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ABSTRACT In genetic transcription, molecular dynamic details and energetics of NTP binding to the active site of RNA poly-
merase (RNAP) are poorly understood. In this article, we investigated the NTP binding process in T7 RNAP using all-atom MD
simulation combined with the umbrella sampling technique. Based on our simulations, a two-step mechanism was proposed to
explain NTP binding: first, substrate NTP in aqueous solution, which carries a magnesium ion, diffuses through a secondary
channel of RNAP to attain a pore region, where it undergoes conformational changes to give a correct orientation; next, the
NTP establishes initial basepairing contacts with the template nucleoside (TN). Our free-energy calculations suggest that
both steps are spontaneous. This mechanism can easily explain the problem of NTP binding with different orientations. More-
over, it is found that the nascent NTP:TN basepair is fragile and easily broken by thermal disturbance. Therefore, we speculate
that the fingers domain will be triggered to close, so as to create a steady environment for the next chemical step. The
observations from the work provide valuable information for comprehensively understanding the mechanism of the basic

step in genetic transcription.

INTRODUCTION

Genetic transcription serves as a bridge to transfer genetic in-
formation from template DNA to protein so as to realize gene
expression. Information encoded in DNA is copied to RNA
by the cellular machinery RNA polymerase (RNAP), where
RNA transcript is synthesized through consecutive nucleo-
tide addition cycles (NACs). Experiments have provided
abundant high-resolution x-ray crystal structures in NAC.
For example, Steitz et al. (1) captured crystal structures of
T7 RNAP complex in the post-translocation, insertion, and
product states; meanwhile Temiakov et al. (2) obtained the
one in the pre-insertion state. These crystal structures make
up an almost complete NAC and bring people’s knowledge
of transcription to atomic resolution. The NTP-addition reac-
tion occurs at the catalytic active site of RNAPs, where a
steady environment is needed to shield intense thermal oscil-
lation. To explain the substrate binding mode in RNAP,
Temiakov et al. (2) revealed that NTP’s triphosphate moiety
is mainly fixed through hydrogen bonds with three O-helix
residues, R627, K631, and R632, and two additional resi-
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dues, K472 and Y571, in the substrate complex (2). Addi-
tionally, Huang et al. (3) proposed a three-component
(hydrophobic contact, base stacking, and basepairing) mech-
anism to describe how NTP’s base is correctly positioned in
the active site. However, how does NTP diffuse into the active
site and basepair with template nucleoside (TN)? If an NTP
comes in with a wrong orientation, how does it correct the
conformation? Which residues have participated in NTP
conformational correction? These questions also seem inter-
esting, and they are important for comprehensively under-
standing the mechanism of RNAP efficient operation.
NTPs, which are negatively charged molecules with a high
affinity to metal ions, mostly exist in the form of (Mg-
NTP)27 complex in cells (4). Batada et al. (5) investigated
theoretically NTP diffusing in yeast RNA polymerase II
(pol II) and found that the funnel and pore of pol II reduced
NTP diffusion rate. However, the (Mg-NTP)*~ complex
was treated as a negatively charged sphere, and detailed
information at molecular level was completely lost. As
NTP binding occurs at nanometer length scale and
hundreds-of-microseconds timescale, it is not easy to inves-
tigate by conventional experimental methods. Computer
simulations can complement experimental approaches
by providing information inaccessible to experiments and
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helping address many important questions (6,7). Molecular
dynamics (MD) simulation, a powerful computer simulation
tool, can reproduce dynamic behaviors of biomolecules at
atomistic resolution, offering the potential to gain new
insight into functional mechanisms of biomolecules (8).
However, conventional MD simulations are capable of simu-
lating biological activities occurring at a timescale of tens to
hundreds of nanoseconds, far from the biologically relevant
timescales of microseconds or even longer (9). Therefore,
other methods have been employed to bridge the time gap
between conventional MD simulations and biological
activities. Coarse-grained methods can greatly increase the
simulation timescale, whereas atomistic details are also lost
(10,11). Recently, Huang et al. (7,12) successfully applied
Markov state models to elucidate the transcription mecha-
nism. However, the resultant free-energy landscapes are
unconvincing on account of insufficient sampling in the
conformational space. In this study, all-atom MD simulation
combined with the umbrella sampling (US) method was used
to estimate free energies for NTP binding. T7 RNAP, a sin-
gle-subunit RNA polymerase that can carry out all steps of
the transcription process without extra protein components
(13), was used as amodel enzyme to investigate NTP binding
in this work. We performed three rounds of MD simulations.
The first two were US simulations, exploring the energetics
and molecular mechanism of NTP binding. The third round
elucidated the basepairing contacts in the nascent NTP: TN
basepair. Based on our simulations, NTP binding process
was proposed to consist of two steps: first, NTP diffuses
through a secondary channel in T7 RNAP to attain the active
site, where it undergoes conformational changes to give a
correct orientation; next the NTP establishes initial basepair-
ing contacts with the TN. The resulting free-energy profiles
suggest that both steps are spontaneous processes. We believe
this work may shed light on the molecular mechanism of the
basic step in genetic transcription.
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MATERIALS AND METHODS
Model construction

