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Brownian ratchet mechanism of translocation in T7 RNA polymerase
facilitated by a post-translocation energy bias arising from the

conformational change of the enzyme∗
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T7 RNA polymerase can transcribe DNA to RNA by translocating along the DNA. Structural studies suggest that
the pivoting rotation of the O helix in the fingers domain may drive the movement of the O helix C-terminal Tyr639 from
pre- to post-translocation positions. In a series of all-atom molecular dynamics simulations, we show that the movement
of Tyr639 is not tightly coupled to the rotation of the O helix, and that the two processes are only weakly dependent on
each other. We also show that the internal potential of the enzyme itself generates a small difference in free energy (∆E)
between the post- and pre-translocation positions of Tyr639. The calculated value of ∆E is consistent with that obtained
from single-molecule experimental data. These findings lend support to a model in which the translocation takes place via
a Brownian ratchet mechanism, with the small free energy bias ∆E arising from the conformational change of the enzyme
itself.
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1. Introduction
RNA polymerases (RNAPs) are enzymes that transcribe

genes from DNA onto strands of RNA. Two families of
these enzymes exist in nature: single-subunit RNAPs, found
in mitochondria, some chloroplasts, and phages, and multi-
subunit versions, found in archaea, bacteria, animal viruses,
eukaryotic, and plant nuclei.[1] The transcription elongation
by RNAP is a processive process: one enzyme can catalyze
thousands of nucleotide addition reactions without dissociat-
ing from the DNA/RNA substrate.[2–4] During this processive
transcription elongation, the translocation of RNAP along the
DNA template is “powered” by the chemical energy of nu-
cleotide triphosphate (NTP) hydrolysis. The manner in which
RNAP converts this chemical energy into mechanical translo-
cation and the molecular mechanisms underlying this translo-
cation have been the subject of intense investigation.

The molecular architecture of the single-subunit T7
RNAP resembles the right-hand-like configuration of DNA
polymerase I, with the active site for nucleotide incorpora-
tion located on the palm of the hand.[5–7] An α-helix (called
O helix) in the fingers domain, which abuts the active site,
makes pivoting rotation as the fingers domain itself transi-
tions between open and closed conformations during each
nucleotide addition or elongation cycle.[8] A series of struc-
tural studies on T7 RNAP supported the existence of a power-
stroke mechanism of translocation.[8–10] In this mechanism,

the release of pyrophosphate (PPi) triggers the pivoting ro-
tation of the O helix along with the outward rotation of
the fingers domain, causing the residue Tyr639 on the C-
terminal of the O helix to move towards the primer terminus
of the hetero-duplex product and thus facilitating the translo-
cation of the DNA-RNA via the interaction between the side
chain of Tyr639 and the nascent hybrid base pair. In con-
trast, both biochemical[11–14] and single-molecule[15–17] ex-
periments have indicated that thermal fluctuations play active
roles in the translocation, where the translocation is driven
thermally and the substrate binding is considered to act as
the “pawl”, biasing the rapid forward-backward translocation
equilibrium between the pre- and post-translocation states. In-
terestingly, the single-molecule data also revealed a small free
energy bias toward the post-translocation state over the pre-
translocation state.[17,18] To resolve the conflicting views be-
tween the structural data[8] and the single-molecule experi-
mental data,[17,18] a hybrid model was recently proposed, in
which the facilitated translocation or power stroke coexists
with the Brownian-ratchet-driven motions.[19] However, fur-
ther structural studies are still needed to test the model. More-
over, the origin of the small difference in free energy between
the pre- and post-translocation states remains to be clarified.

The static structures of the elongation complex in pre- and
post-translocation states determined using x-ray crystallogra-
phy have formed the basis of our understanding of the translo-
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cation mechanism.[8–10] For a more complete understanding of
this process, it is crucial to determine the dynamic structures
that form during the transition from pre- to post-translocation
states, thus revealing how different components involved in
the translocation coordinate with each other to induce or facil-
itate the translocation. This work explores the dynamics of T7
RNAP by means of all-atom molecular dynamics (MD) sim-
ulations, which are used extensively to study the dynamics of
RNAPs[20–24] and DNA polymerases.[25–27] A novel method
is applied to prevent the translocation of atomistic MD sim-
ulations from taking too long (on the millisecond timescale
or even longer). This simulates the movement of Tyr639, the
pivoting rotation of the O helix, and the outward rotation of
the fingers domain during the transition from the pre- to post-
translocation states, thus showing how these components are
coordinated with each other and what role each component
plays in the translocation process.

Unexpectedly, the results show that the movement of
Tyr639 is only weakly dependent on the outward rotation of
the O helix and the fingers domain, suggesting that the mo-
tion of Tyr639 is not driven by the pivoting rotation of the
O helix. The results also show that the internal potential of
the enzyme itself, which is dependent only on the relative dis-
tance between Tyr639 and the palm domain, produces a small
free energy bias toward the post-translocation state rather than
toward the pre-translocation state. Since the interactions be-
tween Tyr639 and primer terminus of the hybrid in pre- and
post-translocation states are nearly the same (see below), the
translocation could be facilitated mainly by the internal poten-
tial of the enzyme itself. Thus, the translocation could be fa-
cilitated mainly by the internal potential of the enzyme itself.
The results also show that the calculated difference between
the internal potential energy at pre-translocation state and that
at post-translocation states is quantitatively supported by the
available single-molecule experimental data. Moreover, an in-
termediate state of translocation is revealed in which Tyr639
is located in between the pre- and post-translocation positions.
These findings may significantly advance the understanding of
the translocation mechanism.

2. Results
The representative structures in an elongation cycle, as re-

ported in available studies, are shown in Fig. 1.[8–10] In the pre-
translocation complex with Tyr639 away from the active site
and the fingers domain in the closed conformation (Fig. 1(b)),
the strong interaction between the side chain of Tyr639 and the
(i+ 1)-th base pair at the primer terminus keeps Tyr639 in a
fixed position relative to the DNA-RNA hybrid. Consequently,
only the palm and thumb domains can move relative to the
DNA-RNA toward Tyr639 and the fingers domain, becoming

the post-translocation state (Fig. 1(c)). Due to the strong in-
teraction between the palm and thumb domains and the DNA-
RNA, the movement of the palm and thumb domains relative
to the DNA-RNA is estimated to require a millisecond or even
longer,[28] a timescale too long for atomistic MD simulations
of this motion. However, if the (i+ 1)-th base pair and PPi
(Fig. 1(b)) are removed, the movement of Tyr639 towards the
palm domain accelerates significantly, and can be simulated
easily using the all-atom MD method. By doing so, the move-
ment of Tyr639 and the rotation of the O helix along with the
rotation of the fingers domain can be simulated, which allows
the study of the dynamic relationship between them during the
translocation process. After Tyr639 moves into position with
its side chain at the active site and the conformation of the
fingers domain changes from closed to open, the elongation
complex enters the post-translocation state (Fig. 1(c)) except
that the side chain of Tyr639 forms interaction with the i-th
base pair.

