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Abstract

RNA polymerase (Pol) II is a fundamental and important enzyme in the transcription process. However, two mysterious questions
have remained unsolved: how an unwound bubble of DNA is established and maintained, and how the enzyme moves along the DNA.
To answer these questions, we constructed a model structure of the Pol II elongation complex with the 50 base pairs of DNA-24 bases of
RNA including the unwound bubble of DNA and performed a molecular dynamics simulation. We obtained a reliable model structure
of the Pol II elongation complex in the pre-translocation state which has not yet been determined by the X-ray crystallographic study.
The model structure revealed that multiple protein loops work concertedly to form and maintain the bubble structure. We also found
that the conformational change of a loop in the Pol II, fork loop 1, couples with the unidirectional movement of the Pol II along the
DNA.
� 2006 Elsevier Inc. All rights reserved.
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RNA polymerase (Pol) II catalyzes synthesis of messen-
ger RNA in eukaryotes thereby playing important roles in
the regulation of gene expression and cell growth. Within
the Pol II–DNA transcribing complex, double-stranded
DNA (dsDNA) is separated from unwound template and
non-template strands, and the Pol II synthesizes messenger
RNA based on the code on the template strand by moving
along the DNA. Thus, the Pol II is an interesting enzyme
not only as a molecular machine for transcription but also
as a molecular motor. On the structural bases, several
X-ray crystallographic studies have revealed the protein–
DNA, protein–RNA, and DNA–RNA interactions of the
Pol [1–13]. On the bacterial Pol, the model structures of
the Pol–DNA/RNA complex have been built [14,15], and
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they provide insight into the protein–DNA interactions
that is critical for understanding the mode of the actions.
However, the complete information about the interactions
between the eukaryotic Pol II and DNA/RNA, especially
interactions between the Pol II and unwound non-template
DNA strand/upstream rewound DNA, has remained
unsolved.

According to current research on the Pol II, there are
two mysterious questions: how an unwound bubble of
DNA established and maintained at the active center
and how the Pol II moved along the DNA. To solve these
questions, we constructed a model structure of the Pol II
complexed with the 50 base pairs of DNA-24 bases of
RNA including the unwound bubble of DNA and
investigated the complete structure of the Pol II
elongation complex. As the template structure for our
modeling, we used the (incomplete) X-ray structure of
the Pol II elongation complex [3]. In the X-ray structure,
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coordinates of four important protein loops at the DNA
and RNA/Pol II interface, so-called fork loop 1, fork
loop 2, rudder, and lid, were absent, and furthermore
the DNA–RNA hybrid was short (consisting of only a
13 base template strand and a 9 bases of RNA) [3]. The
recent X-ray structures of the Pol II complexed with
DNA–RNA hybrid (consisting of a 15 base template
strand and a 10 base RNA [5] or a 19 base template
strand, a 7 base non-template strand, and a 10 base
RNA [6]) have revealed the structures of these loops,
however, structures of the upstream rewound DNA and
the unwound non-template DNA strand in the transcrip-
tion bubble still have not been solved (Figs. 1 and 2A).
The remarkable differences between the previous [3] and
recent [5,6] X-ray structures were shown at the down-
stream end of the DNA–RNA hybrid, occupancy or
vacancy of the nucleotide-addition site, respectively. The
previous X-ray structure (or our model structure) indi-
cates the state just after addition of nucleotide triphos-
phate and before translocation (‘‘pre-translocation
state’’) [3], on the contrary, the recent X-ray structures
indicate the ‘‘post-translocation state’’ [5,6]. Thus, to
build a complete model structure of the Pol II elongation
complex in the pre-transition state which is not deter-
mined by the X-ray crystallographic study is an attractive
subject, therefore comparison of these two molecular
states would be a good examination not only to unveil
the structure of the transcription bubble and its interac-
tions but also to investigate the mechanism of the dynam-
ics from the pre- to the post-translocation states.