In each NAC, the substrate NTP should diffuse through a secondary chan-
nel (a funnel-shaped opening that narrows to a pore) before binding to the
active site of RNAP. To investigate the NTP binding process in RNAP,
two configurations were defined as shown in Fig. 1. When an NTP in
bulk solution gets close to the secondary-channel entrance, we term this
configuration the “NTP-Out” state, and the NTP position is denoted as
the “NTP-Out” position; when the NTP binds to the active site and estab-
lishes initial Watson-Crick basepairing contacts with the TN, we term this
the NTP basepairing (NTP-BP) state and the NTP position is denoted as
the “NTP-BP” position. Experiments have provided abundant x-ray
crystal structures for the transcription system, which can be used as a
structural basis to construct our model systems. The “NTP-BP” structure
was derived from the pre-insertion complex (PDB: 1SOV), where the
bound ATP analog was modified to an ATP molecule. The “NTP-Out”
structure was generated by moving the (Mg—ATP)z’ complex to the
middle position of the secondary channel entrance, as shown in Fig. I,
A and B.

Simulation details

All simulations in this work were carried out using all-atom MD simulation
in explicit water. GROMACS, one of the fastest and most popular simula-
tion software packages (14—16), was used to perform MD simulations. The
AMBER99SB force field with ParmBSCO nucleic acid parameters (17) was
used to describe protein, DNA, RNA, and metal ions. The AMBER param-
eters for ATP were developed by Meagher et al. (18). The initial T7 RNAP
complex was placed in a rectangular box of 106.37 x 101.80 x 102.02 A,
where the distance from box surfaces to the closest atoms of the complex is
~10 A, which is large enough to prevent T7 RNAP complex from contact-
ing with its periodic images. Then, ~16,200 three-point transferable inter-
molecular potential (TIP3P) water molecules (19) were added to solvate the
complex, and 71 Na™ and 51 C1~ ions were added to neutralize the system
at an ionic concentration of 0.15 mol-L™". The final size of the system
reached ~110,000 atoms. The cutoff distances for van der Waals (vdW)
and short-range electrostatic interactions were set as 10.0 A Long-range
electrostatic interactions were treated with the particle-mesh Ewald
method (20,21). Pressure and temperature were controlled at 1 bar and
310 K by Berendsen barostat (22) and velocity rescaling thermostat (23),

FIGURE 1 Schematic diagram of the NTP bind-
ing pathway. (A) Cross section of the T7 RNAP-
ATP complex. NTP diffuses through a secondary
channel of T7 RNAP before binding to the active
site. The purple dashed arrow denotes the pathway
of NTP binding defined in this work, which con-
nects the “NTP-Out” and “NTP-BP” positions.
(B) Front view of the funnel region in the “NTP-
Out” state. The (Mg-ATP)*>~ complex is placed
in the middle position of the secondary-channel
entrance. To see this figure in color, go online.