As shown in the simulations, when there is no interac-
tion with the DNA-RNA base pair, the side chain of Tyr639
is highly mobile, but the CA atom of Tyr639 still has definite
positions as in the case in the presence of the interaction. For
this reason, the position of Tyr639 is determined using that of
its CA atom. Tyr639 is therefore defined to be in the “PRE”
position when its CA atom is in the pre-translocation confor-
mation, away from the active site along the translocation direc-
tion (Fig. 1(b)), and in the “POST” position when its CA atom
is in the post-translocation conformation, close to the active
site (Fig. 1(c)). The movement of Tyr639 was characterized
using the change in position of the CA atom of Tyr639 along
the line connecting it in PRE position (PDB 1S76 or 1S77) and
POST position (PDB 1H38), after superimposing the respec-
tive palm domains with UCSF Chimera package.[29,30] This
change in the position of the CA atom of Tyr639 is denoted by
a distance d1. From the superimposed structures, it was deter-
mined that the transition from the pre-translocation conforma-
tion with PRE Tyr639 to post-translocation conformation with
POST Tyr639 corresponds to d1 ≈ 0.4 nm. Thus, in our sim-
ulations, when Tyr639 moved to positions with d1 > 0.35 nm
and then stayed there for a time period τ ≥ 6 ps, it was consid-
ered that Tyr639 has moved to the POST position. Note that
taking other values of period τ has no effect on our studies
of the dynamic relationship between the movement of Tyr639
and the rotation of the O helix. As indicated by the struc-
tural data,[8] the restriction of the O helix in the closed con-
formation before the release of PPi was caused primarily by
the interaction of PPi with Arg627 located at the N-terminus
of the O helix. For this reason, the rotation of the O helix
after the release of PPi was characterized by the change in
the position of CA atom of Arg627 along the line that con-
nects the CA atom of Arg627 in pre-translocation conforma-
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tion (PDB 1S76 or 1S77) and that in post-translocation con-
formation (PDB 1H38), after superposition of their respective
palm domains. This change in the position of the CA atom
of Arg627 is here denoted by a distance d2. Note that using
distance d2 to characterize the overall rotation of the O helix is
equivalent to using the rotation angle of the O helix. From the
superimposed structures, it was found that the rotation of the O
helix and fingers domain from the closed to open conformation
corresponds to d2 ≈ 0.35 nm. We define the O helix and fin-
gers domain as being in the open conformation when the CA

atom of Arg627 has moved by d2 > 0.3 nm and then stayed
there for a period τ ≥ 6 ps. As shown by the structural data,[8]

the characteristic difference between the pre-translocation and
post-translocation conformations of the enzyme is represented
by the difference in the distance between Tyr639 together with
the fingers domain and other domains along the translocation
direction (comparing Fig. 1(b) with Fig. 1(c)). Thus, through-
out our simulations some residues of palm domain were re-
strained to prevent the overall drift and rotation of the complex
(see simulation methods).

(a) insertion complex (b) pre translocation complex
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Fig. 1. (color online) T7 RNAP translocation-elongation cycle. (a) A substrate insertion complex (PDB 1S76) with the fingers domain in
closed conformation and residue Tyr639 away from the active site (referred to as PRE position). The template nucleotide to be transcribed is
numbered i+1. The NTP binding site (active site) is shown in a red oval. (b) A pre-translocation complex (PDB 1S77) with the fingers domain
in closed conformation and residue Tyr639 in PRE position. (c) A post-translocation complex (PDB 1H38) with the fingers domain in open
conformation and residue Tyr639 close to the active site (referred to as POST position). (d) A pre-insertion complex (PDB 1S0V) with the
fingers domain in open conformation and residue Tyr639 in POST position.

2.1. Intermediate conformations revealed for Tyr639 and
the fingers domain

The simulation was started with the pre-translocation
complex (Fig. 1(b), PDB 1S77) by removing PPi and convert-
ing 3’-deoxyadenosine to adenosine, where initially the fin-
gers domain is in the closed conformation and Tyr639 is in the
PRE position (called system 1). As described above, due to
the strong interaction between the side chain of Tyr639 and
the DNA-RNA base pair at the primer terminus, Tyr639 re-
mained fixed relative to the DNA-RNA, and due to the strong
interaction between the palm and thumb domains with the
DNA-RNA, the movement of the DNA-RNA relative to the
palm and thumb domains was estimated to be on the millisec-
ond timescale or even longer. For this reason, in the current

simulations within a 10 ns period, it is expected that neither
the DNA-RNA nor Tyr639 would move relative to the palm
and thumb domains. These simulations showed that, within
the 10 ns period, Tyr639 remained stable in the PRE position
and the position of 3’-end of RNA also remained unchanged
(Fig. 2(a)). Interestingly, Arg627 or O helix moved rapidly
to an intermediate position (Fig. 2(a)). This position is here
called the “semi-closed” conformation of the O helix and fin-
gers domain. The structure is shown in Fig. 2(b). A statistical
analysis of the position distribution of Tyr639 (Fig. 2(c)) and
Arg627 (Fig. 2(d)) was performed with 20 trajectories with a
simulation period of 10 ns. As shown in Fig. 2(c), Tyr639 re-
mained at the PRE position and its fluctuation around the PRE
position was only about±0.1 nm. This is inconsistent with the
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hybrid model, which argues that the 3’-end of the RNA is quite
flexible and only a small amount of energy is required to move
Tyr639 from PRE to POST positions in the pre-translocation
complex.[19] As shown in Fig. 2(d), Arg627 in the semi-closed
position deviated from the closed position by about 0.05 nm.
The existence of this semi-closed conformation may be ex-
plained by the observation that after the release of the PPi, the
O helix and the fingers domain tend to rotate slightly towards
the open conformation.

