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RNA polymerase is the enzyme that synthesizes RNA during the transcription process. To
understand its mechanism, structural studies have provided us pictures of the series of steps
necessary to add a new nucleotide to the nascent RNA chain, the steps altogether known as the
nucleotide addition cycle (NAC). However, these static snapshots do not provide dynamic
information of these processes involved in NAC, such as the conformational changes of the
protein and the atomistic details of the catalysis. Computational studies have made efforts to
fill these knowledge gaps. In this review, we provide examples of different computational ap-
proaches that have improved our understanding of the transcription elongation process for RNA
polymerase, such as normal mode analysis, molecular dynamic (MD) simulations, Markov state
models (MSMs). We also point out some unsolved questions that could be addressed using
computational tools in the future.

Keywords: Molecular dynamics; Markov state models; molecular motors.

1. Introduction

In both eukaryotic and prokaryotic cells, gene transcription is carried out by multi-
subunit RNA polymerases that share a homologous catalytic core (see Fig. 1)."?
During the RNA synthesis, the transcription elongation complex (TEC) repeatedly
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Fig. 1. Structural features of RNA Pol II. (a) Top view of RNA Pol II, PDB entry 2E2H. Each chain is
shown in a different color, Rpbl in green and Rpb2 in cyan. The main channel is signaled by dashed black
lines and with template DNA inside. (b) Side view of Pol II. A rotation of the structure in panel A by 90°
produces the side view of RNA polymerase. Dashed lines signal the secondary channel, and a circle marks
the location of the active site. (¢) Active site of the Pol II. The main components of the active site are
shown. The template DNA in marine, nascent RNA chain in red, and incoming NTP is shown in orange.
Mg+ A and Mg?* B are shown as salmon spheres. Two important and conserved domains are also shown:
BH in cyan and closed TL in magenta.

reads through the genetic information in each nucleotide addition cycle (NAC) with
the assistance of two critical domains underneath the polymerase active site, termed
as trigger loop (TL) and bridge helix (BH). In general, each NAC includes nucleoside
triphosphate (NTP) entry, followed by the catalytic reaction, the pyrophosphate ion
(PP;) release and the translocation of the DNA template (see Fig. 2).

X-ray crystallographic studies have greatly enhanced our understandings of the
atomic structures of the RNA polymerases at different transcription stages. During
the NTP entry, two binding sites: “E” and “A” sites were identified in the eukaryotic
RNA polymerase (Pol II). The entry (E) site allows binding of all four different
NTPs, while the addition (A) site only allows the binding of the correctly matched
NTP.** Then the TL can form a close interaction network with the incoming NTP in
the A-site to facilitate the catalysis and assure the fidelity of transcription. The
catalysis involves a two-magnesium catalyzed reaction resulting in formation of the
PP; group, which can be released from the active site. Finally, the TEC must
translocate to complete the cycle and create an empty A-site in order to re-initiate
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Fig. 2. NAC for RNA polymerase II. (1) NTP entry: The NTP is in the active site and the TL is closed, all
the elements ready for catalysis. (2) After the addition of the NTP to the nascent RNA chain, the PP;
remains in the active site and TL is still closed. (3) Pre-translocation. After the PP; release and the opening
of the TL, the system is in the pre-translocation state. (4) Post-translocation. The nucleotides move by
exactly one register to go from pre- to post-translocation. After translocation, the active site is empty and
another cycle can begin. (A) Backtracked state. In the case of mismatch or DNA damage, the Polymerase
can go to a backtracked state in which the RNA can be cleaved.

another NAC. To date, people have already obtained most of the X-ray structures of
RNA polymerase participating in the different steps of NAC, providing us a static
picture of how the RNA polymerases perform their functions.!*~1°

