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Energetic vs entropic stabilization between Remdesivir analogue and 
cognate ATP upon binding and insertion into active site of SARS-CoV-
2 RNA dependent RNA polymerase

Chunhong Long,a Moises Ernesto Romero,b Liqiang Dai c and Jin Yu*d,b

The SARS-CoV-2 RNA dependent RNA polymerase (RdRp) serves as a highly promising antiviral drug target for Remdesivir 
analogue (RDV-TP or RTP). In this work, we mainly employed alchemical all-atom simulations to characterize relative binding free 
energetics between nucleotide analogue RTP and natural cognate substrate ATP upon initial binding and pre-catalytic insertion 
to the active site of SARS-CoV-2 RdRp. Natural non-cognate substrate dATP and mismatched GTP were also examined for 
computation control. We first identified significant differences of dynamical responses between nucleotide initial binding and 
subsequent insertion configurations to the open and closed active site of the RdRp, respectively, though the RdRp protein 
conformational changes between the active site open and closed states are subtle. Our alchemical simulations indicated that 
upon initial binding (active site open), RTP and ATP show similar binding free energies to the active site while in the insertion 
state (active site closed), ATP is more stabilized (~ -2.4 kcal/mol) than RTP in free energetics. Additional analyses show, however, 
that the RTP is more stabilized in binding energetics than ATP, in both the insertion and initial binding states, with RTP more 
stabilized due to electrostatic energy in the insertion state and due to vdW energy in initial binding state. Hence, it appears that 
natural cognate ATP still excels at association stability with the RdRp active site due to that ATP maintains sufficient flexibilities 
e.g., in base pairing with the template, which exemplifies entropic contribution to the cognate substrate stabilization. The findings 
highlight the importance of substrate flexibilities in addition to energetic stabilization in antiviral nucleotide analogue design. 

Introduction

The 2019 novel coronavirus (COVID-19 coronavirus (CoV) or severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2)) has spread rapidly to cause serious outbreaks and eventually a global pandemic. COVID-19 has 
caused a global health crisis then for the past three years. Up to now, more than 596 million cases have been 
diagnosed worldwide [1]. Antiviral agents are urgently needed to treat COVID-19 patients. Viral RNA-dependent-
RNA polymerase (RdRp) is a core protein of the viral replication machinery that is buried inside the viral capsule 
and is functionally conserved, rendering it resistant to mutations [2]. Due to its critical role in the viral RNA 
synthesis and highly conserved core structure, the viral RdRp serves as a highly promising antiviral drug target for 
both nucleotide analogue and non-nucleoside inhibitors [3, 4]. Remdesivir (or RDV), the first US-FDA proved drug 
(named VEKLURY) for treating COVID-19 [5], works as a prodrug that is metabolized into a nucleotide analogue 
(RDV-TP or RTP) to compete with natural nucleotide substrates of RdRp to be incorporated into the viral RNA 
gnome, and to further terminate the RNA synthesis [6-9]. Such a nucleotide analogue thus well surpasses 
nucleotide selectivity of the RdRp. The nucleotide selectivity of RdRp serves as a primary fidelity control method 
in viral genome replication and transcription [10-12]. The selectivity can be regulated throughout the nucleotide 
addition cycle (NAC) from nucleotide initial binding to insertion into the active site, then catalysis, and possibly 
extended to the post-catalytic steps, via stepwise kinetic checkpoints [11-13]. As RTP is capable of incorporation 
to the viral RNA, it must pass through all the kinetic checkpoints in the NAC [14, 15]. 
 
Notably, in the single subunit viral RNAP, such as the T7 RNAP adopting a hand-like structure, the nucleotide 
insertion often takes place slowly or becomes rate limiting in the NAC [16, 17], accompanied by substantial 
conformational changes from an open form to closed [18, 19]. The rate-limiting nucleotide insertion step thus plays 
an important role for nucleotide selectivity or fidelity control of polymerase [20]. The open (NTP initial binding or 
pre-insertion) and closed (substrate insertion) structures of T7 RNAP had been captured previously[21, 22], which 
are characterized by notable rotational movements of the flexible fingers subdomain relative to the stabilized palm 
subdomain. Seven highly conserved structural motifs are located within these two subdomains. For the high-
resolution cryo-EM structures of SARS-CoV-2 RdRp or nsp12 (along with accessory factors nsp7 and nsp8), there 
are still seven conserved structural motifs A-G located in the palm and fingers subdomains [23, 24] (see Figure 1A). 
The conformational changes between the open and closed state SARS-CoV2 RdRp aligned with fingers domain 
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become quite subtle (RMSD~1.7  for all  atoms) while for T7 RNAPs aligned with palm subdomain, the RMSD is Å 𝐶𝛼

~2.9 .Å

For RdRps such as that from the poliovirus (PV), open and closed forms had been suggested [25]. When there is no 
nucleotide substrate bound to the active site, RdRp adopts an open conformation. As the nucleotide substrate 
binds and inserts into the active site, the RdRp active site transits to a closed conformation which is ready for the 
following catalysis step. In the PV RdRp with an encircled active site, the incoming nucleotide forms base-pairing 
with the template nucleotide at +1 and stacking with the RNA3’ priming nucleotide upon initial binding to the 
active site, but the triphosphate moiety of the incoming nucleotide is not fully loaded while the ribose and sugar 
part are loaded yet. The closure of the active site is achieved indeed by the ribose hydroxyl recognition after the 
NTP-template base-pairing along with the structural changes mainly in the palm domain including motif A-E 
(residue 69 to 96, 192 to 269, and 286 to 381) [25](see Figure 1B). 