Here, we constructed the complete model structure of
the Pol II elongation complex in the pre-translocation
state. In the modeling structure, several protein loops
and short nucleotide chains (<50 bases) which were
absent in the previous X-ray structure [3] (template struc-
ture for our modeling) were modeled. Because these pro-
tein loops are short (consisting of about 10 amino acid
residues) and comparison between previous [3] and recent
[5,6] X-ray structures shows no structural differences of
the Pol II, we thought that the relaxation of these mod-
eled short loop structures may be the main point to
obtain a correct model structure. Furthermore, since crit-
ical interactions between the Pol II and DNA (or RNA)
proposed by Gnatt et al. [3] were carefully taken into
account in our modeling of DNA and RNA, structural
optimization of short DNA and RNA segments should
be necessary. We performed a molecular dynamics
(MD) simulation of the model structure of the Pol II
elongation complex to relax these artificial effects in the
model structure. In this paper, we present the complete
Pol II elongation complex structure including upstream
rewound DNA and unwound non-template DNA strand,
and propose a novel mechanism of the movement of the
Pol II along the DNA based on structural comparison of
the pre- and post-translocation states of the Pol II
elongation complex.
Materials and methods

The X-ray structures of nucleotide free Pol II [2] and transcribing
complex [3] from yeast (Protein Data Bank entry 1l5O and 1l6H,
respectively) were used as initial structures for this study. The coordinates
of two small subunits, 4 and 7, were absent in the X-ray structures.
However, we did not expect this absence to affect our results, as both
subunits are dispensable for transcription [2,3,5]. In the X-ray structures,
coordinates of several loops at Pol II/DNA and RNA interfaces (fork loop
1, fork loop 2, and rudder and lid) were also absent. Thus, we modeled
these loops employing the segment match method [16] using the modeling
software MOE (Chemical Computing Group Inc.). The 50 base pairs of
DNA-24 bases of RNA including the transcription bubble was also
modeled manually based on the proposal of Gnatt et al. [3] (Fig. 1). It is
noted that, we assumed four points for modeling; (i) dsDNA is B-form, (ii)
the dsDNA separates two single DNA strands at near the fork loop 2, (iii)
these unwound single DNA strands rewind near the zipper, and (iv) the
product RNA exits through the exit pore. The energies of the modeled
nucleotide free Pol II and elongation complex structures were minimized
by a 5000 step simulation in vacuum. Each energy-minimized structure
was placed at a center of a sphere of TIP3P water molecules [17]. The
sphere radii of 100 Å (for the nucleotide free Pol II) and 116 Å (for the Pol
II elongation complex) were chosen to ensure that the atoms in the protein
would be surrounded by at least five layers of water molecules. The total
number of atoms included in the simulation was protein = 59,019 (for the
nucleotide free Pol II) and 58,847 (for the Pol lI elongation complex);
Zn2+ = 8; Mg2+ = 1; DNA = 3165; RNA = 801; water mole-
cules = 330,165 (for nucleotide free Pol II) and 454,713 (for Pol II elon-
gation complex). During the simulation, water molecules were restrained
by a soft half-harmonic potential (1.5 kcal mol�1 Å�2) to avoid that they
are free to boil off away from the protein.

Due to the large molecular size of the system of the Pol II system, it
requires tremendous computational costs. Therefore, it has been difficult
to perform the MD simulation even on a highly parallel supercomputer.
Moreover, an accurate representation of the long-range interactions in an
MD simulation is extremely important for representing the structure,
dynamics, and energy of biomolecular systems properly, especially for
highly charged molecules such as DNA and RNA [18,19]. The molecular
dynamics machine (MDM) is a computer designed specifically for the
calculation of large-scale, long-range interactions (van der Waals and
Coulomb) with high speed and accuracy [20–26]. In this study, we used the
MDM for the MD simulation of a large-scale biomolecule, Pol II. All MD
simulations were carried out with the modified Amber 6.0 [27] for MDM,
on a personal computer (Athlon 1.6 GHz) equipped with two
MDGRAPE-2 boards, which are a main component of the MDM (32
chips, 512 Gflops) [20,21]. The CPU time usage was 13 s/step (1 ns/5
months) for the Pol II elongation complex. The parm96 force field [28] was
adopted and the time step was set to 1.0 fs. 2,000,000 steps of the MD
simulation (2.0 ns) was performed for each system (total of 4 ns). All non-
bonded interactions, van der Waals and Coulomb forces and energies,
were calculated directly and accurately using the MDM. The bond lengths
involving hydrogen atoms were constrained to equilibrium lengths by the
SHAKE method [29]. After gradually heating the system to 300 K over the
first 50 ps (heating rate of 6 K/ps), the temperature was kept constant
(NTV ensemble) by coupling to a temperature bath at 300 K with a
coupling constant of 1.0 ps [30]. In the first 500-ps period of the MD
simulation of the Pol II elongation complex, harmonic positional
restraints were imposed on the Pol II atoms with harmonic force constant
of 1.5 kcal mol�1 Å�2 to allow the DNA, RNA, and solvent to equilibrate.
After 500 ps, the harmonic force constant was gradually reduced to zero
during the next 10-ps period. Another 1490 ps of MD simulation was
performed for equilibration.

