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Summary

Transcriptional pausing by RNA polymerase (RNAP) plays an essential role in gene regulation.
Pausing is modified by various elongation factors, including prokaryotic NusA, but the
mechanisms underlying pausing and NusA function remain unclear. Alternative models for
pausing invoke blockade events that precede translocation (on-pathway), enzyme backtracking
(off-pathway), or isomerization to a non-backtracked, elemental pause state (off-pathway). We
employed an optical-trapping assay to probe the motions of individual RNAP molecules
transcribing a DNA template carrying tandem repeats encoding the his pause, subjecting these
enzymes to controlled forces. NusA significantly decreased the pause-free elongation rate of
RNAP while increasing the probability of entry into short- and long-lifetime pauses, in a manner
equivalent to exerting a ~19 pN force opposing transcription. The effects of force and NusA on
pause probabilities and lifetimes support a reaction scheme where non-backtracked, elemental
pauses branch off the elongation pathway from the pre-translocated state of RNAP.

Introduction

Transcription elongation by RNA polymerase (RNAP) is a highly regulated cellular process
that plays an essential role in gene expression. During transcription, RNAP moves
discontinuously, pausing in response to signals encoded intrinsically in the DNA template or
generated by the nascent RNA transcript (Artsimovitch and Landick, 2000; Uptain et al.,
1997). Transcriptional pausing is critical to gene regulation in several ways. Pausing
mediates overall RNA synthesis rates and plays an important role in synchronizing
transcription and translation (Landick et al., 1985; Richardson and Greenblatt, 1996).
Pausing also facilitates proper co-transcriptional folding of RNA and serves as a precursor to
termination or arrest (Kassavetis and Chamberlin, 1981; Komissarova and Kashlev, 1997a;
Pan and Sosnick, 2006). Finally, paused elongation complexes (ECs) provide a target for
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other regulation by transcription factors that can modulate pause duration and subsequent
pause susceptibility (Roberts et al., 2008; Uptain et al., 1997).

In the eubacteria and archaea, NusA is a universally conserved transcription factor that is
essential for cell viability (Ingham et al., 1999). In E. coli, NusA forms a 55 kDa monomer
comprised of five domains: the N-terminal RNAP-binding domain, three RNA-binding
domains (S1, KH1 and KH2), and a C-terminal autoinhibitory domain (Mah et al., 2000;
Worbs et al., 2001). Although first identified over three decades ago, NusA remains
incompletely understood, in part because of its pleiotropic effects on cellular and viral
processes (Friedman and Baron, 1974). For example, NusA not only increases the efficiency
of intrinsic termination, but also affects Rho-dependent termination and mediates
antitermination by AN, AQ and ribosomal RNA (Greenblatt et al., 1981; Schmidt and
Chamberlin, 1987; Vogel and Jensen, 1997). NusA also moderates the elongation rate of
RNAP, which has been suggested as a mechanism for modulating termination efficiency in
vivo (Artsimovitch and Landick, 2000; Bar-Nahum et al., 2005; Roberts et al., 2008), and
enhances certain pauses more than others (Artsimovitch and Landick, 2000; Burns et al.,
1998; Theissen et al., 1990). However, the kinetic details and molecular mechanisms
underlying these effects are poorly understood.

An understanding of the mechanism by which NusA regulates transcriptional elongation
(including both pausing and active elongation) will inevitably depend upon our
understanding of the mechanism of elongation itself. Although there is no general consensus
on the details or the relative order of some of the transitions, elongation is generally thought
to occur in a cycle of reaction steps, consisting minimally of elongation complex (EC)
translocation from the pre-translocated to the post-translocated register, substrate NTP
binding, nucleotidyl transfer, and pyrophosphate release.

The mechanisms responsible for of pausing are also under debate. One view is that all
pauses arise from backtracking (the backtracking-only model; Mejia et al., 2008). Another is
that at least some pauses reflect on-pathway blocks to translocation that affect all ECs, but
do not necessarily backtrack (Bai et al, 2004; Bai et al., 2007). Our prior results favor a third
view, where pauses arise initially from the formation of a short-lived, elemental pause state
that branches from the elongation pathway without backtracking, and that can subsequently
be stabilized into longer-lived pauses that can (in some cases) backtrack (Ederth et al., 2006;
Herbert et al., 2006; Toulokhonov et al., 2007). Three classes of stabilized pauses have been
characterized in ensemble-based biochemical experiments (Artsimovitch and Landick, 2000;
Kireeva and Kashlev, 2009). One class of such pauses, observed to date only in prokaryotes,
involves the formation of a hairpin structure in the nascent RNA (Landick, 2006). The
hairpin must be energetically stable, properly spaced from the enzyme active site to interact
with RNA exit channel of RNAP, and not disrupt the RNA:DNA hybrid (Toulokhonov et
al., 2001; Toulokhonov and Landick, 2003). Hairpin-stabilized pauses have been found, for
example, in the leader regions of biosynthetic operons in bacteria, where they synchronize
RNAP and the ribosome during transcriptional attenuation (Henkin and Yanofsky, 2002).
One example is the his pause, found near the beginning of the histidine biosynthetic operon
in E. coli. NusA has been shown to enhance such hairpin-stabilized pauses (Chan and
Landick, 1989; Farnham and Platt, 1981), and the magnitude of this effect depends on the
structure of the hairpin (Toulokhonov et al., 2001). A second established mechanism of
stabilized pauses, backtracking, is found in both prokaryotes and eukaryotes, and involves
RNAP moving backwards along the nucleic acid scaffold, disrupting the alignment of the 3'-
end of the nascent RNA with the active site of the enzyme. RNAP backtracking can be
promoted, for example, when enzyme in its pre-translocated state encounters an
energetically weak RNA:DNA hybrid (Komissarova and Kashlev, 1997a, b; Palangat and
Landick, 2001). A third class of pauses occurs without stabilization by either hairpins or

Mol Cell. Author manuscript; available in PMC 2012 November 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Results

Page 3

backtracking, and appears to result from an active-site rearrangement (Kireeva and Kashlev,
2009).