Recently, both the open and closed forms of the SARS-CoV-2 RdRp structures have also been captured from high-
resolution cryoEM studies [23, 24, 26, 27]. For example, an open form of the active site reveals from an apo 
structure of the RdRp (nsp12), in complex with cofactor nsp7 and nsp8, but in the absence of RNA strands and the 
nucleotide substrate [23]. Meanwhile, a closed form structure of the RdRp appears e.g., with an RDV analogue just 
incorporated post-catalytically to the 3’-end of the primer RNA chain, having magnesium ions remained bound at 
the active site [24]. Based on the two resolved structures (PDB:7BTF[23] and 7BV2[24]). we constructed 
respectively an open (substrate initial binding) and a closed (substrate insertion) conformation of the SARS-CoV-2 
RdRp with RTP bound, pre-catalytically (see Figure 1D). Then, according to these two structures, we also modeled 
the open and closed state conformations with the natural cognate nucleotide ATP bound pre-catalytically (see 
Figure 1C), and then with the non-cognate nucleotide dATP or GTP bound (see Figure 1E-F), replacing ATP. 

In order to understand how RTP binds and inserts to the active site of SARS-CoV-2 RdRp or evade the nucleotide 
selectivity in comparison with the natural cognate ATP, a recent all-atom molecular dynamics (MD) study has been 
conducted employing the umbrella sampling method on determining the nucleotide insertion free energy profile 
or potential of mean force from initial binding to insertion, prechemically, connecting the open and closed states 
of RdRp [28]. It has been demonstrated that the free energy barrier of ATP insertion is as low as ~ 2.6 kcal/mol, 
while for RTP, the insertion barrier can even drop to ~1.5 kcal/mol. It was also found that RTP can initially bind 
around the active site primarily via base stacking with the template nucleotide rUTP at +1. In contrast, ATP binds 
initially to the active site still in the Watson–Crick base pairing with the template rUTP. Additionally, it was shown 
that the closed insertion state of the bound nucleotide, no matter for ATP or RTP association, is much more 
stabilized than the open state in the SARS-CoV-2 RdRp (by ~ -5.1 kcal/mol and -2.7 kcal/mol) [28].  Nevertheless, 
even though the two free energy profiles or PMFs were obtained for the ATP and RTP insertion processes, 
respectively, it was not clear whether ATP or RTP is more stabilized upon initial binding (open state) or in the 
insertion (closed state). That is to say, the relative binding free energetics between RTP and ATP in certain binding 
or insertion state of RdRp remained unknown. Hence, in current work, we want to determine the relative binding 
free energy between RTP and ATP, in both the open and closed states of RdRp, which correspond to nucleotide 
initial binding and insertion equilibrium, respectively.

Accordingly, in current studies, we employed mainly alchemical MD simulations to demonstrate relative stabilities 
or calculate the relative binding free energies between RTP and ATP, for both the initial binding (open) and stably 
insertion (closed) states in the SASR-CoV-2 RdRp. In addition, we included natural non-cognate substrates dATP 
and GTP as controls for our calculations, to also calculate their relative binding free energetics with respect to the 
cognate ATP, i.e., upon modeling them in the initial binding and insertion states as well. We found notable 
energetic stabilization of RTP in the insertion state to the RdRp active site, while marginal flexibilities of ATP upon 
insertion to the active site seem to bring entropic advantages to this natural substrate, such that the binding free 
energetics of ATP still turns out to be lower than that of the its analog RTP.
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Figure 1. The core structures around the active site of the RNA dependent RNA polymerase (RdRp) from SARS-CoV-
2 and Polio virus (PV) in complex with an initial binding and an insertion NTP. (A) The open (non-transparent colored) 
and closed (transparent) RdRp structures aligned according to RNA construct upstream, with motif A-G shown and 
colored, respectively, and magnesium ions also shown in pink (see SI Figure S1 for further detail). (B) The initial 
binding (open) and insertion (closed) structures of CTP bound PV RdRp (PDB:3ola and 3ol7) [25], with RMSD 
between the initial binding and insertion CTP . (C-F) The equilibrated structures of modeled initial binding 1.05 Å
(open) and insertion (closed) structures of various NTP bound with SARS-CoV-2 RdRp, for (C) cognate ATP (RMSD: 

), (D) RTP analog (RMSD: ), and non-cognate (E) dATP (RMSD: ) and (F) mismatch GTP (RMSD: 4.37 Å 2.52 Å 4.57 Å
).4.74 Å

Methods

1. Building open/closed structures of SARS-CoV2 for cognate (ATP) and non-cognate (RTP/dATP/GTP) species.

The high-resolution elongation complexes of SARS-CoV-2 viral RNA dependent RNA polymerase (RdRp) are 
available in post-catalysis state with RDV-MP (PDB:7BV2). RTP and the natural nucleotide substrate ATP were fitted 
into the active site where an incorporated RDV-MP occupies in the complex, so that to obtain a pre-catalytic closed 
insertion complexes for RTP and ATP, respectively. The open-state elongation complex with an initially bound RTP 
(or ATP) was obtained from the apo nsp12 structure (PDB:7BTF) along with additionally incorporated RNA strands 
and then RTP (or ATP), by fitting the apo structure with the above constructed RdRp closed complex. Then for both 
open and closed complex structures, the cognate ATP was mutated into dATP or GTP to generate the 
corresponding initial binding and insertion structures. As a result, there are four complex structures, i.e., for ATP, 
RTP, dATP and GTP, for both an open initial-binding and a closed insertion state of the SARS-CoV-2 RdRp elongation 
complex, or 8 structures in total (see Figure 1C-F). Before calculating the alchemical free energy, each structure 
was energy minimized and conducted with 100-ns equilibrium MD simulations. 

Note that in the open or initial binding state of the RTP, a base-stacking configuration of RTP with respect to the 
template (rUTP) was identified recently [28], which appears to be more stabilized than the base-pairing 
configuration of RTP-rUTP. Accordingly, we used the base-stacking configuration of RTP in the open initial binding 
complex structure of RTP (see Figure 1D).

