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Abstract. 

Large-scale conformational transitions in the spike protein S2 domain are required during host cell infection of the 

SARS-CoV-2 virus.  Although conventional  molecular dynamics simulations have been extensively used to study 

therapeutic  targets  of  SARS-CoV-2,  it  is  still  challenging  to  gain  molecular  insight  into  the  key  conformational 

changes due to the size of the spike protein and the long timescale required to capture these transitions. In this work, 

we  have  developed  an  efficient  simulation  protocol  that  leverages  many  short  simulations,  a  novel  selection 

algorithm,  and  Markov  state  models  to  interrogate  the  dynamics  of  the  S2  domain.  We  discovered  that  the 

conformational flexibility of the dynamic region upstream of the fusion peptide in S2 is coupled to the proteolytic 

cleavage state of the spike protein. These results suggest that opening of the fusion peptide likely occurs on a sub-

microsecond timescale following cleavage at the S2’ site. Building on the structural and dynamical information gained 

to date about S2 domain dynamics, we provide proof-of-principle that a small molecule bound to a seam neighboring 

the fusion peptide can slow the opening of the fusion peptide, leading to a new inhibition strategy for experiments to 

confirm. In aggregate, these results will aid the development of drug cocktails to inhibit infections caused by SARS-

CoV-2 and other coronaviruses.
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Statement of Significance.

The enveloped viruses of the Coronaviridae family have large membrane-anchored spike proteins that are crucial for 

infection. In particular, the spike protein for SARS-CoV-2 undergoes a large-scale conformational transition from pre-

fusion to post-fusion states during host-cell  infection that  fuses the viral  envelope with the host  cell  membrane, 

allowing a passage of viral RNA into the cell. Herein, we interrogate how the proteolytic cleavage of the SARS-CoV-2 

spike  protein  initiates  this  conformational  transition  with  large  scale  molecular  simulations.  By  determining  the 

conformational dynamics of the cleaved spike protein in silico, we demonstrate the targeting of new places on the 

spike protein with small-molecule drugs to inhibit spike protein opening and thus host-cell infection.



Introduction.

The COVID-19 disease — an infectious disease caused by the coronavirus, SARS-CoV-2 — poses a serious 

public  health  risk.  Despite  extensive  efforts,  of  which  some have  included  computational  techniques,1,2 specific 

antiviral medicines to treat the widespread infection are still  in critical need. In this work, we have developed an 

efficient simulation protocol to explore the molecular basis of fusion peptide opening of SARS-CoV-2 spike protein 

(Fig.  1),  theoretically  indicating  a  new  direction  to  develop  antiviral  strategies.  Distinct  from prior  and  ongoing 

research to  seek therapeutics  for  the current pandemic,  in this  study we provide useful  computational  tools  for 

characterizing spike protein dynamics, and a new potential approach to design spike protein inhibitors. As multiple 

types of the SARS-CoV-2 virus genome have been identified,3 it is essential to design robust antiviral development 

strategies that can adapt to genomic modifications related to drug resistance and, looking beyond COVID-19, the 

possibility of additional coronaviruses becoming transmissible to humans.4,5 The large-scale structural changes of the 

SARS-CoV-2 spike protein (CoVS) that occur during host-cell infection and membrane fusion (Fig. 1) are conserved 

among other coronaviruses.6 Therefore, seeking therapeutics to restrict these dynamics represents a potential new 

pathway to inhibit coronavirus infection and will provide critical elements for drug cocktail therapies.7 In this work, we 

have used theoretical  tools to reveal  the initial  conformational  dynamics of  CoVS from proteolytically processed 

models  of  the  pre-fusion  cryo-EM  structure,8 and  demonstrated  using  simulations  how  therapeutics  like  small 

molecules could inhibit the initial CoVS conformational dynamics and serve as potential fusion inhibitors to block 

host-cell infection. 

