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9.1 Introduction

Transcription elongation is the process by which RNA polymerase (RNAP)
moves along template DNA and synthesizes a complementary RNA. During
elongation, RNAP carries out a highly processive and directional net motion,
even in the presence of a large external load."> From an energetics point of
view, RNAP is a molecular motor capable of converting chemical energy
derived from NTP hydrolysis into mechanical work.* Unlike other molecular
motors such as kinesin or myosin that move along a uniform track, RNAP
transcribes on a DNA substrate with varying sequence content. This variability
of sequences significantly affects the kinetics of RNAP motion and results in
non-uniform elongation rates.>® Theoretical modeling of transcription has so
far focused on two main aspects of elongation: (1) how RNAP couples che-
mical catalysis energy to its translocation and mechanical work and (2) how its
motion is regulated by the DNA sequence.
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The first question concerns the mechano-chemical coupling mechanism of
RNAP and applies to any molecular motor, or more generally, to any motor.
However, there is a major difference between molecular and macroscopic
motors: molecular motors function on such a small scale that they are sig-
nificantly affected by thermal (Brownian) fluctuations. Because Brownian
motion is random, it alone cannot generate unidirectional motor motion;
nevertheless, it plays an important role in the functioning of molecular motors.’
Two distinct mechano-chemical coupling mechanisms have been proposed that
differ in the way the motor utilizes thermal and chemical energies. In the
“power-stroke” mechanism, the energy derived from chemical reaction is used
directly to drive the motor forward. In the alternative “Brownian ratchet”
mechanism, the motor’s motion is driven by thermal fluctuations, while the
chemical reaction imposes directionality by biasing the motion in a single
direction.

The mechano-chemical coupling mechanism employed by RNAP is still
under debate (see Chapters 4 and 7). The power-stroke mechanism was pro-
posed based on crystallographic studies of T7 RNAP® and suggests that the
release of PPi product at the end of the chemical reaction step induces a con-
formational change in RNAP that makes it forward translocate by 1 bp.
However, several other experimental and theoretical studies’ '’ supported a
Brownian ratchet mechanism where RNAP can slide back and forth on the
DNA template activated by thermal energy and the incorporation of the next
nucleotide biases the polymerase forward by one base pair. The most direct
evidence for a Brownian ratchet model is the ability of the RNAP to non-
catalytically slide backward along the DNA (backtrack) when elongation is
blocked via NTP starvation or slowed at particular DNA sequences.'' How-
ever, it is not clear whether such thermally-activated sliding occurs at all
template positions during active elongation.'® Recent kinetic modeling com-
bined with single-molecule measurements of RNAP elongation kinetics under
various experimental conditions have provided strong support for a Brownian
ratchet mechanism.'>!'315:17

The second key question that theoretical modeling of transcription must
address is the influence of the underlying DNA sequence on RNAP kinetics.
Experimentally, it has long been recognized that on a DNA template with
varying ATGC content the elongation reaction does not proceed at a uniform
rate. In particular, RNAP tends to dwell at some template positions con-
siderably longer than at others, a phenomenon known as transcriptional
pausing.>® Bulk biochemical assays have suggested that at least some of the
observed pauses were caused by RNAP backtracking.®'" At such pause sites
transcription is halted until the 3’ end of the nascent RNA returns to the active
site, either by RNAP forward translocation or by internal cleavage of the RNA
at the active site. Single-molecule studies found that pauses could be divided
into long/short duration pauses and that the two types of pauses exhibited
different sensitivity to external force.*'?® Measurements with improved spa-
tial resolution revealed that RNAP tended to backtrack during the long pauses,
but not the short ones, suggesting different pause mechanisms.?'*> The DNA
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sequences that are known to induce pauses lack apparent sequence consensus.
Theoretical studies suggest that the sequence-dependence of RNAP elongation
kinetics is highly correlated with the free energy of the corresponding tran-
scription elongation complex (TEC), which depends strongly on the underlying
DNA sequence.'>!'7**?* These models have been successful in predicting a
large portion of experimentally identified pause sites, and provided insight into
the mechanism of pausing.

9.2 Background

RNAPs occur as both single- and multiple-subunit enzymes. RNAPs from
bacteriophages and mitochondria are representative of the single-subunit
family; bacterial, archaeal, and eukaryotic nuclear RNAPs constitute the
multiple-subunit family. Although the single-subunit and multi-subunit
RNAPs do not likely share a common ancestor, the available biochemical and
structural information from representatives of each family shows that these
RNAPs share many characteristics,>>*® a justification for the search of com-
mon mechanisms.