Because they can directly probe the transient, unsynchronized behavior of individual
reaction cycles, single-molecule experiments have provided additional insights into
transcriptional pausing that are otherwise inaccessible to ensemble experiments
(Abbondanzieri et al., 2005a; Adelman et al., 2002; Herbert et al., 2008; Larson et al., 2011).
Two types of pause have been characterized by single-molecule approaches, distinguished
operationally on the basis of their lifetimes. One type consists of comparatively rare, long-
lived pauses (lasting >20 s-30 min). Long pauses can be enhanced by the misincorporation
of non-complementary NTPs, and at least some portion of these events are known to result
from enzyme backtracking (Shaevitz et al., 2003). The other type consists of comparatively
frequent, sequence-dependent, short-lived pauses (~3 s avg. duration), constituting ~95% of
all pausing events observed in single-molecule experiments (Dalal et al., 2006; Herbert et
al., 2006; Neuman et al., 2003). The mechanism responsible for these so-called ‘ubiquitous’
pauses remains unclear. Evidence suggests that the ubiquitous pauses correspond to
elemental pauses; i.e., they reflect an off-pathway state that forms without backtracking, but
can subsequently lead to pauses of a longer lifetime via stabilizing mechanisms, such as
backtracking or hairpin-based interactions (Toulokhonov et al., 2007). Although NusA is
known to decrease the overall elongation rate, it is not established whether NusA achieves
this reduction chiefly by lowering the nucleotide incorporation rate of the active elongation
complex, by changing the rates into, or out of, any paused states (elemental pauses or long-
lived pauses), or through some combination of these effects. Probing such questions using
ensemble transcription assays is difficult. First, determinations of pause-free elongation rates
in gel-based assays are problematic because all known transcription templates encode
pauses. Second, the kinetic characteristics of the pause sites are challenging to characterize,
since the occupancy of a given pause site depends in a complicated manner on the pause
efficiency, the pause lifetime, and the fraction of complexes that actually reach the pause
site. Finally, entry into the paused state is in kinetic competition with elongation at the pause
site, which affects both the pause efficiency and the pause lifetime (Herbert et al., 2006).
The only practical way to measure independently the rates for active elongation, pause entry,
and pause escape is to observe the kinetics of individual molecules.

To investigate the mechanism of pausing and determine how NusA modulates active
elongation, we employed an optical trapping assay in which the motion of single molecules
of RNAP can be monitored. High spatiotemporal resolution allows us to detect pauses as
short as 1 s and spaced by as little as ~2 base pairs (bp). The Kinetic rates for pause entry,
average pause-free elongation rates, and pause lifetimes can all be extracted from the
individual records. The application of controlled forces on elongating complexes can be
used to tilt the energy landscape, modulating the reaction rates involving translocation and
thereby providing quantitative information about how NusA affects the kinetics of
elongation and sequence-dependent pausing. Using these methods to study RNAP
transcribing a template engineered to carry repeated motifs, which allows single-molecule
records to be aligned with the underlying sequence with near base-pair precision (Herbert et
al., 2006), allowed us to measure the effect of NusA on translocation by RNAP and to gain
insight into the fundamental mechanism of transcriptional pausing.

Pause-free elongation rate can be modulated by both NusA and applied force

Transcription by single RNAP molecules was recorded using a dumbbell optical trapping
assay, in which a transcriptionally stalled elongation complex is tethered between two
polystyrene beads, each held in a separate optical trap (Figure 1A) (Shaevitz et al., 2003).
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The polymerase molecule is attached via a biotin linkage to the surface of one bead, and
either the upstream or the downstream end of the template DNA is attached to the opposite
bead, allowing application to the elongating enzyme of an assisting or hindering force,
respectively. Immediately prior to recording, stalled complexes were restarted by
introducing ribonucleoside triphosphates at physiological concentrations (1mM each NTP).
A DNA template engineered to contain eight direct repeats of a sequence motif carrying the
well-characterized his pause and several adjacent “ubiquitous” pauses (Figure 1B) (Herbert
et al., 2006) was used to explore the effects of NusA. Aligned, single-molecule records
illustrate the motion of RNAP along the repetitive template (Figure 1C), and clearly reveal
pausing at the locations of the his and other sequence-dependent pause sites, as well as a
significant reduction in overall elongation rates in the presence of saturating levels of NusA
(0.5 uM), mainly as a consequence of increased pausing.