respectively. The LINCS algorithm was applied to constrain all bonds
involving hydrogen atoms (24). Motion equations were numerically solved
with a time step of 2 fs and the neighbor list was updated every 10 steps.
Each solvated complex was subjected first to a thorough energy minimiza-
tion using steepest-descent minimization, and then to a 200 ps MD simula-
tion with position restraints on heavy atoms. The final configuration was
used for product simulation. Trajectories were saved at 2 ps intervals.
Conformation characterization and energetic analysis were performed
using built-in tools of GROMACS. The protein structures were visualized
using VMD software (25).

US simulation

The US method was employed to estimate the potential of mean force
(PMF) profiles for NTP binding. We performed two rounds of US simula-
tions, the first to investigate the overall NTP binding process and the second
to focus specifically on NTP basepairing with TN. In the first round, the
distance between the two centers of mass of ATP and TN was chosen as
the reactive coordinate for PMF calculation, referred to as ;. To conduct
US simulation, a series of configurations along the NTP binding pathway
should be prepared as seed configurations. The steered MD (SMD) tech-
nique was used to generate the initial pathway. As NTP binding to the active
site is a delicate process that is not easy to reproduce directly, an NTP disso-
ciation trajectory was generated by SMD and then reversed as the initial
pathway for NTP binding. Forty frames were extracted from the SMD tra-
jectory and used as seed configurations for US simulations. In the second
round, since basepairing occurs only between the two bases of ATP and
the TN, the distance between the two bases was chosen as the reactive co-
ordinate (denoted as {,) for PMF calculation. To generate the seed config-
urations, the two bases were separated to a series of specified distance
values using a strong spring force (k = 10,000 kJ-mol~'-nm™2). After
equilibration for 500 ps, the resulting configurations were used for seed
configurations in the second US simulation. Using this approach, 40 other
seed configurations were prepared. Each US window was simulated for
10 ns with a force constant of k = 1000 kJ-mol~'-nm 2 (26). The later
8 ns trajectory was sampled at a frequency of 2 ps for PMF calculations.
PMF profiles were generated using the GROMACS tool g_wham (27). Er-
ror was estimated through 200 rounds of bootstrapping analysis.

RESULTS AND DISCUSSION

To study the energetics and molecular mechanism of NTP
binding, we have attempted several pathways in different
directions while similar free energy results were obtained.
Fig. 2 displays a representative free-energy profile as a
function of ;. The pathway covers the entire process of
ATP binding from bulk solution to active site. Based on
the PMF profile, five representative points, P1~P5, were
chosen to characterize the ATP binding process in T7
RNAP, as shown in Fig. 2. To gain a comprehensive
understanding of the NTP binding process, we conducted
residue-level analysis at the five representative points. By
determining the vdW (E,qw) and electrostatic (Eee.) inter-
actions between ATP and each amino acid residue of T7
RNAP, we were able to identify the critical contacts
contributing to free-energy changes. Fig. 3, A-E, displays
the snapshots in the active site at the five representative
points, as well as their corresponding E,qw and Ege.
profiles.
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FIGURE 2 One-dimensional PMF profile of ATP binding in T7 RNAP.
The distance {; between two centers of mass of ATP and TN was chosen
as the reactive coordinate. The P1 and PS5 sites correspond to the “NTP-
Out” and “NTP-BP” states in Fig. 1, respectively.