2. Calculating the alchemical free energy by using the Free Energy Perturbation (FEP) method.

The relative binding free energy between nucleotide RTP (or dATP/GTP) and the cognate nucleotide ATP at the 
open or initial binding state as well as at the closed or insertion state can be evaluated through the thermodynamic 
cycle [29-32] (see Figure 2): , where  and ∆∆𝐺𝑏 ≡ ∆𝐺𝑏(𝑅𝑇𝑃) ―∆𝐺𝑏(𝐴𝑇𝑃) ∆𝐺𝑏(𝑅𝑇𝑃) = ∆𝐺3 ―∆𝐺1 +∆𝐺2 ∆𝐺𝑏(𝐴𝑇𝑃)
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with  due to that the dummy is set to be vanished in all cases [29]. The relative = ∆𝐺3 ―∆𝐺1 +∆𝐺2,  ∆𝐺2 = 0
binding free energy calculations for dATP and GTP with respect to ATP are also using the same thermodynamic 
cycle as RTP. The alchemical free energy was calculated using the free energy perturbation (FEP) method [33]. The 
free energy change of transforming a system from state A (dummy or void) to state B (a full ligand) is a function of 
a coupling or perturbation parameter , which indicates the level of change between state A and state 𝜆 (0 ≤ 𝜆 ≤ 1)
B. The extent to which the Hamiltonian or energy function has been perturbed indicates how the system has been 
transformed. Simulations conducted at different values of λ thus allow us to get  . Note that the simulations ∆𝐺𝐴𝐵

were then conducted in free solution (for ) and inside the protein complex (for ), respectively. ∆𝐺1 ∆𝐺3 

Consequently, the transformation free energy in each of the environments was calculated with the following ∆𝐺 
equations:

        (1)∆𝐺𝜆 = ―
1
𝛽𝐼𝑛⟨exp { ― 𝛽[𝐻(𝜆 + Δ𝜆) ―𝐻(𝜆)]}⟩

       (2)∆𝐺 = ∑
𝜆Δ𝐺𝜆

where , and , as denotes the potential energy of the initial state and  denotes 
1
𝛽 = 𝑘𝐵𝑇 𝐻(𝜆) = (1 ― 𝜆)𝐻1 +𝜆𝐻2 𝐻1 𝐻2

the potential energy of the final state. The coupling parameter  value from 0 to 1 is set with an increment of 0.05. 𝜆

Note that the electrostatic and vdW interaction were simultaneously changed during the simulation. 

In the free-solution simulations, NTP was solvated with ~4020 TIP3P waters in a cubic box with a size of ~50 ; to Å
neutralize the system and make the salt concentration 0.1M, 12  and 8  were added. There were totally 𝑁𝑎 + 𝐶𝑙 ―

~12,060 atoms in the final system. The simulations in the protein complex were solvated with ~ 183,800 TIP3P 
waters in a cubic box with a size of ~180 . The minimum distance from the protein complex to the wall of  Å
simulation box was 18 . The protein complex simulations are specified as in the next subsection. Å

For both the free-solution and protein bound simulations, we followed the same procedures for each window: (i) 
50,000 steps of energy minimization with a steepest decent algorithm; (ii) 100-ps MD simulations within the 
canonical ensemble; (iii) 100-ps NPT equilibration with atomic position restraints on the heavy atoms of the protein 
and nucleic acids; (iv) the productive runs with the restraints removed and within the NPT ensemble, carried out 
for 5 ns in the protein and free-solution systems. There were totally 21 windows for one complete alchemical 
simulation; each window was supplied to 5-ns FEP runs. Hence,  free-solution simulation data and  0.84 𝜇𝑠 0.84 𝜇𝑠
protein bound simulation data were collected in total to evaluate the relative binding free energy between 
RTP/dATP/GTP and cognate ATP, for both open state and closed state CoV-2 RdRp complex, with each NTP species 
105-ns alchemical simulation. 

For ATP, we have supplied each window to 10-ns FEP run, and we found that the binding free energy values 
calculated between the 5-ns and 10-ns FEP runs are almost the same, i.e., with obtained ~ -∆𝐺𝑏(𝐴𝑇𝑃) 
11.42kcal/mol for 5-ns FEP runs and -11.65kcal/mol for 10-ns FEP runs, only about 0.23 kcal/mol difference. In 
addition, we also measured the RMSD value of fingers subdomain in CoV-2 RdRp during 0-5 ns and 5-10 ns MD 
simulations (see SI Figure S2A&B). Similarly, the RMSD value of the palm subdomain in CoV-2 RdRp during 0-5 ns 
and 5-10 ns MD simulations were obtained (SI Figure S2C&D). The 5-ns and 10-ns results are largely consistent. 
Hence, we used 5-ns MD simulations per window for all other NTP alchemical simulations.
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Figure 2. The computational scheme to calculate the relative binding free energy between RTP (or non-cognate 
nucleotide species dATP/GTP) and the cognate ATP in association with RdRp. (A) The thermodynamic cycle is used 
to calculate the binding free energy  of the cognate ATP. (B) The thermodynamic ∆𝐺𝑏(𝐴𝑇𝑃) = ∆𝐺3 ―∆𝐺1 +∆𝐺2

cycle is used to calculate the binding free energy  of RTP (or non-cognate dATP/GTP). ∆𝐺𝑏(𝑅𝑇𝑃) = ∆𝐺3 ―∆𝐺1 +∆𝐺2

The relative binding free energy is thus calculated by using: , with  as ∆∆𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = ∆𝐺𝑏(𝑅𝑇𝑃) ―∆𝐺𝑏(𝐴𝑇𝑃) ∆𝐺2 = 0
the dummy is set as void for each species.

3. Setup of the equilibrium MD simulation.

All MD simulations were performed using GROMACS2019 package[34], with the Amber14sb protein force field [35] 
and Parmbsc1 nucleic acid force field [36] used. For the NTPs, triphosphate parameters calculated previously were 
used[37]. For the magnesium ions, amber14sb force field were still used. For equilibrium MD simulation, the RdRp 
complex was solvated with explicit TIP3P water[38] in a cubic box with a size of ~157 , and the minimum distance Å
from the complex to the wall was set to 15 . To neutralize the system and make the salt concentration 0.1M, 387 Å
sodium ions and 351 chloride ions were added. Three magnesium ions were kept from the cryo-EM structure [PDB: 
7BV2 (from the early version1)][24]. The full equilibrium simulation systems contained ~382,000 atoms. For all 
simulations, the cut-off of van der Waals (vdW) and the short-range electrostatic interactions were set to 10 . The Å
particle-mesh-Ewald (PME) method was used to evaluate the long-range electrostatic interactions [39, 40]. All MD 
simulations were run at 1 bar and 310 K using the Parrinello-Rahman Barostat and the velocity rescaling thermostat 
[41-43], respectively. Before the equilibrium NPT simulation, we minimized the system for 50,000 steps using the 
steepest-descent algorithm followed by 2-ns NVT MD simulation. The time step was 2 fs and the neighbor list was 
updated every 10 fs. In total for each initial binding and insertion state, 10x100-ns equilibration simulations for 
each NTP species (ATP/RTP/dATP/GTP) were launched independently for a total of 8-μs of simulation time.