A generalized kinetic scheme for RNAP transcription (Figure 2A), based on previous work
(Abbondanzieri et al., 2005b; Bar-Nahum et al., 2005), consists of a main pathway for
translocation embodying a Brownian ratchet-type mechanism, a condensation step for
nucleotide incorporation into the RNA, and a transition leading to various off-pathway,
paused states. For our purposes, this cycle may be further reduced to the simplified reaction
scheme shown in Figure 2B. We first studied the active (pause-free) elongation rate, V(F), as
a function of the applied force in the presence or absence of NusA. The pause-free
elongation velocity is proportional to k, (F), since V(F) =k, (F)-d, where d is the RNAP step
size, corresponding to the axial distance subtended by a single base pair (0.34 nm). We
found that the pause-free elongation rate was reduced by nearly a factor of two upon the
addition of NusA under otherwise identical loads (Figure 3). The experimental force-
velocity relationship was well described by a two-state Boltzmann relation (Wang et al.,
1998):

Vmax

_ (F—Fm)o‘] ’
kBT

V(F)=

I+ex {
P (1)

where the distance parameter, 8, was fixed at 0.34 nm (1 bp), based on the Brownian ratchet
model for translocation (Abbondanzieri et al., 2005a). Vmax, the peak velocity, is reached
under large assisting loads, where the translocation step is no longer rate-limiting, and Fy, is
the force where velocity is half-maximal (additional discussion in Supplemental Material,
Figure S1). A two-parameter fit of the pause-free velocity data in the absence of NusA gave
Vmax = 20.0 £ 0.7 bp/s and F1/, = —18 £ 2 pN (Figure 3). In the presence of saturating levels
of NusA (0.5 uM), Vinax (16.8 + 1.5 bp/s) decreased only modestly, but F, (1 £ 4 pN)
increased considerably. The dramatic change in F, suggests that the primary effect of NusA
on elongation is functionally equivalent to applying a load in the hindering direction of
Fnusa = 19 £ 6 pN, which raises the effective energy barrier against forward translocation,
AEparrier, by an amount Fyysa -0 ~ 1.5 £ 0.5 kgT.

NusA raises the probability of entering ubiquitous pauses

We next examined the effect of NusA and external load on short-lifetime (ubiquitous)
pauses (<20 s). Pauses lasting longer than 1 s could be reliably detected, and the
distributions of pause lifetimes at each force, in either the presence or absence of NusA,
were well fit by a sum of two exponentials (Figure S2A-D). The numbers of pauses were
corrected for missing events by adding the number actually scored to the estimated number
of undetected pauses (between 0-1 s), obtained by extrapolating each double-exponential
distribution to 0 s. We found that the pause density of short-lifetime pauses (defined as the
number of short pauses per kilobase DNA traversed) was significantly increased upon the
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addition of NusA, consistent with the effect of a hindering force (Figure 4A, Figure S2A—
D).

Because pausing competes directly with active elongation (Figure 2), the probability of a
pause at a given template position (the pause efficiency) is supplied by the branching ratio
kp/(kp +kn), where k; is the rate of entry into the pause state and kj, is the elongation rate
(Figure 2B). The average efficiency across the entire template is proportional to the pause
density, p, measured by these experiments. However, the vast majority of pauses occurs at
only a small fraction of sequence locations, and pauses at the remaining sites are
comparatively rare (Herbert et al., 2006). If we assume that pausing at all sites is affected by
loads in a similar manner, we can approximate the overall pause density as

ky ) I
ka+k 1+kn/kp’ )

pP= fp(

where fj is the fraction of sites where pauses can occur (f, would approach 1 bp~1 if all sites
on the template generated pauses). The force dependence of p was fit by a Boltzmann
relation (Figure 4A):

o B
I+kn/ky  1+Aexp(Fé, [k, T)’ 3)

p:

In this particular expression, 8, represents the effective distance parameter associated with
two potentially force-dependent rates, kn and kp. Two distinct candidate pausing
mechanisms can lead to this same functional form. The first mechanism is a backtracking
model (Mejia et al., 2008), where RNAP moves rearward along the DNA to enter the pause
state. Here, ky = kpo exp(—F 81/kgT), where Ky is the pause rate at F = 0, and 3, is
associated with the transition for entry into the ubiquitous pause. In this case, the value of k,
at pause sites is only weakly force-dependent and is therefore neglected, which implies that
ubiquitous pauses branch off the elongation pathway from the post-translocated state
(Discussed in Supplemental Materials). In the alternative mechanism, (most) sequence-
dependent ubiquitous pauses do not backtrack (Herbert et al., 2006; Toulokhonov et al.,
2007), but instead involve an isomerization of the elongation complex to an elemental pause
state, for example, a conformational change in RNAP, fraying of the 3'-end of the RNA-
DNA hybrid, or both. In such cases, k, does not involve translocation of the enzyme and is
therefore force-independent. Here, ubiquitous pauses branch off the elongation pathway
from the pre-translocated state. The rate that directly competes with pausing at any
sequence-dependent pause site will have the following force dependence:

kn zknﬂ eXp(F51 /kg T)a (4)

where kpg is the elongation rate at F = 0, and 8 is the distance parameter associated with the
translocation step. Two similar non-backtracking kinetic scenarios that lead to Eq. (4) are
discussed in Supplemental Materials (Figure S3). For both candidate mechanisms, A
corresponds to k, / ky at F = 0.

A fit of the pause density as a function of force (Eg. 3) to data acquired in the absence of
NusA gave fp =25+ 7 kb~ 1and 8; = 1.0 £ 0.5 bp, and a global fit to data obtained in the
presence and absence of NusA yielded similar values, f, =25+ 5 kb~ land 8, =1.0+ 0.3 bp
(Figure 4A). Taking f, to be 25 kb~ 1 and fixing 3, at 1 bp the ratio of values for the fit
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parameter, A, obtained in the presence and absence of NusA can again be attributed to an
equivalent force acting on the polymerase, equal to Fyysa = 23 £ 5 pN, corresponding to
raising the energy barrier against translocation, AEpgrier, by 1.940.4 kgT.