In general, the coronavirus spike protein is a large glycoprotein on the viral surface present as a prominent 

trimer.  Each  monomer  possesses  two  large  domains,  S1  and  S2,  which  mainly  mediate  receptor  binding  and 

membrane fusion, respectively (Fig. 1A). During viral infection, spike proteins undergo binding of the S1 domain to 

receptors of  the host  cell  in step  (1).  For SARS-CoV-2 host cell  recognition is widely believed to occur through 

attachment of the receptor binding domain (RBD) of S1 to human ACE2 receptors.9 The RBD of CoVS is quite flexible 

and can undergo a dynamic opening and closing associated with exposure of the ACE2 binding site.10,11 Following 

Fig. 1 (A) Overview of Coronaviridae viral spike protein mediated membrane fusion. Host cell recognition (1) initiates cleavage 
and dissociation of the S1 (residues 1–704) and S2 (residues 705–1273) domains (2) to allow extension of the fusion peptide 
into the host membrane (3) which then refolds to drive membrane fusion (4). (B) Refolding of the spike protein S2 domain using 
the SARS-CoV S2 pre-fusion (PDBID: 6VXX)69 and post-fusion (PDBID: 6M3W)17 structures with monomers colored red, green, 
and blue respectively. In (B) blue and green arrows denote motion of the fusion peptide (FP) regions (grey ovals) that must  
occur during steps (3) and (4) respectively.



attachment of the RBD, proteolytic cleavage at one or both of the S1/S2 (S704 – V705) and the S2’ (R815 – S816) 

sites allow dissociation of the S1 domain as step (2). This is based on both the mechanisms of other related viruses, 

SARS-CoV12 and MERS-CoV,13 and recent findings about SARS-CoV-2.14–16 With detachment of the S1 domain, the 

spike protein undergoes a large scale multi-step conformational transition from pre-fusion, to intermediate and post-

fusion (steps (3) and (4) respectively) structures which is expected to be energetically downhill  and provide the 

mechanistic displacement for membrane fusion.6,17 The intermediate opening of the S2 domain in step (3) involves 

the insertion the fusion peptide (FP) into the host membrane along with elongation of the heptad repeat (HR) domains 

HR1/HR2 and connecting dynamic regions (DR) (Fig. 1A). Finally, refolding of S2 brings the host-membrane-inserted 

FP into close proximity of the viral enveloped anchored trans-membrane domain to pull the two membranes together 

resulting in the membrane fusion critical for viral entry.6,18

Most of the aforementioned steps in SARS-CoV-2 infection are among the targets for anti-viral strategies.19,20 

Based on its critical role for virus entry, the RBD has become a popular target.21–24 A possible issue, however, is that 

blocking step (1) with vaccines or small molecules25–29 can be sensitive to changes in the antigenic sites of the spike 

protein. Thus, strategies to target other mechanistic steps have drawn attention.30 In particular, the conformational 

changes of the S2 domain in steps (3) and (4) are required for membrane fusion in viruses across the Coronaviridae 

family,31 which means inhibition of these dynamics, with membrane fusion inhibitors, could lead to universal and 

robust antiviral strategies. However, while prior results reveal important conformational dynamics associated with step 

(1) in the SARS-CoV-2 infection cycle, little is known about the conformational changes in CoVS during steps (3) and 

(4).  The  results  demonstrated  herein  begin  to  provide  such  details  that  will  enable  the  development  of  new 

approaches to inhibit membrane fusion by hindering the insertion of the FP that occurs in step (3). 

In order to design membrane fusion inhibitors, several challenges must be overcome. The first is the choice 

of which particular conformational state to target. In the past, peptide mimics of the HR1 and HR2 domains have 

been shown to bind the spike protein in the intermediate state after step (3) and hinder membrane fusion step (4).32,33 

Unfortunately, resistance to these peptides was found in viruses with mutations in the spike protein.34 Furthermore, 

small-molecule inhibitors  to  target a  transient  intermediate state can be difficult  to  design with high efficacy.35,36

Instead, a promising approach would be targeting the S2 domain before or during (1) or (2) because the inhibitors 

can  bind  at  any  time  before  the  fusion  process  starts.  With  design  of  the  correct  molecular  species,  the 

conformational transition from step (2) to (3), and therefore infection, could be inhibited. However, there is a severe 

lack  of  information  about  how  precisely  the  conformational  rearrangement  of  the  S2  domain  occurs,  and  this 

information is a prerequisite for knowing which parts of the S2 domain to target.   

