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An intermediate state of T7 RNA polymerase provides another
pathway of nucleotide selection∗
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Phage T7 RNA polymerase is a single-subunit transcription enzyme, transcribing template DNA to RNA. Nucleoside
triphosphate (NTP) selection and translocation are two critical steps of the transcription elongation. Here, using all-atom
molecular dynamics simulations, we found that between pre- and post-translocation states of T7 RNA polymerase an
intermediate state exists, where the O helix C-terminal residue tyrosine 639, which plays important roles in translocation,
locates between its pre- and post-translocation positions and the side chain of the next template DNA nucleotide has moved
into the active site. NTP selection in this intermediate state was studied, revealing that the selection in the intermediate
state can be achieved relying on the effect of Watson–Crick interaction between NTP and template DNA nucleotide, effect
of stability of the components near the active site such as the nascent DNA–RNA hybrid and role of tyrosine 639. This
indicates that another NTP-selection pathway can also exist besides the main pathway where NTP selection begins at the
post-translocation state upon the entry of NTP.
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1. Introduction
Transcription of DNA into RNA, the first and highly

regulated step of gene expression, is mainly carried out by
RNA polymerases (RNAPs). Synthesis of RNA by RNAPs
consists of three distinct stages: initiation, elongation, and
termination.[1–3] Transcription elongation, the second and
longest stage, is a processive process: one enzyme can cat-
alyze thousands of nucleotide addition cycles (NACs) without
dissociating from the DNA/RNA substrate.[4–6] The translo-
cation of RNAP along DNA template is fueled by the chemi-
cal energy of nucleoside triphosphate (NTP) hydrolysis. Two
main issues related to RNAPs are translocation mechanism
and fidelity control or NTP selection.

Phage T7 RNAP is a prototype single-subunit molecu-
lar motor, carrying out all transcriptional functions without
additional protein partners. The molecular architecture of C-
terminal domain of T7 RNAP resembles the hand-like config-
uration of a DNA polymerase (DNAP) of DNAP I family, in-
cluding fingers, palm, and thumb subdomains. The active site
regions of DNAP I and T7 RNAP are particularly similar, in-
cluding an α helix (termed “O-helix”) that binds the incoming
(d)NTP and abuts the nascent base pair.[7,8] The crystal struc-
tures of the elongation complex have formed the basis of our
understanding of the NAC in T7 RNAP, showing four states in
each NAC.[9–11] An NAC begins with an insertion state where

the substrate NTP just inserts into the active site, accompa-
nied by the closure of the fingers domain. After phospho-
ryl transfer reaction, the elongation complex (EC) transforms
to pre-translocation state where the RNA transcript has been
extended by one nucleotide, producing a pyrophosphate ion
(PPi). After release of the product PPi, the EC transforms to
post-translocation complex where the newly formed base pair
has moved out of the active site along with a rotation of the
fingers domain from closed to semi-open (simply called open)
conformation and the C-terminus of O-helix resides in the ac-
tive site. When a correct NTP comes, the EC transforms to a
pre-insertion complex. When the fingers domain rotates to the
closed conformation and the substrate NTP inserts into the ac-
tive site, the EC transforms to the insertion state, completing
the NAC.

Multi-subunit RNAPs ensure faithful nucleic acid syn-
thesis mainly through two major strategies, substrate selec-
tion and post-incorporation proofreading.[12–21] However, for
single-subunit T7 RNAP, it seems that there is no proofread-
ing activity[22] and its fidelity control relies entirely on the
selection of correct NTP during a multi-step incorporation
process.[23,24] To select the correct NTP, RNAPs need to dis-
criminate ribo-NTPs (rNTPs) from deoxyribo-NTPs (dNTPs)
and choose the rNTP that is complementary to the template
DNA nucleotide. It appears apparent that for both types of
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RNAPs, NTP selection occurs in two steps and involves an

isomerization of the enzyme from a catalytically inactive to ac-

tive conformation.[16,20,24] The substrate first binds to an open

active site in pre-insertion state with a catalytically inactive

conformation to allow initial sampling of NTPs.[11] The cor-

rect rNTP could form incipient base pair with the template

DNA nucleotide and is then delivered to the insertion state

along with a conformational change of the enzyme to an ac-

tive closed conformation. In multi-subunit RNAPs the position

where NTP binds in pre-insertion state overlaps with that in

the insertion state[18,24] (see Fig. A1 in Appendix A), whereas

in the single-subunit T7 RNAP the two binding sites — pre-

insertion and insertion sites — are in separate positions[9,11,24]

(see Fig. A2 in Appendix A). An interesting but unclear issue

is if in T7 RNAP there also exists an NTP binding site with

the catalytically inactive open conformation which overlaps

with that with the catalytically active closed conformation, as

in multi-subunit RNAPs.

It is hard to catch crystal structures in all of the states dur-
ing the elongation transcription process. Molecular dynamics
(MD) simulation is a powerful method to provide dynamic in-
formation and to obtain transient intermediates,[25] thus mak-
ing up this deficiency. Results from MD simulations of multi-
subunit RNAPs have suggested that there may be as many as
five check points to ensure the fidelity of transcription in multi-
subunit RNAPs.[26] Our recent MD simulations[27] of single-
subunit T7 RNAP showed that during the transition from pre-
to post-translocation state there existed an intermediate con-
formation of the enzyme where the O helix C-terminal residue
tyrosine 639 (Y639), which plays a critical role in transloca-
tion and NTP selection,[28,29] was located between its pre- and
post-translocation positions. Here, starting from the available
structure at post-translocation state, we confirmed the exis-
tence of this intermediate conformation by using MD simu-
lations. Moreover, we found that in the intermediate confor-
mation the side chain of the next template DNA nucleotide
could sometimes stay steadily at the active site (for conve-
nience, we refer to this intermediate conformation as the in-
termediate state). We investigated NTP selectivity in the inter-
mediate state with MD simulations, revealing that the selec-
tivity in the intermediate state can be achieved relying on the
effect of Watson–Crick interaction between the substrate NTP
and template DNA nucleotide, effect of stability of the compo-
nents near the active site and role of Y639. The intermediate
state thus could be the starting state of another NTP-selection
pathway besides the main pathway where NTP selection takes
place at post-translocation state upon the entry of NTP.

2. Results
2.1. Identification of the intermediate state

The MD simulations began with post-translocation com-
plex, where the product pyrophosphate (PPi) has been re-
leased, the newly formed hybrid base pair i + 1 has moved
out the active site, the O helix C-terminal residue Y639 re-
sides on the active site and the template DNA nucleotide is
out of the active site (see Figs. 1(a), 1(b), and Fig. A2 in Ap-
pendix A), which is different from the case of multi-subunit
RNAPs where the template DNA nucleotide has moved into
the active site (see Fig. A1 in Appendix A). Here, three indi-
vidual trajectories were conducted for more than 100 ns each
with different initial velocities in this simulation system.