The conformations of the fork loop 1 in the average structure (pre-
translocation state) and post-translocation state were used as an initial and
a target in a targeted MD simulation [31] on Pol II elongation complex.
Only five loops (fork loop 1, fork loop 2, lid, rudder, and zipper), four
switches, a bridge helix, wall region, DNA, RNA, and a Mg2+ were
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Table 1
Main-chain RMSD values from initial model structure

Pol II DNA RNA

RMSDa 2.413 14.252 6.211
SDb 0.053 0.331 0.159

a Averaged values from 1.0 to 2.0 ns simulation.
b Standard deviation.

Table 2
RMSD value of each subunit from initial model structure

Subunit RMSDa

Rpb 1 2.167 ± 0.206
Rpb 2 2.771 ± 0.136
Rpb 3 1.361 ± 0.076
Rpb 5 1.208 ± 0.155
Rpb 6 1.234 ± 0.188
Rpb 8 2.162 ± 0.150
Rpb 9 1.547 ± 0.174
Rpb 10 1.554 ± 0.235
Rpb 11 1.236 ± 0.121
Rpb 12 1.587 ± 0.176

a Averaged values from 1.0 to 2.0 ns simulation. RMSD values of each
subunit were calculated after all Ca atoms in each subunit were fitted.
Rpb1, Rpb2, and Rpb8 showed relatively large values (see text in detail).

b
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considered in the simulation. The N- and C-termini of these loops and
switches were capped by acetyl and N-methyl groups, respectively, for
neutralization. The initial structure was surrounded by a 9 Å shell of
TIP3P water molecules [17], and the energy of the solvated structure was
minimized by a 1000 step simulation. During the simulation, the positions
of these acetyl and N-methyl groups were fixed. The energy function for
the targeted MD simulation was augmented by an artificial energy term
that depended on the RMSD between the current conformation of the
fork loop 1 and that in the target structure. The conformational transition
was driven by applying RMSD restraints to main chain atoms in the fork
loop 1, with a force constant of 0.5 kcal mol�1 Å�2. The choice of force
constant did not affect the results because the simulations, used the force
constants of 0.25, 0.5, and 1.0 kcal mol�1 Å�2, provide almost the same
results.

Results and discussion

We used the trajectory of the last 1.0 ns simulation
(from 1.0 to 2.0 ns) for data analysis and the structures
sampled by the trajectory were averaged. Since the simula-
tion time scale in this study is too short to observe large
conformational change of the protein, we compared struc-
tural feature between the averaged (pre-translocation state)
and recent X-ray (post-translocation state) [6] structures,
and extracted dynamical properties of the averaged struc-
ture. Although the simulation was too short, so that we
did not directly observe the large scale motion from the
pre- to post-translocation states in this simulation, the
structural comparison between pre- and post-transition
states provided us the aspect of the dynamic property
regarding to the Pol II movement. Our aim of this model-
ing and simulation is not only to build model structure but
also to show effectiveness of the MD simulation for model-
ing of flexible loop structures. Our primary goals are also
to provide insight into the protein–DNA (or RNA) interac-
tions of the Pol II elongation complex and to guide further
biological experiments.