In addition, mutagenesis experiments have revealed many residues that may play
critical roles during the transcription elongation process, such as the active site
residue N479, TL residues H1085, Q1078, L1081, and the YFI motif in the BH
(E. coli B residues 772-YFI-774).''~'3 Moreover, combinations of single-molecule
experiments, fluorescence and kinetic studies were employed to directly determine
the rates of the different steps in the NAC, as well as characterizing other important
states such as pausing and backtracking.!* " Nevertheless, crystal structures can
only provide the static snapshots, but important dynamic information is still missing,
such as how the enzyme conducts the catalytic reaction step by step, how the PP;
group is released from the active site and whether it is tightly coupled with the TL
opening motion, and how the TL performs its function dynamically. Yet currently it
is still difficult to address the above questions using only experimental methods.
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Instead, theoretical studies can provide detailed dynamic information of extensive
biological systems at an atomic description. Molecular dynamics (MD) simulations
have been widely used as a theoretical tool to study the conformational changes of
many biomolecules, and have been successfully applied to study the Pol II tran-
scription elongation complex.'?!'8~2Y However, one major challenge for simulations of
big systems — like Pol I, with nearly 500,000 atoms in a solvated simulation box —
is to reach its biologically relevant timescales (~ millisecond or longer). Even with
the modern hardware like Anton — a supercomputer specially designed for MD
simulations of biological system?' — it is still challenging to directly simulate Pol II
at millisecond timescale.

Coarse-grained (CG) models provide a powerful tool to greatly accelerate
the MD simulation of biological systems compared with the all-atom (AA) MD
simulations.??”2* Current CG models allow to perform MD simulations of systems of
~10 million atoms by using only ~ 1 million particles to represent them. Thus, CG
models have a great potential to bridge the gap between the MD simulations and
biologically relevant events. In the past years, several CG force fields (FF), such as the
MARTINI FF** and Shinoda-Devane-Kevin (SDK) FF** have been developed and
successfully used to study biological systems like bio-membranes. However, in some
cases it is important to have atomistic detail for specific regions of the systems under
study (such as the active site of the enzymes), in those cases it is necessary to have an
AA representation to describe the solute. Thus, a hybrid model could be used to
embed the A A biological system into a CG solvent.?® Although these CG models have
not been applied to study the RNA polymerase, they have promising potential to
capture the conformational changes that cannot be accessible by AA MD simulations.

Another approach to overcome the timescale gap is to construct Markov state
models (MSMs) from extensive short MD simulations. The MSM can not only pre-
dict the long timescale dynamic behaviors of the systems we are interested, but also
can provide the kinetic properties that are inaccessible through conventional MD
simulations.”0 ™3

Apart from this, in order to understand the catalysis of the biological enzymes,
quantum mechanics (QM) and the hybrid quantum mechanics/molecular mechanics
(QM/MM) have been widely applied to understand how the enzymes perform their
functions step by step.*® In both DNA polymerase and RNA polymerases, people
have suggested a general two-metal catalyzed reaction mechanism during the DNA/
RNA synthesis in which two-hydrogen transfer processes were proposed to occur.?**
Currently, several groups have successively applied the QM/MM methodology on
both DNA and RNA polymerases to understand their catalysis.*¢

This review summarizes the recent studies about the transcription elongation
process with emphasis on theoretical studies. The contents are described in the
following order: NTP loading, TL motion and its regulation of the transcription,
catalytic reaction, PP; release mechanism, translocation and off-pathway states. We
also introduced the current understandings of the each step involved in the tran-
scription elongation process as well as some open questions that still remain
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unsolved. At the end, we wrapped all the discussions up in order to give an overall
picture of the complete elongation process.

2. NTP Loading

The first step of the NAC is the entry of the NTP into the enzyme, followed by the
recognition and positioning of the correctly matched NTP in the active site. This
process raises many interesting questions. The first set of questions arise from the fact
that the active site is buried more than 30 A away from the surface inside the
enzyme, and the pathway that the NTPs follow to reach the active site remains
unclear.

From inspection of the X-ray crystal structures, it is possible to see that the sec-
ondary channel provides a route of entry from the solvent directly to the active site
(see Fig. 1(b)). For this reason the secondary channel has been proposed as a possible
entry of the nucleotides.?*” In contrast, other studies proposed that the nucleotides
can enter through the main channel, the cavity through which the template DNA
enters the enzyme (see Fig. 1(a)).*® These studies show that the presence of NTPs that
match the downstream template DNA can increase the fidelity of RNAP, taken
together with single molecule experiments that proposed that the NTP binding can
occur in the pre-translocation state, leading to the hypothesis that the incoming NTPs
can bind the template DNA in the main channel before they reach the active site.'”*®
However, since the X-ray crystal structures do not show the complete transcription
bubble, it may be possible that the non-template DNA could interfere with the
binding of the NTPs in the main channel. The entry path of the NTP is an interesting
and challenging question that could be addressed by computational methods.