The stability of the protein was checked firstly. The tem-
poral evolutions of root mean square deviation (RMSD) values
of CA atoms of the protein are shown in Fig. 1(c). It is seen
that the RMSD values are always smaller than 0.7 nm and fluc-
tuate stably around a value of about 0.45 nm for two of the
three trajectories and of about 0.35 nm for the other trajectory.
The root mean square fluctuation (RMSF) values of CA atoms
of the protein are shown in Fig. 1(d). The RMSF values in dif-
ferent trajectories show good convergence. The most notable
feature is that there are two regions where the fluctuation is
pretty large. One is around residue Glu600 which resides on a
loop of fingers domain and the other is around Ala380 which
resides on the largest helix of the thumb domain. The large
flexibility of these two regions is consistent with the relatively
high B-factor of these parts in crystal structures. It is also
consistent with the fact that these two regions are even lost in
many crystal structures. The flexibility of the thumb domain
has been noted previously in structural studies.[30] The flex-
ible region of the thumb domain agrees with a previous MD
simulation where the helix could break at Ala380–Val384.[31]

Additionally, the observed location of the break in the thumb
helix is also consistent with the observation that the thumb he-
lix in the crystal structures of nucleic acid-free RNAP becomes
disordered at this location.[32]

The stability of the newly formed base pair (3′-end of
DNA–RNA hybrid or base pair i+1) in the post-translocation
state was then checked. The distribution of RMSD values of
the newly formed base pair shows small deviations from its
initial position (see Fig. A3 in Appendix A). To quantitatively
describe the movement of the newly formed base pair, its dis-
placement along the direction pointing from base pair i+1 to
base pair i was calculated after alignment with CA atoms of the
palm sub-domains (residues 412–553 and 785–883). Statisti-
cal analyses of the distribution of displacements (see Fig. 2(a))
were performed with all of three trajectories. The distribution
showed an asymmetrical pattern, with a slight forward move-
ment.
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Fig. 1. (color online) MD simulations of T7 RNAP at post-translocation state. (a) The crystal structure of T7 RNAP at post-translocation
state. Different domains are depicted in different colors: fingers domain in orange, palm domain in green, thumb domain in yellow, and N-
terminal domain in red. (b) Components near the active site. Amino acids are drawn with cartoon method in yellow, DNA and RNA strands
are drawn with bonds method in purple and green, respectively. Residue Y639 is also drawn with bonds method. (c) Time series of root mean
square deviation (RMSD) values of CA atoms of the whole protein in three trajectories with different initial velocities. (d) Root mean square
fluctuation (RMSF) values of different CA atoms of the protein residues.

The stability of residue Y639 which abuts the active site
and the newly formed base pair i+1 was also checked. Inter-
estingly, the distribution of its RMSD values shows two peaks
(see Fig. A4 in Appendix A), indicating that two stable po-
sitions of Y639 may exist. To further study the two possible
positions, the displacement of CA atom of Y639 relative to
its initial position along the direction pointing from its posi-
tion at pre-translocation conformation (PDB: 1S77) to that at
post-translocation conformation (PDB: 1H38) (see Fig. A5 in
Appendix A) was calculated after alignment of CA atoms of
the palm domains (residues 412–553 and 785–883). The dis-
tribution of the displacements of CA atom of Y639 also shows
two peaks (Fig. 2(b)), one locating at about its initial position
(0 nm) which means no movement relative to the palm domain
and the other locating at about−0.1 nm which means a move-
ment relative to the palm domain in a direction pointing away
the palm domain or the newly formed base pair i+ 1. When
the displacement equals to 0 nm Y639 still occupies the ac-
tive site, while when it equals to −0.1 nm Y639 has moved
out of the active site, as shown in Fig. A6 in Appendix A.
The movement of the O helix N-terminal residue arginine 627
(R627) was also analyzed. The displacement of CA atom of
residue R627 relative to its initial position in the direction
pointing from its position at pre-translocation conformation
(PDB: 1S77) to that at post-translocation conformation (PDB:
1H38) (see Fig. A5 in Appendix A) was also calculated after
alignment of CA atoms of the palm domains (residues 412–

553 and 785–883). The displacements of CA atom of R627
have a rather broad distribution (see Fig. A7 in Appendix A).
A two-dimensional (2D) sampling map of the displacements
of CA atoms of Y639 and R627 was made based on above
results (Fig. 2(c)). The map shows clearly two minimum po-
sitions. Besides its initial position at x = 0 and y = 0, there is
another stable position with x = −0.1 nm and y = −0.2 nm,
which is consistent with our previous results showing an in-
termediate conformation between pre- and post-translocation
complexes.[27] A large flexible area around its original posi-
tion indicates a loose couple between the two terminuses of
O-helix. However, for the intermediate state, the movement
of C-terminus of O-helix in one direction often couples with
the movement of the other terminus of O-helix in the opposite
direction.

Careful observations in Visual Molecular Dynamics
(VMD) show that in two of the three trajectories there ex-
ists an interesting situation in the intermediate conformation
where the side chain of the next template DNA nucleotide
i+ 2 (denoted by TN i+ 2) has moved into the active site, as
shown in Fig. 2(d). This is understandable because in the post-
translocation state the side chain of Y639 occupies the active
site (see, e.g., Fig. 1(b)), occluding sterically the side chain
of TN i+2 to move into the active site, and the movement of
Y639 away from the active site in the intermediate conforma-
tion makes room for the side chain of TN i+2 to move into.
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Fig. 2. (color online) The intermediate conformation derived from the post-translocation state. (a) Distribution of the displacement of 3′-end of
DNA–RNA hybrid (H3′). Yellow and green lines represent Gaussian fits; the blue line represents the sum of two Gaussians. (b) Distribution of
displacements of CA atom of residue Y639. Yellow and green lines represent Gaussian fits; the blue line represents the sum of two Gaussians.
(c) A 2D sampling map along the displacement of CA atom of Y639 and the displacement of CA atom of R627. Color-coding represents
relative free energies (− lnP) as indicated with color bar. (d) A snapshot of the intermediate state where the side chain of the template DNA
nucleotide has moved into the active site. Components near the active site of pre- and post-translocation conformations are shown in green and
yellow, respectively. The red one is the snapshot derived from our MD trajectories.

