underlying sequences: rpoB gene (green),

restriction sites used for cloning (light blue), reg-

ulatory pause region (pink), opspause site (dark

gray), his pause site (light gray). Major pause

sites are labeled.

(E) Comparison of single-molecule and bulk

transcription data. A simulated transcription

gel was created from the dataset in (D) using

a grayscale proportional to the peak height

and scaling the position logarithmically to ap-

proximate RNA gel mobility. [a-32P]GMP-

labeled transcription complexes were incu-

bated with 250 mM NTPs, quenched at times

between 0 s and 180 s, and run on a denaturing

polyacrylamide gel. Lane L shows the MspI

pBR322 ladder; lane C is a chase. Lines are

drawn between corresponding bands identified

in single-molecule and gel data, color coded as

in (D).

1086 Cell 125, 1083–1094, June 16, 2006 ª2006 Elsevier Inc.

To identify pause sites, data from each of the eight re-
peat regions were combined to generate average dwell-
time histograms for his and ops repeat motifs separately
(Figure 2D). This 8-fold averaging procedure assumes
that the behavior of an enzyme encountering each suc-
cessive motif is statistically equivalent. Distinct peaks
are evident not only at the locations of the imbedded his
and ops sites, as anticipated, but also at four additional
sites found in the flanking regions (labeled a through d).
The similarity of the histograms throughout the common
flanking regions of the two templates illustrates the repro-
ducibility of this technique. In particular, the relative dis-
tances computed between distal pairs of pauses (a–d)
on the two templates agreed to within 0.14 bp, indicative
of the level of precision attained. To compare single-mol-
ecule pauses with traditional gel-based assays of tran-
scription, a simulated gel image was computed for the

his repeat region (Figure 2E, left). The simulated image dis-
played excellent agreement with an actual gel from a con-
ventional transcription assay carried out on a correspond-
ing sequence from the his repeat template (Figure 2E,
right).

RNAP Pause Positions with Respect to DNA
Translocation and RNA Elongation
These high-resolution data allowed us for the first time to
correlate positions of paused RNAPs on DNA with the
lengths and sequences of RNA transcripts. We deter-
mined the sequences of the RNA transcripts at pause sites
using transcription gels and RNA sequencing ladders
(Supplemental Data; Figure 3). The his and major ops
pause positions were identical to those found previously
(Artsimovitch and Landick, 2000). However, only one of
the two previously observed minor ops pause sites was

Figure 2. Record Alignment and Pause
Locations Identified
(A–C) Dwell-time histograms were compiled for

each transcriptional record as a function of po-

sition. The logarithms of these histogramswere

then averaged for groups of records, as follows:

(A) Average log dwell-time histogram for his

records (n = 53) before any rescaling or offsets

applied.

(B) Average log dwell-time histogram for termi-

nating his traces (n = 27) after initial rescaling

and alignment of records at the termination site.

(C) Average log dwell-time histogram for all his

traces (n = 53) after final alignment.

(D) Average log dwell-time histogram for

aligned data computed from all eight repeats

for the his repeat motif (red; n = 53 molecules,

310 records) and the ops repeat motif (ma-

genta; n = 61 molecules, 419 records), shown

with the bootstrapped standard deviations

(white). Background color indicates origin of

the underlying sequences: rpoB gene (green),

restriction sites used for cloning (light blue), reg-

ulatory pause region (pink), opspause site (dark

gray), his pause site (light gray). Major pause

sites are labeled.

(E) Comparison of single-molecule and bulk

transcription data. A simulated transcription

gel was created from the dataset in (D) using

a grayscale proportional to the peak height

and scaling the position logarithmically to ap-

proximate RNA gel mobility. [a-32P]GMP-

labeled transcription complexes were incu-

bated with 250 mM NTPs, quenched at times

between 0 s and 180 s, and run on a denaturing

polyacrylamide gel. Lane L shows the MspI

pBR322 ladder; lane C is a chase. Lines are

drawn between corresponding bands identified

in single-molecule and gel data, color coded as

in (D).