The intrinsic lifetime of ubiquitous pauses is unaffected by load, NusA

To distinguish between the alternative candidate mechanisms for ubiquitous pausing,
backtracking vs. non-backtracking, we studied the force-dependence of the ubiquitous pause
lifetime, which corresponds to 1 / k—p, in the kinetic scheme of Figure 2B. We found that the
mean lifetime of these pauses was force-dependent and increased upon the addition of NusA
(Figure S2A-D). The apparent (measured) lifetime, t”, is related to the intrinsic (actual)
lifetime, 1, through t = t/(1 — €), where ¢ is the efficiency of a given pause (Herbert et al.,
2006). Here, we estimated the efficiency as ¢ = p/f,. After correcting the apparent lifetimes
based on their respective efficiencies, all intrinsic lifetimes were found to be nearly the
same, and equal to ~0.9 s, across all forces applied and in either the presence or absence of
NusA (Figure 4B). These intrinsic lifetimes are in close agreement with the lifetimes
previously reported for the same set of identified pauses (1.1 £ 0.4 s), despite the 4-fold
higher GTP levels (1 mM GTP vs. 250 uM) and slightly higher temperature (27°C vs.
21.5°C) used in this study. These findings lend strong support to the notion that ubiquitous
pauses represent an elemental state, and that the rate of escape from this state to resume
elongation, set by k—p, does not require forward translocation. Therefore, these data disfavor
backtracking as an explanation for ubiquitous pausing. The force-dependence of the
probability of ubiquitous pauses, and of their apparent lifetimes, is instead attributable to
NusA increasing the energy barrier to forward translocation on the main pathway for
elongation, which directly affects ky, but not k, or k—p, (Figure 2).

NusA and applied force affect the density of long-lived pauses

We next studied how NusA affected long-lived pauses, which may be generated by the
stabilization of elemental pauses. We found that, at a given force, the long pause density
(operationally defined as the number of pauses exceeding 20 s per kilobase transcribed) was
significantly larger in the presence of NusA. Given that long pauses are infrequent (~1
kb~1), the condition ksp << (k—p, kp) is fulfilled. Therefore, the long pause density, pjong, Can
be expressed within the scheme of Figure 2B (see Supplemental Materials) as:

A significant fraction of long pauses are known to be caused by backtracking (Shaevitz et
al., 2003). In this case, the rate of entry into a long-pause state will be given by ksp = Kspo
exp(— Fd,/kgT), where &, represents the distance parameter associated with energetic barrier
against entering the backtracked state. As suggested earlier, both k, and k- are force-
independent, whereas k,, will carry the force dependence described by Eq. 4, assuming that
the elemental pause state is a precursor to stabilized pauses. Under such circumstances, the
long pause density will be described by piong = piongg €XP(—F(81 + 82)/kgT). The measured
long pause densities were well-fit by this single exponential, and separate fits to data
obtained in the presence or absence of NusA yielded similar values for (8; + 85) (Figure
S2E); a global fit to both datasets returned (81 + 82) = 1.3 £ 0.2 bp (Figure 4C). Similarly,
the ratio of values for the parameter pjong, in the presence or absence of NusA yielded an
equivalent force acting on the polymerase of Fyysa = 19 + 4pN, corresponding to raising the
energy barrier against translocation, AEpa(rier, by 2.0 + 0.4 kgT.
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Modulation of pausing by NusA is sequence-specific

To investigate whether the modulation of pausing and elongation by NusA factor is
sequence-specific or uniform across the template, we aligned single-molecule transcription
records with the underlying sequence and studied RNAP behavior at identified pause sites
(Herbert et al., 2006). Global alignments, where records for all RNAP molecules
transcribing the eight tandem repeats were averaged into a single segment, displayed
prominent peaks at the various positions in the motif where polymerase tended to pause,
studied under three different sets of conditions (Figures 5A-C).

In the absence of NusA under all force conditions, a similar pattern of pausing was observed
at the five pause sites identified previously (the a, b, ¢, d and the his pauses). The heights of
these pause peaks varied systematically with the applied load: pausing was enhanced, more-
or-less uniformly, as the assisting load was reduced. Pausing was further enhanced when a
hindering load was substituted for the assisting load (Figures 5B,C). These findings are fully
consistent with the force dependence discussed above for the probability and apparent
lifetime for all pauses (Figures 4A,4C,S2A-D). In the presence of NusA under all force
conditions, no additional pause sites besides the (a—d) and the his pauses were identified.
Moreover, the durations of these sequence-dependent pauses were all enhanced compared to
those scored in the absence of NusA under otherwise identical force conditions, although the
degree of enhancement varied from site to site. To quantify the increase in the height of the
energy barrier against forward translocation produced by NusA factor at various pause sites
(Figure 6D), we compared the efficiency of pausing as a function of load in the presence or
absence of NusA. As an example, the efficiency of the his pause is shown in Figures 6A-C.
The pause efficiency (PE) was fit by the Boltzmann relation (see Eqg. (3)):

PEmax _ PEmax

PE= - :
I+kn/ky 1+A,, exp(F6;/k,T) ©

where Apg is ratio of elongation rate (k) to the rate of pause entry (kp) at F = 0, and3, is the
distance parameter for translocation, fixed here at 1 bp. The value of PE4, the pause
efficiency at the largest hindering loads, is somewhat less than unity in practice because
pauses briefer than 1 s are not detected with 100% reliability; PEq,x Was therefore obtained
by globally fitting efficiency as a function of force in the presence or absence of NusA. The
equivalent hindering load produced by NusA and the increase in energy barrier height for all
pause sites were determined as described earlier, with results summarized in Figure 6E. Fits
returned values of AEpgrier fOr ranging from 0.5-2.3 kgT, suggesting that NusA acts
generally to increase the energy barrier against elongation at all template positions (i.e., it
acts as an effective hindering load), but that this effect varied with the underlying sequence.
Interestingly, the strongest effect of NusA was exerted at the his pause site, which raised the
elongation barrier ~3-fold more than at the a or b pause sites.