At the initial stage of each NAC, the fingers domain
of T7 RNAP is in the open conformation. When an
(ATP-Mg)*~ complex approaches the secondary channel
entrance, it would be attracted by these polar or
charged residues on the entrance wall. As shown in
Fig. 3 A, a negatively charged residue, ES04, has formed
initial contacts with the (ATP-Mg)>~ complex in the
entrance. Although these interactions are weak (E,qw =
~—13 kJ/mol, E¢e. = ~—42 kJ/mol), they are important
for RNAP to capture NTPs from the solution. Subse-
quently, the (ATP-Mg)*~ complex is induced to diffuse
toward the active site. After diffusing through the funnel
region, the (ATP-Mg)®~ complex reaches the pore region
(P2 site), where the number of groups in contact with the
(ATP-Mg)*~ complex is significantly increased. R627,
K631, and K472 are observed to establish contacts with
the (ATP-Mg)>~ complex through salt-bridge interactions.
Between the P2 and P3 sites, the ATP is undergoing
conformational changes, and a pronounced flip movement
is observed. After the conformational changes, the (ATP-
Mg)>~ complex obtains a correct orientation for basepair-
ing at the P3 site, as shown in Fig. 3 C. At the P4 site,
the (ATP-Mg)>~ complex strengthens its contacts with sur-
rounding groups (Fig. 3 D). Non-bonded energy analysis
reveals that four positively charged residues, R627, K631,
K472, and R632, form strong electrostatic contacts with
the ATP from one side while three negatively charged
groups, D812, D537, and D471, establish firm contacts
with the ATP through two Mg”" ions as bridges from the
other side; furthermore, M635 and R632 form relatively
weak vdW contacts with the ATP. As a result, these inter-
actions contribute to a deep valley on the PMF curve at the
P4 site (Fig. 2), suggesting that the correct orientation of
ATP is energetically favorable in the active site. Therefore,
the (ATP-Mg)>~ complex is firmly stabilized at the
pore region. Many experimental works have confirmed
that mutations of these conserved residues will result in
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FIGURE 3 (A-E) Residue-level analysis of protein-ATP contacts at the five representative points, respectively. The left column displays snapshots in the
active site at the five points; the middle and right columns show vdW and electrostatic interactions between ATP and each amino acid residue of T7 RNAP,
respectively. To see this figure in color, go online.

moderate to drastic reductions in T7 RNAP transcriptional  ture the ATP by the triphosphate moiety firmly, guarantee-
activity (28,29). At last, the ATP establishes initial Watson- ing a reasonable distance between the ATP and TN for
Crick basepairing contacts with the TN at the P5 site, as basepairing. Since the ATP base is not constrained by
shown in Fig. 3 E. From the above analysis, it is clear any factors, it is free to align the conformation to basepair
that these charged and polar groups in the pore region cap- with the TN.
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According to the “two-metal ion mechanism” (30,31),
two magnesium ions are involved in substrate recognition
and catalytic specificity. In this study, two Mg®" ions are
observed to play important roles in positioning and stabiliz-
ing NTP during its binding. These residues with negative
charges make contact with NTP’s triphosphate moiety
through the two ions, which act as bridges. D537 and
D812 are metal ion-binding sites. The Mg®"A ion, which
stays permanently in the active site and facilitates the nucle-
ophilic attack of the 3’-oxygen from the RNA terminal
nucleotide on the a-phosphate of the substrate NTP, is
mainly bound to D812 and D537. Osumi-Davis et al. (32)
have shown that the mutants D537N and D812N are totally
inactive. The Mg”B ion is bound to D471 (see Fig. 3, B—
D). K472 is a positively charged residue adjacent to D471.
Its presence will significantly weaken the contacts between
D471 and the (Mg-ATP)>~ complex. As a result, D471
forms a weaker contact with the (Mg-ATP)*~ complex
compared to D537. On the other hand, in the insertion state
(PDB: 1S76), both the two ions are trapped in the gap be-
tween D812 and D537 so as to catalyze the Sy2 chemical
reaction. Therefore, we speculate that when the fingers
domain is closing, D471 may function as a hop site to
deliver the Mg” "B ion to the gap between D812 and D537.