The post-translocation complex was also simulated
(Fig. 1(c), PDB 1H38). Initially, the fingers domain was in
the open conformation and Tyr639 was in the POST position
(called system 2). The simulations showed that the interac-
tion between the side chain of Tyr639 and the base pair at the
primer terminus was strong enough to prevent Tyr639 from
moving further toward the primer terminus (Fig. 2(e)). As
shown in the time series of the motion of Tyr639 (Fig. 2(e)),

in addition to the POST state, there was also an intermedi-
ate (ITM) state where Tyr639 was located between the POST
and PRE positions. The structure of the ITM state is shown
in Fig. 2(f). The statistical results regarding the position dis-
tribution of Tyr639 with 20 trajectories or realizations within
the 10 ns simulation period indicated the existence of the ITM
state (Fig. 2(g)). Statistical analysis was also performed on
the position distribution of Arg627 (Fig. 2(h)), showing that
the open conformations of the O helix and fingers domain are
stable.

Taken together, these simulations showed that there exists
an ITM state in which Tyr639 is located between the PRE and
POST positions and that there also exists a semi-closed con-
formation of the O helix and fingers domain after the release of
PPi, with the O helix and fingers domain being slightly more
open than in the closed conformation.
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Fig. 2. (color online) Intermediate position of Tyr639 and an intermediate semi-closed conformation of the fingers domain. (a) The time series of the
change in position of Tyr639 relative to the PRE position (red line) and that of Arg627 relative to the position when the O helix and fingers domain
are in the closed conformation (blue line) for system 1 where PPi is removed and 3′-deoxyadenosine is converted to adenosine in the pre-translocation
complex (PDB 1S77). The latter trace is offset by −0.2 nm on the y axis for clarity. (b) A snapshot of the structure produced from the trajectory shown
in panel (a), where Tyr639 is in PRE position and the O helix and fingers domain are in the semi-closed conformation (yellow). For comparison, the
structure of the enzyme in the pre-translocation complex with Tyr639 in the PRE position and the O helix and fingers domain in the closed conformation
(red) and the structure of the enzyme in the post-translocation complex with Tyr639 in POST position and the O helix and fingers domain in the open
conformation (green) are also shown. (c) The position distribution of Tyr639 for system 1 with 20 trajectories with a simulation period of 10 ns. The
blue line represents the Gaussian fit. (d) The position distribution of Arg627 for system 1 with 20 trajectories for which the simulation period is 10 ns.
The blue line represents the Gaussian fit. (e) The time series of the change in position of Tyr639 relative to the POST position (red line) and that of
Arg627 relative to the position when the O helix and fingers domain are in the open conformation (blue line) for system 2 which is the post-translocation
complex (PDB 1H38). The latter trace is offset by −0.2 nm on the y axis for clarity. (f) A snapshot of the structure obtained from the trajectory shown
in panel (e), where Tyr639 is in the ITM position and the O helix and fingers domain are in the open conformation (yellow). The structures of the
enzyme shown in red and green are the same as those in panel (b). (g) The position distribution of Tyr639 for system 2 with 20 trajectories for which
the simulation period is 10 ns. Yellow and green lines represent Gaussian fits; the blue line represents the sum of two Gaussians. (h) The position
distribution of Arg627 in system 2 with 20 trajectories with a simulation period of 10 ns. The blue line represents the Gaussian fit.

2.2. Weak coupling between the PRE to POST movement
of Tyr639 and the outward rotation of the O helix and
fingers domain

The time series of the motion of Tyr639 and that of O he-
lix show that the motion of Tyr639 could not be tightly coupled
to the rotation of the O helix and the fingers domain (Figs. 2(a)
and 2(e)). To test this, simulations incorporating an insertion
complex were performed (Fig. 1(a), PDB 1S76) by remov-

ing the α-methylene ATP and the template nucleotide i + 1
to allow the movement of Tyr639 from PRE to POST, where
the fingers domain is initially in the closed conformation and
Tyr639 is initially in the PRE position (called system 3). The
simulations clearly showed that the movement of Tyr639 to the
POST position does not occur simultaneously with the out-
ward rotation of the O helix and fingers domain to the open
conformation, as shown in Fig. 3(a). While Tyr639 moved to
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the POST position, the O helix had not yet rotated to the open
conformation. The final structure with Tyr639 in the POST
position and the O helix and fingers domain in the semi-closed
conformation is shown in Fig. 3(b). Out of 20 realizations, all
of which had a simulation period of 10 ns, Tyr639 moved to
the POST position and then stayed there for a long time in 19.
In only 1 realization did Tyr639 not move to the POST posi-
tion within 10 ns (Table 1, system 3). During the motion of

Tyr639 from the PRE to the POST position, there was an ITM
state for which Tyr639 was located about 0.2 nm away from
the PRE position (Fig. 3(a)). The existence of the ITM state
was also clearly visible in the statistical analysis of the posi-
tion distribution of Tyr639 for all 20 realizations (Fig. 3(c)).
Data from the simulations was used to calculate the mean time
for Tyr639 to move from the PRE to POST positions. This was
found to be about 1628 ps (supplemental information, text S1).
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Fig. 3. (color online) The movement of Tyr639 and the rotation of the O helix are weakly coupled to each other. (a) The time series of the change
in position of Tyr639 relative to the PRE position (red line) and that of Arg627 relative to the position when the O helix and fingers domain are in
the closed conformation (blue line) for system 3 where the αβ methylene ATP and the template nucleotide i+1 are removed in the insertion complex
(PDB 1S76). The latter trace is offset by –0.2 nm on the y axis for clarity. (b) A snapshot of the structure obtained from the trajectory shown in panel
(a), where Tyr639 is in POST position and the O helix and fingers domain are in the semi-closed conformation (yellow). The structures of the enzyme
shown in red and green are the same as those in Fig. 2(b). (c) The position distribution of Tyr639 for system 3 with 20 trajectories with a simulation
period of 10 ns. Yellow and green lines represent the Gaussian fits; the blue line represents the sum of two Gaussians. (d) The position distribution of
Arg627 for system 3 with 20 trajectories with a simulation period of 10 ns. The blue line represents the Gaussian fit. (e) The time series of the change in
position of Tyr639 relative to the PRE position (red line) for system 4 where residue Arg627 was restrained in system 3. (f) A snapshot of the structure
obtained from the trajectory shown in panel (e), where Tyr639 is in the POST position and the O helix and fingers domain are in the closed conformation
(yellow). The structures of the enzyme shown in red and green are the same as those in Fig. 2(b). (g) The position distribution of Tyr639 for system 4
with 20 trajectories with a simulation period of 10 ns. Yellow and green lines represent Gaussian fits; the blue line represents the sum of two Gaussians.