From our simulation, we obtained a reliable model
structure of the Pol II elongation complex in the pre-trans-
location state involving the transcription bubble which has
not yet been determined by the X-ray crystallographic
study (Fig. 1). During the simulation, the Pol II and the
transcription bubble near the active center were stable.
The transcription bubble was well maintained during the
simulation, which indicates that the bubble structure is sta-
bilized in the Pol II elongation complex interacting with the
Pol II.
Fig. 1. Structures of the Pol II elongation complex. (A) X-ray (left) [6], initia
complex. Backbone of the Pol II is drawn by ribbons. Each subunit is specified b
by surface model and colored in dark-blue, blue, and red, respectively. (B) Co
averaged structures. Backbone RMSD values between the X-ray and averaged

Fig. 2. Structures of DNA and RNA. (A) The modeled DNA and RNA are rep
drawn by sticks. Template, non-template DNA, and RNA strands are colored i
RNA which are modeled in this study but published in recent X-ray structu
template strand, magenta; RNA, light green). (B) RMS fluctuations obtained f
from its 5 0 to 3 0 ends. Experimental RMS fluctuations are calculated from B-fa
Upstream and downstream dsDNAs in the averaged structure, which are sup
colored in yellow. Template, non-template, and RNA strands are colored in b
In the averaged structure, the Pol II was relatively sta-
ble, while the modeled DNA and RNA showed large back-
bone RMSD values from the initial model structure (Fig. 3
and Table 1). These results suggest the reason why
upstream and downstream dsDNA and the unwound
non-template strand were absent or largely disordered in
the X-ray structures. Moreover, the terminal regions
(upstream and downstream) of the DNA/RNA and the
unwound non-template strand showed large fluctuations
(Fig. 2B), indicating that equilibration of these terminal
regions of the DNA and RNA was not sufficient during
2.0 ns period. The structural deviation of the Pol II
(main-chain RMSD < 3.0 Å) originated from several loop
regions which have been partially ordered or disordered
in the X-ray structure [3] (Fig. 3B), which means that the
core regions of the Pol II were very stable in the simulation.
Furthermore, each subunit showed rigid body motion
(Table 2).

Surprisingly, the downstream dsDNA in the averaged
structure which is held by the Pol II clamp deviated from
l model (center), and averaged (right) structures of the Pol II elongation
y colors. Template, non-template DNA strands, and RNA are represented
mparison of the DNA and RNA structures between recent X-ray [6] and

structures are also represented.

resented by ribbons and the template structure for our model building [3] is
n blue, cyan, and red, respectively. The structures of the parts of DNA, and
re [6] are shown by ball-stick models (template strand, dark green; non-
rom simulation as a function of nucleotide. The nucleotides are numbered
ctor in the recent X-ray structural data [6] and drawn by dashed lines. (C)

erposed on a canonical B-form dsDNA. The canonical B-form dsDNA is
lue, cyan, and red, respectively.
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the X-ray structure [3].
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Fig. 6. Structure and formation of transcription bubble. (A) Schematic
representation of the structure and formation of the transcription bubble.
(B) Hydrogen bond network in the Pol II elongation complex. Template,
non-template DNA, and RNA are colored in blue, cyan, and red,
respectively. Residues are numbered according to [3]. Residues in subunit
2 (Rpb 2) are colored in green.
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the canonical B-form dsDNA (Fig. 2C), although the
region was modeled as B-form dsDNA in the initial model
structure. This indicates that the downstream dsDNA is
distorted and destabilized in the Pol II before unwinding.
Although the modeled DNA and RNA were considerably
moved from the initial positions and largely fluctuated as
described above, the fluctuations and structures of the
parts of DNA and RNA (structures of the parts of DNA
and RNA were modeled in this study but published recent-
ly by other research groups [6], Fig. 2A) were well repro-
duced compared to those of the recent X-ray structure [6]
(RMSD � 3.0 Å, Fig. 1B). These results indicate that the
artificial structures of the modeled DNA and RNA were
relaxed.