As a powerful tool to reveal mechanistic details of protein structural rearrangements,37–40 molecular dynamics 

(MD) has been used to help rapidly characterize the SARS-CoV-2 virus in silico by modeling key virus proteins41 such 

as  the  spike  protein.  Starting  from recently  determined structures  of  CoVS,  MD simulations  have revealed  the 

equilibrium fluctuations of the full-length S1/S2 domain associated with host cell recognition  step  (1) including the 

roles of flexibility of the trans-membrane domain in S2,42 the glycosylation sites in modulating the conformational 

dynamics of the RBD,43 and the specifics of the protein binding modes of RBD with ACE2.44-45 Given the system size 

and large conformational changes, however, guided enhanced sampling is needed to elucidate the dynamics of step 

(3) and sample relevant conformations. Indeed, none of the prior efforts mentioned have probed the dynamics of the 

spike protein during any stage of fusion peptide extension into the host cell membrane. In contrast to prior efforts, we 

have designed a protocol to capture the dynamics that may occur following proteolytic cleavage and dissociation of  

S1 by leveraging the anticipated changes of S2 that initiate the insertion of the FP into the host cell membrane step 

(3). These include the loss of specific intrachain contacts6 (Fig. 1 and 2). Among the locations expected to diverge, 



the FP region itself may present a useful target as functional restraints on its sequence make it less mutable and less 

likely  to  develop resistance (e.g.  see Fig.  S1).  Ultimately,  small  molecules could increase these transition state 

energies by binding and forming bridging interactions to inhibit opening and infection. However, this direction requires 

the determination of CoVS conformational dynamics during the pre-to-post fusion transition. Towards this aim we 

present herein, extensive molecular simulations of the S2 domain and demonstrate initial steps in this large-scale 

conformational transition.

Materials and Methods.

Spike protein sequence alignment. In order  to compare the conservation of  amino acids in our binding pockets 

(Fig. S1) we aligned the CoVS reference sequence (Uniprot  ID: P0DTC2) against  reference sequences of  other 

proteins,  with the Basic Local Alignment Search Tool (BLAST).46 To ensure consistent use of the CoVS residue 

numbering, additions to the CoVS sequence that were necessary for alignment were skipped. Sequences which were 

aligned to only subsections of CoVS were ignored. In total, we identified ten reference sequences to compare, and 

we present the regions of interest corresponding to the three binding sites (residues 714 – 718, 721 – 729, 818 – 826, 

834 – 853, 914 – 950, and 914 – 925).

Model  preparation and parameters for MD simulations. All-atom models  of  the  SARS-CoV-2  spike glyco-protein 

homo-trimer based on the cryo-EM (PDBID: 6VSB) were built using CHARMM-GUI.47 Only the S2 domain (residues: 

705-1146), which corresponds to cleavage near the S1/S2 site,8  was included in the S1/S2 cleavage model. Since 

these models did not include the viral envelope anchored domains of the spike protein, a membrane was not included 

in the simulations. For the S2’ cleavage model residues 816 – 1146 were used. Missing residues in the PDB were 

modeled using galaxyfill.48 These models included four disulfide bonds between residues 739 – 760, 743 – 749, 1032 

– 1043, and 1082 – 1126 for the S1/S2 cleavage model, but only the latter two disulfide bonds for the S2’ cleavage 

model. Additionally, 15 or 9 (for S1/S2 and S2’) glycosylation sites were included at residues 709, 717, 801, 1098, 

and 1134 of type bDGlcNAc(14)bDGlcNAc(1)ASN. Each system was placed in a TIP3P water box of dimensions 

140x140x140 Å3 for both S1/S2 and S2’ with 100 mM NaCl plus counter ions. This resulted in systems with 257,990 

and 257,614 atoms for S1/S2 and S2’ respectively and provided an initial 30-Å buffer in both directions for the X- and 

Y-dimensions and a 10-Å buffer in each direction of the Z-dimension to accommodate conformational changes. Since 

these models did not include the viral envelope anchored domains of the spike protein a membrane was not included 

in the simulations. This is justified by the lack of involvement of this domain in the initial steps of membrane fusion 

(steps 1-3 in Fig. 1A). However, future simulations targeting more than just the initial steps could utilize the full-length 

models  developed  by  others.49 The  glyco-protein  interactions  were  modeled  using  the  CHARMM-36m  additive 

forcefield.50 This forcefield is justified by successful use for other glycoproteins,51 and recently on the CoVS itself.52,53

Ligand forcefields were prepared with the CHARMM General ForceField.54 Hydrogen mass repartitioning was used 

for these simulations allowing for a simulation time step of 4 fs.55,56 The systems were first minimized with 2,500 steps 

of steepest decent and 2,500 steps of conjugate gradient decent with weak, 1 kcal/(mol Å2), positional restraints on 

the glycoprotein. A short 125-ps equilibration (with a 1-fs timestep) was then performed to equilibrate the temperature 

to 310 K with fixed volume and the same positional restraints. Constant temperature was achieved using a Langevin 

thermostat with a time-constant of 1 ps.57 A 1-ns simulation to equilibrate the pressure was then run with a 4-fs 

timestep and the Monte Carlo barostat. A cut-off for non-bonded interactions of 12 Å was used with a force-based 

switching at 10 Å. All production simulations were performed with the same parameters as the last equilibration stage 

using AMBER1858 on a single node containing eight NVIDIA telsa-V100 GPUs.