We calculated the distance between the side chain of TN i+2 and 3′-end of DNA–RNA hybrid (H3′) and that between the
residue Y639 and 3′-end of DNA–RNA hybrid (H3′) in all of the three trajectories, with the results being shown in Figs. 3(a)–
3(c). When the distance between the side chain of TN i+2 and the H3′ is larger than 0.7 nm, we consider that the TN is out of
the active site and is in the pre-insertion site, whereas when the distance is close to 0.5 nm, we consider that the TN has moved
into the active site and is in the insertion site. When the distance between the residue Y639 and 3′-end of DNA–RNA hybrid is
larger than 0.6 nm, there is enough room for the accommodation of TN i+2 at the active site. In the first trajectory, the distance
between the residue Y639 and 3′-end of DNA–RNA hybrid (red line in Fig. 3(a)) is kept small stably, and thus there is not enough
space for TN i+2 to move into the active site. Consequently, the side chain of TN i+2 always stays out of the active site, and
the distance between the 3′-end of DNA–RNA hybrid and side chain of TN i+ 2 (black line in Fig. 3(a)) even becomes larger
at about 5 ns and then maintains at about 1.0 nm. In the second trajectory, the distance between the residue Y639 and 3′-end of
DNA–RNA hybrid (red line in Fig. 3(b)) becomes large at the start, making room for the accommodation of TN i+ 2, and the
side chain of TN i+2 inserts into the active site at about 2 ns, but moves out at about 10 ns and does not come back (black line in
Fig. 3(b)). For the third trajectory, the distance between the residue Y639 and 3′-end of DNA–RNA hybrid (red line in Fig. 3(c))
becomes large at about 45 ns. The side chain of TN i+2 squeezes into the active site at about 50 ns and then stays there stably
(black line in Fig. 3(c)). We call this intermediate conformation with the side chain of TN i+2 squeezed into the active site as
the intermediate state.

As there is the stacking interaction between residue Y639 and H3′, squeezing of the side chain of TN i+ 2 into the active
site would destroy this interaction, thus increasing the free energy of the intermediate state. On the other hand, we also noted
that after squeezing into the active site the side chain of TN i+2 may form stacking interaction with H3′ to compensate for the
free energy increment. The calculated results of the time series of the non-bond interaction between residue Y639 and H3′ (red
line) and that between H3′ and the side chain of TN i+ 2 (black line) in trajectory 3 are shown in Fig. 3(d). At about 45 ns
when the distances between residue Y639 and H3′ get large, the interaction between residue Y639 and H3′ decreases from about
7.5 kcal/mol to about 1 kcal/mol, while at about 50 ns when TN i+2 inserts into the active site, the interaction between H3′ and
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the side chain of TN i+2 increases from about 1 kcal/mol to about 7.5 kcal/mol. As a result, the increment in the later interaction
compensates for the decrement in the former interaction.
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Fig. 3. (color online) Stability of the intermediate state. (a)–(c) Time series of the distance between the side chain of TN i+2 and the 3′-end of
DNA–RNA hybrid (black lines) and that between the residue Y639 and the 3′-end of DNA–RNA hybrid (red lines) in the three trajectories. (d)
Time series of the non-bond interaction energy between the base of the template DNA nucleotide and the 3′-end of DNA–RNA hybrid (black
line) and the non-bond interaction energy between the 3′-end of DNA–RNA hybrid and residue Y639 (red line).

2.2. NTP selection in the intermediate state

As in the intermediate state (Fig. 2(d)) the side chain of
TN i+2 is located at the active site, it is expected that NTP se-
lection can also take place in the intermediate state, similar to
that in DNAPs[33] and multi-subunit RNAPs.[25,26] To check
this, in this section we studied the selection of different NTPs
in the intermediate state by inserting different rNTPs and com-
plimentary dNTP into the active site.

The template DNA base to pair with the incoming NTPs
is a cytosine (dC10), and thus the ribo-guanine (GTP or rGTP
or rG) is the complimentary or correct NTP (cNTP). By con-
trast, a ribo-adenine (ATP or rATP or rA), a ribo-cytosine
(CTP or rCTP or rC) and a ribo-uracil (UTP or rUTP or rU) are
considered as non-complimentary or incorrect NTP (ncNTP)
due to their mismatched bases. A complimentary dNTP (cd-
NTP) deoxyribo-guanine (dGTP or dG) is also considered as
an incorrect one due to its sugar deficiency. The coordinates of
different NTPs or dNTP after binding were determined by su-
perposing the derived structure with insertion complex which
includes αβ methylene ATP (PDB ID: 1S76). The compo-
nents near the active site bound with cGTP after two times of
energy minimization are shown in Fig. 4(a) (views showing the

side chain of Y639 are shown in Fig. A8(a) in Appendix A).
This state bound with substrate NTP can be viewed as the start-
ing state of another NTP-selection pathway besides the main
pathway where NTP selection takes place at post-translocation
state upon the entry of NTP.

2.2.1. Stability of substrate NTP at the active site

For systems bound with cGTP and ncATP, three individ-
ual realizations were performed with different initial veloci-
ties. For systems bound with ncCTP, ncUTP and cdGTP, two
individual trajectories were performed with different initial ve-
locities. Each individual trajectory was performed for about
100 ns. For the system bound with cGTP, the base of substrate
GTP is rather stable in all of three trajectories (see Fig. 4(b),
and Fig. A8(b) in Appendix A). For the system bound with
cdGTP, the base of substrate dGTP is as stable as that in the
system bound with cGTP (see Fig. 4(c), and Fig. A(8c) in Ap-
pendix A). However, as shown in Fig. 4(c), a deformation of
the (i+ 1)-th base pair is observed in the system bound with
cdGTP. For other three systems bound with ncNTP, there is al-
ways more than one trajectory that the base of substrate NTP
left the template DNA nucleotide and moved out of the active
site (see Figs. 4(d)–4(f), (Figs. A8(d)–A8(f) in Appendix A).
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Fig. 4. (color online) Molecular views of the active site with different (d)NTPs bound. Nucleic acids and amino acids are drawn with bonds
and cartoon method, respectively. DNA and RNA are shown in red; protein and substrate NTP are shown in yellow. Magnesium ions are shown
in red balls and the CA atom of Y639 in green ball. (a) The conformation in GTP-binding system after energy minimization. Representative
conformations in systems bound with GTP, dGTP, ATP, CTP and UTP are shown in panels (b)–(f), respectively.

To quantitatively describe the movement of the base of
the incoming NTP, two reaction coordinates were used: one is
the distance between the center of mass of the base of substrate
NTP and that of the template DNA nucleotide dC10 (simpli-
fied as NTP/base–dC10/base distance) and the other one is the
distance between the center of mass of the base of NTP and
that of the 3′-end of RNA strand (simplified as NTP/base–
rU8/base distance). The distributions of these two distances
in five different NTP-binding systems are shown in Fig. 5(a)
and Fig. 5(b), respectively. For systems bound with cNTP and
cdNTP, the NTP/base–dC10/base distances are narrowly dis-
tributed around 5.5 Å, whereas for systems bound with nc-
NTPs, significantly larger NTP/base–dC10/base distances as
well as shorter NTP/base–dC10/base distances for ncUTP are
observed. Larger distances mean that the NTPs are not opti-
mally positioned in the active site while shorter distances also
show deformations near the active site (see Fig. A9 in Ap-
pendix A). Largest distances in the system bound with ncUTP
reach as large as 2.2 nm. The NTP/base–rU8/base distances
are narrowly distributed around 4.5 Å in the systems bound
with cGTP and cdGTP. For both NTP/base–dC10/base dis-
tances and NTP/base–rU8/base distances, their distributions
show that the most stably bound NTPs are GTP and dGTP.
However, it is difficult to discriminate the differences between
GTP and dGTP. To show the difference of the stability of NTPs
intuitively, two-dimensional (2D) sampling maps of the base
of NTP depicted along above two distances in different NTP-
binding systems are shown in Figs. 6(a)–6(e). For the com-
plimentary GTP and dGTP, there is a narrow distribution area,
while for ncNTPs, ATP, CTP, and UTP, there is a much broader
distribution area. It shows clearly that the bases of GTP and
dGTP stay stably at the active site, while the bases of ncNTPs
cannot stay stably at the active site but have moved out of