By contrast, for all 20 realizations, neither the O helix
(Arg627) nor the fingers domain had rotated to the open con-
formation within 10 ns, indicating that the mean time required
for the outward rotation of the O helix (Arg627) and the fingers
domain to the open conformation was longer than 10 ns, possi-
bly much longer. Rather, the O helix (Arg627) and the fingers
domain stayed stably in the intermediate semi-closed confor-
mation (Fig. 3(a)). Figure 3(d) shows the statistical results of
the position distribution of Arg627 with all 20 trajectories and
a simulation period of 10 ns. Only one peak (corresponding to
the semi-closed conformation) existed, indicating that the O
helix had rotated to the semi-closed conformation very early
and then stayed there for a time longer or much longer than 10
ns. These results indicated that the movement of Tyr639 from
PRE to POST position is not tightly coupled to the outward
rotation of the O helix and fingers domain.

Because the movement of Tyr639 to the POST position
took place before the outward rotation of the O helix and

fingers domain to the open conformation, the PRE to POST
movement of Tyr639 could not have been caused by the out-
ward rotation of the O helix and the fingers domain, which
suggests that the power-stroke mechanism that the opening of
the fingers domain together with the pivoting rotation of the
O helix triggered by PPi release drive the translocation may
be wrong. To further test this, in system 3, residue Arg627,
which interacts with PPi, was restrained (called system 4).
This mimics the case in which PPi is not released. The results
of the simulation showed that the PRE to POST movement of
Tyr639 can still occur without the pivoting rotation of the O
helix triggered by the release of PPi (Fig. 3(e)). The struc-
ture with Tyr639 moved to the POST position was shown in
Fig. 3(f). Out of 20 realizations, Tyr639 moved to the POST
position and stayed there for a long time in 14 (Table 1, system
4). The statistical results of the position distribution of Tyr639
also showed the existence of an ITM state (Fig. 3(g)).

030201-5



Chin. Phys. B Vol. 26, No. 3 (2017) 030201

Table 1. Time required for Tyr639 (Arg627) to move from the PRE (closed) to the POST (open) position in different simulation scenarios.

Sample No. System 3 τY639/ps System 4 τY639/ps
System 5

System 7 τY639/ps System 8 τY639/ps
τY639/ps τR627/ps

1 330 144 818 918 8722 2362
2 4334 –a) 226 3260 1072 12,472
3 2432 134 1854 – – 11,320
4 3198 5260 338 2746 190 1856
5 816 388 88 6288 4006 550
6 242 306 2906 3158 – 11,666
7 – – 92 2128 10,030 –
8 628 360 1868 1958 – 9216
9 7144 – 626 1002 2472 –
10 210 264 590 8830 3074 4952
11 226 4522 222 1392 3782 2046
12 232 196 226 702 2958 –
13 184 – 1694 1882 5332 3768
14 6798 9212 2478 4298 978 3520
15 302 2762 188 1384 10,370 6056
16 180 2244 1778 2028 3884 –
17 208 – 1398 5264 – 1058
18 392 3082 3822 1840 1740 188
19 222 – 2396 3306 828 12,422
20 2376 6742 1546 3366 1260 5774

Average*b) 1603 2544 1258 2934 3797 5577
Averagec) 1628 3017 1262 4548 3948 7452

Note: Systems 3, 4, and 5 represent the insertion complex (PDB 1S76) with the αβ methylene ATP and the template nucleotide i+ 1 being removed.

In system 4, residue Arg627, which interacts with PPi, is restrained. In system 5, a 100 pN force is applied to the C-terminus of the Y helix to accelerate the

transition of the fingers domain from the closed to open conformation. Systems 7 and 8 represent the insertion state (PDB 1S76) with DNA-RNA and αβ

methylene ATP being removed. In system 8, residue Arg627 is also restrained. a)The symbol “–” indicates that Tyr639 (Arg627) has not moved to the POST

(open) position. Simulations 3, 4, 5, 7, and 8 lasted T0 = 10 ns, 10 ns, 10 ns, 20 ns, and 20 ns, respectively. b)“Average*” represents the mean time required for

Tyr639 or Arg627 to move to the POST (open) position. Simulations 3, 4, 5, 7, and 8 lasted T0 = 10 ns, 10 ns, 10 ns, 20 ns, and 20 ns, respectively. c)“Average”

represents the mean time required for this movement determined using the calculation method described in text S1 in supplemental information.

Taken together, the current simulations convincingly in-
dicated that the movement of Tyr639 from the PRE to POST
position is not tightly coupled to the outward rotation of the O
helix and fingers domain. In addition, the existence of an ITM
conformation was revealed, in which Tyr639 is located about
halfway between the PRE and POST conformations. During
the outward rotation of the O helix and the fingers domain
from closed to open conformation, there exist corresponding
intermediate semi-closed conformations for which the O helix
and the fingers domain are rotated slightly outward relative to
the closed conformation.

2.3. The PRE to POST movement of Tyr639 and the out-
ward rotation of the O helix and fingers domain are
weakly dependent upon each other

As seen above, without the pivoting rotation of the O he-
lix, Tyr639 can still move from the PRE to POST positions
(Figs. 3(e)–3(g) and Table 1 for system 4). The mean time re-
quired for Tyr639 to move from the PRE to POST positions
was calculated and found to be about 3017 ps when Arg627
was restrained (for system 4, supplemental information, text
S1), a mean time of about 1628 ps was required for Tyr639 to

move to the POST position when Arg627 was not restrained
(for system 3). The effect of restraining Arg627 was found to
be equivalent to a decrease in free energy of facilitating the
movement of Tyr639 from PRE to POST positions by about
log(3017/1628) ≈ 0.617kBT . By fitting the available single-
molecule experimental data to the Brownian ratchet model of
translocation, a free energy bias of about 2.3kBT toward the
post-translocation state relative to the pre-translocation state
was found (see supplemental information, text S2).[17,18] The
pivoting rotation of the O helix, which is triggered by the re-
lease of the PPi, only makes a minor (about 26.8%) contribu-
tion to facilitating the forward translocation. The weak effect
of restraining Arg627 on the movement of Tyr639 can be ex-
plained as follows. As shown in Fig. 3(a), after Arg627 be-
came unrestrained, the O helix quickly rotated to the semi-
closed conformation, in which the O helix is only slightly ro-
tated relative to that in the closed conformation. This took
place before Tyr639 moved from the PRE to the POST posi-
tion. The O helix remained in the semi-closed conformation
for much longer than the time required for Tyr639 to move
from the PRE to the POST position. This means that only the
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rotation of the O helix from the closed to semi-closed confor-
mation could affect the motion of Tyr639 and that the rota-
tion of the O helix from the semi-closed to open conformation
had no effect. As in the semi-closed conformation the O helix
was only slightly rotated relative to the closed conformation,
it would be expected that preventing the O helix from chang-
ing to the semi-closed conformation by restraining Arg627 has
only a weak effect on the movement of Tyr639.