nt-PaCS-MD simulations   to enhance sampling of initial steps in fusion peptide insertion.   A variant of the non-targeted 

parallel  cascade  selection  molecular  dynamics  (nt-PaCS-MD)  simulations59 was  performed  to  enhance  the 

conformational transitions of the spike protein. In our nt-PaCS-MD simulation methodology, short MD simulations are 

analyzed on-the-fly to select rare structures that may represent transition states in a yet unknown transition network. 

The coordinates of these rare structures are then used to start new short simulations with randomized velocities 

selected from a Boltzmann distribution. Repeating this process has been shown to enhance conformational sampling, 

and analyzing the aggregate trajectories with a Markov state model (MSM) allows estimation of the free energy 

surface (FES) among the conformational  states from the equilibrium distribution of the MSM.60 This method falls 

within the class of  simulations where the equilibrium ensemble is estimated by compiling the many microscopic 

transitions observed from many short simulations that can be run rapidly in parallel.61

Here, enhanced conformational sampling was 

achieved  along  the  first  four  principal 

components  (PC)62 of  a  large  set  of  input 

intramolecular distances. In this case 75 intra- 

and inter-chain COM distances between sets 

of  10-11  sequential  residues  (Fig.  2,  Tables 

S4 and S5) were used for PC determination. 

These  distances  were  chosen  as  they  are 

expected to undergo extreme changes during 

the  pre-to-post  fusion  conformational 

transition.6 PCs can also be used to determine 

the  global  modes  of  proteins  by  using  the 

aligned coordinates of  the protein  as input62, 

but  here  we  used  the  PC  of  the  COM 

distances as a method for collective variable 

determination.63–68 Accordingly,  at each stage 

of nt-PaCS-MD, eight 1-ns length simulations 

(with  parameters  described  in  the  Molecular 

dynamics simulation parameters section) were 

performed in parallel.  Then PC analysis was 

performed on the concatenated 8-ns worth of distances in-order to determine which linear combination of the input 

distances underwent the most conformational fluctuations, (i.e. had the greatest variance). It was our hypothesis that 

motion along these loose degrees-of-freedom could represent initial steps in the CoVS pre-to-post fusion transition. 

Based on this hypothesis 8 frames which maximized/minimized the first 4 principal components were used to initiate 

new simulations. This process was repeated 200 times for each system, resulting in 1.6 s of aggregate simulation 

time per system.  In addition to the nt-PaCS-MD simulations, 400 further 1-ns trajectories starting from structures 

identified by uniform space clustering of the nt-PaCS-MD trajectories were performed. Structures were saved every 

20 ps. Replica simulations were performed using the same initial structures from minimization, but different initial 

velocities  for  equilibration.  For  ligand-bound  simulations,  docking  of  asiaticoside  was  performed  using  Glide 

(Schrödinger, Inc.) to determine the optimal binding motif to each chain in the initial structure for MD simulation (see 

Fig 2. (A) 23 intra-monomer distances between different segments of an 
individual monomer of the CoVS S2 domain. The arrows are color coded 
to  aid  visualization  of  the  different  pairs.  (B) Two  inter-monomer 
distances between segments of one monomer and its neighbor. 



section, High-throughput screening and ensemble docking). Otherwise, MD simulations were performed identically to 

those described in the ligand-free simulations. 

Analysis of nt-PACS-MD simulations to estimate dynamics of the conformational ensemble. To begin analyzing the 

simulations, the set of 75 center of mass distances used in the nt-PaCS-MD simulations were calculated using Pytraj. 

Despite the ability of PC to interrogate the fluctuations within a conformational ensemble, it can be suboptimal for 

Markov state model (MSM) estimation.69,70 To establish a dynamically relevant set of collective variables (CV) for 

MSM estimation, the variational approach to Markov processes (VAMP)71,72 was used within Pyemma.67 In simplified 

terms, the VAMP establishes a linear combination of input collective variables that optimally capture the slowest 

memoryless processes in the dynamical system.72 Like MSMs, VAMP coordinates also utilize a lag time (VAMP lag 

time hereafter) for the computation of a time-lagged covariance matrix that captures how fluctuations of a given input 

variable may be coupled with other input variables at later times. For characterization of the structural heterogeneity 

explored  using  nt-PaCS-MD,  K-means clustering  with  8  cluster  centers  was  performed  on  the  first  two  VAMP 

coordinates from the nt-PaCS-MD simulations alone with  a VAMP lag time of 750 ps (Figs. S2 and S3). For each 

cluster center the closest simulation frame, in the Euclidean sense, was found and used for generating the images 

and RMSD from initial structure values in Figures S1 and S2. 