Results

We first present the alchemical and relative binding free energy calculations of RTP and non-cognate dATP/GTP 
with respect to the cognate ATP in the precatalytic insertion state (active site closed), and then in the initial binding 
state (active site open). We also show samplings on the nucleotide geometries such as the distance between 
insertion nucleotide (ATP/RTP/dATP/GTP) and template rUTP from the equilibrium ensemble MD simulations 
(10x100-ns for each NTP). We additionally show the hydrogen bonding (HB) patterns between key residues around 
the active site and the bound nucleotide (ATP/RTP/dATP/GTP), upon the nucleotide insertion (closed) and initial 
binding (open).

1. The relative binding free energy and energetic contributions in the nucleotide insertion state (active site 

closed)
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We have calculated the relative binding free energy of the nucleotide analogue RTP as well as non-cognate 
nucleotide dATP/GTP with respect to cognate nucleotide ATP in the active site closed insertion state, and the 
results are shown below (see Table 1).

Nucleotide species ∆∆𝑮𝒃𝒊𝒏𝒅𝒊𝒏𝒈 (𝑘𝑐𝑎𝑙/𝑚𝑜𝑙)
Closed state

     ∆∆𝑮𝒃𝒊𝒏𝒅𝒊𝒏𝒈 (𝑘𝑐𝑎𝑙/𝑚𝑜𝑙)
Open state

RTP 2.36  0.69 -0.23  0.16
dATP 1.36  0.14 1.51  0.17
GTP 2.95  0.66 1.70  0.55

Table 1. The relative binding free energy for the bound RTP and non-cognate nucleotide species with respect to 
cognate ATP at the active site of SARS-CoV-2 RdRp in the closed state and open state, respectively. More details 
are provided in SI Table S1 & S3.

The relative binding free energy between RTP and ATP is ~2.4 kcal/mol, between non-cognate dATP and ATP is 
~1.4 kcal/mol, and between the base mis-matched GTP and ATP is ~3 kcal/mol (more details can be found in SI 
Table S1). It is as expected that the mismatched GTP shows notable instability upon insertion, even with wobble 
pairing formed between GTP and template rUTP. In comparison, instability is smaller for the non-cognate dATP 
with respect to ATP than GTP, as dATP only has one oxygen atom removed for the deoxyribose sugar comparing 
to the cognate ATP. It was however not clear whether RTP would be more or less stabilized than ATP. The 
calculation here shows that RTP is still destabilized comparing to ATP in the insertion state.

Note that during the alchemical simulations on the protein complex, one can see that a growth of an NTP ligand in 
the active site would trigger deviations of the dihedrals of template +1 rUTP and the primer RNA 3’-end differently, 
for respective simulations with ATP/RTP/dATP/GTP (see SI Figure S3). Interestingly, one notices that in the closed 
active site or the NTP insertion state, the primer RNA3’-end often have larger dihedral deviations than the template 
+1 rUTP, mainly for the growing ligand of RTP and non-cognate GTP.

Figure 3. The histograms on measured distances between nucleotide ATP/RTP/dATP/GTP base and template nt 
(rUTP) base on atoms for base pairing. The base pairing percentiles are ~90.8%, ~99.2%, ~82.5%, 77.3% for (A) ATP, 
(B) RTP, (C) dATP, and (D) GTP, respectively. In the insets left, the structures of insertion nucleotide and the 
associating template rUTP are shown. In the insets right, the distances between atoms forming hydrogen bonding 
interactions (or base pairing) are shown over the simulation time.

From the equilibrium ensemble simulations, we examined the distance geometries between the inserted NTP and 
template rUTP, in particular, by measuring the atomic distances which would be involved in the NTP-rUTP base 
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pairing interactions when the distances are sufficiently small (see Figure 3). We noticed that the base pairing 
between the inserted RTP and the template rUTP are much more stabilized (~99.2% base pairing) than all the 
natural substrates, i.e., no matter the cognate ATP (~90.8%), or the non-cognate dATP/GTP (~82.5% or 77.3%). The 
higher stability demonstrated on RTP than ATP in base pairing with the template rUTP is not quite expected based 
on the relative binding free energy calculation above (in Table 1), i.e., as RTP is destabilized for > 2 kcal/mol than 
ATP in binding free energy upon insertion. Hence, one needs to identify and justify which interactions or 
components indeed stabilize ATP relative to RTP upon insertion.

Figure 4. The distances between the bound nucleotides and the 3’-terminal of the nascent RNA strand, for the 
active-site open (left) and closed (right) states. The distances measured from the ensemble equilibrium simulations 
between the  atom of the bound nucleotide in the open and closed O3’ atom of the 3’ ― end  RNA and the 𝑃𝛼

state are labeled in each diagram, for (A) ATP, (B) RTP, (C) dATP, and (D) GTP . The structures of RNA 3’-end and 
the template rUTP as well as the bound nucleotides are shown (on the right), with the distances measured labeled. 

We then measured the distance between  atom of the insertion nucleotide (ATP/RTP/dATP/GTP) and the O3’ 𝑃𝛼

atom of the 3’-terminal of nascent RNA strand in the closed state. We found that the distance between  and O3’ 𝑃𝛼

of ATP is smallest and most stable ( ), while that for RTP, dATP, and GTP are , 3.90 ± 0.56Å 3.94 ± 0.72Å
, , respectively (see Figure 4). Hence, it appears that the association between cognate 5.92 ± 0.85Å 6.45 ± 1.47Å

ATP and the 3’-end of the RNA primer (e.g. via base stacking) is comparatively stabilized, with RTP slightly less 
stable, and the GTP insertion the least stabilized. The large deviations of GTP from the 3’-end RNA may dominantly 
contribute to the overall instability of GTP here. 