To further test the effect of the pivoting rotation of the O
helix and the outward rotation of the fingers domain on the mo-
tion of Tyr639, we applied a constant force of 100 pN to seven
residues (residues 654–660) in the C-terminus of the Y helix
to facilitate the outward rotation of the fingers domain (called
system 5). Except for the applied force, system 5 is identical
to system 3. Figure 4(a) shows an example of the time se-
ries of the rotation of the O helix and the motion of Tyr639.
As expected, under the applied force, the outward rotation of
the O helix to the open conformation proceeded much faster
(Table 1 for system 5). The simulated structure with Tyr639
moved to the POST position and Arg627 rotated to the open
conformation is shown in Fig. 4(b). Of 20 realizations with the
simulation time of 10 ns, the O helix rotated to the open con-
formation and then stayed there for a long time in 18 (Table 1,
system 5). The mean time required for the O helix to rotate

to the open conformation was about 4548 ps (supplemental in-
formation, text S1). Because the mean time of rotation to the
open conformation with no applied force exceeds 10 ns, it was
here estimated that the effect of the applied force on O helix
rotation is equivalent to increasing the free energy of facili-
tating the rotation of the O helix from the closed to the open
conformation by more than log(10000/4548)≈ 0.788kBT . By
comparison, for all 20 realizations, Tyr639 moved to the POST
position and then stayed there for a long time (Table 1, system
5). The mean time required for Tyr639 to move from the PRE
to POST position was calculated to be about 1262 ps (sup-
plemental information, text S1) under the applied force and a
mean of about 1628 ps in the absence of applied force. It was
here estimated that the effect of the applied force on the move-
ment of Tyr639 movement is equivalent to increasing the free
energy of facilitating movement of Tyr639 from the PRE to the
POST position by about log(1628/1262) ≈ 0.255kBT , which
is much smaller than the effect on O helix rotation (with the
free energy of facilitating outward rotation being increased by
a value larger or much larger than 0.788kBT ). This supports
the hypothesis that the outward rotation of the O helix and the
fingers domain has only a minor effect on facilitating the PRE
to POST movement of Tyr639.
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Fig. 4. (color online) The PRE to POST movement of Tyr639 and the outward rotation of the O helix and fingers domain are weakly dependent upon
each other. (a) The time series of the change in position of Tyr639 relative to the PRE position (red line) and that of Arg627 relative to the position when
the O helix and fingers domain are in the closed conformation (blue line) in system 5, in which a constant force of 100 pN is applied to the C-terminus
of the Y helix to facilitate the outward rotation of the fingers domain in system 3. The latter trace is offset by −0.2 nm on the y axis for clarity. (b) A
snapshot of the structure obtained from the trajectory shown in panel (a), where Tyr639 is in the POST position and the O helix and fingers domain are
in the open conformation (yellow). The structures of the enzyme shown in red and green are the same as those in Fig. 2(b). (c) The change in position
of Arg627 over time relative to the position when the O helix and fingers domain are in the closed conformation (blue line) for system 6 where Tyr639
is restrained in system 3. (d) A snapshot of the structure obtained from the trajectory shown in panel (c), where Tyr639 is in the POST position and the
O helix and fingers domain are in the semi-closed conformation (yellow). The structures of the enzyme shown in red and green are the same as those
in Fig. 2(b). (e) The position distribution of Arg627 for system 6 with 20 trajectories with a simulation period of 10 ns. The blue line represents the
Gaussian fit.
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To see if the PRE to POST movement of Tyr639 af-
fects the outward rotation of the O helix and fingers domain,
Tyr639 was restrained in system 3 (called system 6). When the
residue Tyr639 was restrained, Arg627 and the O helix also ro-
tated rapidly to the semi-closed conformation and stayed there
(Fig. 4(c)), as shown in Fig. 4(d). The statistical results of the
position distribution of Arg627 with 20 trajectories and a sim-
ulation period of 10 ns are shown in Fig. 4(e). The position dis-
tribution of Arg627 when Tyr639 is restrained was compared
to that of Arg627 when Tyr639 is not restrained (Fig. 3(d), sys-
tem 3; Fig. 4(e) for system 6). The two distributions were very
similar, with maximum points at nearly the same position and
similar half widths, indicating that the outward rotation of the
fingers domain is only weakly dependent on the PRE to POST
movement of Tyr639.

Taken together, these results indicated that the outward
rotation of the fingers domain had only a minor effect on the
PRE to POST movement of Tyr639 and the PRE to POST
movement of Tyr639 had only a minor effect on the outward
rotation of the fingers domain.

2.4. The internal potential of T7 RNAP contributes to the
translocation process

As shown above, the pivoting rotation of the O helix
has only a minor effect on the PRE to POST movement of
Tyr639. It is not clear what force facilitates translocation in
systems from which the αβ methylene ATP and the template
nucleotide i+ 1 have been removed. First, it is clear that the
interaction between the side chain of Tyr639 and the i-th base
pair can facilitate translocation. However, the energy results
extracted from the energy file produced with the MD simu-
lation show that the interactions between Tyr639 and primer
terminus of the hybrid in pre and post-translocation states are
nearly the same, with −7.5 kcal/mol and −7.7 kcal/mol, re-
spectively. Thus, the interaction between the side chain of
Tyr639 and the (i+1)-th base pair remains nearly unchanged
during the translocation in real situations, and consequently
there must be some other effect that facilitates the PRE to
POST movement of Tyr639. To determine whether the in-
ternal potential of the enzyme itself contributes to the facili-
tation of the PRE to POST movement of Tyr639, the DNA-
RNA and αβ -methylene ATP were removed from the inser-
tion complex (PDB 1S76, Fig. 1(a)), retaining only the en-
zyme (called system 7). In this system, the fingers domain
was initially in the closed conformation and Tyr639 was in the
PRE position. The simulations indicated that, in the absence of
the interaction with the DNA-RNA base pair, Tyr639 can also
move to the POST position (Figs. 5(a) and 5(b), and Table 1
for system 7). Of 20 realizations, all of which had a simula-
tion period of 20 ns, Tyr639 moved to the POST position and
then stayed there for a long time in 16. The mean time for
Tyr639 to move from the PRE to POST positions was about