Basepairing is a delicate process between NTP and TN.
Although the ATP has established initial basepairing
contacts with the TN in the PS5 site, we have not obtained
many molecular details about NTP/TN pairing. Thus, we
performed the second US simulation focusing on the base-
pairing process, where the distance between the two bases
of ATP and TN was chosen as the reactive coordinate {,.
Fig. 4 A shows the resulting PMF profile for ATP:TN base-
pairing. Two minima are observed, representing two meta-
stable states during basepairing. For convenience, they are
referred to as states SI and SII. Fig. 4 B shows the changes
in the number of hydrogen bonds in the ATP/TN pairing,
which are closely correlated to free-energy changes. In
the SI state, the two bases are not close enough ({, =
~0.86 nm), so no hydrogen bonds are formed. As {, de-
creases, the average number of hydrogen bonds increases
rapidly in the range ¢, = 0.6-0.8 nm. In the SII state
(>, = ~0.67 nm), an average of ~1.7 hydrogen bonds are
formed between the ATP and TN, suggesting that the ATP
has established initial basepairing contacts with the TN. It
is clear that the two local minima correspond to the two
metastable states before and after ATP:TN basepairing
(33). Furthermore, a careful examination reveals that the
SII site is slightly lower than the SI site by ~1 kJ/mol,
suggesting that the SII state is more energetically favor-
able than the SI state and that the basepairing is a sponta-
neous process. Nevertheless, the small energy barrier
(~6 kJ/mol) between them denotes that the basepairing
contacts are not robust, and are thus easily damaged by ther-
mal disturbance. Our previous work has suggested that for a
normal dA:dT basepair in the DNA duplex, the average dis-
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FIGURE 4 (A) PMF profile for ATP:TN basepairing. (B) Hydrogen bond
number evolution during ATP:TN basepairing.

tance between the two bases is ~0.64 nm (33). Under
the conditions presented here, the nascent basepair is
formed between a pre-inserted ATP and the TN (see
Fig. 5, A and B), and the favorable value of ¢, is
~0.67 nm (Fig. 4 A). The small increment may imply
that the nascent ATP:TN basepair is not as stable as a
normal dA:dT basepair in the DNA duplex.

To examine the robustness of the ATP:TN basepair, we
performed a third round of MD simulations, in which 12
short (10-ns) unbiased MD simulations were launched
with the pre-insertion complex (the open active site, PDB:
1S0V) as the starting configuration. As a comparison,
another long (100-ns) unbiased MD simulation was carried
out using the insertion complex (the closed active site, PDB:
1S76) as the starting configuration. A detailed analysis of
H-bonding was conducted to examine the robustness of
the ATP:TN basepair. The two hydrogen bonds in the
basepair are referred to as HB1 and HB2, as shown in
Fig. 5 C. A hydrogen bond is considered to be formed
if the donor-acceptor distance is <3.5 A and the
hydrogen-donor-acceptor angle is <30°. If a hydrogen
bond survives >90% of the trajectory time, we consider it
to be a stable bond (34). Fig. 5 D displays the H-bond occu-
pancy for the two hydrogen bonds in the 12 trajectories. It
can be seen that both hydrogen bonds have very low occu-
pancy values in most of the trajectories. Both hydrogen
bonds have the highest hydrogen-bond occupancy in the
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FIGURE 5 (A) Cartoon representation of the pre-insertion complex of T7 RNAP. The yellow box denotes the location of the active site. (B) Enlarged draw-
ing of the active site, where ATP has established initial basepairing contacts with the TN while the O-helix is in open conformation. (C) Structure of an
ATP:TN basepair, in which the two hydrogen bonds referred to as HB1 and HB2, respectively. (D) Hydrogen-bond occupancies for the two hydrogen bonds
in 12 un-biased MD trajectories. (E and F) Hydrogen-bond existence maps for HB1 and HB2 in the seventh trajectory and another 100 ns MD simulation with

the insertion complex as the starting configuration respectively. To see this figure in color, go online.