In addition, we also measured the hydrogen bonding (HB) occupancies or probabilities between the amino acids 
around the active site and the insertion or template nucleotide (see ATP and RTP in Figure 5). The criteria for the 
HB formation were set as that the distance between the donor- acceptor atoms was less than 3.5 , and the donor-Å
hydrogen-acceptor angle was larger than [44]. In the closed state, the average HB association occupancies 140 ∘

between the amino acids and the insertion or template nucleotide are shown slightly higher for RTP (~35.1%) than 
for ATP ( ). RTP form four comparatively strong HBs (>50% occupancies) while ATP form three around the ~32.5%
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active site. Among them, there are two strongest HBs (>90%) with RTP, i.e., between T687-OG1 and RTP-O2’ atom, 
and between N691-ND2 and RTP-O2’ atom (on the sugar), while no such very highly occupied HBs for ATP. Indeed, 
the two strongest HBs with RTP are formed with its 1’-ribose cyano substitution. In addition, K545-NZ and S682-
OG also form HBs with template nt-O4 atom, respectively, at a medium level of occupancies (56.5% and 77.0%) 
but still higher than that with ATP. The HB associations around the non-cognate dATP and mis-matched GTP are 
also shown (in SI Figure S4), with dATP having similar average HB occupancies (~33.6%) around as ATP, while for 
GTP it is much lower ( ).~27.4%

Hence, from both results on base pairing between the insertion nucleotide and template rUTP, and the HB patterns 
around the active site amino acids and nucleotides, we found that RTP is more stabilized than the natural 
substrates. Only in association with the 3’-end, the inserted cognate ATP appears to be slightly more stabilized 
than the inserted RTP.

Figure 5. The hydrogen bonding (HB or Hbond) association patterns between the active site amino acids and the 
insertion nucleotide in the closed state of SARS-CoV-2 RdRp, (A) for ATP and (B) for RTP, with the Hbond 
occupancies calculated from the ensemble equilibrium simulations (left), the molecular views around the active 
site (middle), and the electrostatic potential map generated by solving the Poisson-Boltzmann equation using the 
APBS [45] in VMD [46] (right). In the map, the protein surface is colored based on the electrostatic potential from 
low (negative) by red to high (positive) by blue, the values in the color bar are in units of kBT/|e|.

Further, we employed g-mmpbsa [47, 48] to calculate the binding energetics of ATP/RTP/dATP/GTP by in the active 
site using the equilibrium ensemble simulations (see SI Table S2). Note that the entropy component is not included 
in the calculation. The dielectric constant used in the calculation is set at ~10 in order to accommodate the highly 
charged nucleic acid-protein complex environment. Accordingly, the calculations show that the inserted RTP has a 
lowest binding energetics (~ -82 kcal/mol) comparing with the others, with ATP ~ -74 kcal/mol, dATP ~ -66 kcal/mol, 
and GTP ~ -61 kcal/mol. The electrostatic interaction stabilization toward RTP turns out to be most notable, 
comparing to ATP/dATP/GTP (see SI Table S2). Accordingly, the amino acids around the active with electrostatic 
potential calculated from APBS [45] are displayed in Figure 5 right, from which we can see the RTP has less negative 
potential but more extensively positive potential around, in comparison with ATP. The relative insertion nucleotide 
relative binding energetics between RTP/dATP/GTP with respect to cognate ATP (from MM/PBSA calculations) 
contributed by individual amino acids and nucleotides in SARS-CoV-2 RdRp are shown in SI Figure S5. One finds 
that K411, E436, D499, R513 contribute most to stabilize RTP, while K411, R555, D914 contribute most to 
destabilize dATP, and K411, K438, R555, and D901 to destabilize GTP. From these results, it seems that K411 and 
R555 are key to differentiate the NTP species or select against the non-cognate species. Note that R555 locates 
around the active site while K411 stays comparatively far, i.e., with a distance to NTP about 16 . Hence, it appears Å
that some remote residue can still make impacts to nucleotide selectivity.
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In brief, the above results largely support that RTP is energetically stabilized. Consequently, it must be the entropy 
component in the binding free energetics that contributes to stabilize more or favor ATP. One did see that ATP was 
captured with more flexibilities, e.g. in base paring with the template rU and in HB interactions with local residues 
around the active site. That is to say, the relative binding free energy (~2.4 kcal/mol) between RTP and ATP, with 
ATP being more stabilized, would be attributed substantially by entropic advantages of the ATP inserted to the 
active site, while energetically or the enthalpy contribution to RTP is more significant than ATP. 

2. The relative binding free energy (open state)

In the RdRp active site open state upon the initial nucleotide binding, we also calculated the relative binding free 
energy of RTP and non-cognate dATP/GTP with respect to the cognate ATP (see Table 1). More details are provided 
in SI Table S3. The relative binding free energy between RTP and ATP indicated that RTP is only slightly more stable 
than ATP (~ -0.2 kcal/mol), or say, the initial binding free energy of RTP and ATP are almost identical. Note that 
during the alchemical simulations, the responses of the template rUTP and 3’-end toward a growing NTP are shown 
(SI Figure S6), which shows that for systems with ATP/RTP/GTP bound in open state, the dihedral angle of template 
+1 rUTP have larger deviations than those of RNA3’-end, however, for dATP bound system, the dihedral angle of 
template +1 rUTP and the primer RNA 3’-end react nearly the same (see SI Figure S6). 

Notably, the alchemical calculation results conducted here for the open and closed state of ATP/RTP in association 
with SARS-CoV-2 RdRp active site turn about to be quite consistent with the potential of mean force or free 
energetic calculations on the ATP/RTP from initial binding to insertion to the RdRp active site conducted previously 
[28] (see SI Figure S7). 