3948 ps (see supplemental information, text S1), which was
longer than the mean of about 1628 ps in the presence of the
interaction between the side chain of Tyr639 and the i-th base
pair (see above). This indicated that, in addition to the interac-
tion, there is also some other effect that facilitates the move-
ment of Tyr639 to the POST position when the DNA-RNA is
not present. Because system 7 contained only the enzyme and
because the pivoting rotation of the O helix had only a minor
effect on Tyr639 movement, it can be assumed that the other
effects were caused by the internal potential of the enzyme
itself, which is dependent solely on the relative distance be-
tween Tyr639 and the palm domain, for example, the elastic
potential of the residues connecting the fingers domain con-
taining Tyr639 to the palm domain. As shown in Fig. 5(a),
in the absence of the interaction between the side chain of
Tyr639 and the i-th base pair, there is also the ITM state in
which Tyr639 is located about 0.2 nm from the PRE position.
The existence of the ITM state can also be clearly seen in the
statistical results describing the position distribution of Tyr639
(Fig. 5(c)) in which all 20 trajectories have a simulation period
of 20 ns. Moreover, the statistical results on the position distri-
bution of Arg627 (Fig. 5(d)), in which all 20 trajectories have
a simulation period of 20 ns, indicated that the O helix rotated
rapidly to the semi-closed conformation and then stayed there
for a long time. These results are similar to those shown in
Figs. 3(d) and 4(e).

Similar to the studies for systems 3 and 4 where the DNA-
RNA hybrid was present, in system 7 residue Arg627 was also
restrained (called system 8) to facilitate direct observation of
the effect of the pivoting rotation of the O helix, which is
triggered by PPi release, on Tyr639 movement. As expected,
Tyr639 can also move to the POST position (Figs. 5(e) and
5(f)). Of 20 realizations with a simulation period of 20 ns,
Tyr639 moved to the POST position and stayed there for a
long time in 16 (Table 1, system 8). The mean time required
for Tyr639 to move to the POST position was calculated to
be about 7452 ps (supplemental information, text S1). The
results of systems 7 and 8 revealed that the effects of restrain-
ing Arg627 on the movement of Tyr639 are equivalent to de-
creasing the free energy of facilitating movement of Tyr639
from PRE to POST positions by about log(7452/3948) ≈
0.635kBT , which is similar to the 0.671kBT estimated using
the results of systems 3 and 4, in which the DNA-RNA hybrid
was present (see above). The statistics for the position distri-
bution of Tyr639 for system 8 (Fig. 5(g)) were similar to those
for system 7 (Fig. 5(c)). These results further supported the
conclusion that the pivoting rotation of the O helix had only
a minor effect on facilitating the PRE to POST movement of
Tyr639. Rather it was facilitated mainly by the internal po-
tential of the enzyme itself, which was dependent only on the
relative distance between Tyr639 and the palm domain.
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Fig. 5. (color online) The translocation is facilitated by an internal potential of the enzyme itself. (a) The time series of the change in position of Tyr639
relative to the PRE position (red line) and that of Arg627 relative to the position when the O helix and fingers domain are in the closed conformation
(blue line) for system 7 where the DNA-RNA and αβ methylene ATP are removed, i.e., keeping only the enzyme in the insertion complex (PDB
1S76). The latter trace is offset by −0.2 nm on the y axis for clarity. (b) A snapshot of the structure produced from the trajectory shown in panel (a),
where Tyr639 is in the POST position and the O helix and fingers domain are in the semi-closed conformation (yellow). Note that because there is no
interaction with the DNA-RNA base pair, the side chain of Tyr639 fluctuates considerably. However, the CA atom of Tyr639 remains stable in the POST
position. The structures of the enzyme shown in red and green are the same as those in Fig. 2(b). (c) The position distribution of Tyr639 for system 7,
which involves 20 trajectories with simulation periods of 20 ns each. Yellow, green, and blue lines represent Gaussian fits; the cyan line represents the
sum of three Gaussians. (d) The position distribution of Arg627 for system 7 with 20 trajectories with a simulation period of 20 ns each. The blue line
represents the Gaussian fit. (e) The time series of the change in position of Tyr639 relative to the PRE position (red line) for system 8 where residue
Arg627 is restrained in system 7. (f) A snapshot of the structure obtained from the trajectory shown in panel (e), where Tyr639 is in the POST position
and the O helix and fingers domain are in the closed conformation (yellow). Note that because there is no interaction with the DNA-RNA base pair,
the side chain of Tyr639 fluctuates considerably. However, the CA atom of Tyr639 remains stable in the POST position. The structures of the enzyme
shown in red and green are the same as those in Fig. 2(b). (g) The position distribution of Tyr639 for system 8 with 20 trajectories with a simulation
period of 20 ns each. Yellow, green, and blue lines represent Gaussian fits; the cyan line represents the sum of three Gaussians.

Taken together, the results shown in this section indicated
that, for the systems from which the αβ methylene ATP and
the template nucleotide i+1 had been removed, regardless of
the interaction between the side chain of Tyr639 and the i-th
base pair, the internal potential of the enzyme itself — the elas-
tic potential of the residues connecting the fingers domain con-
taining Tyr639 to the palm domain — also contributes to the
movement of Tyr639 from the PRE to the POST position. It is
here noted that in real situations in which the nascent (i+1)-
th base pair is present (Fig. 1), during the transition from the
pre- to post-translocation states (Figs. 1(b) and 1(c)), the in-
teraction between the side chain of Tyr639 and the nascent
(i+1)-th base pair remains nearly unchanged. In this way, the
translocation in real situations is facilitated primarily by the
internal potential of the enzyme.

2.5. Agreement of calculated T7 RNAP internal potential
with data derived from single-molecule experiments

As shown above, the current results indicated the exis-
tence of an internal potential of the enzyme, a potential de-
pendent only on the distance between Tyr639 and the palm
domain, which facilitates translocation in real situations. To
confirm the existence of this potential, the potential of mean
force (PMF) was calculated directly during Tyr639 moved
from PRE to POST positions in system 7, in which only the en-
zyme was present, using the umbrella sampling method. The

calculated results are shown in Fig. 6(a). At the PRE position
of Tyr639, which was located at d ≈ 0, PMF ≈–0.5 kcal/mol.
At the POST position, which was located at d ≈ 0.4 nm, PMF
≈ −2.5 kcal/mol. The difference between the values of PMF
at PRE and POST positions was about 2 kcal/mol≈ 3.4kBT .
Fitting the available single-molecule experimental data to the
general Brownian ratchet model of translocation resulted in a
difference of about 2.3kBT between the values of the free en-
ergy at pre- and post-translocation states with exclusion of the
interaction between the enzyme and the DNA-RNA (supple-
mental information, text S2). The calculations of the differ-
ence in PMF were consistent with fitting the data to the free
energy difference. This strongly supports our conclusion that
the small free energy bias toward the post-translocation state
is caused primarily from the difference between the internal
potential energy of the enzyme itself in the pre-translocation
state and in the post-translocation state. As shown in Fig. 6(a),
in addition to the minimum value at the POST position, PMF
also showed a minimum value at about 0.2 nm away from the
POST or PRE position. This is also consistent with the con-
clusion that there exists an ITM for which Tyr639 is located
between the PRE and POST positions.