Transcription is traditionally divided into three sequential phases: initiation,
elongation and termination, although termination can be viewed as an alternate
pathway branching from elongation.?” Here we focus on the elongation stage,
during which the RNAP forms a stable transcription elongation complex (TEC)
with the template DNA and the nascent RNA, and moves along the DNA
incorporating complementary NTPs to the 3’ end of the RNA. Each nucleotide
addition can be viewed as a competition among active elongation, pausing (a
transient conformational state incapable of elongation), arrest (a conforma-
tional state incapable of elongation without factor-assisted isomerization back
to an active complex) and termination (transcript release and enzyme dissocia-
tion from the DNA template) (see Chapters 7 and 10 in the present book).?’

As depicted in the Structural Atlas and reviewed in Chapter 7, the tran-
scribing RNAP has a crab claw shape with the “jaws” surrounding a central
channel, which holds the nucleic acids. The TEC structure contains an open
DNA bubble of 12-14 bp and an 8-9 bp RNA-DNA hybrid within the RNAP
main internal channel, a smaller secondary channel or pore that likely serves as
an entry channel for NTPs, and an RNA exit channel.?***?° The active site,
which is the catalytic center of the complex, is located at the junction of the
main channel and secondary channels and contains at least one nucleotide
binding site and a tightly bound Mg?*. RNAP is a two-metal ion-dependent
enzyme and the second active-site Mg>" is thought to be coordinated with the
incoming NTP (Chapters 7 and 8).*°

For a given nascent RNA length, the TEC may exist in slightly different
configurations that are due to RNAP translocation, which we will refer to as
“translocation states’ (see Figure 7.2). The most significant difference among
different translocation states is the position of the RNA 3’ end relative to
the active site of RNAP. NTP incorporation can only occur in the
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“post-translocation state,” where the active site is occupied by the com-
plementary NTP and immediately adjacent to the 3’ end of the nascent RNA.
Upon NTP incorporation, the 3’ end of the RNA occupies the active site and
the TEC is in its “pre-translocation state.” From this state RNAP must move
forward by 1bp to clear the active site to allow binding by the next incoming
NTP and thus to start the next elongation cycle. As mentioned before, it was
observed experimentally that TEC can also form “‘backtracked states” by
moving backward non-catalytically and placing the 3’ end of RNA into the
secondary channel. There is also evidence suggesting that the RNAP can
translocate forward beyond the pre-translocation state to “‘forward-tracked
states,” which could serve as precursors to transcription termination.’'*
Such configurations are not catalytically competent and the RNAP must
return to the post-translocation state to continue elongation. The pre- and
post-translocation states are indispensable for the continuous NTP incor-
poration cycle, and therefore belong to the “main” elongation pathway; the
backtracked and forward-tracked states are part of the “branch’ non-essential
pathways.

9.3 Mechano-chemical Coupling of Transcription

9.3.1 NTP Incorporation Cycle

A single NTP incorporation cycle must minimally include RNAP translocation
from pre- to post-translocation states, NTP binding, NTP hydrolysis and PPi
release.'®¥3* However, the details of the NTP incorporation cycle depend
greatly on the specific mechano-chemical coupling mechanism. In a Brownian
ratchet model of transcription, prior to NTP incorporation, RNAP can move
back and forth on the DNA template, activated solely by thermal energy, so the
translocation part of the pathway is largely independent of the chemical
reaction part of the pathway. In contrast, in a power-stroke model these two
parts are highly correlated: NTP hydrolysis is thought to induce a conforma-
tional change of RNAP, which necessarily leads to translocation (as illustrated
in Chapter 4 and Figure 7.5A). In other words, the two mechanisms represent
“weak” and “‘strong” coupling between chemical reaction and mechanical
translocation, respectively. Consequently, these models make different quan-
titative predictions of the elongation rate dependence on external load and
[NTP], and can be differentiated by kinetic and mechanical measurements.