For non-cognate dATP and mismatched GTP studied in control, they still appear less stabilized than ATP upon the 
initial binding, for ~ 1.5 kcal/mol and ~1.7 kcal/mol, respectively (see Table 1). The destabilization however seems 
less than that in the closed state, in particular, for GTP. Such a result may be due to the flexibility of the nucleotide 
upon initial binding (active site open), such that the non-cognate one is less strongly selected against than being 
forced into the insertion state (active site closed). 

Figure 6. The histograms of measured distances between the bases of the initial binding nucleotides and the 
template rUTP base in the active site open state. (A) for ATP, (B) for RTP, (C) for dATP, and (D) for GTP. In the insets 
right, the structure of the initial binding nucleotide and the template rUTP are shown. In the insets middle, the 
distances between atoms forming hydrogen bond interactions are shown over the simulation time. Note that in 
the active site open state, ATP can form base pairing with the template UTP, while RTP mainly forms base stacking 
with the template UTP.
We also sampled from the equilibrium ensemble simulations on the open state RdRp for the initial binding 
configurations of incoming nucleotides or NTPs. Again, we examined the distance geometries between the 
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incoming NTP and template rUTP, by measuring the atomic distances that would possibly be involved in the NTP-
rUTP base pairing (see Figure 6). Note that in the open state, RTP base stacking with template rUTP seems to be 
preferred [28], we thus measured the atomic distances involved in the base stacking between RTP and template 
rUTP. We also showed the distances for the base pairing of RTP-rUTP (see SI Figure S8). For dATP and GTP, the 
distances for potential base pairing could only be occasionally shortened, or otherwise become very large due to 
lack of base pairing interactions. For dATP and GTP, only ~32% and ~16% populations show shortened distances, 
while for ATP and RTP, the base pairing percentiles are ~71 % and ~53 %, respectively.

In addition, we also calculated the distance between the  atom of the intial binding nucleotides 𝑃𝛼

(ATP/RTP/dATP/GTP) and the O3’ atom of the 3’-terminal of nascent RNA strand in the open state RdRp (see Figure 
4). Notably, the distances are much larger and with more fluctuations in the open state than in the closed state. 
For ATP, RTP and dATP, the average distance in the open state is ~ 7.2 to 7.4 . The distance reduces to ~ 3.9  for Å Å
ATP and RTP in the closed state, and for dATP it reduces to ~5.9 . In addition, one can also see that the distance is Å
particularly large for GTP (~11.9  open and ~6.5  closed), indicating a strong resistance of the RdRp complex to Å Å
the base-mismatched GTP, here shown interestingly as being repelled from the 3’-end of the RNA primer.

Figure 7. The hydrogen bonding (HB or Hbond) association patterns between the active site amino acids and the 
initially binding nucleotide in the open state of SARS-CoV-2 RdRp 2, (A) for ATP and (B) for dATP, with the Hbond 
occupancies calculated from the ensemble equilibrium simulations (left) and the molecular views of the active site 
(right).

Further, we examined again the HB occupancies around the active site for the initially bound nucleotides. 
Interestingly, one can see that the HB patterns are to some extent similar between the cognate ATP and non-
cognate dATP (see Figure 7), having two HBs formed between K545-NZ and rUTP-O4 and between K551-NZ and 
ATP/dATP-OG, and with both occupancies higher than 50%. The HB patterns for ATP and RTP are also comparable 
(see SI Figure S9). For example, HBs formed between R555-NH1 and OB atom of both ATP and RTP on the 
phosphate, with the HB occupancy between R555 and RTP (~55.8 %) larger than that between R555 and ATP 
(~30.3%). Again, the average HB associations are lowest around non-cognate GTP in initial binding (~16.7%; see SI 
Figure S9), in comparison with that around ATP (~24.3%, RTP (~31.50%) and dATP (~23.2%).

Last, we employed g-mmpbsa [47, 48] again to calculate the binding energetics of ATP/RTP/dATP/GTP for the initial 
binding nucleotides using the equilibrium ensemble simulations (see SI Table S4). Note that the calculations show 
that the initially bound RTP still has a lowest binding energetics (~ -62.4 kcal/mol) comparing with the others, with 
ATP ~ -60.0 kcal/mol, dATP ~ -60.9 kcal/mol, and GTP ~ -56.0 kcal/mol. Now the energetic stabilization for RTP 
mainly comes from the vdW interactions indeed (see SI Table S4 and SI Figure S9). Meanwhile, the calculations 
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show that the initial binding ATP and dATP with similar binding energetics. The total relative binding energetic 
(RTP/dATP/GTP relative ATP) decompositions to individual residues are shown in SI Figure S10. We can find that 
K411, E802, D846 contribute most to stabilize RTP relative to ATP, while K551 contribute to destabilize dATP slightly 
relative to ATP, K438, D484, K551, D618, K849 contribute most to destabilize GTP relative to ATP. Still, K411 
remains far from the active site, with a distance to NTP about 2 .1 Å

Discussion

In this work, we studied the SARS-CoV-2 RdRp nucleotide binding stabilities and selectivity at the active site in both 
the open and closed configurations, pre-catalytically. We mainly conducted all-atom alchemical MD simulations to 
calculate the relative binding free energetics between nucleotide analogue RTP and natural cognate nucleotide 
ATP, as well as that between natural non-cognate dATP/GTP and cognate ATP for comparison. Our simulation 
models were constructed based on high-resolution cryo-EM structures solved for SARS-CoV-2 RdRp or nsp12 along 
with cofactors nsp7 and nsp8 [23, 24], with the nucleotide initial binding to the active-site in an open form, based 
on the apo RdRp structure (PDB: 7BTF), and with a bound nucleotide inserted to the closed active-site, modified 
on top of a product RdRp complex obtained right upon chemical addition of an RDV analog (PDB: 7BV2).