1086 Cell 125, 1083–1094, June 16, 2006 ª2006 Elsevier Inc.

Av
er

ag
e 

lo
g 

dw
el

l t
im

e

No alignment

Aligned

To identify pause sites, data from each of the eight re-
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time histograms for his and ops repeat motifs separately
(Figure 2D). This 8-fold averaging procedure assumes
that the behavior of an enzyme encountering each suc-
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are evident not only at the locations of the imbedded his
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The similarity of the histograms throughout the common
flanking regions of the two templates illustrates the repro-
ducibility of this technique. In particular, the relative dis-
tances computed between distal pairs of pauses (a–d)
on the two templates agreed to within 0.14 bp, indicative
of the level of precision attained. To compare single-mol-
ecule pauses with traditional gel-based assays of tran-
scription, a simulated gel image was computed for the

his repeat region (Figure 2E, left). The simulated image dis-
played excellent agreement with an actual gel from a con-
ventional transcription assay carried out on a correspond-
ing sequence from the his repeat template (Figure 2E,
right).

RNAP Pause Positions with Respect to DNA
Translocation and RNA Elongation
These high-resolution data allowed us for the first time to
correlate positions of paused RNAPs on DNA with the
lengths and sequences of RNA transcripts. We deter-
mined the sequences of the RNA transcripts at pause sites
using transcription gels and RNA sequencing ladders
(Supplemental Data; Figure 3). The his and major ops
pause positions were identical to those found previously
(Artsimovitch and Landick, 2000). However, only one of
the two previously observed minor ops pause sites was

Figure 2. Record Alignment and Pause
Locations Identified
(A–C) Dwell-time histograms were compiled for

each transcriptional record as a function of po-

sition. The logarithms of these histogramswere

then averaged for groups of records, as follows:

(A) Average log dwell-time histogram for his

records (n = 53) before any rescaling or offsets

applied.

(B) Average log dwell-time histogram for termi-

nating his traces (n = 27) after initial rescaling

and alignment of records at the termination site.

(C) Average log dwell-time histogram for all his

traces (n = 53) after final alignment.

(D) Average log dwell-time histogram for

aligned data computed from all eight repeats

for the his repeat motif (red; n = 53 molecules,

310 records) and the ops repeat motif (ma-

genta; n = 61 molecules, 419 records), shown

with the bootstrapped standard deviations

(white). Background color indicates origin of

the underlying sequences: rpoB gene (green),

restriction sites used for cloning (light blue), reg-

ulatory pause region (pink), opspause site (dark

gray), his pause site (light gray). Major pause

sites are labeled.

(E) Comparison of single-molecule and bulk

transcription data. A simulated transcription

gel was created from the dataset in (D) using

a grayscale proportional to the peak height

and scaling the position logarithmically to ap-

proximate RNA gel mobility. [a-32P]GMP-

labeled transcription complexes were incu-

bated with 250 mM NTPs, quenched at times

between 0 s and 180 s, and run on a denaturing

polyacrylamide gel. Lane L shows the MspI

pBR322 ladder; lane C is a chase. Lines are

drawn between corresponding bands identified

in single-molecule and gel data, color coded as

in (D).

1086 Cell 125, 1083–1094, June 16, 2006 ª2006 Elsevier Inc.

To identify pause sites, data from each of the eight re-
peat regions were combined to generate average dwell-
time histograms for his and ops repeat motifs separately
(Figure 2D). This 8-fold averaging procedure assumes
that the behavior of an enzyme encountering each suc-
cessive motif is statistically equivalent. Distinct peaks
are evident not only at the locations of the imbedded his
and ops sites, as anticipated, but also at four additional
sites found in the flanking regions (labeled a through d).
The similarity of the histograms throughout the common
flanking regions of the two templates illustrates the repro-
ducibility of this technique. In particular, the relative dis-
tances computed between distal pairs of pauses (a–d)
on the two templates agreed to within 0.14 bp, indicative
of the level of precision attained. To compare single-mol-
ecule pauses with traditional gel-based assays of tran-
scription, a simulated gel image was computed for the

his repeat region (Figure 2E, left). The simulated image dis-
played excellent agreement with an actual gel from a con-
ventional transcription assay carried out on a correspond-
ing sequence from the his repeat template (Figure 2E,
right).