9.3.2 NTP Incorporation Pathway in a Simple Brownian
Ratchet Model

The basic reaction pathway for a Brownian ratchet model involves only
one NTP binding site and a minimum number of translocation states as
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shown in:
TECn, forwardtracked
H NTP .. PP
1 X2 3 L4
TEC,, pre === TEC, po === TEC, ,oq'NTP === TEC,,; e’ PPi === TEC,| yre
H k, [ ks ks
TECn, backtracked (9 1)

where TEC,, re(post) Tepresents the TEC with transcript size n at the pre(post)-
translocation state. The main reaction pathway proceeds along the horizontal
arrows and includes translocation between pre- and post-translocation state,
NTP binding, NTP hydrolysis and PPi release, all of which are potentially
reversible.

Reaction pathway (9.1) could be further simplified to reaction pathway (9.2)
below certain kinetic limits.”"'* Under typical experimental conditions where
PPi concentration in the solution is very low, the slow pyrophosphorolysis rate
makes NTP hydrolysis essentially irreversible (k_4 ~ 0). Also, there is evidence
that NTP hydrolysis rates are much larger than the PPi release rate (ki3 > >
k4),> so the two steps could be combined into one step with a single effective
rate. Another simplifying assumption is that both the translocation between the
pre- and post- translocation states and NTP binding follow rapid equilibrium
kinetics,” therefore only the equilibrium constants of these steps need to be
considered:

TEC

n, forwardtracked

< H NTP PP,
TEC,, ;e === TEC, poyt === TEC, you NTP—"24 TEC,,,; .

n, pre

[

TECn, backtracked ( 9 2)

Notably, in this model, once a complementary NTP binds to the active site,
the TEC is locked into the post-translocation state without access to other
translocation states until NTP hydrolysis or dissociation. Therefore, it has been
suggested that the NTP acts as a pawl in a ratchet and prevents the RNAP from
sliding backwards,'* consistent with the experimental observation that the
incoming NTP stabilizes the TEC in its post-translocation state.'*

9.3.3 NTP Incorporation Pathways in more Elaborate Brownian
Ratchet Models

Brownian ratchet models more complex than the simple model described
above have also been proposed and involve multiple parallel pathways,
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additional TEC states, additional NTP binding sites, efc. In a quench flow
experiment that probed E. coli RNAP transient-state kinetics, the rate of
single nucleotide incorporation was found to be biphasic: a fraction of the
RNAP population exhibited much faster rates of catalysis than the rest.>>=°
Therefore, it was proposed that the elongation complex could exist in
either an active (TEC*®) or inactive (TEC™*") state, which incorporate NTPs
with different rates and are not in fast equilibrium, as shown in reaction
pathway (9.3). Based on the dependence of the reaction rate on [NTP], it was
also suggested that the transition from an inactive to an active state was
facilitated by the binding of the next complementary NTP to an allosteric
binding site:

NTP L PP,

fast

TECaCln, post L—a TECaClnY post -NTP —4 TEcn+1, pre

S

PP,
. . X i kg !
TECmaCtm pre -— TECmaCtm post— TECmamnY post -NTP M TECn+l, pre

[

inact
TEC n, backtracked

9.3)

Multiphasic NTP incorporation kinetics were also proposed for human
RNA polymerase II (pol II), although the kinetic data were modeled
somewhat differently.>”® In the pol I model, the fast and slow fractions were
proposed to reflect the TEC populations in the post- and pre-translocation
states, respectively. The two translocation states interconvert slowly and
are not in equilibrium, resulting in biphasic kinetics of NTP incorporation
at low [NTP]. Because the two states respond to [NTP] differently, it was
proposed that both translocation states could bind to the incoming NTP,
and the transition between them was expedited by an NTP-driven “‘induced fit”
mechanism:

PP,
fast . kmax !
TEC,, e NTP == TEC, o -NTP—> TEC PPi —% TCE,

NTP A[K’d NTP ALK"

TEC

n+l, pre * n+1, pre

n, post

TECn, backtracked (94)

A model similar to reaction path (9.4) was proposed in a recent single-
molecule study that examined E. coli RNAP transcription rate dependence on
[NTP] and force. This model also includes a secondary NTP binding site so that
NTP binding can take place either before or after translocation.'* However,
unlike reaction path (9.4), the two translocation steps in this model, before and
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after NTP binding, are assumed to be in equilibrium:

Kp ko P
. “max
TEC, pe NTP == TEC, oy NTP=== TEC,,,, . ‘PPi RIS TCE 11 pre
A Ko s
NTP NTP
Kll
TEC, e == TEC, pou (9.5)

Compared with the simple Brownian ratchet model (reaction path 9.2), models
(9.3)-(9.5) all involve parallel pathways, with the transition between them
depending on an NTP binding to a secondary site. This site was postulated to
either lie within the streptolydigin-binding region of the E. coli RNAP or in the
main channel facing the downstream single stranded DNA at n+1 and n+2
(where 7 is the RNA length).>**® However, so far direct experimental evidence
for the extra NTP binding site is still lacking.