For the closed form RdRp with a comparatively stabilized nucleotide inserted to the active site, pre-catalytically, 
our work shows that the binding free energy for the cognate ATP is lower than that of RTP, i.e. more stabilized for 
~ -2.4 ( ) kcal/mol. In comparison, binding energetics calculated via MMPBSA method (using GROMACS plugin ± 0.7
g-mmpbsa ([47, 48]), in the absence of entropy contributions, indicated that RTP is more stable than ATP, 
energetically. For close examinations, we noticed that the HB interactions around the inserted RTP appear to be 
more stabilized than those with ATP. In particular, there are two highly stabilized HBs (>90% occupancies) formed 
between T687-OG1 or N691-ND2 and RTP-O2’ on the ribose, which are absent for the inserted ATP.

Essentially, we found that the base-pairing between the template rUTP at +1 and the inserted RTP is highly stable. 
In comparison, such template base pairing with the inserted cognate ATP, though stabilized in general, reveals 
occasional flexibilities of the ATP base for fluctuations (~9% non-base paired). On the other hand, one finds that 
the distance between  atom of the inserted ATP and O3’ atom of the 3’-terminal of nascent RNA strand appears 𝑃𝛼

to be slightly more stabilized ( ) than that for the inserted RTP ( ), suggesting that flexibility 3.90 ± 0.56Å 3.94 ± 0.7Å
of the inserted ATP in association with the 3’-end RNA primer is nevertheless restricted. In addition, the MMPBSA 
binding energetics calculated largely support that the inserted RTP is mostly stabilized, energetically via 
electrostatic interactions, with ~ -8.1 kcal/mol lower than ATP. The above results consistently suggest that the 
inserted RTP shows prominent binding energetic stability and rigidity into the active site, which was captured in a 
closed form right after catalysis but before the active site re-opening [24]. Consequently, the alchemical binding 
free energy stabilization of the inserted ATP, i.e., ~ -2.4 kcal/mol calculated with respect to the inserted RTP, can 
only be interpreted by entropic rather than energetic contributions. The entropic advantages of the inserted ATP 
are revealed from its limited but noticeable flexibility in base pairing with template rUTP, as well as from a HB 
interactions around the active site. Due to ribose modifications, highly stabilized HBs form additionally from T687 
and N691 to RTP but not to ATP. Hence, both template base pairing and HBd network seem to energetically 
stabilize RTP more but entropically favor ATP in the insertion state. Meanwhile, we note that the high-resolution 
cryoEM structure of the SARS-CoV-2 RdRp complexes we utilized to construct the closed insertion state was 
captured originally with RDV in the post-catalytic product state [24], which might also favor the RTP insertion 
energetically but non-optimized for ATP. Further validations can be made when the high-resolution RdRp complex 
structure is captured with the cognate ATP insertion to the active site.

For dATP and GTP modeled into the insertion state, they are expectedly less stable than ATP by ~1.4 ( ) ± 0.1
kcal/mol and ~3.0 ( ) kcal/mol, respectively. The associations can hardly be stabilized between dATP or GTP ± 0.7
and the template rUTP. Although wobble base-pairing between rUTP and GTP were modeled and persisted in the 
equilibrium simulations (base pairing～77%), they are supposedly similarly stable as the standard Watson-Crick 
base pairing [49-51]. The association of dATP/GTP with the 3’-terminal of nascent RNA is indeed significantly 
destabilized, especially for the inserted GTP. Therefore, the non-cognate nucleotides serve for the control showing 
that the current alchemical simulations well capture their destabilization effects. Note that the non-cognate 
dATP/GTP was artificially placed into the insertion site similarly as RTP/ATP, which would be hardly achieved in 
natural conditions due to likely high barriers to the non-cognate NTP insertion, as well as destabilization against 
the non-cognate NTP for initial binding [18, 19]. Consequently, there would be very low populations of the non-
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cognate dATP/GTP to be actually inserted to the closed active site of RdRp. In contrast, though the inserted RTP in 
the closed active site is less stabilized than the cognate ATP, it is shown as well that the initial binding RTP in the 
open active site is similarly stabilized as ATP; additionally, it has already been shown that RTP inserts into the active 
site with a sufficiently low barrier (~1.5 kcal/mol), even lower than that of ATP (~ 2.6 kcal/mol) [28].

Furthermore, according to the equilibrium ensemble simulations conducted for the open and closed states of the 
SARS-CoV-2 RdRp with nucleotides bound to the active site, we found that the associations (i.e., base pairing) 
between the template nt +1 and incoming NTP vary significantly from the open to the closed states. The 
associations (i.e., stacking) of the bound nucleotides with the 3’-terminal of nascent RNA also distinguish well 
between the open and closed complexes. It has been noticed that the RdRp protein conformational changes 
between the open and closed forms are subtle, aligned with fingers subdomain, e.g., with an overall RMSD ~1.69 

 for all  atoms on average. Close inspections show that the major structural differences between the open and Å 𝐶𝛼

closed form are restricted around the active site or locate on the structural motifs A relative to C [25]. Our 
simulations show that indeed the bound nucleotides associate or respond quite differently in the open and closed 
forms of the active sites, i.e., with the nucleotide binding to the open active site much more flexible in association 
with the template nt+1, with the 3’-end of the RNA primer, and with the local amino acids, than the nucleotide 
upon insertion to the closed active site, no matter for the natural cognate ATP, nucleotide analog RTP or, or non-
cognate dATP/GTP.

For the nucleotide initial binding to the open active site, the binding free energy of RTP is nearly the same as ATP. 
Putting the relative binding free energetics between RTP and ATP together in the open and closed RdRp complexes, 
our current alchemical calculations show quite consistent results with the umbrella sampling simulations 
calculating the free energy profiles of the RTP and ATP insertion [28]. The results consistently show that upon initial 
binding, RTP in stacking with the template rUTP can be similarly stabilized in binding free energetics as that of ATP, 
which is in base pairing with rUTP; into the insertion state with the active site closed, RTP becomes more stabilized 
than its initial binding state for about ~ -2.7 kcal/mol; while ATP upon its insertion becomes more stabilized than 
its initial binding state for about ~ -5.1 kcal/mol [28], hence ATP becomes more stabilized than the inserted RTP in 
the binding free energetics by ~ -2.4 kcal/mol, fully consistent with current alchemical calculations (see SI Figure 
S7).