For MSM estimation, the first two VAMP coordinates with a VAMP lag time of 980 ps, were chosen as a CV 

space and clustered using regular space cluster to get 200 cluster centers. Because the structure of the CV space 

was different for each simulation, the minimum distance parameter in the regular space clustering algorithm was 

optimized iteratively to achieve 200 cluster centers with a tolerance of 1 cluster center. Implied timescales73 from the 

totality of simulations demonstrate independence of the predicted MSM timescales on MSM lag times larger than 500 

ps (Fig.  S4).  Using a 650-ps  MSM  lag time,  reversible  200 state MSMs were then  estimated  for  each system 

independently. As with all MSM constructions, this choice of MSM lag time was limited by the length of the shortest 

simulations used. However, prior MSMs built from short simulations of proteins have demonstrated correct estimation 

of timescales that are two or more orders of magnitude larger than the shortest simulation length. 61,74 Therefore, the 

650-ps MSM lag time used herein is likely sufficient to capture the 10 – 100s of ns dynamics of our CoVS cleavage 

models. The resultant  FES (Figs. 3  and  S5)  were  obtained  from Eq. 1  where  Ei is  the  relative  free  energy  of 

microstate  i (in units of  kT) and  Pi is the probability obtained from the equilibrium distribution of the MSM (i.e. the 

eigenvector of the transition probability matrix corresponding to an eigenvalue of 1). 

Ei=−log (Pi) (Eq. 1)

The two non-stationary eigenvectors with the largest eigenvalues of the MSM characterize the slowest structural 

dynamics that were resolved with this methodology (Figs. S6-S9). These processes are localized on the low energy 

region of the FES and have maximum absolute amplitude near the minimum of the FES. This suggests the nt-PaCS-

MD methodology was able to estimate reversible refolding of these structures and not necessarily reversible folding 

of structures much farther up the FES valleys shown in Figs. 3 and S5. Mean first passage times were calculated 

using Pyemma for six transitions between the states corresponding to these three apparent minima in the FES. The 

helicity of the three states in the S1/S2 model were calculated by counting the number of turns using Pymol’s internal 

secondary structure assignment.

For the ligand-bound simulations, the center of mass distance between the fusion peptide and the ligand 

was calculated and a cutoff of 22 Å was used for quantifying the fraction of bound simulation frames. This cutoff was 

chosen as it is the first local minimum in the histogram of this collective variable (Fig. S10). For quantifying restriction 



of the opening of the FP region in the ligand bound simulations, Bayesian MSMs were first estimated using the same 

procedures described above except for only the intra-monomer distances (Fig. 2,  Tables S4 and S5) were used to 

allow each chain to be treated independently. Then states in the MSM which presented a distance between the 

dynamic region above the FP and the central helix greater than 30 Å were considered open, while smaller distances 

were considered closed. This choice was again taken based on the histogram of this distance (Fig. S11). The MFPT 

from microstates considered closed to microstates considered open was then calculated using 100 samples for error 

estimation  using  the  Markov  Chain  Monte  Carlo  algorithm  implemented  within  Pyemma.75 Also  included  is  a 

calculation of the same MFPT for different  choices of cut-off distance (Fig. S12).

Virtual screening and ensemble docking to block the pre-to-post fusion transitions. An advantage of targeting the 

initial opening of the fusion peptide is that the more stable conformational ensemble of the nonproteolytically cleaved 

CoVS containing both the S1 and S2 domains can be used to obtain characteristic structures for the pockets. For the 

active sites 2 and 3, whose location is described in the following paragraph, the extensive sampling provided by two 

10-microsecond trajectories of the S1+S2 CoVS complex from the D. E. Shaw research group were obtained and 

used for the ensemble docking.76 The first of the two provided simulations was initialized from the closed state (PDB 

id: 6VXX) while the second was initialized from a partially open state (PDB id: 6VYB). These simulations contained 

the correct glycosylation and complete protein sequences for all residues in the vicinity of sites 2 and 3. However, the 

long simulations did not include the aforementioned dynamic loop and were not appropriate for use in the docking to 

site 1. For active site 1, the initial model for the S2’ simulations described in the Model preparation section was used 

because it did include the dynamic loop. 