Another important question concerning this process is the rate at which the
nucleotides reach the active site, which in turn could determine the rate of the
elongation process. We also need to consider that some of the nucleotides that can
reach the active site will not be complimentary to the template DNA, so the non-
matching nucleotide must leave the active site to let another nucleotide enter, until
the correctly matched NTP is found. Batada et al. calculated the diffusion rate of the
NTPs to the active site through the secondary channel.” They used the topography
of the secondary channel from X-ray crystal (PDB id: 1R9T) and calculated the
trajectory of the diffusion of the NTPs using Langevin stochastic differential
equations. They found that at concentrations near in vivo conditions, the rate at
which the NTPs reached the active site was ~200/s, and the rate of successful
binding was less than 20/s. Since the addition rate measured for RNA Pol II is
around 10 nucleotides per second, the calculated diffusion rate seems proper to
achieve the synthesis rate.

After the NTP reaches the active site, the NTP needs to be correctly positioned
before the catalytic reaction. However, the mechanism by which the NTP is correctly
positioned in the active site is still elusive. It has been proposed that this loading
could be aided by the binding of NTPs to another site near the active site, which has
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been captured in crystal structures and termed as E-site (entry site).! In the study by
Batada et al., they found that adding the E-site in their calculations increased the
binding rate to the A-site. Thus, they proposed that as a result of the ionic nature of
the E-site, the E-site can chelate the Mg ions and can provide a binding site with less
steric clashes than the A-site, increasing the binding affinity to the E-site.?” None-
theless, the role of the E-site is not clear, so as how the incoming NTP can rotate
from its position in the E-site to its final catalytically active position in the A-site.
These problems still need to be further addressed.

3. Trigger Loop (TL) Motion and Its Regulation of the Transcription

TL domain is located below the BH, near the active site. It can adopt two confor-
mations: closed and open. In its closed conformation it can directly interact with the
loaded NTP (see Fig. 3). This suggests that the TL could play a role in catalysis and
the regulation of the reaction.*'"*” Computational approaches have been used to
identify the role of the residues that directly interact with the NTP. These studies
complement experiments since they can provide a molecular explanation to the
phenotypes observed in mutagenesis studies.

In the NTP-Pol II binding complex, the TL residue L1081 forms hydrophobic
interactions with the incoming NTP, which can help stabilize and position the base
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Fig. 3. Interaction of the residues on the TL with the incoming NTP. (a) The role of L1081 and H1085 for
stabilizing the incoming NTP. L1081 is shown in surface representation to show the hydrophobic inter-
action with the base of the nucleotide. H1085 is shown in sticks representation and a dashed line shows the
possible interaction of Ne with the P of the NTP. E1103 is shown in sticks representations, to highlight its
location far from the active site. The color code used is the same as the one used in Fig. 1. (b) Network of
interactions between the residues of the protein in the active site and the incoming nucleotide, reproduced
from (4).
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of the incoming NTP. In order to test this, Huang et al. performed MD simulations
and in silico mutations to understand the roles of L1081. They found that this
residue helps to position the incoming NTP, by promoting base stacking, base
pairing and stabilizing the NTP.!”

The residue H1085 interacts with the incoming NTP, and has also been regarded
as a participant in the catalytic reaction.* Huang et al. observed that the in silico
mutant to phenylalanine was unstable and diminished the interaction between the
residue and the NTP. The H1085Y mutant was more stable than the HI085F mutant
and could keep some interactions with the NTP. These results are consistent with the
experimental evidence that the H1I085F mutant is lethal but the H1085Y mutant
only decreases the elongation rate. Furthermore, H1085 can potentially adopt several
protonation states (HIE — when the hydrogen is connect to Ne, HID — hydrogen
connected to N§, HIP — hydrogen connected both to Ne and N§). Huang et al.
found that the stability of the active site is dependent of the H1085 protonation
state, and the most stable species is the protonated form (HIP) of the H1085 due to
its ability to form both hydrogen bonds and salt bridges interactions with the
phosphate group of the NTP.'?

In addition, the TL has also been shown to participate in the discrimination
between RNA and DNA.**" Furthermore, many mutational studies have
revealed striking mutants, like E1003G that despite being far from the active site (see
Fig. 3(a)), can increase the elongation rate of Pol II, and also rescue some lethal
mutants.''® These findings suggest that the TL plays important roles in the regu-
lation of the elongation process, which could be related to its motility, thus under-
standing the motion of the TL can greatly enhance our understanding of the NTP
loading.