Modulation of transcription by NusA137

To gain further insight into the modulation of elongation by NusA, we studied a mutant
consisting of the isolated N-terminal domain (NTD), NusA137. Previous studies have shown
that this domain binds RNAP during the elongation phase with somewhat lower affinity than
full-length NusA and that the NTD alone can account for the pause-enhancing properties of
NusA at the his pause (Ha et al., 2010; Mah et al., 1999). Under assisting loads (17.5 pN) in
the presence of a saturating concentration of NusA137 (5 uM), we found that the pause-free
elongation rate was suppressed by ~23%, dropping from 18.4 + 1.0 bp/s to 14.2 + 0.9 bp/s
(Figure 7A). This reduction was only slightly less than that achieved by full-length NusA,
which lowered pause-free elongation rate to 12.7 + 0.8 bp/s (~31%). The short pause density
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increased considerably upon addition NusA137, but again, not as much as for full-length
NusA (Figure 7B). An analogous trend was also observed for long pauses (Figure 7C). All
together, these results suggest that the N-terminal domain of NusA is likely to play a central
role in the modulation of both elongation and pausing, although it appears that the NTD
cannot fully compensate for full-length NusA, even when present at ten-fold higher
concentrations. To address sequence-specific effects, individual records were aligned as
described previously, and the efficiencies of individual pauses were determined in the
presence of either NusA or NusA137 (Figure 7D). As with the full-length construct, the
efficiencies all five pauses increased in the presence of NusA137. The pause enhancements
at some sequences, e.g., the ¢ and the his sites, were greater for NusA than for NusA137,
whereas for the a and b sites, no significant differences between NusA and NusA137 were
found.

Discussion

The mechanism of sequence-dependent pausing

The mechanisms responsible for transcriptional pausing remain controversial, and
competing models have been advanced. In this study, we supply new experimental evidence
that addresses some of the models in contention. Broadly speaking, pausing models differ in
their overall reaction pathways and kinetics, and may be categorized based on these
differences. One category places sequence-dependent pauses directly on the pathway for
elongation, where pause states are entered obligatorily, prior to nucleotide condensation by
the pre-translocated enzyme (Bai et al., 2007; Bai et al., 2004; von Hippel, 1998). For
schemes in this category, the pausing efficiency is necessarily 100%, because the pause state
cannot be bypassed. The finding that pause efficiencies vary widely, ranging from ~20% to
~80% in a sequence-dependent fashion, argues against pauses being placed on-pathway [our
data, see also (Chan and Landick, 1989; Herbert et al., 2006; Herbert et al., 2010; Kassavetis
and Chamberlin, 1981)].

By contrast, the other categories of reaction scheme represent pausing as off-pathway,
branching from one or more states of the elongation cycle prior to nucleotide condensation.
Off-pathway transitions can occur, in principle, by any of a variety of candidate
mechanisms, including enzyme isomerizations, thermal fluctuations, displacements, changes
in the nucleic acid structure, or via the influence of transcription co-factors. One particular
off-pathway model, inspired by single-molecule studies of eukaryotic RNA polymerase 11
(Pol I1), posits that all pauses are generated by direct enzyme backtracking from the
elongation competent state (Depken et al., 2009; Galburt et al., 2007), leading to a
(potentially force-biased) random walk of the enzyme over the lattice of upstream template
positions until the RNA terminus is restored to the active site, upon which elongation can
resume. Long pauses (>25 s duration) by E. coli RNAP induced by nucleotide
misincorporation, in particular, have been directly observed to display random-walk
behavior (Abbondanzieri et al., 2005a). The backtracking-only model for pausing is
attractive in its simplicity, and it accounts in straightforward way for the biphasic, long-
tailed distribution observed for pause lifetimes, which can be reasonably fit by a power-law
function (Depken et al., 2009; Galburt et al., 2007), as opposed to using multiple
exponentials (Neuman et al., 2003; Shaevitz et al., 2003). However, in its present form, a
backtracking-only model is not compatible with our experimental observations of the force-
dependence of the density and lifetimes for ubiquitous pauses, and the ability of a
backtracking-only model to account properly for the observed sequence dependence of
pausing remains to be explored.

A third category of reaction scheme, mativated by experiments on prokaryotic RNAP from
E. coli, invokes the existence of brief, elemental pause states that are off-pathway and not
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backtracked, but which may subsequently become stabilized by a variety of mechanisms,
including backtracking or hairpin interactions (Ederth et al., 2006; Herbert et al., 2008;
Herbert et al., 2006). In previous single-molecule experiments, we found that the intrinsic
lifetimes of ubiquitous (elemental, not stabilized) pauses were similar at all pause sequences,
including the his and ops elements, in addition to four nearby pause sites characterized to
bp-resolution (Herbert et al., 2006). In these experimental conditions, the his and ops pauses
appear to reach the stabilized state at most only infrequently. This may be attributable to the
lower NTP concentrations and higher temperatures (37 °C) employed in conventional
ensemble experiments. Here, we explored the detailed force-dependence of the lifetimes for
all four of the ubiquitous pauses, as well as for the his pause. We find once again that the
intrinsic pause lifetimes for these elemental pauses are similar in duration, and moreover,
that their lifetimes are largely unaffected by external force. These characteristics are fully
consistent with a model in which sequence-dependent pauses do not backtrack, but instead
represent an elemental state that may, for example, reflect a conformational change at or
near the active site of the enzyme (Artsimovitch and Landick, 2000; Herbert et al., 2006;
Toulokhonov et al., 2007).