Besides the site 1 described in the results and discussion, two additional sites were chosen for docking to 

(see Fig. 5 and S13-15). These sites were chosen by inspecting the differences between the inter-residue contacts of 

the pre-fusion and post-fusion spike protein conformations. Locations where residues that were close in the pre-

fusion state became far apart in the post-fusion state were found. An additional constraint was that these sites be 

exposed to the solvent in the full spike protein model (containing both S1 and S2 domains). Finally, concave pockets 

that were large enough to fit a small molecule led to the discovery of sites 1-3. Site 2 is composed of a  kink in the 

alpha helix in the HR1 domain below the FP (residues 930-950)  that  is in close proximity to the beta sheet core 

(residues 721-729) in the prefusion state. These motifs must undergo a “jack-knife” refolding during the opening of 

the  spike  protein.  A  third  site,  further  down  this  alpha-helix  beta  sheet  zipper,  offers  a  platform  for  additional 

anchoring interactions between the base of said helix (residues 914-925) and the beta sheet (residues 714-718). A 

small molecule that could bridge the helix and beta sheet in either these sites could slow or inhibit the spike protein  

transition. As the SARS-CoV-2 spike glycoprotein is a homotrimer (with all three sites present on each monomer, Fig. 

5) and the following PC analysis is time independent,  each monomer of each trajectory was considered its own 

simulation for the conformational analysis. In this way, 60 microseconds of simulation data were analyzed per active 

sites 2 and 3 to determine characteristic structures of the targeted pockets. 

Visual molecular dynamics (VMD)77 was used to align the S2 helical domain of the protein to the initial 

coordinates (crystal structure from PDB) to reduce noise due to translational movement. The XYZ coordinates of the 

residues comprising active site 2 (residues 721 to 729, residues 930 to 950, and residue 1028) and active site 3 

(residues 714 to 718, residues 914 to 925, residues 1108 to 1113, and residues 1148-1149) were collected and 

parsed using TCL and python. A dimension reduction (PC analysis) was used to determine which residue movements 

contributed most to variations in the overall  conformations of  each active site. For each active site,  the first ten 



dimensions  (accounting  for  approximately  90% of 

the cumulative variance) were clustered using a K-

means clustering algorithm (Fig. S16).

Each  cluster  center  represents  a  unique 

active-site  conformation  in  the  overall 

conformational ensemble. As these cluster centers 

don’t represent frames but instead are points in the 

principal component space, an N-dimensional root-

mean-square deviation  (RMSD)  was  used to  find 

representative  frames  closest  in  value  to  these 

cluster centers. These frames were then prepared 

using  Maestro  protein  preparation  utility  and  the 

docking  grids  were  prepared  using  Glide 

(Schrödinger  release  2018-2).  The  receptor  grids 

representing  the  conformational  ensemble  were 

screened against the FDA approved drug database 

that  included 2,682 unique molecules  acquired in 

the SDF file format78 and prepared using LigPrep 

software  (release  2018-2).  Two levels  of  docking 

precision  were  used.  First,  HTVS  precision  was 

used  to  quickly  eliminate  ligands  with  little  or  no 

binding affinity.  The top 5% of  ligands were then 

screened again using the XP level of precision to 

give a more accurate binding affinity. The top 40 ligands were kept. Of these ligands, all ligands not in the top 40 of 

the  other  conformation  were  crossed  docked  against  the  other  receptors  in  order  to  get  data  points  for  all  

ligand/protein complex combinations. The final docking score was calculated as a Boltzmann weighted average of all  

unique ligand/protein complex Glide XP scores (Tables S1-S3).

Results and Discussion.

As a first step to determine the conformational dynamics of CoVS that initiate the pre-to-post fusion transition 

(steps (3)-(4) in Fig. 1A), we performed extensive MD simulations of the S2 domain. Specifically, we focused on two 

all-atom models of CoVS with proteolytic cleavages of all three monomers at the S1/S2 or S2’ sites respectively (the 

S1/S2  cleavage  model  contains residues 705-1146,  and  the S2'  cleavage  model  contains residues 816-1146),79 

corresponding to a CoVS state just after S1 dissociation and ready to begin S2 opening and refolding (steps (3)-(4) in 