The transcription bubble is established and maintained
by the multiple protein loops and an a-helix in the Pol II.
These loops and the a-helix consist of fork loop 1, fork
loop 2, rudder, lid, zipper, switch 1–4, and bridge helix.
Making a comparison of the modeled loop structures (fork
loop 1, fork loop 2, rudder, and lid) between recent X-ray
and averaged structures, these loop structures in the aver-
aged structure were well reproduced compared to those
in the recent X-ray structure, except for fork loop 1
(Fig. 4), although any information of the recent X-ray
structure was not used in our modeling procedure. Values
of main-chain RMSD of these loop structures (except for
the fork loop 1) between the recent X-ray and averaged
structures were in the range of 1.3–2.9 Å. This result
strongly suggests that our simulation was performed
properly and several artifacts in the model structure were
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eliminated in our 2.0 ns-simulation. Interestingly, the
structure of the fork loop 1 in the averaged structure was
different from that in the recent X-ray structure
(RMSD = 9.0 Å, Fig. 4). In our simulation, we used the
X-ray structure of the pre-translocation state [3] as the tem-
plate structure for modeling and the recent X-ray structure
has been reported as in the post-translocation state [6].
Thus, that structural difference in the fork loop 1 may be
caused by the movement (at least movement from pre- to
post-translocation states) of the Pol II along the DNA,
and the fork loop 1 should help the Pol II movement.

As a control simulation, we also performed an addition-
al MD simulation of nucleotide free Pol II. In the averaged
structure obtained from the nucleotide free Pol II simula-
tion, all loops important for the formation and mainte-
nance of the transcription bubble showed larger
fluctuations than those of the Pol II elongation complex
(values of RMS fluctuations of these loops in the nucleo-
tide free Pol II were ranging from 0.6 to 2.3 Å; on the other
hand, those obtained from the Pol II elongation complex
simulation were ranging from 0.5 to 1.3 Å) and structures
of these loops were different from those in the Pol II elon-
gation complex (values of RMSD were ranging from 2.3 to
9.0 Å, Fig. 4). Especially, the structure of the fork loop 1
was remarkably different (Fig. 4). These results suggest that
these loops that are flexible in the nucleotide free Pol II are
stabilized by interacting with the DNA (or RNA) in the Pol
II elongation complex and the conformation of the fork
loop 1 dramatically changes via the DNA binding. Taken
together, we speculate that the fork loop 1 plays a very
important role in the binding to DNA and movement of
the Pol II accompanied by its conformational change.

In order to examine how the fork loop 1 plays a part in
the Pol II movement mechanism, we performed a targeted
MD simulation [31] of the Pol II elongation complex in
which an artificial force was applied to the fork loop 1
for its conformational change from that seen in the pre-
to the post-translocation states (forward simulation) dur-
ing the course of a short simulation (10 ps). The transition
of the fork loop 1 conformation in the targeted MD simu-
lation resulted in a movement of the non-template strand in
the transcription bubble (Fig. 5). At the split and knot
region of the unwound bubble of DNA, no sliding of the
strand was observed. This result indicates that the confor-
mational change of the fork loop 1 is closely connected
with sliding of the non-template strand in the transcription
bubble (between split and knot). In addition, a conforma-
tion of another loop, rudder, changed together with the
conformational change of the fork loop 1. An experimental
study reported that the rudder makes critical contributions
to elongation complex stability through direct interactions
with the nascent RNA [32], thus the conformational
change of the rudder accompanied by the sliding of the
DNA–RNA is consistent with the experimental facts.
Interestingly, no sliding of the non-template strand in the
transcription bubble was observed in the backward simula-
tion (an artificial force was applied to the fork loop 1 for its
conformational change from that seen in the post- to the
pre-translocation states) (Fig. 5). These results indicate that
the conformational change of the fork loop 1 resembles a
‘‘heart valve,’’ which seems to act as a trigger of the unidi-
rectional movement. To understand the mechanism of
movement of the Pol II along the DNA, further simula-
tions and its energetic analyses should be essential, and
these simulations and analyses using our model structure
obtained from this study being planned in next simulations.

Previous studies reported that the oscillation of the
bridge helix (F-bridge or O-helix) from straight to bent
form is very important for moving the Pol along DNA
[3,10,12,13,33,34]. The template and non-template strands
will slide completely by the conformational change of the
fork loop 1, which acts in concert with the bridge helix
oscillation. The structural change of the fork loop 1 cou-
pled to the movement of the Pol II along the DNA, espe-
cially to the unidirectional movement, is a novel
mechanism to explain the function of the Pol II as a molec-
ular motor. The unique and complex mechanism for mov-
ing the Pol II along the DNA may be necessary for
processive movement and fidelity of transcription process.