RNAP Pause Positions with Respect to DNA
Translocation and RNA Elongation
These high-resolution data allowed us for the first time to
correlate positions of paused RNAPs on DNA with the
lengths and sequences of RNA transcripts. We deter-
mined the sequences of the RNA transcripts at pause sites
using transcription gels and RNA sequencing ladders
(Supplemental Data; Figure 3). The his and major ops
pause positions were identical to those found previously
(Artsimovitch and Landick, 2000). However, only one of
the two previously observed minor ops pause sites was

Figure 2. Record Alignment and Pause
Locations Identified
(A–C) Dwell-time histograms were compiled for

each transcriptional record as a function of po-

sition. The logarithms of these histogramswere

then averaged for groups of records, as follows:

(A) Average log dwell-time histogram for his

records (n = 53) before any rescaling or offsets

applied.

(B) Average log dwell-time histogram for termi-

nating his traces (n = 27) after initial rescaling

and alignment of records at the termination site.

(C) Average log dwell-time histogram for all his

traces (n = 53) after final alignment.

(D) Average log dwell-time histogram for

aligned data computed from all eight repeats

for the his repeat motif (red; n = 53 molecules,

310 records) and the ops repeat motif (ma-

genta; n = 61 molecules, 419 records), shown

with the bootstrapped standard deviations

(white). Background color indicates origin of

the underlying sequences: rpoB gene (green),

restriction sites used for cloning (light blue), reg-

ulatory pause region (pink), opspause site (dark

gray), his pause site (light gray). Major pause

sites are labeled.

(E) Comparison of single-molecule and bulk

transcription data. A simulated transcription

gel was created from the dataset in (D) using

a grayscale proportional to the peak height

and scaling the position logarithmically to ap-

proximate RNA gel mobility. [a-32P]GMP-

labeled transcription complexes were incu-

bated with 250 mM NTPs, quenched at times

between 0 s and 180 s, and run on a denaturing

polyacrylamide gel. Lane L shows the MspI

pBR322 ladder; lane C is a chase. Lines are

drawn between corresponding bands identified

in single-molecule and gel data, color coded as

in (D).

1086 Cell 125, 1083–1094, June 16, 2006 ª2006 Elsevier Inc.



Sequence similarities between the pauses

21

seen (ops2, 2 bp downstream of the major site); this dis-
crepancy may be attributable to differences in reaction
conditions. Direct comparisons of gel data (which deter-
mine lengths of the RNAs) and single-molecule data
(which determine enzyme positions on DNA) can be
used to compute a numerical value for the ‘‘translocation
state’’ of RNAP, i.e., the difference, measured in base
pairs, between where pauses map along DNA and where
they map along RNA (Figure 3; Supplemental Data).
Hypotranslocation (backtracking) corresponds to nega-
tive values of this quantity; translocation and hyper-
translocation correspond to positive values.
To tabulate translocation states, his or ops pause posi-

tions were measured relative to the a–d positions; loca-
tions of the latter were assumed identical for both tem-
plates. Due to small uncertainties arising from (1) the
exact positions of complexes dissociating at the termina-
tor and (2) small, sequence-dependent variations in the
pitch of DNA, we estimate that the entire set of green
bars in Figure 3 could be moved as a group upstream or
downstream by as much as 1.3 bp from their assigned
values. This ambiguity may be resolved, however, since
the his pause is known to trap RNAP in a pretranslocated
state (Toulokhonov et al., 2001; Toulokhonov and Landick,
2003). Assigning the his pause to the pretranslocated