seventh trajectory. However, both hydrogen bonds are
disconnected at the time t = ~2.4 ns. Although HB1 was
later re-formed, the H-bond occupancies were <30% for
both hydrogen bonds (Fig.5 E), far less than the stability
criterion of 90%. This result indicates that the ATP has es-
tablished initial basepairing contacts with the TN in the
pre-insertion state, but the contacts are very fragile and
easily broken by thermal disturbance. It is obvious that the
weak basepairing contacts are unfavorable to the chemical
step that follows. Considering the fact that the active site
is in the open conformation in the pre-insertion state, we
speculate that the closure of the fingers domain will enhance
the robustness of the nascent ATP:TN basepair. Fig.5 F dis-
plays the H-bond map for the ATP:TN basepair in the inser-
tion state, where the active site of T7 RNAP has been closed.
It is observed that both hydrogen bonds are very robust, with
high occupancy values (>90%). Therefore, we deduce that
once the substrate NTP has established initial pairing con-
tacts with TN, the fingers domain will be triggered to close,
so as to protect the nascent NTP:TN basepair. Fortunately,
Wang et al. (35) have demonstrated that the trigger loop
(corresponding to the O-helix in T7 RNAP) will close spon-
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taneously with a cognate active-site NTP, creating a steady
environment for the chemistry that follows.

CONCLUSION

In this work, we investigated the mechanism of NTP binding
to the active site of T7 RNAP from the perspective of free
energy. Our model systems were derived from high-resolu-
tion crystal structures of the T7 RNAP complex, which were
solvated in explicit solvent (0.15 mol/L sodium chloride so-
lution) to mimic a real physiological environment. All-atom
MD simulation combined with the US method was em-
ployed to estimate the free energies for NTP binding. On
the basis of our observations, we proposed a two-step mech-
anism to explain the NTP binding process: first, NTP in
aqueous solution diffuses through a secondary channel to
reach the active site of RNAP (the NTP diffusing step); sec-
ond, the NTP establishes the initial basepairing contacts
with TN (the NTP basepairing step). The free-energy results
indicate that both steps are spontaneous processes. In more
detail, when a substrate NTP in bulk solution approaches the
entrance of the secondary channel, it will be attracted by



these charged or polar amino acid residues on the wall of the
entrance. These groups induce the NTP to diffuse toward the
energetically preferable active site. In the pore region, some
O-helix residues with positive charges hold the NTP by the
triphosphate moiety from one side while the other side is
firmly constrained by several negatively charged residues
through two magnesium ions that serve as bridges. As a
result, the triphosphate moiety of the NTP is tightly trapped
in the pore region, giving a reasonable distance between the
NTP and TN for basepairing. On the other hand, due to
the lesser constraint, the NTP base can freely adjust its
conformation to obtain a correct orientation. Then, the
NTP establishes initial basepairing contacts with the TN.
This mechanism can easily address the problem of NTP
binding with different orientations. As shown in Fig. 6 A,
when an NTP diffuses into the active site in the correct
orientation, it can smoothly basepair with the TN; when
the NTP diffuses into the active site with an incorrect orien-
tation, its phosphate moiety will be firmly grasped by the
pore region, resulting in the conformational changes of the
base part to obtain a correct orientation for basepairing (as
shown in Fig.6 B). Therefore, when a matched NTP diffuses
into the active site, no matter what orientation it adopts, it
will eventually complete basepairing.

Moreover, we investigated the NTP/TN basepairing pro-
cess and found that the basepairing step is also a sponta-
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FIGURE 6 Schematic diagram of NTP binding to the active site of T7
RNAP with correct (A) or incorrect (B) orientations. To see this figure in
color, go online.
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neous process. The resulting PMF curve exhibits two
minima corresponding to two metastable states before and
after ATP:TN basepairing. The small energy barrier indi-
cates that although NTP has established initial basepairing
contacts with the TN in the pre-insertion state, the contacts
are very fragile and easy to break by thermal disturbance.
The further unbiased MD simulation with the insertion
complex reveals that a closed active site can effectively
protect the newly formed basepair and create a steady
environment for the next chemistry. Our study offers insight
into the energetics and molecular details of NTP bind-
ing, providing valuable information for comprehensively
understanding the mechanism of the basic step in genetic
transcription.
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