4. Catalytic Reaction

After the NTP loading in the active site, the nucleic addition reaction occurs through
a proposed two-metal catalyzed mechanism, resulting in the formation of a phos-
phodiester bond between the incoming nucleotide (on register +1) and the preceding
nucleotides. Binding of the metal ions to the nucleotides has been found to play an
important role on the regulation of the biological functions of the nucleotides
including catalysis.*!**?> Recently, Carvalho et al. performed an ONIOM study to
reveal the detailed catalytic reaction mechanism in Pol I1.?° They built the NTP-
bound Pol II complex based on a recent crystal structure (PDB id: 2E2H), and the
final solvated complete model was pre-equilibrated by performing MD simulations
using amber99 force field. The resulting snapshot was used as the input structure for
the QM /MM study with two-layers ONIOM methodology. The model was optimized
at B3LYP/6-31G(d):PM3MM level and the energies were obtained at B3LYP/
6-3111++G(2d,2p) level. In addition, several potential bases were considered to
activate the 3'-terminal RNA nucleotide in the study, and different protonation
states for the leaving PP; group were also included.
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Fig. 4. Catalytic mechanism of RNA polymerase. A two metal ion mechanism has been proposed for the
reaction. The two main questions regarding the mechanism are highlighted in red.

Their ONIOM calculations indicate that the 3-OH of the terminal RNA
nucleotide can first deprotonate the hydrogen atom to hydroxide ion in the solvent.
Then, the formed nucleophile attacks the alpha-phosphate atom of the incoming
NTP (see Fig. 4). Finally, one PP; group forms and accepts a proton from the TL
histidine residue H1085. This two-proton transfer mechanism is consistent with
experimental observations.?” However, our modeling studies suggest that the pro-
tonated H1085 does not necessarily donate the proton to the PP; group after the
catalytic reaction, because both PP; group and PPH; group have similar tendency to
release from the active site.”® In addition, mutagenesis data from bacterial RNA
polymerase also indicate that the single mutation of the TL residue H1242A
decreases the nucleic addition rate only approximately three-fold, which is similar to
the effect of mutation R1239A, suggesting that H1242 is likely to act as a transition-
state stabilizer, instead of being a proton donor.**

5. PP; Release Mechanism

PP; release from the active site after the catalytic reaction is a necessary step during
the transcription process and is suggested as a pre-requisite step for the translocation
by both experimental and theoretical studies.'* PP; release in T7 RNA polymerase
was found to be able to directly promote the translocation process.*” However, in
Pol II, the coupling between the PP; release, TL opening motion and translocation
are still inconclusive. Therefore, in order to reveal the interplay between the above
processes, Da et al. created MSMs based on extensive MD simulations to capture the
dynamics of the PP; release in both Pol IT and bacterial RNA polymerase (RNAP).*?

The starting PP;-bound Pol II complex was built from a crystal structure (PDB
id: 2E2H). The final complex model was subject to several pre-equilibrium MD
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simulations. Then, five representative snapshots were chosen for the subsequent
steered MD (SMD) simulations to pull the PP; group out of the active site. Finally, in
order to eliminate the biases introduced from the SMD, they performed 122 con-
ventional MD simulations starting form geometrically different conformations from
the SMD simulations. Based on these MD simulations, a MSM was built to identify
the metastable states and obtain the dynamic properties of the PP; release process.

This study suggested that the TL tip domain becomes more flexible after for-
mation of the PP; group, which is likely due to the loss of the linkage between the PP;
group and the newly formed RNA chain. The MSM indicates that PP; release in
Pol II adopt a hopping model in which the PP; group can transfer between three
metastable states (see Fig. 5). In specific, the fluctuation of the TL tip domain can
help the PP; group transfer from the active site to the first metastable state (S1),
facilitated by the residues K752 and H1085. Further single mutant MD simulations
proved that the substitutions to alanine of either K752 or H1085 in the active site
could delay the PP; transfer to the S1 state. Next, two other positively charged
residues along the secondary channel, K518 and K619, can transfer the PP; group
from S1 to S2 state, and mutation to alanine of the residue K619 at S1 state can
prevent this transition. Finally, the PP; group hops to the last metastable state (S3)
in the pore region of the channel. The release of the PP; group from S3 state results in
the diffusion of the PP; group into the funnel region and finally out of the secondary
channel. The MFPT for the PP; release along the pore region of the secondary
channel was calculated to be ~1.5 us.