How an unwound bubble of DNA is formed and
maintained at the active center has been a mysterious
question in the transcription process. Our study based
on model building and MD simulation of the Pol II
elongation complex will answer the question. First of
all, the formation of the transcription bubble is initiated
by the interception of a stream of dsDNA. The bridge
helix stands in the stream of the dsDNA after which
the helix separates the template and non-template strands
(Figs. 6A and 7A, left). The non-template strand is
repelled by two negatively charged residues, E833 in
the bridge helix and D503 in the fork loop 2 (Fig. 7B,
left), and the template strand is pulled by four positively
charged residues, R1386 in the switch 1, K330, K332,
and R337 in the switch 2 (Fig. 7B, left).

Each separated template and non-template strand is
guided in the correct direction by switch 1 and fork loop
2, respectively. These loops also prevent the re-association
of these DNA strands. The non-template strand goes away
from the active center along the lobe, on the contrary, the
template strand goes to the active site (Fig. 6A). Next, at
the unwound DNA strands/Pol II interfaces, the template
strand is preserved and stabilized by switch 2 and 3 by
forming 17 hydrogen bonds in the bubble structure (Figs.
6A and 7A, right). The product RNA forms a nine base
pair DNA–RNA hybrid together with the template strand,
and the DNA–RNA hybrid structure is maintained by the
active site region, the hybrid binding region, fork loop 1
and rudder, consistent with previous studies [3,5,6,34,35]
(Fig. 6A). The unwound non-template strand and the
RNA are bridged and kept a distance between them by
the fork loop 1 and rudder, which results in the bubble
structure being maintained [32] (Fig. 6A).

The product RNA is separated from the template strand
by a lid (Figs. 6A and 7A, bottom). The lid also prevents
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re-association of the RNA and the template strand. The
phenylalanine 252 (F252) in the lid contacts with a base
in the RNA at the position of the slit of the DNA–RNA
hybrid by an edge-to-face aromatic–aromatic interaction.
Thus, the F252 plays a role of ‘‘blocker’’ to prevent the for-
mation of the base-paring between the template strand and
the RNA at the slit point (Fig. 7B, right). The separated
RNA goes to exit pore and exits along RNA exit groove
1 [3]. The wall bends the separated template strand, after
which the template strand goes away from the active center
(Fig. 6A).

Finally, the template strand meets the non-template
strand and the zipper ties these strands (Fig. 6A). Four
positively charged residues (R34, R36, R47, and R57)
and a glutamine (Q45) lead each DNA strand to the appro-
priate position to rewind these strands (Fig. 7B, bottom).
In the transcription bubble, 61 hydrogen bonds between
Pol II and DNA/RNA are formed (Fig. 6B). In the hydro-
gen bond network, 35 hydrogen bonds are formed between
Pol II and the template strand, 7 hydrogen bonds are
formed between Pol II and the non-template strand, and
19 hydrogen bonds are formed between Pol II and RNA.
Most of the hydrogen bonds are non-specific (residues in
Pol II contact with phosphate of DNA) and it is consistent
with the fact that the Pol II must move along the DNA.
The fewer number of hydrogen bonds seen at the Pol II-
non template strand interface compared to the Pol II-tem-
plate strand interface may be supplemented by interacting
with another protein; transcription factor IIF-non template
strand interaction (Fig. 6B).

In summary, our study unveiled the complete Pol II
elongation complex structure and its dynamic property,
and the protein–DNA, protein–RNA, and DNA–RNA
interactions in the transcription bubble at the atomic level.
Multiple important loops in the Pol II work concertedly to
form and maintain the transcription bubble, and it seems
to be a sophisticated molecular machine. Additionally,
the Pol is a kind of ‘‘molecular motor’’ too. From our
results, we propose a novel mechanism of movement of
the Pol II along DNA. On the novel mechanism, the con-
formational change of the fork loop 1 plays an important
role not only to bind the Pol II with the DNA but also
to move the Pol II along the DNA. Interestingly, our
results show a possibility that the conformational change
of the loop is one of the sources for the unidirectional
movement of the Pol II. It will act concertedly with the
oscillation of the bridge helix and then the Pol II will move
completely along the DNA.
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