An alternative model proposed by Bar-Nahum ef al.”” involves parallel
pathways, but with no requirement for an extra NTP binding site. This “dual
ratchet mechanism” is based on experimental evidence that the bending of a
flexible bridge helix (the F bridge) located at the active site near the 3’ end of the
RNA plays an important role in translocation (see Figure 7.1.A).>**' According
to this model, in addition to the simple Brownian ratchet mechanism in reaction
path (9.2), there is a second ratchet imposed by the F bridge, which oscillates
back and forth between “‘straight” and “bent” conformations due to thermal
fluctuation. The F helix, the 3’ end of RNA and the incoming NTP substrate
interact with each other by competing for the polymerase’s active center: an NTP
can only bind when the F helix is in its straight form, and the bending of the F
helix can force a bound NTP to dissociate, to “push” RNAP forward by one
nucleotide, or to cause the 3’ end of RNA to separate from the template DNA
into the secondary channel. The reaction pathway is given by pathway (9.6):

1.14

TECn, forwardtracked
1[ NTP . PP
TECS, e = TECS, o AN TECS, Los ‘NTP S % TECS 11, pre
(N R
TEC®, . = TEC®,
1
TEC,,, backtracked (9 . 6)

where the superscripts S and B denote the straight and bent F bridge con-
formations, respectively.

9.3.4 NTP Incorporation Pathway in a Power-stroke Model

A power-stroke model has been proposed for the single subunit T7 RNA
polymerase based on structural studies where snapshots of the TEC at different
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stages of the elongation cycle were captured. T7 RNAP was found to undergo a
large conformational change from an “open’ conformation that could bind the
incoming NTP to a “closed” conformation during catalysis (Chapter 4).%** The
transition from the “open” to “‘closed” state occurred upon binding of the NTP
to the O helix structure located at the active site, while the pyrophosphate
release reversed the transition with a concurrent forward translocation of
RNAP by 1 bp. No structure could be obtained of the TEC in a pre-translo-
cation state without the PPi bound within the active site. From these obser-
vations Yin and Steitz proposed a power-stroke mechanism in which the
chemical energy derived from the NTP hydrolysis reaction directly drives the
forward translocation of the RNAP along the DNA template. Because of
the tight coupling of the translocation and the PPi release, they can be consi-
dered as a single step in the reaction pathway:

NTP

PP
e
d . "“max
TECy, post === TECy, post NTP == TECy,1_ e PPi —STECy, 1 pon 0.7)

In contrast to the Brownian ratchet models, the translocation step is irrever-
sible and occurs only once per NTP incorporation cycle.

9.3.5 Elongation Kinetics

With the simple kinetic scheme in reaction path (9.2), the overall active elon-
gation rate along the main pathway follows Michaelis—Menten kinetics in the
presence of competitive inhibitor:*!?

Kinax [NTP]
Ky =m0 4 K = Ky (1 + K 9.8
K+ [NTPp]” M Md all + K1) (9:8)

where the effective dissociation constant is larger than the actual NTP dis-
sociation constant Ky, reflecting the competition at the active site between the 3’
end of RNA and NTP. Similar arguments apply to the reaction path (9.5),
where more inhibition states are present:

k' [NTP] 1+ Ky
K = —maxtN CEL g R K 9.9
main = g INTP] N R T Rk, (9:9)