Fig. 1). While there are many more possible combinations of initial models due to the presence of three monomers 

with two cleavage sites each, we chose our models to represent two extreme cases where all the monomers are 

cleaved at either the S1/S2 site or the S2’ site. These simulations, with 2 replicas per system totaling 8  s, were 

conducted in the spirit of nt-PaCS-MD.59,60 Accordingly, many short MD simulations were analyzed on-the-fly to select 

rare conformations on the FES corresponding to the initial unfolding of the S2 domain (Fig. 2). Repetition of this  

process resulted in enhanced sampling of S2 domain conformations in the aggregate trajectories. Using the results of 

an MSM, the FES and kinetics among the low energy conformational states were estimated.60,73,80

Fig. 3 Mean first passage times between states that dominate the 
two slowest dynamic modes of MSMs (top) and FESs (bottom) of 
the S1/S2 (left) and S2’ (right) cleavage models of CoVS. An 
overview structure is shown showing the regions of interest (grey 
circle).  Structures of states A, B, and C (primes denote S2’), and 
their positions in the respective VAMP coordinate spaces, v1 and 
v2, are labeled. The fusion peptide is colored red, while the 
dynamic region is teal. The cryo-EM structure (PDBID: 6VSB)8 is 
marked with an x to attune the different v1 and v2 coordinates for 
each system.



Strikingly, we observed significantly distinct conformational fluctuations of CoVS in these two constructs with 

S1/S2 cleavage and S2’ cleavage, which may indicate different ability to undergo opening. The first major difference 

is in the conformational heterogeneity of CoVS (Fig. S1 and S2). The root mean squared deviation (RMSD) relative to 

the initial structure for 10 representative structures is much larger for the S2’ cleavage model (5.4 – 10.9 Å) than for 

the S1/S2 cleavage model (3.5 – 5.8 Å). This suggests that the loss of residues 705-815 between the S1/S2 sites and 

the S2’ site has a major impact on the flexibility of CoVS. Second, the S2’ simulations displayed more conformations 

with extended FP than the S1/S2 simulations, suggesting that this model is more primed than the S1/S2 cleavage 

model for FP insertion and the subsequent large-scale conformational transitions that initiate the pre-to-post fusion 

transition.

Then  we constructed  reversible  MSMs,  to  more  concretely  examine  the  conformational  transitions  and 

energetics. For each system, the FES along the two slowest VAMP coordinates,71,72 v1 and  v2, were obtained (see 

additional details in the methods). The FESs for both systems (Fig. 3 and S5) are characterized by broad regions of  

low relative free energy (E < 4 kT) inhabiting two (for S1/S2) or three (for S2’) long valleys. In the low energy regions, 

three local minima are apparent in each system denoted as states A, B, and C for S1/S2 (Fig. 3) and A’, B’, and C’ for 

S2’ (Fig. 3). In a self-consistent manner, these three states also correspond to states with maximum involvement in 

the first two slowest dynamic modes (Figs. S5 and S6). Such correspondence between the slowest modes of the 

MSM and the minima in the FES support a converged picture of the dynamics near the initial structure since they 

represent reversable folding of these states. Similar features of the FES and the MSM were observed for replica 

simulations of each system, where the three dominate processes observed in the first two MSM eigenvectors reside 

in the low energy regions of the FES.  On the other hand, the two replicas did not result in MSMs with the same 

relaxation timescales (Figs. S6-S9). The relaxation timescales are not used directly in the following analysis which 

instead are focused on the consistent features shared between the replica simulations. It should be noted that the 

VAMP coordinates v1 and v2 in the replica simulations are not necessarily the same in two replicas which can also 

lead to differences in the precise features resolved. However, despite this drawback, the predominate states share 

significant qualitative resemblance with low RMSD (3.2 - 4.2 Å) between replicas for the S1/S2 cleavage model, and 

slightly higher RMSD (5.3 – 7.3 Å) for the S2’ cleavage model. Based on these observations, a simple three-state 

model was built by estimating the mean first passage time (MFPT) for the six transitions between the three states 

(Fig. 3 and S5). 

Focusing on the S1/S2 cleavage model first, the three states correspond to the different degrees of displacement 

and helicity of the region just after the fusion peptide with helicity ranked roughly from 0, 2.5, to 3.5 helical turns for 

states B, C, and A. Based on the MFPT from B to A and C (120 and 65 ns) compared to the reverse processes (280 

and 250 ns) and the lower relative energy (~1 kT) of the helical A/C regions, the more helical states A and C are 

favored. For the replica simulation of the S1/S2 cleavage model, the non-helical conformational of the dynamic region 

(state B) was not resolved by the MSM (Fig. S5), but the more helical state still appeared more favorable. Generally, 

and more importantly, however, the dynamics of this region in the S1/S2 system are confined and do not correspond 

to extensions of the FP region observed in the nt-PaCS-MD (Fig. S2 and S3). Such extended structures reside in the 

higher energy regions further up the valleys of the FES and would likely require more sampling to more accurately  

measure their kinetics. 