state, we find that the absolute values of translocation
states at the a–d pause positions were all below 1 bp, sta-
tistically consistent with zero. At the ops site, RNAP halted
0.75± 0.25 bpdownstreamof ops1, which is 1.25± 0.25 bp
upstream of ops2. We cannot be certain, however, that
both pauses occur in the single-molecule experiment even
though they were evident in bulk experiments performed
in the same solution conditions (Figure S6). The narrow-
ness of the ops peak (Figure 2D) indicates that the enzyme
resolves to a single position on the template after pausing
at the ops sites. This could be achieved by pausing at ops1
followed by 0.75 bp forward translocation, pausing at
ops2 followed by 1.25 bp backtracking, or a combination
of the two. We are unable to distinguish among these pos-
sibilities. Pausing at ops2 seems less likely because the
assisting force applied is expected to inhibit backtracking.

There are noteworthy similarities among the sequences
triggering pauses (Figure 3). G or C is present at the !11
position of the RNA for all seven sequences. G is present
at !10 for all but ops2. With the exception of the c pause
site, pauses occurred at positions where a purine was
being added to a 30 pyrimidine.

Pause Densities and Lifetimes Vary
in a Sequence-Dependent Manner
To study the kinetics of pause entry and escape, we used
an automated algorithm to identify pauses, scoring these
whenever velocity fell below half the average active elon-
gation rate in records (Neuman et al., 2003; Shaevitz et al.,
2003). Within the initial "1000 bp segment encountered
prior to the tandem repeats (consisting of sequences de-
rived from the rpoB gene), we recorded the same density
of pauses as previously ("0.9 pauses per 100 bp). The
global distribution of pause lifetimes from the entire tem-
plate was fit between 1 s and 25 s by a sum of two expo-
nentials with time constants of 1.4 ± 0.1 and 6.3 ± 0.5 s
(amplitudes 66% and 34%, respectively), in agreement
with prior reports (Neuman et al., 2003; Shaevitz et al.,
2003), despite a lower GTP level (250 mM versus 1 mM).

Our aligned data clearly indicate that ubiquitous pauses
are sequence dependent. Within the tandem repeat mo-
tifs, roughly 65% of all pauses occurred within five narrow
zones, subtending just 21% of the region (Figure 4). More-
over, the residual pause density scored in the remaining
79%of the same region deviated significantly from a bino-
mial distribution, which is the form expected for a uniform
background pause rate (Figure S8; p(c2) < 0.004). This
suggests that even in regions of low pause density where
peaks are not evident, the pause probability continues to
vary with underlying sequence, just as elsewhere. The
pause lifetime distributions for all six high-efficiency,
sequence-dependent pauses were well fit by single expo-
nentials (Figure 5). Therefore, it seems likely that the
apparently double-exponential character of the global life-
time distribution (above; see also Neuman et al., 2003;
Shaevitz et al., 2003) results from a superposition of
many single-exponential distributions arising from individ-
ual pauses, among which long and short characteristic

Figure 3. Sequence Similarities for Identified Pauses
Table of DNA sequences underlying each pause, as mapped by tran-

scription gels, along with the corresponding positions identified in sin-

gle-molecule records. Top row: Consensus sequence generated from

alignment of all pause regions: a–d sites, primary and secondary ops

sites (ops1 and ops2, respectively), and his site. Also shown is the as-

sociated information, in bits, for each consensus base (Gorodkin et al.,

1997). Lower rows: Downstream DNA sequences in advance of each

pause are displayed (blue letters), along with the trailing sequence cor-

responding to the nascent RNA (red; with T substituted for U), with the

region subtended by the RNA:DNA hybrid identified (red underline).