Importantly, kinetic Equations (9.8) and (9.9) very much rely on the
assumption of a rapid equilibrium existing between all states which interconvert
during translocation. The importance of this assumption may be illustrated
with a comparison of reaction pathways (9.4) and (9.5), which predict different
kinetics despite their close resemblance. The model in reaction path (9.5) pre-
dicts single-exponential kinetics for the NTP incorporation reaction, while the
overall elongation rate changes hyperbolically with varying [NTP]. In contrast,
the model reaction path (9.4) predicts double-exponential incorporation
kinetics and sigmoidal dependence of overall rate on [NTP].
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The kinetics in reaction path models (9.3), (9.4) and (9.6) are more compli-
cated. Despite the apparent difference between reaction paths (9.3) and (9.4),
the NTP incorporation kinetics predicted by the two models are similar. In
both models the TEC population equilibrates between the pre- and post-
translocation states during NTP starvation. Upon NTP addition, the TEC
population quickly re-distributes between the NTP bound and unbound states
(NTP binding in these models is assumed to be fast), and the distribution
depends on the NTP concentration. Different TEC states lead to different NTP
incorporation rates, and the resulting kinetics are bi-phasic. Increasing [NTP]
plays dual roles: it increases the NTP incorporation rate according to
Michaelis—Menten kinetics, and it also shifts the TEC population into an
“active” state displaying faster hydrolysis, and thus the overall incorporation
rate has a sigmoidal dependence on [NTP]. In contrast, in model reaction path
(9.6), the transition between the main and parallel pathways does not depend
on [NTP]. Therefore, although the model could account for the biphasic
incorporation rate by assuming a slow structural oscillation coupled to poly-
merization (for instance trigger loop and/or bridge helix oscillations), it could
not explain the high sensitivity of the reaction rate to [NTP].

For the power-stroke model in reaction path (9.7), if we assume the NTP
binding and hydrolysis reaction are both much faster than the PPi release step,
and [TEC,, 4| pre - PPi] =[TEC,, o5t - NTP] - K, then the incorporation rate could
be expressed as:

max

K} + [NTP]

K [NTP]

where the effective NTP dissociation constant Kj= K4/(1+K) and k'pax =
kmax[K/(1 + K)] is the effective maximum incorporation rate.

9.3.6 Force-dependent Elongation Kinetics

Several single-molecule experiments were carried out to evaluate reaction path
models (9.2), (9.5) and (9.7).'*'>!7 Compared with traditional ensemble stu-
dies, there are several advantages of single-molecule approaches for studying
transcription elongation. First, single-molecule techniques, such as optical and
magnetic tweezers, allow application of external force or torque to the TEC,
thus selectively perturbing the reaction steps involving RNAP translocation.
The nature of this step defines precisely how force affects the overall elongation
rate and, therefore, the force-dependence of elongation kinetics is a very critical
probe for the elongation mechanism. Second, as mentioned above, elongation
has a complicated, multi-branched reaction pathway, and different parts of the
pathway may respond differently to perturbations. For instance, active elon-
gation kinetics could have a very different force-dependence than pausing
kinetics. By monitoring the RNAP position in real time, especially with high
spatial resolution, it is possible to decouple active elongation from pausing, so
that their kinetics may be analyzed separately. Third, single-molecule techni-
ques are suitable for measuring properties that are highly unsynchronized
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among different RNAP molecules (such as pause duration), because they do
not require ensemble averaging among a large number of molecules.
Differentiation among reaction path models (9.2), (9.5) and (9.7) is difficult
using traditional bulk assays because the predicted kinetics are very similar (see
above). However, they predict significantly different force-dependent elonga-
tion kinetics. The power-stroke model in reaction path (9.7) contains a set of
reversible reaction steps followed by a force-dependent irreversible step,
therefore the external force should not affect the NTP dissociation constant but
simply the maximal rate constant:
k.. INTP]

k(F) = k(0) - exp(FA/kpT) = K(;j“:x NP

exp(FA/kgT) (9.10)
where k(0) is the reaction rate at force 0 pN, F'is the applied force and A is a
characteristic distance representing the location of the activation barrier from
the pre-translocation state (0 < A < 3.4nm), and kg7 is the thermal energy
(Figure 9.1A). When A=0bp, there would be no force-dependence on the
predicted elongation rate; in other cases, the elongation rate would have the
same exponential dependence on F at any NTP concentration. The actual
change in the elongation rate at different forces, k(F;)—k(F>), would be larger
at higher [NTP], making it easier to be detected experimentally.