PMF during the process of Tyr639 moving from PRE
to POST positions in system 3, from which the αβ methy-
lene ATP and the template nucleotide i + 1 had been re-
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moved from the insertion complex (PDB 1S76) was also cal-
culated. The calculated results are shown in Fig. 6(b), where
the most stable state of the system is located at POST posi-
tion of Tyr639. At PRE position, which was located at d ≈ 0,
PMF ≈ −2 kcal/mol. At POST position, which was located
at d ≈ 0.4 nm, PMF ≈ −6.5 kcal/mol. The difference be-
tween the values of PMF at PRE and POST positions is about
4.5 kcal/mol ≈ 7.5kBT . This PMF difference for system 3 is
about 4kBT larger than that for system 7, which is due to the
interaction between the side chain of residue Tyr639 and the
i-th base pair. The ITM state can also be noted from Fig. 6(b).
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Fig. 6. (color online) Free-energy profiles of translocation. (a) The
potential of mean force (PMF) during the process of Tyr639 moving
from PRE to POST positions in system 7 where only the enzyme is
present. The x axis is the moving distance of Tyr639 from PRE to
POST positions and the y axis is PMF. The PRE position corresponds to
d = 0, with PMF =−0.5 kcal/mol, and the POST position corresponds
to d = 0.4 nm, with PMF = −2.5 kcal/mol. (b) The potential of mean
force (PMF) during the process of Tyr639 moving from PRE to POST
positions in system 3 where the αβ methylene ATP and the template
nucleotide i+1 are removed in the insertion complex (PDB 1S76). The
x axis is the moving distance of Tyr639 from PRE to POST positions
and the y axis is PMF. The PRE position corresponds to d = 0, with
PMF=−2 kcal/mol, and the POST position corresponds to d = 0.4 nm,
with PMF =−6.5 kcal/mol.

3. Discussion
Comparison of the pre- and post-translocation structures

indicates that the pivoting rotation of the O helix drives Tyr639
to move from the PRE to POST positions, inducing the translo-
cation of the DNA-RNA relative to the enzyme by one nu-
cleotide (or by a distance of 3.4 Å), which is called power-
stroke mechanism.[8] Because the release of PPi triggers the
pivoting rotation of the O helix, the power-stroke mechanism

requires that the transition from the pre- and post-translocation
states is located between the PPi-bound and PPi-release states.
However, the results of fitting to the single-molecule experi-
mental data obtained using the optical trapping method indi-
cated that the translocation occurs after PPi release and before
the next NTP binding.[18] The NTP binding acts as the “pawl”,
biasing the rapid forward–backward translocation equilibrium
between the pre- and post-translocation states, indicating that
the Brownian ratchet mechanism was involved.[18] Fitting
available single-molecule experimental data to the general
Brownian ratchet model also produced a small free energy
bias ∆E toward the post-translocation state rather than the
pre-translocation state (supplemental information, text S2). In
general, two models related to this small free energy bias ∆E
have been put forward. The first proposes that the small free
energy bias ∆E is caused by the pushing by the side chain
of Tyr639.[19] The other proposes that the small free energy
bias ∆E is due to the slightly larger binding affinity of the en-
zyme to the DNA in the post-translocation state than in the
pre-translocation state.[31] However, the origin of the small
free energy bias ∆E remains unknown.

Here, all-atom MD simulations were used to study the
dynamic relationship between the movements of Tyr639 and
the rotation of the O helix along with the rotation of the fin-
gers domain. To make the simulation realizable, the (i+1)-th
base pair or the DNA-RNA substrate was removed. In this
way, the movement of Tyr639 from PRE to POST positions
becomes very fast, in the timescale of tens of nanoseconds.
This simulation condition approximately corresponds to cases
in which the large resistance to the movement, which results
from the large binding affinity of the palm and thumb do-
mains for the DNA-RNA substrate, is excluded. In real sit-
uations involving translocation, the palm and thumb domains
moved relative to the DNA-RNA towards Tyr639, or Tyr639
and DNA-RNA moved towards the palm and thumb domains
(Figs. 1(b) and 1(c)). All this occurs within a timescale of
milliseconds. The movement requires overcoming the large
binding affinity of the palm and thumb domains for the DNA-
RNA. In this way, the mean translocation time in the real sit-
uation, TR, versus the mean movement time of Tyr639 from
PRE to POST positions in these simulations, TY639, is approxi-
mately TR/TY639 ≈ exp(∆G/kBT ), where ∆G is the large bind-
ing affinity of the palm and thumb domains for the DNA-RNA.
For example, ∆G = 12kBT would give a TR about 105-fold
longer than TY639. It is here noted that, in the current simula-
tions, the time required for Tyr639 to move from PRE to POST
positions was significantly lower than that in the real situation.
The effect of the rotation of the O helix on the movement of
Tyr639 was not different than under real-world conditions. In
this way, the simulations can be used to determine how the ro-
tation of the O helix affects the movement of Tyr639 and how
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the movement of Tyr639 affects the rotation of the O helix
and the fingers domain, elucidating the dynamic relationship
between the translocation and the rotation of the O helix and
fingers domain.

The current studies showed decisively that the PRE to
POST movement of Tyr639 is not tightly coupled to the piv-
oting rotation of the O helix along with the outward rotation
of the fingers domain. The two processes were found to be
weakly dependent upon each other, suggesting that the power-
stroke mechanism is not in play. Results also revealed the ex-
istence of a previously unknown ITM state for which Tyr639
was located about halfway between the PRE and POST po-
sitions. The existence of this ITM state has potential im-
plications for the facilitation of NTP binding and selectivity.
Moreover, results showed that an internal potential of the en-
zyme itself, dependent only on the relative distance between
Tyr639 and the palm domain, produces the small free energy
bias toward the post-translocation state relative to the pre-
translocation state. The calculated value of the difference in
internal potential energy was quantitatively supported by the
available single-molecule experimental data. These findings
suggest a modified Brownian ratchet translocation mechanism,
as detailed below.