the active site (see Fig. 4 and Fig. A8 in Appendix A). It is
worth noting that for the two complimentary NTPs — GTP
and dGTP — it is also difficult to discriminate them from the
2D sampling maps. Thus, the discrimination against dC:dGTP
base pair is probably most difficult from this point of view.
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Fig. 5. (color online) Stability of the base of substrate NTP. (a) Distri-
butions of distances between the base of NTP and that of template DNA
nucleotide (NTP/base–dC10/base) in systems bound with GTP, dGTP,
ATP, CTP, and UTP are shown in black, red, blue, pink, and green, re-
spectively. (b) Distributions of distances between the base of NTP and
that of RNA 3′-end nucleotide (NTP/base–rU8/base) in systems bound
with GTP, dGTP, ATP, CTP, and UTP are shown in black, red, blue,
pink, and green, respectively.
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As shown above, the ncNTPs at the active site are more
flexible than the cGTP and cdGTP. This feature is expected to
be fundamentally related to the ability to form Watson–Crick
(WC) hydrogen bonding interaction. For cGTP and cdGTP,
they are able to form WC hydrogen bonding with the template
DNA nucleotide to stabilize the base of substrate NTP, while
for the ncNTPs, they are unable. It is difficult to discrimi-
nate the difference between cGTP and cdGTP, perhaps due to
their similar ability to form WC interactions with the template
nucleotide. Number of hydrogen bonds between the base of
substrate NTP and base of template DNA nucleotide was cal-
culated and the number distributions in different NTP-binding
systems are shown in Fig. 7(a). It is seen that the numbers
of hydrogen bonds between the base of template DNA nu-
cleotide and base of substrate cGTP are almost the same as
that between the base of template DNA nucleotide and base of
cdGTP, and can reach as much as three. Furthermore, there is a
larger probability that three hydrogen bonds could be formed.
By contrast, for ncNTPs, the numbers of hydrogen bonds can-

not reach three, and there is a larger probability that no hy-
drogen bonds can be formed between the two bases. As ex-
pected, the distributions of the numbers of hydrogen bonds
between the base of substrate NTP and base of template DNA
nucleotide can explain the stabilities of the base of substrate
NTPs well. The stability of the base of substrate NTP along
NTP/base–rU8/base distance could also rely on the base-pair
stacking interaction with the 3′ terminal RNA (rU8) base. Al-
though all of these NTP could form base pair stacking with
the 3′ terminal RNA, this interaction could not favor a stable
conformation by itself. The WC hydrogen bonding interaction
plays a more important role in the stabilization. If there is not
a stable WC interaction, the base pair stacking would easily
be destroyed by thermal fluctuations. A broader distribution
along NTP/base–rU8/base than along NTP/base–dC10/base in
the 2D sampling maps for GTP- and dGTP-binding systems
also indicates a less important role of the base pair stacking
interaction in the stabilization.
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Fig. 6. (color online) Stability of the base of substrate NTP. 2D sampling maps of the base of substrate NTP along NTP/base–dC10/base
distance and NTP/base–rU8/base distance in systems bound with GTP, dGTP, ATP, CTP, and UTP are shown in panels (a)–(e), respectively.
Color-coding represents relative free energies (− lnP) as indicated with color bar.

To further study the discrimination ability of cGTP
against cdGTP, we calculated the binding affinity difference
of the RNAP complex for cGTP and for cdGTP. To this end,
umbrella sampling simulations along the distance between the
base of substrate NTP and base of template DNA nucleotide
(NTP/base–dC10/base) for dC:GTP and dC:dGTP were per-
formed. The potential of mean force (PMF) results are shown
in Fig. 7(b) (see also Fig. A10 in Appendix A). Firstly, the

results for both cGTP and cdGTP show a global minimum at
about 5.5 AA, which is consistent with the results of the dis-
tance distributions for NTP/base–dC10/base (Fig. 5(a)). Sec-
ondly, it shows clearly that the binding affinity for cGTP is
larger than that for cdGTP. For cGTP, the binding affinity is
larger than 13 kcal/mol, while for cdGTP, the binding affinity
is about 10 kcal/mol, indicating that the cdGTP is more likely
to dissociate from the active site. However, it is worth noting
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that even for the smaller energy barrier of cdGTP it is about
10 kcal/mol, which is large enough to ensure its stability in
our simulation timescale. Thus, it seems that the discrimina-
tion against cdGTP is impossible based solely on the stability
of cdGTP at the active site.
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Fig. 7. (color online) Energetic features between the template DNA nu-
cleotide and substrate NTPs. (a) Distributions of numbers of hydrogen
bonds between the base of template DNA nucleotide (dC) and that of
substrate GTP, dGTP, ATP, CTP, UTP are shown in black, red, blue,
pink, and green, respectively. (b) Potential of mean force (PMF) along
the distance between the base of template DNA nucleotide and that of
substrate GTP and dGTP (NTP/base–dC10/base) are shown in black
and red, respectively.

2.2.2. Effect of the stability of the components near
the active site on NTP selection

Besides the stability of the base of substrate NTP, the sta-
bility of the components near the active site was also suggested
to play a role to ensure the high fidelity in both DNAPs and
RNAPs. The nascent (i+ 1)-th hybrid DNA–RNA base pair
has been demonstrated to play a role in distinguishing cNTPs
in both RNAPs and DNAPs.[26,34–36]

Thus, the distance between the two bases in the nascent
(i+1)-th base pair (dA11/base–rU8/base) was calculated and
studied statistically in different NTP-binding systems (Fig. 8).
For cGTP-binding system, the distances between dA11/base
and rU8/base are narrowly distributed around 6 Å. For sys-
tems bound with ncNTPs, the distributions of the distances
between dA11/base and rU8/base are broader than that for

cGTP-binding system. Interestingly, the distribution of the
distances between dA11/base and rU8/base in cdGTP-binding
system is also broader than that in cGTP-binding system. Our
results thus show that mismatched NTPs (including cdNTP)
can lead to conformational deformations of the components
near the active site, which may perturb the coordination of
magnesium ions and likely affect the ability of chemical catal-
ysis. Thus, it is easier for the cNTP to form a stable state
that can proceed to the next catalytically active state. In other
words, the energy barrier for ncNTPs and cdGTP to transit to
the catalytically active state is larger than that for cGTP.
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Fig. 8. (color online) Stability of the components (the (i+ 1)-th base
pair) near the active site. Distributions of distances between the two
bases of the (i + 1)-th base pair (dA11/base–rU8/base) are shown in
black, red, blue, pink, and green lines in systems bound with GTP,
dGTP, ATP, CTP, and UTP, respectively.