In the Brownian-ratchet model (reaction path 9.2), the force-affected
translocation step is reversible and in rapid equilibrium. The force affects the
equilibrium constant Kj and thus the effective NTP dissociation constant by
tilting the energy landscape between the pre- and post-translocation states,
resulting in an altered elongation rate (see Equation 9.8):

. Kmax[NTP]
(F) = Kq[l + K1 (F)] + [NTP]
kmax

1+ ity [1+ K (0) - exp(—Fd fky T)

(9.11)

where the characteristic distance d corresponds to 1 bp for transitions between
pre- and post-translocation states (Figure 9.1B). Contrary to the previous case,
here when [NTP] is infinitely high, the maximal elongation rate would no longer
depend on force and the force modulates the effective Ky. Therefore, the sen-
sitivity of the elongation rate to force decreases at higher [NTP]. A similar
derivation can be applied to reaction path model (9.5), where applied force shifts
the equilibrium distribution between different translocation states. Because in
this model translocation could occur either before or after the NTP binding, the
force effect contains both NTP-dependent and independent components:

kmax
kE) = 1 4+ K12(0) - exp(—Fd/kgT) +[1\de[,][1 + K11 (0) - exp(—Fd/kpT)]
(9.12)
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A hydrolysis,
translocation

NTP binding

AG,

n, post "~

NTP .'\\ § /"/‘: a
N

AG

n+1, post

NTP
binding

translocation hydrolysis

AG,

n+l1, pre

Figure 9.1 Cartoons illustrating the effect of an applied force on the energy landscape
corresponding to addition of a single nucleotide during elongation. (A)
Power-stroke model. (B) Brownian ratchet model. In both cases, force
selectively perturbs the energy landscape in the step involving transloca-
tion. Assisting (+) and opposing (—) forces tilt the landscape in opposite
directions relative to the zero force case. See text for details.

Therefore, reaction path model (9.5) also predicts a decreasing force-
dependent elongation velocity at higher [NTP], but the force-dependence
approaches a non-zero limit at very high [NTP].

The Brownian ratchet and power-stroke models predict different trends of
elongation velocity force-dependence vs. [NTP]; therefore, single-molecule
force—velocity measurements can be used to differentiate between the models. It
has been shown that E. coli RNAP is a powerful motor, and on average
~25pN of resisting force was required to stall elongation.' * Under saturating
[NTP], elongation velocity remained nearly constant over a wide range of
resisting and assisting forces (+25 to —35 pN).%*2%* Two more recent studies
on E. coli RNAP found a small but statistically significant dependence of
velocity on force, even at high NTP concentrations, and this dependence
increased at lower [NTP].'*!7 A study using T7 RNAP found a similar force—
velocity relation, arguing for a similar elongation mechanism for the single and
multiple subunit polymerases.'”
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Importantly, in reaction path model (9.2), the equilibrium translocation
constant K; can be computed solely based on the sequence-dependent TEC
state energy, as will be discussed in detail below. Bai et al. showed that once
kmax and Ky were experimentally determined, the force—velocity curves at
various NTP concentrations in reaction path model (9.2) could be predicted
without any fitting parameters (Equation 9.11).!” The agreement between the
predicted and the measured force—velocity curves supports the simple Brow-
nian-ratchet mechanism (reaction path 9.2)."”

Because the power-stroke model as presented in reaction path (9.7) is
oversimplified and contains multiple assumptions on reaction kinetics, the
power-stroke mechanism cannot be formally ruled out. However, generally
speaking, the Brownian ratchet models have found strong support from inde-
pendent experimental evidence despite some differences in the details of the
reaction pathways. In Thomen et al.'” and Bai e al.'” the measured force—
velocity relationships of T7 and E. coli RNAP at various NTP concentrations
were consistent with the simple Brownian ratchet model of reaction path (9.2),
while Abbondanzieri e al.'® found that their data could be better explained by
the more complicated Brownian ratchet model reaction path (9.5).

9.4 Sequence-dependent RNAP Kinetics

To model sequence-dependent RNAP kinetics, the essential task is to establish
the correlation between the kinetic parameters in the NTP incorporation
pathway and the sequence of the transcribed DNA. A hint comes from studies
of intrinsic transcription termination, where a special sequence known as a
terminator destabilizes the TEC and induces dissociation of the RNA and
RNAP from the DNA template (Chapter 10).** To account for this destabili-
zation, Yager and von Hippel®® provided a static sequence-dependent ther-
modynamic analysis of TEC stability of E. coli RNAP. This model successfully
explained the elevated TEC free energy at intrinsic terminators, and laid out the
foundation for kinetic analysis of termination efficiency.*> Recent theoretical
studies extended the thermodynamic model by performing a full kinetic ana-
lysis and applying it to active elongation and pausing.'®!”** These kinetic
models are discussed below.