In contrast to the intrinsic lifetime of elemental pauses, both the density and the apparent
lifetime of elemental pauses are strongly modulated by assisting load, which tilts the energy
landscape for transcription to favor forward translocation (Figure 2A, 6D and S2A-D). Our
result, therefore, shows that modulating the translocation step can play a key role in
regulating the overall transcription rate, which ultimately regulates the cellular RNA level.
Furthermore, quantification of the observed load dependencies provides direct evidence
leading to a model that involves Kinetic competition between elongation and entry into a
pause state which branches directly from the pre-translocated position (Figure S3).
Mechanical stabilization of the post-translocated state reduces the branching probability of
entering a pause state while simultaneously increasing the chance that the enzyme will
resume elongation rather than re-enter the pause state. A branch from the pre-translocated
state is also supported by results from previous cross-linking and pyrophosphorolysis
experiments (Toulokhonov and Landick, 2003; Toulokhonov et al., 2007). Because the rates
involved in this Kinetic competition are temperature dependent, it is anticipated that pause
efficiencies, lifetimes, and their force sensitivities will likewise be temperature dependent
(Abbondanzieri et al., 2005b; Mejia et al., 2008).

Finally, we note that recovery from a pause state to the main elongation pathway need not
follow a direct reversal of the sequence of transitions leading to the pause state, although the
kinetic analysis here assumes such a scenario for simplicity. Recent findings suggest that at
least some pauses which do not backtrack may revert to the elongation pathway after the
translocation and NTP binding steps (Kireeva and Kashlev, 2009; Landick, 2009;
Toulokhonov et al., 2007). In such a scenario, stabilizing the pre-translocated state will not
merely change the pause efficiency, but will also increase the pause lifetime to a degree
determined by how rate-limiting the translocation step is during pause recovery. The
conclusion that both hindering loads and NusA factor increase the pause density and
apparent lifetime by stabilizing the pre-translocated state is qualitatively consistent with
such a kinetic scheme as well.

A kinetic model of NusA modulation of elongation and pausing

In the proposed kinetic scheme (Figure 6D), the effects of NusA on active elongation and
pausing may be explained quantitatively by an increase of ~1.5 kgT in the energy barrier for
forward translocation. Given that the translocation step during each elongation cycle
represents the distance subtended by a single base pair, this energy is equivalent to
supplying an average hindering load of ~19 pN over that distance. Put in terms of a
Brownian ratchet model (Abbondanzieri et al., 2005a), this implies that the action of NusA
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biases the relative occupancy of the pre- and post-translocated states, further stabilizing
(destabilizing) the pre-translocated (post-translocated) state: this is consistent with ensemble
experiments suggesting that NusA favors backward translocation (Bar-Nahum et al., 2005).

The force-dependent elongation rate for RNAP in the absence of NusA agrees with previous
single-molecule experiments (Abbondanzieri et al., 2005a; Bai et al., 2007). In the presence
of NusA, the pause-free velocity was also found to be load-dependent, but we found only a
small decrease in Vmax, upon the addition of NusA, suggesting that NusA does not
significantly affect the biochemical rates of either NTP condensation or pyrophosphate
release. Rather, it would appear that NusA regulates on-pathway elongation in some
mechanochemical fashion.

Previous structural and biochemical studies suggested that NusA binds to the flap-tip of the
B-subunit of RNAP, the dock domain of the B~ subunit, and the exiting RNA, with its N-
terminal domain capping the RNA exit channel (Ha et al., 2010; Toulokhonov et al., 2001;
Yang et al., 2009). The effective hindering load produced by NusA might be explained, in
principle, by an interaction between the positive surface charge of NusA (Worbs et al.,
2001) and nascent RNA, since anchoring of the NusA NTD to the RNAP exit channel would
create a continuous NusA-RNA interaction that would preclude RNA looping during
translocation. It is also conceivable that the binding of NusA to RNAP may induce allosteric
effects in the active site or trigger loop that affect translocation without significantly
changing the catalysis rates for active (on-pathway) elongation steps. It might therefore be
productive in future single-molecule experiments to explore NusA effects on elongation for
RNAP molecules carrying mutations in the trigger loop or bridge helix.

Sequence-specific effects of NusA and their probable mechanisms

Previous experiments have suggested that NusA may exert different effects at different
pause sites (Artsimovitch and Landick, 2000; Sigmund and Morgan, 1988; Theissen et al.,
1990). The data here show that an assisting force of sufficient magnitude (6—28 pN) can
largely neutralize the effect of NusA at different, sequence-specific pause sites, allowing us
to conclude that NusA raises the energy barrier against forward translocation in a sequence-
specific manner (Figure 6E). The sequence-specific effects of NusA we observed are
unlikely to be mediated solely by stable RNA structures, since pauses a—d lack the ability to
form obvious, stable RNA hairpins near RNAP (—11 to —16 bp relative to the 3'-end of
RNA) and yet are affected to different extents by NusA. Rather differences in the DNA
template sequence, the length of the DNA-RNA hybrid (Kyzer et al., 2007) or conceivably
small, comparatively unstable RNA structures. We found that NusA NTD (NusA137),
which binds to RNAP in or near the RNA-exit channel, also modulates elongation in a
sequence-specific manner similar to that of full-length NusA (Figure 7A-C), although the
effects of NusA NTD were slightly weaker than those of full-length NusA (Figure 7D).
These results are consistent with the effect of NusA NTD on the his pause in ensemble
experiments when RNA is present upstream of the pause hairpin (Ha et al., 2010).