On the other hand, in the open active site of RdRp for the initial nucleotide binding, it is expected that a 
comparatively large ensemble of configurations exists for incoming NTPs, with some of them captured in current 
equilibrium ensemble simulations. Nevertheless, the alchemical simulations conducted cannot sample much 
beyond the nucleotide configuration provided as input for the simulation, hence, the equilibrium ensemble of the 
initial binding NTP may not be sufficiently characterized. Interestingly, it has been noticed that the HB patterns 
around the open active site with the incoming ATP are somehow similar to that shown with the incoming dATP 
upon initial binding. As for the initially bound GTP, however, the base can be highly distinguishable from that of 
ATP and is thus recognized as a mismatch for rUTP. Only a small populations of wobble pairing could be formed 
between the initial binding GTP and the template rUTP, hence the GTP-rUTP association is hardly stabilized. 
Meanwhile, the distance between  atom of GTP and O3’ atom of the 3’-terminal of nascent RNA also becomes 𝑃𝛼

significantly larger than that for the cognate ATP upon initial binding. Besides, the MMPBSA calculations also show 
that GTP is comparatively destabilized energetically and RTP is most stabilized energetically, while the other two, 
ATP and dATP show similar binding energetics. The observations thus indicate that GTP has been well detected 
upon initial binding to the active-site open state, and appears to be selected against already. Such nucleotide 
selectivity on nucleotide base but not much on ribose upon the initial nucleotide binding had been suggested 
indeed for the Poliovirus RdRp in its active-site open state [25].

Recently, several computationally intensive works have been conducted related to the RTP incorporation to SASR-
CoV-2 RdRp active site for viral RNA synthesizing [52-57]. Among them, one of the all-atom MD simulation studies 
elucidated that the 1’-cyano group of the remdesivir analog can assist halting RdRp translocation and then inhibit 
viral RNA replication [52]. Another simulation study had been conducted for calculating the binding energetics of 
RTP and other nucleotide analogues[53]. They showed that nucleotide analogue compound-17 (-59.6 kcal/mol) 
binds more strongly than compound-8 (-46.3kcal/mol) and RTP (-29.7kcal/mol) with RdRp. The calculations were 
conducted by using the apo RdRp crystal structure in the absence of RNA strand[23]. In addition, a very recent MD 
simulation study was conducted to calculate the binding energies of RTP along with three designed analogues (R1T, 
R2T, R3T) by using MM-PBSA protocol, and showing that analogues R1T, R2T and R3T with higher affinities (-85.04 
kcal/mol, -85.04 kcal/mol, -90.85 kcal/mol) than RTP (-68.24 kcal/mol) [54]. Such calculations were conducted by 
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using the RdRp structure modeled in the closed active site conformation, in the absence of nsp7 and nsp8 proteins. 
Another MD simulation work calculated the binding free energy of RDV-TP and three hits (SN00166900, 
SN00303170, SN00359915) which pose similarly to RDV-TP from the natural product database. The study showed 
that the binding free energies for RDV-TP at -18.90 kcal/mol, -35.33 kcal/mol for SN00166900, -45.23 kcal/mol for 
SN00303170, and -64.86kcal/mol for SN00359915 (about three times lower than that of RDV-TP) [55]. The 
corresponding simulations used the homology modeling structure of SARS-CoV-2 nsp12 (PDB:6M71) [23] and HCV 
RNA primer template (PDB: 4WTG) [58]. Moreover, another alchemical MD simulation study had been conducted 
calculating the relative binding free energy between RTP and ATP, which shows stabilization of RTP relative to ATP 
by ~ -2.8 kcal/mol [56]. The study was also conducted in the absence of RNA strand, using the RdRp structure 
constructed via homology modeling based on SARS-CoV RdRp. An additional MD study on the closed-state complex 
had been conducted by using advanced samplings [57]. The study showed that the binding free energy were -32.7 
kcal/mol, -15.2 kcal/mol and -29.6 kcal/mol for remdesivir, favilavir and ribavirin, respectively, which were 
obtained by multistate Bennett’s acceptance ratio (MBAR) method [57]. In comparison, in current study, we 
alchemically calculated the relative binding free energetics among RTP analogue, cognate ATP, and non-cognate 
dATP/GTP, for both the initial binding and insertion states. We modeled the systems using the high-resolution 
complex structures of SARS-CoV-2 RdRp resolved in both the open (as from apo state [23]) and closed (as from the 
product state [24]) forms. Our study indicates that RTP and ATP are similarly stabilized upon initial binding, 
according to the relative binding free energetics obtained from the alchemical calculations. Interestingly, in the 
insertion state, while RDV-TP or RTP remains less stabilized (~2 kcal/mol) than ATP in terms of binding free 
energetics, energetically it appears more favored than ATP (i.e., from the restricted geometries with respect to the 
template and from the MMPBSA energetic calculations), displaying notable rigidity. In contrast, ATP displays 
sufficient flexibility from initial binding to the more stabilized insertion state. Hence, our current results and 
analyses suggest that the ATP insertion to the active site of the viral RdRp is entropically more favored than the 
RTP insertion complex, prechemically.

Conclusions

In this alchemical all-atom simulations characterizing relative binding free energetics between nucleotide analogue 
RTP and natural cognate substrate ATP upon initial binding and pre-catalytic insertion to the active site of SARS-
CoV-2 RdRp, we indicated that upon initial binding, RTP and ATP show similar binding free energies to the active 
site while in the insertion state, ATP is more stabilized (~ -2.4 kcal/mol) than RTP in free energetics. Additional 
analyses show that the RTP is more stabilized in binding energetics than ATP, in both the insertion and initial 
binding states, with RTP more stabilized due to electrostatic energy in the insertion state and due to vdW energy 
in initial binding state. Therefore, it appears that natural cognate ATP excels at association stability with the RdRp 
active site due to that ATP maintains sufficient flexibilities e.g., in base pairing with the template, which exemplifies 
entropic contribution to the cognate substrate stabilization. 
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