9.4.1 Thermodynamic Analysis of the TEC

Based on the structure of the TEC, its thermodynamic stability is given by the
standard free energy of the complex formation from its components:

AG = AGpnNa bubble + AGRNA-DNA hybrid + AGRNAP binding (9.13)

Here the lower the free energy of a given state the more stable the TEC in that
state. The energy cost required for DNA bubble opening AGpna bubble 1S Offset
by the energy of formation of the RNA-DNA hybrid AGrna—DpNA hybrid and
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the stabilizing interactions between the polymerase and the nucleic acids,
AGRNA binding- The first two terms of Equation (9.13) can be calculated for a
given DNA sequence from the base pairing energy of the nucleic acids. These
free energies have been measured in solution only and current models assume
the energy values do not change considerably within the TEC. Based on
structural data, RNAP interacts primarily with the backbone of the nucleic
acids and thus the third term in Equation (9.13) can be treated as a sequence-
independent constant.*

Another possible energetic contribution that may affect RNAP kinetics
comes from the interactions of RNAP with the nascent RNA, AGrna:

AG = AGpNa bubble + AGRNA-DNA hybrid + AGRNAP binding + AGrna  (9.14)

The last term represents the change in the folding energy of the free transcript
RNA outside the RNAP as transcription proceeds.”* RNA is known to play a
critical role in intrinsic transcription termination and hairpin-dependent tran-
scriptional pausing.®“® It has also been proposed that RNA hairpin structures
could serve as a barrier to prevent RNAP backtracking and thus influence
elongation pausing.**

The value of the TEC state energy is highly dependent on the TEC structure
used in modeling elongation (size of the DNA bubble, length of the DNA-RNA
hybrid, etc.). Recent theoretical studies computed the TEC energy either using
a fixed TEC structure within the experimentally observed range'*'”?* or
averaging over a range of bubble configurations.** For a given TEC structure,
the energy depends strongly on the DNA sequence within the complex. On a
DNA template of a few hundred basepairs, the TEC energy at different tem-
plate positions could differ by more than 10kg7. This large dynamic range has
important implications and naturally leads to the dramatic sequence-dependent
kinetic behavior of RNAP.

This overall free energy also depends on the precise translocation state of the
TEC. The post-translocation and forward-tracked states tend to be less ener-
getically favorable than the pre-translocation and backtracked states, because
the former have fewer base pairs within the RNA-DNA hybrid. Based on the
same line of reasoning, the pre-translocation and backtracked states would
have approximately the same energy, once averaged over various DNA
sequences. Once an incoming complementary NTP binds in the active site and
basepairs with the DNA base, this additional interaction energy stabilizes the
post-translocation configuration.®’

9.4.2 Sequence-dependent NTP Incorporation Kinetics
in Brownian Ratchet Models

Thus far two sequence-dependent elongation models have been formulated,
respectively by Bai et al.'*'” and by Tadigotla er al.** Both models are based
on the simple Brownian ratchet mechanism shown in kinetic pathway (9.1).
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They are extended to consider sequence-dependent k,.x, K4 and translocation
rates in the branched pathways shown in reaction path (9.2) for all template
positions. Since there have been little or no direct measurements of these kinetic
parameters, some assumptions must be made to estimate the parameter values.
The key differences between the two models are in the assumptions leading to
the derivation of the backtracking rates. They lead to different expressions for
the elongation rate.

In Bai er al.'*'" backtracking is assumed to be a slow process, so that during
active elongation the backtracked states do not equilibrate with the states
within the main pathway. At a majority of template positions and under typical
NTP concentrations this model predicts that the probabilities of backtrack-
ing are so small that the backtracked states are essentially inaccessible. For
these sites, the NTP incorporation follows a single exponential curve with a rate
Kmain as expressed in Equation (9.8). Notably, the equilibrium constant, Kj,
is not a free parameter and can be directly calculated from the free energy
difference between the pre- and post-translocation states:

K = exp[(AGpost — AGpre)/kB T} (9.15)

As mentioned before, AGp.. and AG,s are both strongly sequence-dependent,
and thus K’y as well as k., Will be sequence-dependent.