K619 K518

Bacterial RNAP
-
Yeast pol 11

S1
K908

K1362
K912 g@ S2

Release to solvent Release to funnel

(a) (b)

Fig. 5. PP, release in prokaryotic and eukaryotic RNA polymerases. (a) Bacterial RNAP follows a two
state model. The residues involved in the process are signaled. (b) PP; release in RNA pol II follows a
hopping model composed of four states. The cartoon shows the coupling between the motion of the tip of
the TL and the PP; release. In both panels, the background color represents the location of the different
states along the channel.
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The MSM suggested that the PP; release is only coupled with the TL tip motion
but due to the fast dynamics of the PP; release, the process is uncoupled with the TL
fully opening. The TL tip motion can facilitate the PP; group transfer from active
site to S1 state through the interactions between the TL residue H1085 and the PP;
group. The further release of the PP; group from the S1 state can conversely flip
down the TL tip domain.

For the PP; release in bacteria RNA RNAP, we built the starting PP;-bound
RNAP complex from a crystal structure (PDB id: 205J). To obtain the unbiased
MD simulations used to build a MSM, Da et al. adopted a strategy similar to the one
described for PP; release in Pol II. The MSM revealed that PP, release in these two
RNA polymerases follow different mechanisms (see Fig. 5).'C The PP; release in
RNAP follows a two-states model that contrasts with the hopping model formed by
four states observed in Pol II. In addition, the PP; release in RNAP is three-fold
faster compared to Pol II, which is consistent with the faster elongation rates
observed for RNAP. Surprisingly, in RNAP the coupling between the PP; release and
the unfolding of the TL was not observed, although there exists correlation between
PP; release and the side-chain rotation of TL residue R1239. Furthermore, the PP;
release in both species is unlikely to induce the translocation process because no
translocation was observed in our studies.

6. Translocation

The RNA polymerase reads processively through the DNA template, and synthesizes
the RNA chain at one nucleotide at a time. In each step the nucleotides (DNA and
RNA) must move exactly by one register in the process named translocation, in order
to form an empty active site and be able to continue the NAC (see Fig. 2).

Two main theories have been proposed to explain the translocation mechanism.
The power stroke model proposes that the translocation is driven by the energy
derived from the NTP addition.*> On the other hand, the two-pawl Brownian
Ratchet model proposes that the translocation is driven by thermal fluctuation, and
that the vibration of the BH promotes the motion of the nucleotides, while the
incoming nucleotide acts like a pawl and can stall the system in the post-translocated
state.’” The second model has been proved experimentally in the multi-subunit RNA
polymerases, while a combined model is suggested for T7 RNA polymerase.*®*/

Due to the complexity of the transcription process, it is difficult to separate the
contribution of the different component steps of the NAC to the elongation rates
measured experimentally. Recently, a method to directly measure translocation rates
was described. Using fluorescent probes located in strategic points in the enzyme and
in the template DNA, Malinen et al. could measure the translocation rate and can
determine the contribution of translocation to the elongation rate. However, the
molecular mechanism of the process is still unknown.'*

A crystal structure obtained in Cramer’s group identified a possible intermediate
of Pol II during the translocation process, captured by binding with the inhibitor
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a-amanitin. In this structure the central part of the BH is bent towards the DNA:
RNA hybrid, stabilized by a wedged TL through the interaction of L1081 with V829
in the BH, these features can stabilize the nucleic acid from the template DNA in an
intermediate position between pre and post-translocation.” This still represents only
a static structure and there are still open questions regarding the mechanism and
dynamics of the translocation process.

Computational efforts have been made to improve the understanding of trans-
location. Normal mode analysis by Feig and Burton provided some insights into the
motions involved in the translocation process and suggested that the translocation
would require an open state of TL.'” Another study by the same authors analyzed
100 ns MD simulations of RNA polymerase with open and closed conformations of
the TL.?° Their data suggest that the downstream DNA and the upstream
DNA—RNA hybrid do not translocate simultaneously. They also observed that the
bent BH conformation is more favorable when the TL is open, and that the TL open
favored more significant forward translocation associated movements in their
simulations. However, these simulations are not long enough to observe the whole
translocation events that could occur at tens of microseconds or even longer.