The translocation state of RNAP at each pause site is indicated (green

bars; the widths of these bars show estimated errors in localizing the

position from single-molecule data).
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No large displacement forward or backward
No pre or post translocation



Pause density varies greatly over the template
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All 6 pauses exhibit the same corrected lifetime
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(those outside the six pause regions), where the molecule
is unlikely to reenter a pause state after escaping, should
exhibit the intrinsic lifetime (Figure S10).

Molecules Exist in Stable States with Different
Pause Efficiencies
The fact that RNAP molecules transcribe the same motif
up to eight times presents an opportunity to look for direct
experimental evidence of molecular memory or long-
range sequence effects. The apparent efficiency of mole-
cules pausing at a given site was plotted as a function of
the repeat number (Figure 7A and Figure S7). A statistically
significant variation of apparent pause efficiency across
the template was not seen, suggesting that the propensity
to pause is not influenced by such factors as the growing
size of the RNA or proximity to distal, nonrepeating se-
quences. This justified the pooling of pause statistics for
all repeats (e.g., Figure 2D).
Although the average amount of pausing doesn’t vary

from one repeat to the next, this does not exclude the pos-
sibility that enzymes vary in their individual propensity to
pause. We consider three possible cases: (1) individual
molecules exist in long-lived states with different intrinsic
pause propensities (a heterogeneous population of stable
states); (2) individual molecules can switch among states
with different intrinsic pause propensities (a homoge-
neous population of unstable states); or (3) pause propen-
sity is constant (a homogeneous population with respect
to pausing). However, even in the latter case, the probabil-

ity of pausing at a given position will depend on the elon-
gation velocity since entry to the paused state is in kinetic
competition with elongation in a branched pathway (Fig-
ure 6A). Heterogeneity of the population with respect to
elongation velocity therefore makes it difficult to distin-
guish case 1 from case 3. To minimize the influence of
this inhomogeneity, we restricted our attention to the
four pause sites where pausing was uncorrelated with
velocity (a, d, his, and ops). We defined a function that in-
dicates whether pausing observed at a site within a given
repeat motif is correlated with pausing at the correspond-
ing site on a subsequent repeat. This correlation is plotted
for the case where the second pause site is separated
from the first by 1–4 repeat motifs (Figure 7B). In all cases,
there was positive correlation, indicating that molecules
tend to repeat the same behavior at subsequent sites
(e.g., if a molecule paused at the first site, it is more likely
to pause again). Molecules therefore occupy states of
varying pause propensity, eliminating case 3. We also
found that the correlation did not diminish with the dis-
tance between sites (D repeat), indicating that individual
pause rates are conserved over at least !1000 bp. Con-
stant correlations fail to support case 2 and lend support
for case 1, where the elongation-competent state to which
a molecule returns after pausing is always the same, al-
though the kinetics of that state may differ from one mol-
ecule to the next. This is consistent with the conclusions of
another study of transcription-complex inhomogeneity
(Tolic-Norrelykke et al., 2004).

Figure 5. Lifetimes and Efficiencies for
Individual Pauses
Histograms of identified pause dwell times,

color coded according to the labeling scheme

of Figure 2, with exponential fits. Measured ap-

parent pause lifetimes (t*) and corrected pause

efficiencies (3) are shownwith estimated errors.

Cell 125, 1083–1094, June 16, 2006 ª2006 Elsevier Inc. 1089

DISCUSSION

Ubiquitous Pauses Are Sequence Dependent
Previous single-molecule experiments established that
transcriptional pausing is ubiquitous, occurring at an ap-
proximately constant rate (Neuman et al., 2003). By using

periodic templates to localize ubiquitous pauses, we now
show that they are explained by efficient, sequence-
dependent pausing at a small fraction of available tem-
plate locations. Ubiquitous pauses are therefore triggered
by common sequence signals rather than random events.
Furthermore, the kinetic properties of ubiquitous pauses
were indistinguishable from those at the his and ops sites,
whose multipartite sequence components are relatively
well established. This suggested that sequence alignment
of all six pauses could be informative.
Interestingly, this alignment revealed sequence similari-