In this model the backtracked rates are calculated based on Arrhenius
kinetics, where the transition rate between any two states 1 and 2 is governed by
the free energy difference between the peak of the activation barrier for the
transition and state 1:

k-2 = koexp[—(AG| ., = AG1) /kpT] (9.16)

where AG", ., is assumed to be the same for all backtracked steps and on all
template positions. Under such an assumption, the backtracking rate is solely
determined by the TEC free energies. At the few sites displaying a high prob-
ability of backtracking, NTP incorporation is predicted to follow a multi-
phasic time course.

In contrast, Tadigotla er al.** assume that RNAP is capable of rapid back-
tracking until it encounters the first secondary structure formed by the nascent
RNA outside of the RNAP. At this point, further backtracking of RNAP is
prevented until the next NTP incorporation. In this model, accessible trans-
location states both in the main and branch pathways are assumed to be in
equilibrium. Thus at each template position the predicted time course of NTP
incorporation follows a single exponential with a rate constant:

kmax[NTP] kmax[NTP]
kmain = 7 = (917)
K;+ [NTP] Ky 3. exp (AGpou — AG,,) [k T + [NTP]

which depends on the free energy of all accessible states, AG,,.
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9.4.3 Model Predictions of Pause Locations,
Kinetics and Mechanisms

The models of sequence-dependent elongation kinetics described above may be
used to predict pause locations and pause kinetics, as well as to provide insights
into pause mechanisms. Interestingly, these two models do not always make the
same predictions for pausing.

The model in Bai et al. predicts two alternative pausing mechanisms: pausing
could be caused either by a slow rate within the main pathway (“‘on-pathway”
pause) or by a relatively fast rate of entry into a nonproductive branch pathway
with a slow rate of returning to the main pathway (backtracking pause). Note
that the two types of pauses are correlated because different pathways are
kinetically competitive: a slow rate in the main pathway increases the prob-
ability for the RNAP to enter a branched pathway. Equation (9.15) shows that
an on-pathway pause occurs at a template site with a large AG,o5i—AGpye, Le.,
the pre-translocation state is much more stable than the post-translocation
state. Thus the entire RNAP population is expected to follow the same slow
kinetics. We refer to this type of pause as a pre-translocation pause. In contrast,
a backtracking pause is expected to occur when the pre-translocation state is
unstable (high AGp,.) so that Kpe_, backiracking beComes significant in compar-
ison with k.., (Equation 9.8). The dwell time distribution at backtracking
pause sites is no longer defined by a single characteristic time but has a long tail
due to the slow return of the backtracked RNAP population to the main
pathway. Compared to a pre-translocation pause, a backtracking pause tends
to occur less frequently but for a longer duration. Because backtracking typi-
cally involves translocation over several base pairs (as opposed to 1 bp in the
on-pathway pause), a backtracking pause is more sensitive to external force.
The two types of pauses therefore provide an explanation for the short and long
duration pauses observed in single-molecule experiments.>'*>> This model also
correctly predicted prominent pause positions seen in bulk studies, and the
force-dependence of pause durations for a known pause sequence detected by
single-molecule experiments.'”*’

In the model of Tadigotla et al., pauses occur when one or more accessible
translocation states are significantly more stable than the post-translocation
state (Equation 9.17). This model was shown to have successfully predicted a
large portion of previously identified pauses.’ Because most of the pause sites in
Bai et al. also have unstable post-translocation states, the two models would
have significant overlap in pause sites prediction. However, the pausing kinetics
and mechanism of the pauses predicted by the two models are different: most of
the pauses predicted by Tadigotla er al. are backtracked, and the NTP incor-
poration kinetics at these sites all follow a single exponential. Future effort is
required to differentiate and evaluate the two models by comparison with more
experimental data.

The models mentioned above are mostly based on transcription studies
in vitro, but have direct implications for cellular processes in vivo. It is
known that transcription levels of certain genes can exhibit high cell to cell
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variation (noise), especially when the transcripts are generated in a burst-like
fashion.*® >3 Usually, the noise is thought to originate from infrequent tran-
scription initiation.”’ >* A recent model demonstrated that long transcriptional
pausing could also lead to bursts of mRNA production and may be a sig-
nificant contributor to the variability in cellular transcription rates.>* Further
experimental and modeling studies of transcriptional rate, pausing and inter-
actions between elongating RNAPs would shed light on both the fundamental
elongation mechanism and the corresponding physiological effects on cell
growth and viability.
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