Recently, Kireeva et al. performed short (10 ns) MD simulations for the bacterial
RNA polymerase, with open and closed TL.'® They confirmed their previous results
that the TL needs to open before the translocation. Their simulations and exper-
iments also help identify hinge residues — located in the N-terminal of the BH and
at the base of the TL. — that help regulate the BH bending. However, further studies
are still needed to address the detailed dynamic process of the translocation process.

7. Pausing and Backtracking

As described before, the RNA polymerase can restart a new cycle after the trans-
location. However, if RNA polymerases detect special potential points of regulation
or errors — such as intrinsic pausing sites, splicing sites, DNA damage, and
nucleotide wrong incorporation — they can enter into a paused state.””~°2 The
paused state can constitute some element of regulation in the transcription process. If
the pausing period is too long it can lead to the termination of elongation of the RNA
polymerase, or in the cause of encountering errors, it can move backwards into a
backtracked state to enable proofreading. In the backtracked state, the RNA tran-
script is allowed to extrude, making it available for cleavage. X-ray crystallography
has revealed the structures of the bacterial RNAP paused state and of the Pol II
backtracked states.!®?3°* On the other hand, single molecule experiments have
provided information about how often the polymerase pauses along the elongation
and footprinting experiments allow determine when the polymerase are trapped in
the backtracked state.!?15:9:5

In a recent study, the structure of the Thermus thermophilus RNA polymerase in
the paused state was described.’® One of the key features of the paused state is a
relaxed open clamp (the domain formed by Rpbl and Rpb2, that forms the main
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channel and holds the template DNA), which is a conformation that had also been
proposed by fluorescence experiments.”” The paused structure also possesses a kinked
BH that blocks the RNAP active site, which explains the inhibition of the RNAP
catalytic activity.

The backtracked RNA polymerases have been captured by X-ray crystallography.
One of these structures observed few nucleotides backtracked that can be removed
through the intrinsic hydrolysis mechanism.'®°* However, when two or more
nucleotides are backtracked, the enzyme stalls and an extra transcription factor (like
TFIIS in eukaryotic cell) is needed to reactivate the protein. Crystal structures of
TFIIS interacting with nucleotides in the active site of the enzyme are available. In
the case of backtracking, it would be interesting to understand how the enzyme
moves backwards, how the enzyme performs the intrinsic hydrolysis, how TFIIS
enters the polymerase and how TFIIS performs the hydrolysis.”®"

Probing these mechanisms at atomic resolution is also difficult for other exper-
imental techniques such as biochemical and genetic experiments. However, eluci-
dation of such mechanisms is crucial for understanding the fundamental basis of
transcription elongation. Computer simulations can be an ideal complementary tool
to capture the dynamics of the backtracking process in the RNA polymerase system.

8. The Complete Picture: RN A Polymerase as a Molecular Motor

RNA polymerase moves processively along DNA during the transcription elongation
process, driven by the free energy liberated after the NTP incorporation. Due to this
chemical-to-mechanical conversion, the RNA polymerase can be considered as a
molecular motor, such like kinesins, dyneins or myosins.® Many single molecule
experiments have been performed to identify the coupling of the hydrolysis and the
movement of the RNA polymerase, as well as to explain the possible limiting
steps.!”! These experiments have shown that RNA polymerase stall force is at least
twice the measured for cytoskeletal motors, and it also exceeds the calculated force
for DNA supercoiling. Moreover, RNA polymerase is more complex than other
molecular motors, due to the reactions that it performs, and also because it is the
center of regulation of a basic process like transcription.®”

So far we have reviewed the studies on individual steps involved in the tran-
scription elongation process for the RNA polymerase. However, if we really want to
understand how RNA polymerase works we need to look at all the steps as a whole
picture. An example of such efforts is the study of T7 RNA polymerase, a single
subunit enzyme. The authors built a kinetic model of the NAC, they constructed
their pathway scheme using high-resolution structural information and they cali-
brated the kinetics of the transitions with single molecule force measurements.’
Although the paper provides a good approximation for understanding T7 RNA
polymerase, many of the kinetic parameters used were obtained empirically. A more
reliable model can be obtained if we can include more reliable parameters, many of
which could come from computational studies.
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Theoretical Investigations on Elucidating Fundamental Mechanisms

In conclusion, this review point out what we have learnt about RNA polymerase,
as well as the challenges we still confront and their potential solutions. We have also
provided an overview of the computational tools that could be used to study other
big and complex systems, and we have shown that now we can study systems that
before were unreachable.
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