Following the completion of incorporation of NTP op-
posite the (i + 1)-th DNA base on the template, an elonga-
tion cycle begins with the active site in the palm domain of
the enzyme positioned at the 3’-end of RNA primer. The O
helix and the fingers domain are in the closed conformation
and Tyr639 is in the PRE position (Fig. 1(b)). After the re-
lease of PPi, the O helix and fingers domain rotate rapidly to
the semi-closed conformation. The RNA 3’-terminus occupies
the active site, sterically blocking NTP from binding. Driven
by thermal noise, the palm and thumb domains move forward
(transitioning from the pre- to post-translocation states, with
Tyr639 transitioning from the PRE to POST position) and vice
versa (Brownian motion). The difference in internal potential
energy ∆E of the enzyme facilitates the forward movement
(Figs. 1(b) and 1(c)). Independently, the O helix and the fin-
gers domain rotate to the open conformation. After the for-
ward movement to the post-translocation state (Fig. 1(c)), the
active site is left unoccupied, allowing the NTP to bind to the
active site in the pre-insertion state. The occupation of the
active site by NTP sterically prevents the palm and thumb do-
mains from moving backward (the ratchet) (Fig. 1(d)). The
transition from the pre-insertion to insertion states drives the
N-terminal of the O helix to move towards the active site via
the interaction between NTP and residue Arg627 in the N-
terminal of the O helix (Fig. 1(a)). Simultaneously, the strong
interaction between the side chain of Tyr639 and the newly-
generated base pair i+ 1 drives Tyr639 outwards to the PRE
position. This motion of Tyr639 (Fig. 1(d) to Fig. 1(a)) induces

this increase in the internal potential energy of the enzyme by
∆E (note that this increase in energy is derived from the tran-
sition between the pre-insertion and insertion states). By com-
parison, the transition from the pre- to post-translocation states
(Fig. 1(b) to Fig. 1(c)) induces the decrease in the internal po-
tential energy of the enzyme by ∆E. After the incorporation of
NTP into RNA, the next elongation cycle begins.

4. Materials and methods
4.1. Simulation methods

Three elongation complex (EC) crystal structures of the
single-subunit T7 RNAP (PDB 1S76, 1S77, 1H38) were used
for these MD simulations. The crystal structure 1S76 is the
insertion complex and the crystal structure 1S77 is the pre-
translocation complex, for which the fingers domain is in the
closed conformation and Tyr639 is in the PRE position. The
crystal structure 1H38 is the post-translocation complex, in
which the fingers domain is in the open conformation and
Tyr639 is in the POST position. All MD simulations were car-
ried out by using GROMACS4.6[32] and the AMBER03 force
field[33] was used.

The simulation methods and conditions used were the
same as those in a previous work.[34] For convenience, they
are briefly re-described as follows. All data regarding crys-
tal structures used in these simulations were downloaded from
the RCSB protein data bank. If there were any missing atoms,
Swiss-Pdb Viewer was used to add them. A box was set to
build a simulation system. To avoid the edge effect, the dis-
tance between the complex and the boundary of the box is
at least 1 nm. To simulate the real system, solvent must be
added, and necessary ions must be added with favorable con-
centration. Counter-ions were added to neutralize the system.
All MD simulations were run at 300 K and 1 bar. The size of
each step in the simulation was 2 fs and the neighbor list was
updated every 5 steps. All chemical bonds were constrained
using the LINCS algorithm.[35] The cutoff for van der Waals
interaction and short range electrostatics interaction was 1 nm.
The particle mesh ewald (PME) algorithm was used for cal-
culations of long-range electrostatics.[36] Velocity-rescaling
temperature coupling[37] and Berendsen pressure coupling[38]

were used. The reference coordinates were scaled using the
scaling matrix of the pressure coupling. Energy minimization
was performed by using the steepest descent method for 50000
steps. The system was then equilibrated for 100 ps at 300 K
and 1 bar pressure for 100 ps successively. In all MD simu-
lations, residues 412–553 of the palm domain were restrained
and all nucleic acids present in the elongation complex were
left unrestrained. We have checked that without restraint of
any residue, our simulations give similar results to those with
residues 412–553 being restrained (Fig. S3).
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The potential of mean force (PMF) was extracted from
a series of umbrella sampling simulations.[39–41] A series of
initial configurations was generated, each corresponding to a
location wherein the residues of interest were harmonically re-
strained at increasing center-of-mass distance from a reference
residue using an umbrella biasing potential. This restraint al-
lowed each residue of interest to move within the configura-
tional space in a defined region along a reaction coordinate
between itself and its reference residue. To generate the initial
configurations, all atoms of residue Tyr639 were pulled away
from PRE to POST positions over 3 ns, using a spring constant
of 2000 kJ·mol−1·nm−2 and a pulling rate of 0.2 nm/ns. In-
creasing the pulling rate 10-fold produced similar initial con-
figurations, thereby ensuring that the pulling rate of 0.2 nm/ns
would be sufficiently slow, as in previous works.[34] From the
configurational trajectory, snapshots were taken to generate
the starting umbrella sampling windows. The spacing of the
simulation windows was less than 0.1 nm and the simulation
period lasted 10 ns, so that the histograms of the configurations
would sufficiently overlap with their neighbor windows. The
simulation period of 10 ns is long enough to ensure the conver-
gence of our results (see supplemental information, Fig. S4).
Results were analyzed using the weighted histogram analysis
method (WHAM).[42]

4.2. System establishment

Eight different systems were used for these simulations
based on the high-resolution crystal structures. The systems
were placed in cuboid boxes of simple point charge (SPC)
water, in which there were 6 mM magnesium ions and neu-
tralizing counter-ions. For system 1, the size of the box was
10 nm × 10.4 nm × 10.3 nm, with 30790 water molecules, 33
sodium ions, and 4 magnesium ions. For system 2, the size of
the box was 11.6 nm × 10.9 nm × 10.2 nm, with 37991 water
molecules, 25 sodium ions, and 5 magnesium ions. For sys-
tems 3, 4, 5, and 6, the size of the boxes was 10.2 nm × 10.4
nm × 10.3 nm, with 31603 water molecules, 31 sodium ions,
and 4 magnesium ions. For systems 7 and 8, the size of the
boxes was 10.2 nm × 10.4 nm × 10.3 nm, with 32173 water
molecules, 12 chloride ions, and 4 magnesium ions.
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