ties (Figure 3), consistent with the idea that certain se-
quence components may occur frequently in pause sig-
nals. The a priori probability that at least six of seven
sequences match at one or more of the 14 base positions
is!7%, suggesting that the nearly conserved"10G is sig-
nificant. The strong GC-bias at positions"10 and"11 has
received little attention previously, and itsmechanistic role
remains unclear, although changes of"10G toUorCwere
found to weaken some pauses (Chan and Landick, 1993;
Palangat and Landick, 2001). In principle, it could favor
backtracking, induce transient overextension of the RNA:
DNA hybrid to generate strain in the enzyme, or reflect
some pause-favoring interactions of RNAP with nucleic
acids at these positions. Although GC-rich sequences up-
stream of hybrids stabilize backtracking (Nudler et al.,
1995; Reeder and Hawley, 1996), our results, together
with others (Neuman et al., 2003; Toulokhonov and Land-
ick, 2003), suggest that RNAP does not backtrack at these
pause sites. Interestingly, inhibition of upstream hybrid
melting is the first mechanism of transcriptional pausing
to have been proposed (Gilbert, 1976), and it also has
been suggested to influence abortive initiation (Kireeva
et al., 2000). However, further work will be required to dis-
tinguish among possible mechanisms. All but one of the
pauses occurred where a purine is added to a pyrimidine
nucleotide, consistent with previous reports (Aivazashvili
et al., 1981) andwith the idea that this addition is either un-
usually slow and promotes pausing, or directly contributes
to an elemental pause rearrangement.
Algorithms for predicting pausing and elongation kinet-

ics have been devised based on calculations of the ener-
getic stability of the TEC as a function of position along
a given sequence (Bai et al., 2004; von Hippel, 1998).
Oneof thesemodels predicts a classof short-livedpauses,
situated on the main elongation pathway, that results from
an exploration of both forward- and back-tracked translo-
cation states, leading to a sequence-dependent transcrip-
tion rate (Bai et al., 2004). The authors argued that the
nucleotide addition rate would decrease for sequences
where the energy of the pretranslocated state was signifi-
cantly more favorable than the posttranslocated state and
thereby produce a new type of pause, termed a ‘‘pretrans-
location pause,’’ which they proposed to explain ubiqui-
tous pauses. In the present study, however, we found no
evidence to support such anon-pathwaypause, even after
correction for missed events. In particular, all mapped
pauses appear to be pretranslocated (Figure 3) yet ranged

Figure 6. Pause Pathway and Pause Correlations
(A) Simple off-pathway model for transcriptional pausing where the

pause state competes kinetically with elongation. Steps in the normal

elongation cycle are represented by a single transition with rate kn. The

rate of entering or exiting a pause is kp or k"p, respectively. Corrected

pause efficiency (3), pause lifetime (t), and apparent pause lifetime (t*)

are shown in terms of individual rate constants.

(B) Pause density (pauses/100 bp) versus inverse elongation velocity.

Each point corresponds to 1 of n = 114 individual molecules. The cor-

relation coefficient is r = 0.71 (p = 6 3 10"19).

(C) Pause frequency (pauses/s) versus inverse elongation velocity.

Each point corresponds to 1 of n = 114 individual molecules. The cor-

relation coefficient is r = 0.16 (p = 0.1).

(D) Corrected pause efficiencies (3), pause lifetimes (t), and apparent

pause lifetimes (t*) for each of the identified pause sites. Correlations

(and corresponding p values) between inverse velocity and apparent

pause efficiency are shown.
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Efficiency not 100% -> Pausing must be off pathway!
When corrected for the efficiency, all six pauses have the same lifetime
They may all be the same off-pathway intermediate that leads to the regulatory pauses?
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Backtracking pauses
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The ops pause data I just showed had no backtracking. Why?