2.2.3. Role of Y639 in NTP selection

Residue Y639 was suggested to play a critical role in the
ability to discriminate against cdNTP by biochemical, struc-
tural and MD simulation studies.[11,29,37–39] The role of Y639
in discrimination against cdNTP was also investigated here by
mutation simulations. The residue tyrosine 639 resides on the
C-terminus of O-helix was mutated to phenylalanine in the
mutation systems. The binding affinities of cNTP and cd-
NTP in the wild type and mutant type systems were studied
by steered molecular dynamics (SMD) simulations. In SMD
simulations, a harmonic potential was applied to the center of
mass of the base of substrate NTP with a force constant of
2000 kJ/mol/nm2 and a pulling rate of 0.1 nm/ns (see Sec-
tion 4: Materials and Method for more details). The SMD
simulations are actually the initial step of umbrella sampling
simulations to obtain a series of configurations along the reac-
tion coordinate. The time series of the distances between the
base of the substrate NTP and that of template DNA nucleotide
in wild-type systems bound with cGTP and cdGTP and in mu-
tant systems bound with cGTP and cdGTP are shown in Fig. 9.
The sharp change of the distance from about 5.5 Å to about 8 Å
means the transition of the base of substrate NTP out of the ac-
tive site and the breakage of the WC hydrogen bonding inter-
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action with the base of template DNA nucleotide. The time se-
ries show a flat region at the beginning of the SMD simulations
in all systems, indicating a stable initial conformation. Con-
sistent with above results, the stable distance between the two
bases for the substrate NTP and template DNA nucleotide is
about 5.5 Å. With a harmonic potential applied on the center of
mass of the base of substrate NTP and a constant pulling rate,
the longer time when the distance keeps unchanged represents
the larger binding affinity between the base of the substrate
NTP and the template DNA nucleotide. For cGTP and cdGTP
in the wild-type systems, the results show a clear difference
between them: the distance transition in the wild-type system
bound with GTP occurs at about 4.7 ns (black line), while the
transition in the wild-type system bound with dGTP occurs at
about 3.3 ns (red line). The difference of the binding affinity
can be estimated to be about 1/2k(∆x)2, where k is the force
constant of 2000 kJ/(mol · nm2) and ∆x is the distance differ-
ence equal to r∆t, with r being the pulling rate of 0.1 nm/ns
and ∆t = 4.7 ns–3.3 ns= 1.4 ns. The binding affinity differ-
ence was estimated to be about 4.7 kcal/mol, which is quantita-
tively consistent with the PMF result obtained above. Overall,
the SMD results also show a larger binding affinity for cGTP
than cdGTP in the wild type systems. When residue tyrosine
was mutated to phenylalanine, the time when the distance tran-
sition occurs decreases for both GTP and dGTP (blue and pink
lines, respectively). Besides, the difference of the transition
time between GTP and dGTP in the mutant systems also de-
creases, with the transition time of the mutant GTP-binding
system (blue line) being even slightly smaller than that of the
mutant dGTP-binding system (pink line), indicating that the
difference of the binding affinity decreases and thus a low ef-
ficiency of discriminating against cdNTP. These are consis-
tent with previous biochemical studies on T7 RNAP, which
showed that the mutant Y639F worked simultaneously as an
RNAP and as a DNAP, losing its ability to differentiate cNTP
and cdNTP.[37]

For cGTP-binding systems, the transition time decreases
dramatically from 4.7 ns in the wild type to 2.8 ns in the mu-
tant type. The only difference between residues tyrosine and
phenylalanine is that the former has a hydroxyl group (–OH) at
the end of the side chain, whereas the latter has an instead hy-
drogen atom (–H) at the corresponding position. It seems that
the hydroxyl group has an interaction with substrate, whereas
the hydrogen atom does not have the interaction. However,
for the cdGTP-binding systems, the transition time changes
slightly from 3.3 ns in the wild type to 3.1 ns in the mutant
type. The main difference between GTP and dGTP is that it
is a hydroxyl group that attacks the 2′ carbon of the ribose in
GTP, whereas the hydroxyl group is replaced by a hydrogen
atom in dGTP. It seems that when the hydroxyl group of GTP
is replaced by a hydrogen atom, whether there is a hydroxyl

group or there is a hydrogen atom at the end of the side chain
of residue 639, the interaction disappears. It is noted that these
transition times of dGTP in the wild-type and mutant-type sys-
tems (3.3 ns and 3.1 ns, respectively) are similar to that of
GTP-binding mutant system (2 8 ns). Thus, it seems that when
both residue 639 and substrate NTP have a hydroxyl group
at the corresponding position, the interaction between them is
strong, otherwise it is weak.
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Fig. 9. (color online) Role of Y639. Time series of the NTP/base–
dC10/base distance in four different SMD simulation trajectories. Time
series in wide-type systems bound with GTP and dGTP are shown in
black and red lines, respectively. Time series in the Y to F mutant sys-
tems bound with GTP and dGTP are shown in blue and pink, respec-
tively.

3. Discussion
Based on the crystal structural data, it has been pro-

posed that during transcription elongation stage of single-
subunit T7 RNAP an NAC consists mainly of four states:
pre-translocation, post-translocation, pre-insertion and inser-
tion states (see Fig. 10). The translocation process occurs dur-
ing the transition from pre-translocation to post-translocation
state, while the NTP-selection process occurs during transition
from pre-insertion to insertion to pre-translocation state.

Our all-atom MD simulations showed that between the
pre- and post-translocation conformations an intermediate
conformation also exists, where the O helix C-terminal residue
Y639 is located between its positions at pre- and post-
translocation conformations, with the intermediate position
being about 0.1 nm away from that in the post-translocation
conformation (Fig. 2(b) and Fig. 2(d)). The existence of this
intermediate conformation is also consistent with the infer-
ence from the MD simulations by Duan et al.[29] showing
that Y639 is stabilized marginally by the 3′-end base pair of
DNA–RNA hybrid at post-translocation state. Furthermore,
we found that in the intermediate conformation the side chain
of TN i+2 can sometimes squeeze into the active site and then
stay there steadily. This interesting intermediate state with the
side chain of TN i+2 locating at the active site is much similar
to the post-translocation state of DNAP in the DNA replication
cycle.[25,26] Thus, similar to the case in DNAP where the post-
translocation state can make dNTP selection, we showed here
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that in T7 RNAP the intermediate state can also make sec-
tion of cNTP against ncNTPs by relying on the Watson–Crick
interaction and the effect of the stability of the components
near the active site. Furthermore, we showed that besides the
effect of the stability of the components near the active site,
residue Y639 also plays an important role in discriminating
an NTP from dNTP in the intermediate state.[37] These results
thus suggest that there is another NTP-selection pathway start-
ing from the intermediate state (State IMT1) upon the entry of
substrate NTP (State IMT2) besides the main pathway starting

from the post-translocation state upon the entry of substrate
NTP (pre-insertion state), as proposed in Fig. 10. After state
ITM2 transits to insertion state, the O helix becomes closed,
where the interaction between the bound NTP and closed O
helix could make a further contribution to the selection of the
bound NTP, which is similar to the case that after pre-insertion
state transits to insertion state. In other words, it can be said
that the NTP selection in state ITM2 in the new pathway pro-
posed here is equivalent to that in pre-insertion state in the
main pathway proposed before.
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Fig. 10. (color online) A revised pathway of nucleotide addition cycle in T7 RNAP transcription elongation.