Transcriptional regulation by NusA

Unlike some transcription factors, such as RfaH and GreA/B, that are transiently recruited
by RNAP at specific sites or for different configurations of the transcription complex
(Artsimovitch and Landick, 2002), NusA continuously moderates elongation and pausing
(Mooney et al., 2009). A major effect of NusA is attributable to increasing the energy barrier
to forward translocation. Remarkably, this is the opposite effect of the other universal
elongation factor in bacteria, NusG, which also associates with most elongation complexes
(Mooney et al., 2009), but appears instead to promote forward translocation (Herbert et al.,
2010). Thus, in vivo, elongating RNAP appears constantly subject to the counter-posing

Mol Cell. Author manuscript; available in PMC 2012 November 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 11

effects of two transcriptional regulators, one that augments pausing and one that diminishes
it, both via effects on translocation. Given that NusA and NusG do not compete for binding
to elongation complexes, but exhibit selective effects on pauses (Burns et al., 1998), an
important challenge for future research will be to determine how differences in the RNA and
DNA sequences encountered by RNAP dictate how the opposing effects of these two
regulators are differentially balanced.

Experimental Procedures

Transcription templates for optical trapping assays

Plasmid pALB, used for the hindering-load assay, was created from plasmid pBW, which
was used to generate the his tandem repeat template employed in previous experiments
(Herbert et al., 2006). The AIwNI restriction site was moved from a location ~1000 bp
downstream of the rrnBT1 terminator to a location ~1000 bp upstream of the T7Al
promoter using two rounds of site-directed mutagenesis (Qiagen Quickchange). Linear,
labeled templates were constructed from the pALB and pBW1 plasmids by first digesting
each plasmid at the unique AlwNI site. The resulting 3’ ends were labeled using DIG-ddUTP
plus terminal transferase (Roche DIG Oligonucleotide 3'-End Labeling Kit). Subsequent
digestion of pPBW1 at a unique Sapl site resulted in a transcription template suitable for
study under assisting load, by removing the digoxigenin label site at the transcriptionally
downstream end and leaving a single digoxigenin label site at the upstream end for tethering
to anti-digoxigenin antibody-coated polystyrene beads. Digestion of pALB at the unique
Eco109I site resulted in a template for hindering load, removing the upstream end and
leaving a single label on the downstream end.

Optical trapping assay

Sample preparation for the DNA-pulling dumbbell assay was performed as described
(Herbert et al., 2010). All experiments carried out in the presence of ImM rNTPs in
transcription buffer (50 mM HEPES, pH 8.0, 130 mM KCI, 4 mM MgCl,, 0.1 mM EDTA,
0.1 mM DTT) and an oxygen scavenging system (Yildiz et al., 2003), and the specified
concentrations of NusA and NusA137 at a temperature of 27 °C. Controlled forces were
applied by an optical force clamp based on active feedback (Abbondanzieri et al., 2005a).
NusA and NusA137 were purified as described (Kyzer et al., 2007).

Data analysis

The contour length of the DNA suspended between the beads was calculated as described
(Abbondanzieri et al., 2005a). Template position was determined by subtracting the contour
length of the segment of the DNA template located between the transcription initiation site
and the 730 nm bead (2,607 bp for assisting load and 5,565 bp for hindering load, based on a
DNA helix pitch of 0.338 nm/bp) from the measured DNA contour length during
transcriptional elongation. Pauses were identified and aligned by computer as previously
described (Herbert et al., 2006). Pause-free elongation velocities of single RNAP molecules
were determined by fitting the velocity distribution to a sum of two Gaussians, as previously
described (Dalal et al., 2006; Neuman et al., 2003). Statistical uncertainties in the pause

efficiency, PE, of individual pauses were determined from V(1 = PE)PE/N \yhere N is the
number of records. Igor Pro software (Wavemetrics) and programs written in C were used
for data analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single-molecule Transcription Assay

(A) Experimental geometry for the DNA-pulling dumbbell assay (not to scale). Two

Page 15

polystyrene beads (light blue) are held in twin optical traps (pink) above the surface of a
coverglass. RNAP (green) is attached to the smaller of the two beads via a biotin-avidin
linkage (yellow, black), and the DNA template (dark blue) is attached to the larger bead via
a digoxigenin-antidigoxigenin linkage (purple, orange). The RNA transcript (red) emerges
co-transcriptionally. Transcription proceeds in the direction shown (green arrow) such that

applied tension assists translocation. By attaching the digoxigenin label to the 3'-

downstream end of the DNA instead, the direction of the applied load may be reversed in

assays.
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(B) Engineered transcription templates carrying the his pause element, as previously
described (Herbert et al., 2006). Transcription templates consist of 8 repeat motifs (red)
located ~1100 bp beyond a T7 Al promoter (dark green), from which transcription was
initiated, and ~80 bp in front of the rrnB T1 terminator (yellow). Templates were labeled
with digoxigenin on the transcriptionally upstream end (for assisting loads; solid orange) or
the transcriptionally downstream end (for hindering loads; transparent orange). Single, 239-
bp repeat motifs (red arrow) consist of leader sequence (pink) with the his pause sequence
(gray), along with rpoB gene-derived sequences (light green) showing positions of the b—d
pause sites, and flanking DNA corresponding to restriction sites used for cloning (blue)
containing the a pause site.