Does RNAP have a proofreading mechanism?
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•Error rates in vitro :
1010-3-3- 10- 10-4-4

•Error rates in vivo :
 1010-5-5-10-10-6-6

Erie et al., Science (1993)



Consensus model of RNAP proofreading
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Erie et al., Science (1993)
Jeon and Agarwal PNAS (1996)
Thomas et al. Cell (1998)



Average behavior shows backtracking and recovery
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Avg of pauses >20 sec
3-second pause



Backtracking is force dependent
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At >7pN, backtracking would 
have been hard to see in 
Herbert et al.’s experiments.



ITP increases pause number and duration
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Cleavage reduces the duration of long pauses

30

RNAP has an intrinsic 
cleavage ability at the 
polymerization active site 
that is stimulated by Gre 
proteins or high pH

Functional analogs of 
GreA and GreB have been 
f o u n d i n o v e r 6 0 
organisms, including TFIIS 
in eukaryotes

Opalka et al., Cell (2003)



Cleavage removes inosine from the transcript

31



Eukaryotic RNAP II acts the same way

32Galburt et al. Nature (2007)



TFIIS is necessary to sustain high force
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Max force doubles 
with TFIIS

Backtracking limits 
force in Pol II



The RNA’s role in pausing and termination
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G:C rich dyad symmetry

U-rich 9 bp segment

TE = 98% TE = 35% TE = 74%

Two main features:

1. RNA hairpin
2. U-rich section (U-tract)

Will Greenleaf Matthew Larson



Models of intrinsic hairpin termination

Forward Translocation Model
hairpin drives RNAP downstream without 

transcript elongation 
RNA stays “in register” with DNA

Allosteric Model
hairpin induces a conformational 

rearrangement of RNAP

Toulokhonov et al., Science (2001)Yarnell & Roberts, Science (1999)
Santangelo & Roberts, Mol. Cell (2004)

U-rich ‘slippery’ sequence:
leads to RNAP pausing and/or forms an unstable RNA:DNA hybrid



With force you can probe different parts of the system
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You can:
1. determine the stability of the RNA:DNA hybrid
2. bias formation of secondary structure in the RNA
3. probe steps that involve enzyme motion along DNA or RNA



Pulling on the DNA tests translocation of the enzyme
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encodes for a terminator sequence



Elongation followed by termination

38

Position of his term

= 77%



TE independent of force between DNA and RNAP
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perfect
U-tract

interrupted
U-tract

interrupted
U-tract

No forward translocation!



Pulling on the RNA 
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Avidin linkage 
(formerly dig/

antidig)
Avidin 
linkage

RNA

encodes for his U-tract

Modified from Dalal, Larson et al., Mol. Cell (2006)



Termination occurs at the U-tract, is force dependent
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δ
TE ~ 80%

TE(F ) =
1

1 + e(Eshear−Fδ)/kBT

SHEAR!

δ = 0.6nm = 1 bp



We find the same behavior in all 3 terminators
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4.6 kT

3.7 kT

2.8 kT

For all three the shear distance is the same, 1 bp

But, the shear energy barrier is different,
related to the sequence ...

If shearing causes termination, what is the role of the hairpin?



Pulling on the hairpin
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Gusarov et al. Mol. Cell (1999)
Komissarova et al. Mol. Cell (2002)

δ = 1.4nm ~ 2 bp

Unzipping the hairpin lowers the TE.

For these hairpins the last two bases are 
important for holding it together

Hairpin zipping pulls the RNA out of the 
enzyme and causes termination...



Simple model predicts TE and effect of load
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∆Etotal = [Eshear − F δshear] − [Ehairpin − F δhairpin]

δshear 0.6 nm ↔ 1 nt

Eshear(his) 2.8 kT (1.7 kcal/mol)

Eshear(t500) 3.7 kT (2.2 kcal/mol)

Eshear(λtR2) 4.6 kT (2.8 kcal/mol)

δhairpin 1.4 nm ↔ 2 nt

Ehairpin 6.5 – 5.5 kT

These values match m-fold predictions

4.6 kT5.5 kT