In the new pathway, ITM2 state arises from ITM1 state
after a substrate NTP came to the active site. In the tradi-
tional pathway, during the transition from pre-insertion state
to insertion state, the newly formed base pair between NTP
and template DNA nucleotide needs to insert into the active
site and the fingers domain (O-helix) becomes closed to pro-
ceed with catalysis. Whether these two processes occur si-
multaneously or not still need to be investigated. If they are
not simultaneous, ITM2 state is also probably an intermediate
state during the transition of pre-insertion to insertion state,
where the newly formed base pair has inserted into the active
site while the fingers domain (O-helix) is not closed. In ITM2
state, when the fingers domain becomes closed the complex
transforms to the insertion conformation.

NTP selection in the traditional pathway was studied re-
cently with MD simulations.[29] The difference between our
study and that in Ref. [29] is in that in our study the TN
i+ 2 has already inserted into the active site before the sub-
strate nucleotide bound to it, whereas in the study of Ref. [29]

the TN i + 2 could insert into the active only after the cor-

rect substrate nucleotide bound to it. The study in Ref. [29]

showed that in the nucleotide pre-insertion state an incorrect

nucleotide substantially stabilizes the residue Y639 at the ac-

tive site, blocking the insertion of the TN i+ 2 and substrate

NTP into the active site, whereas the correct RNA nucleotide

does not affect the local Y639 stabilization and TN i+2 could

insert into the active site.[29] With this mechanism the correct

NTP can be discriminated against incorrect NTPs. By con-

trast, in our study the active site is occupied by the TN i+ 2

and thus the correct substrate can form WC interaction with

TN i+ 2 where incorrect NTPs cannot. With this WC inter-

action as well as the stability of the nascent DNA–RNA hy-

brid the correct NTP can be discriminated against incorrect

NTPs. Both simulations with mutation of Y639 to F639 in our

work and those in Ref. [29] showed that the hydroxyl group of

residue Y639 plays a critical role in discriminating NTP and

dNTP, just as the biochemical study shows.[37] However, the

two studies indicated that Y639 used different mechanisms to
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discriminate cNTP against cdNTP. In Ref. [29], in the case of
cdNTP residue Y639 would be stabilized at its initial position
blocking the active site, whereas in the case of cNTP Y639
would be much easier to move out and allow the insertion of
substrate cNTP. With this mechanism Y639 can discriminate
cNTP against cdNTP. Here, our study indicated that even when
the residue Y639 has moved out of the active site, it can still
play a critical role in the discrimination of NTP from dNTP.
The hydroxyl group at the end of the side chain of Y639 has
the interaction with the hydroxyl group of the 2′ carbon of
the ribose in NTP (e.g., GTP), whereas such interaction with
dNTP (e.g., dGTP) disappears. With this mechanism Y639
can still discriminate cNTP against cdNTP.

As shown elsewhere,[9] with the consideration that
the NAC pathway corresponds to the transition from pre-
translocation to post-translocation to pre-insertion to inser-
tion to pre-translocation state (Fig. 10), the available single-
molecule optical trapping data[40,41] on transcription rate ver-
sus external force on T7 RNAP can be fitted well by us-
ing Brownian ratchet model A of the translocation (see Ap-
pendix A (A1)) and red lines in Fig. A12 in Appendix A). In
model A, before NTP binding to the post-translocation state,
the enzyme can move reversibly between the pre- and post-
translocation positions (the Brownian motion). The binding of
NTP to the post-translocation state prevents the enzyme from
moving backward to the pre-translocation state (the ratchet).
As the distance between the pre- and post-translocation posi-
tions along the translocation direction is about 0.34 nm, in the
calculations for (see Fig. A12 in Appendix A) (red lines) we
took the translocation distance in an NAC to be p = 0.34 nm.
Similarly, with the consideration that the NAC pathway cor-
responds to the transition from pre-translocation to IMT1
to IMT2 to insertion to pre-translocation state, the available
single-molecule optical trapping data[40,41] can also be fitted
well by using Brownian ratchet model B of the translocation
(see Appendix A (A2)) and black lines in Fig. A12 in Ap-
pendix A). In model B, before NTP binding to state IMT1,
the enzyme can move reversibly between the pre-translocation
state and state IMT1 (the Brownian motion). The bind-
ing of NTP to state IMT1 prevents the enzyme from mov-
ing backward to the pre-translocation state (the ratchet). As
our MD simulation showed, the distance between the post-
translocation state and state IMT1 is about 0.1 nm, i.e., the
distance between the pre-translocation state and state IMT1 is
about 0.24 nm. Thus, in the calculations for (see Fig. A12
in Appendix A) (black lines) we took the translocation dis-
tance to be p = 0.24 nm. In reality, both the transition from
pre-translocation to post-translocation to pre-insertion to in-
sertion to pre-translocation state and the transition from pre-
translocation to IMT1 to IMT2 to insertion to pre-translocation

state can occur in an NAC. Thus, the theoretical data should be
in between the red and black lines, which are in good agree-
ment with the single-molecule optical trapping data. Thus, our
proposed NAC pathway (Fig. 10) based on our MD simula-
tions presented in this work is also consistent with the single-
molecule data.

Finally, it is mentioned that with the high-resolution
cryo-electron microscopy technique our simulated intermedi-
ate states (ITM1 and ITM2 in Fig. 10) could be observed,
testing the new pathway of transition from ITM1 to ITM2
to insertion state. Besides, it is hoped to use the high-
temporal-resolution single molecule fluorescence resonance
energy transfer (smFRET) to test the new pathway, as de-
scribed as follows. As it is noted, during the transition from
ITM2 to insertion state (Fig. 10) the distance between the base
of the newly added GTP and residue 780 in RNAP is kept un-
changed, whereas during the transition from pre-insertion to
insertion state (Fig. 10) the distance between the base of the
newly added GTP and residue 780 in RNAP is changed from
about 1.33 nm to 0.78 nm. Thus, by labeling Cy3 to the base
of GTP and Cy5 to residue 780 in RNAP, it is expected that
in the new pathway of transition from ITM1 to ITM2 state,
the high FRET value would not be changed. By contrast, in
the traditional pathway of transition from pre-insertion to in-
sertion state, the FRET value would change from a low value
to a high value. If transition from pre-insertion to ITM2 to in-
sertion takes place, the FRET value would also change from a
low value to a high value. Consequently, from the measured
temporal evolution of the FRET value one can test if both tra-
ditional and new pathways coexist or only the traditional path-
way exists.