(C) Six representative records of RNAP elongation on the his repetitive template in the
presence of 0.5 uM NusA (blue) (N = 34) or absence of NusA (red) (N = 45) under 7.5 pN
assisting load at 1 mM NTPs. The gray lines indicate the positions of his pause sequences,
and the yellow bar indicates the rrnB T1 terminator sequence. Locations of the 8 repeat
motifs are indicated (red arrows, right side).
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Figure 2. Kinetic Schemes for Transcriptional Elongation and Pausing

(A) Generalized kinetic scheme for elongation and pausing, with the main RNA synthesis
pathway displayed along the top (green boxes). In the Brownian ratchet model, RNAP
fluctuates between pre- and post-translocated states prior to the reversible binding of NTP,
followed by a less reversible condensation reaction and pyrophosphate release, which rectify
forward motion. Alternatively, NTP binding may precede translocation in the presence of a
secondary binding site for NTP (Abbondanzieri et al., 2005a). The displacement associated
with translocation is §. The elemental pause state (middle row, red box) branches off the
elongation pathway from an intermediate state (here, the pre-translocated state) and may be
additionally stabilized to generate longer-lived pause states (bottom row, purple boxes)
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through backtracking (displacement 8') or hairpin-interaction mechanisms. (See also Figure
S3.)

(B) A simplified kinetic scheme generated from (A), showing a single load-dependent rate
on the main elongation pathway with associated distance parameter 3, and load-dependent
rates for entry and exit from stabilized pauses, along with associated distance parameters, &,
and 6_,. (The possible load dependence of transitions in and out of the elemental pause state
is considered in the main text).
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Figure 3. Single-molecule force-velocity relationships

Data (mean + SEM) for the pause-free elongation velocity as a function of applied load in
the presence (blue) or absence (red) of 0.5 uM NusA at 1 mM NTPs, along with fits (solid
lines) to Boltzmann relations (see text). The distance parameter was fixed at 1 bp. Positive
forces correspond to assisting loads. (See also Figure S1.)
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Figure 4. Pausing statistics as a function of force
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(A) Pause density as a function of applied load in the presence (blue) or absence (red) of 0.5
MM NusA at 1 mM NTPs, along with global fits to Equation (2).

(B) Corrected (intrinsic) lifetimes (mean £ SEM) for ubiquitous pauses in the presence
(blue) and absence (red) of NusA, along with the fit (green line) to a constant lifetime, t =

0.9+0.1s.

(C) Long-lifetime pause density vs. applied force in the presence (blue) or absence (red) of
NusA, fit to single exponentials (green, purple lines). The distance parameter was globally
fit, yielding (81 + 82) = 1.3 £ 0.2 bp. (See also Figure S2.)
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Figure 5. Sequence-specific pauses are influenced by NusA and load

Display of the mean logarithm of the dwell time for RNAP versus template position (+
bootstrapped std. dev., white), computed from aligned data from all eight repeats of the
sequence motif carrying the his pause. (A) Data acquired in the absence of NusA for 17.5
pN assisting loads (purple line), (B) in the absence of NusA under 7.5 pN or 5 pN hindering
loads (red line), and (C) in the presence of 0.5 pM NusA under 17.5 pN assisting load (blue
line). Background color indicates origin of the underlying sequences: rpoB gene (green),
restriction sites used for cloning (blue), regulatory pause region (pink), his pause site (light
gray). Major pause sites are labeled.
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Figure 6. Effects of NusA on individual pauses and the energetic model

(A)—(C) Pause efficiencies (PE) for the his pause (mean + SEM) as a function of applied
load, with fits to Equation (3). (A) In the absence of NusA (red), the negative force point
(—6 pN) corresponds to pooled data taken under 7.5 pN and 5 pN hindering loads. (B) Data
and Boltzmann relation fit (blue) for 0.5 uM NusA. (C) Superposed data in the presence and
absence of NusA, showing the fit to a common Boltzmann relation (red line). Here, forces
applied in the presence of NusA were first reduced by Fyysa Obtained from the parameter fit

in (B).

(D) Energy diagram illustrating the transcriptional modulation by NusA through a change in

barrier height.

(E) The computed increase in the energy barrier to forward translocation produced by NusA
for all five identified pause sites and the corresponding hindering load equivalent, obtained
from fits of the PE at individual pause sites under various loads in the presence or absence

of NusA.
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Figure 7. Modulation of elongation and pausing by NusA137 (NTD)

(A) Average pause-free elongation rates (mean + SEM) at 17.5 pN assisting load in the
presence of 0.5 uM NusA or 5 puM NusA137, and in the absence of NusA..

(B) Short-pause density (mean + SEM) at 17.5 pN under the same conditions as (A).

(C) Long-lifetime (=20 s) pause density (mean £ SEM) under the same conditions as (A).
(D) Pause efficiencies (mean + SEM) of five individual pause sites in the presence of full-
length NusA (green), NusA137 (red), or in the absence of either protein (blue). The
efficiency at a given pause site was determined by dividing the number of pause events
scored (= 1 s) within £5 bp of site by the number of times the site was encountered.
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