4. Materials and methods
4.1. Initial structures

The crystallographic structure of single-subunit T7
RNAP (PDB ID: 1H38.[10]) at post-translocation state was
used for MD simulations. All data regarding crystal struc-
tures used in these simulations were downloaded from the
RCSB protein data bank. Missing residues 365–371 in the
post-translocation state structure (PDB ID: 1H38) were mod-
eled based on structure with PDB ID: 2PI4,[42] and missing
residues 756–765 were modeled based on structure with PDB
ID: 1S76.[9] First, we make alignments of the two structures
(PDB ID: 2PI4 and PDB ID: 1S76) with the post-translocation
state structure (PDB ID: 1H38), separately, and then add
the location coordinates of the missing residues in the post-
translocation structure (PDB ID: 1H38) according to those of
the two structures (PDB ID: 2PI4 and PDB ID: 1S76). The pa-
rameters used for GTP, dGTP, ATP, CTP, and UTP were built
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by combining the existing parameter for ATP[43] and nucleic
acids.[26,29] The coordinates of different (d)NTPs in ITM2
state were obtained by superposing the intermediate structure
with insertion complex (PDB ID: 1S76).

4.2. MD simulations

We followed a similar procedure to that done in our pre-
vious works.[27,44–46] to do the simulations. All of the MD
simulations were performed using GROMACS 4.6[47] and the
Amber03 Force Field.[48] To avoid the edge effect, the distance
between the complex and the boundary of the box was set to
be at least 1 nm. The complexes were fully solvated in cuboid
boxes with explicit TIP3P water,[49] in which there were 5-
mM magnesium ions and neutralizing counter-ions. All chem-
ical bonds were constrained using the LINCS algorithm.[50]

The cutoff for van der Waals interaction and short-range elec-
trostatics interaction was 1 nm. The Particle Mesh Ewald
(PME) algorithm[51] was used for calculations of long-range
electrostatics. Velocity-rescaling temperature coupling[52] and
Berendsen pressure coupling[53] were used. The reference co-
ordinates were scaled using the scaling matrix of the pressure
coupling. Energy minimization was performed by using the
steepest descent method for 5× 104 steps. The system was
then equilibrated for 100 ps at 300 K and 1 bar (1 bar = 105 Pa)
pressure for 100 ps successively. The final configurations from
equilibration were then used for production simulations. The
size of each step in the simulation was 2 fs and the neighbor list
was updated every 5 steps. Position restraints on heavy atoms
of the protein and DNA and RNA chains were imposed at the
beginning of the simulation. After the constrained simulation,
unconstraint MD simulations were performed for analysis.

Additional umbrella sampling simulations[27,54,55] were
carried out to determine the free energy change along the dis-
tance between the base of substrate NTP and the base of tem-
plate DNA nucleotide. A steered MD (SMD) simulation was
performed to obtain the initial structures for umbrella sam-
pling simulations with a spring constant of 2000 kJ ·mol−1 ·
nm−2 and a pulling rate of 1× 10−4 nm · ps−1, wherein the

palm domain and the DNA and RNA strands were restrained.
The spacing of the umbrella sampling simulation windows
was less than 0.2 nm and the simulation period in each win-
dow lasted 20 ns, so that the histograms of the configurations
would sufficiently overlap with their neighboring windows and
the simulation time was long enough to ensure the conver-
gence (see Fig. S10 in Appendix A). For GTP- and dGTP-
bound systems, there are 8 and 9 windows, respectively. The
last 19 ns samplings were used for calculating the potential
of mean force (PMF) through the weighted histogram analysis
method (WHAM).[56]

Appendix A: Fitting to the single-molecule opti-
cal trapping data with Brownian ratchet models
A and B
A1: Model A

In Model A, the NAC pathway corresponds to the tran-
sition from pre-translocation to post-translocation to pre-
insertion to insertion to pre-translocation state (Fig. 10). Be-
fore NTP binding to the active site of the enzyme, driven by
thermal noise the enzyme can move reversibly between the
pre-translocation position, which is represented by the n-th
site, and the post-translocation site, which is represented by
the (n+1)-th site (the Brownian motion). The interacting po-
tential between the enzyme and the DNA–RNA is schemati-
cally shown in Fig. A11. At the n-th site, the potential has an
energy depth En while at the (n+ 1)-th site the potential has
a energy depth En+1. At the n-th site (the pre-translocation
state) NTP cannot bind to the active site, but at the (n+ 1)-th
site (the post-translocation state) NTP can bind to the active
site. The binding of NTP to the post-translocation state pre-
vents the enzyme from moving backward to the n-th site (the
ratchet).

As done in the single-molecule experiment using optical
trapping,[57] consider a backward external force, F , acting on
the enzyme. From the potential (Fig. A11), the ratio of the
mean time for the enzyme to move from the n-th site to the
(n+ 1)-th site, Tn→(n+1), to the mean time for the enzyme to
move from the (n+1)-th site to the n-th site, T(n+1)→n, approx-
imately has the following form[58,59]

Tn→(n+1)

T(n+1)→n
≈ exp

(
En−En+1

kBT

)
exp

(
F p
kBT

)
, (A1)

where p is the distance between the n-th site and the (n+1)-th
site, i.e., the distance of Y639 between the pre-translocation
and the post-translocation state along the translocation direc-
tion. As the ratio of the mean time, Tn, for the enzyme to stay
at the nth site to the mean time, Tn+1, to stay at the (n+1)-th
site satisfies Tn/Tn+1 = Tn→(n+1)/T(n+1)→n, from Eq. (A1) we
have the following:

Tn

Tn+1
≈ exp

(
En−En+1

kBT

)
exp

(
F p
kBT

)
. (A2)

Based on the ratchet mechanism, only when the active
site is positioned at the (n + 1)-th site, i.e., only during the
time period Tn+1, can NTP bind to the active site. Thus, based
on Eq. (A2), the ratio of the NTP-binding rate, kb(F), under
the external force F to that, kb(0), under no external force has
the following form[58,59]

kb(F)

kb(0)
=

Tn+1(F)/[Tn(F)+Tn+1(F)]

Tn+1(0)/[Tn(0)+Tn+1(0)]
, (A3)

where Tn(F) and Tn+1(F) represent Tn and Tn+1 under the ex-
ternal force F , respectively, and Tn(0) and Tn+1(0) represent
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Tn and Tn+1 under F = 0, respectively. With Eq. (A2), equa-
tion (A3) can be rewritten as follows:

kb(F) =

exp
(

∆E
kBT

)
+1

exp
(

∆E
kBT

)
exp

(
F p
kBT

)
+1

kb(0), (A4)

where ∆E = En−En+1.
Considering that the residues of the enzyme acted by the

external force F are far away from the active site, F has a

negligible effect on the polymerase activity of the active site.
Then, the transcription velocity has the Michaelis–Menten
form:

k = p
kc[NTP]

K(F)
m +[NTP]

, (A5)

where kc is independent of F , and K(F)
m = kc/kb(F) is the

Michaelis–Menten constant, which is dependent on F . With
Eq. (A4), equation (A5) is rewritten as follows:

k = p
kc[dNTP]

[dNTP]+K(0)
m

[
exp

(
∆E
kBT

)
exp

(
F p
kBT

)
+1

]
/

[
exp

(
∆E
kBT

)
+1

] , (A6)

where K(0)
m = kc/k(0)b is the Michaelis–Menten constant under

no external force, i.e., F = 0.
As structural data showed, the distance between the pre-

translocation and the post-translocation positions along the
translocation direction is about 0.34 nm. Thus, in the calcula-
tions we took p = 0.34 nm. Using Eq. (A6), the experimental
data[57] on the transcription velocity of T7 RNA polymerase as
a function of NTP concentration under different values of the
external force F can be fitted well with a fixed set of parame-
ters kc = 130 s−1, K(0)

m = 165 µM, and exp(∆E/kBT ) = 0.1,
as shown by red lines in Fig. A12.

A2: Model B

In Model B, the NAC pathway corresponds to the tran-
sition from pre-translocation to IMT1 to IMT2 to insertion to
pre-translocation state (Fig. 10). Before NTP binding to the
active site of the enzyme, driven by thermal noise the enzyme
can move reversibly between the pre-translocation position,
which is represented by the n-th site, and state IMT1, which is
still represented by the (n+ 1)-th site (the Brownian motion).
The interacting potential between the enzyme and the DNA–
RNA is still schematically shown in Fig. A11. At the n-th site,
the potential has an energy depth En while at the (n+1)-th site
the potential has a energy depth En+1. At the n-th site (the pre-
translocation state) NTP cannot bind to the active site, but at
the (n+1)-th site (state IMT1) NTP can bind to the active site.
The binding of NTP to state IMT1 prevents the enzyme from
moving backward to the n-th site (the ratchet).

The transcription velocity versus [NTP] and F can still
described by Eq. (A6), but with p being the distance of Y639
between the pre-translocation state and state IMT1 along the
translocation direction. As our MD simulations showed, the
distance between the post-translocation state and state IMT1 is
about 0.1 nm, i.e., the distance between the pre-translocation
state and state IMT1 is about 0.24 nm. Thus, in the cal-
culations we took p = 0.24 nm. Still with kc = 130 s−1,

K(0)
m = 165 µM, and exp(∆E/kBT ) = 0.1, with Eq. (A6) the

calculated data of the transcription velocity as a function of

BH
TL

substrate NTP

template DNA

Fig. A1. (color online) Structural alignment between the pre-insertion
(green) and insertion (red) structures for multi-subunit RNAP. The po-
sitions of the template DNA nucleotide in pre-insertion and insertion
states are overlapped, implying that the template DNA nucleotide has
moved into the active site even in the pre-insertion state.

substrate NTP
template DNA

O helix

Fig. A2. (color online) Structural alignment between the pre-insertion
(yellow) and insertion (red) structures for T7 RNAP. The positions of
the template DNA nucleotide in pre-insertion and insertion states are not
overlapped, implying that the template DNA nucleotide has not moved
into the active site in the pre-insertion state.
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Fig. A3. (color online) Distribution of the root mean square deviations
(RMSDs) of the newly formed base pair.
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Fig. A4. (color online) Distribution of the root mean square deviations
(RMSDs) of CA atom of residue Y639. Yellow and green lines repre-
sent Gaussian fits; the blue line represents the sum of two Gaussians.

Fig. A5. (color online) Illustration of the two coordinates to describe
the displacement of CA atoms of Y639 and R627. The O-helix in pre-
and post-translocation conformations is shown in yellow and orange,
respectively. CA atoms of Y639 and R627 are depicted as balls. The
positive directions are shown with red arrows.

the NTP concentration under different values of the external
force F are shown by black lines in Fig. A12. It is seen that
the calculated data are still in agreement with the experimental
data.

(a)

CA atom of Y639

nucleic

acids

O helix

(b)

CA atom of Y639

nucleic

acids

O helix

Fig. A6. (color online) The intermediate position of CA atom of Y639.
Components near the active site of pre- and post-translocation confor-
mations are shown in green and yellow, respectively. The red one is
a snapshot derived from our MD trajectories. Nucleic acids are drawn
with bonds method. CA atoms of Y639 in different conformations are
depicted as balls. When CA atom of Y639 stays at the intermediate
position, the template DNA nucleotide could be in either pre-insertion
position (a) or insertion position (b).
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Fig. A7. (color online) Distribution of displacements of CA atom of
residue R627. Yellow and green lines represent Gaussian fits; the blue
line represents the sum of two Gaussians.
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O helix

Fig. A8. (color online) Molecular views of the active site bound with different (d)NTPs and the side chain of Y639. Nucleic acids
and amino acids are drawn with bonds and cartoon method, respectively. DNA and RNA are shown in red; and protein and substrate
NTP are shown in yellow. Magnesium ions are shown in red balls and the CA atom of Y639 in green ball. (a) The conformation in
GTP-bound system after energy minimization. Representative conformations in systems bound with GTP, dGTP, ATP, CTP, and UTP
are shown in panels (b)–(f), respectively.
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Fig. A9. (color online) Shorter distances between the base of UTP and that of template DNA nucleotide. (a) A snapshot when the shorter
distances occur. Template DNA strand and product RNA strand are depicted with bonds method, while amino acids are depicted with cartoon
method in yellow. Substrate UTP is depicted with bonds method in yellow. CA atom of Y639 is shown as a green ball. (b) Time series of the
distance between the base of UTP and that of template DNA nucleotide in one of UTP bound trajectory.
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Fig. A10. (color online) Convergence analysis of the PMF results of GTP-bound system (a) and dGTP-bound system (b). Black and red lines
are results analyzed with data from 1ns through 19 ns and data from 1ns through 20 ns, respectively. Results showed that the simulation time
of 20 ns in each window is long enough to ensure the convergence.
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Fig. A11. (color online) Free energy landscape characterizing the tran-
sition of the elongation complex.
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Fig. A12. (color online) Transcription velocity versus NTP concentra-
tion under different values of external force F . Circles are experimen-
tal data taken from Thomen et al.[57] Lines represent theoretical data
calculated by using Eq. (A6) with kc = 130 s−1, K(0)

m = 165 µM, and
exp(∆E/kBT ) = 0.1. Red lines are calculated with p = 0.34 nm, while
black lines are calculated with p = 0.24 nm.
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