In contrast to the S1/S2 cleavage model, the S2’ cleavage model captured large-scale displacements of residues 

including the fusion peptide (Fig. 3, state B’). Similar extended structures were also observed in the replica simulation 

(Fig. S5, state B’) although the flexibility of the extended conformations, and the S2’ model in general, resulted in 

larger  RMSD between the  replica  structures  (5.3  –  7.3  Å).  In  fact,  the  low energy  state  B’  is  predicted  to  be 



dynamically favored because the MFPTs into state B’ 

are  at  least  an  order  of  magnitude  faster  than 

transitions out of state B (74 ns compared to 1.1 s 

for  B’/A’  and  48  and 490 ns  for  B’/C’).  Given  this 

finding, the proximity of state A to the initial cryo-EM 

structure,  and  the  obvious  extension  of  the  FP  in 

state B, state B may represent an initial stage in the 

pre-to-post  fusion  transition  of  CoVS.  Overall,  our 

model  suggests  that  cleavage  at  S2’  facilitates 

release of the FP sequence to extend outward form 

the core of CoVS on a sub-microsecond timescale. 

These  compuational  results  provide  an  atomistic 

understanding  of  prior  reports  that  cleavage at  the 

S2’  site  is  required  for  SARS-CoV12 and  SARS-

CoV281 virus infectivity.

The  dynamic  opening  of  the  fusion  peptide 

observed in the MD simulations presents a target for 

small-molecule inhibitors.  Specifically,  the observed 

dynamics  are  in  general  agreement  with  the 

proposed  mechanism  for  spike  protein  action 

(initiation of step 3 in Fig. 1A). This suggests that hindering this opening event with small molecules bound to specific 

sites on CoVS could slow down the infection process. The opening occurs at the interface between the FP and the 

HR1 domains. Towards achieving this task, high-throughput virtual screening (HTVS) was used to find molecules that 

could  inhibit  the opening  of  the FP with  molecular  docking of  the  FDA approved drug database78 to  the  seam 

presented between the FP and a kink in the HR1 helix (respectively in Site 1 Fig. 5 and S13). This site lays above the 

rigid core-sheet of CoVS (in this case the loop comprised of residues A1056-G1059), between the helical part of the 

fusion peptide (residues I818-V826), the DR above the FP (residues 834-853), and the HR1 kink (residues 940-946). 

Twenty molecules with binding affinities ranging from -7 to -10 kcal/mol were identified (Table S1). In particular, 

asiaticoside  (CAS  16830-15-2),  a  biologically  active  compound  with  well-studied  wound  healing  properties,82 

appeared to form substantial contacts between HR1 and the FP (Complex structure in Fig. 4). 

To test the ability of asiaticoside to inhibit the FP opening, the same simulation methodologies were performed 

on an S2’ cleavage model with an asiaticoside molecule bound to each chain. In total, the FP region remained closed 

during 97% of the time the ligand was bound. We note that because the enhanced sampling was designed to open 

S2’ and disrupt  the binding pocket,  the ligand only remained bound to the FP region for 52% of the enhanced 

sampling simulations. To better quantify asiaticoside’s ability to restrict opening, the MFPT between the set of closed 

and open states in the MSM was calculated and compared to the apo-S2’ simulation (Fig. 4). This demonstrated an 

over 4-fold increase in the timescale for this step in S2’ opening from 112 ± 9 to 483 ± 66 ns. A slower MFPT was 

found for the asiaticoside bound simulations across a range of cut-off distances to distinguish closed and open states, 

although the slow down did depend on the chosen cut-off (Fig. S12).  Investigating an intermediate structure, with a 

distance between the open and closed states, we observed the asiaticoside ligand forming bridging contacts between 

I834 and K835 of DR and A942, S943, and N953 of HR1.  Furthermore, for the apo-S2’ simulation the fraction of 

frames with the closed FP was 0.70, whereas for the asiaticoside bound frames it was 0.81.  These observations 

Fig. 4 Inhibition of fusion peptide (FP) opening by the ligand 
asiaticoside as judged by mean first  passage times (MFPT) 
from  the  closed  to  open  states.  The  ligand  (white  and  red 
licorice) forms bridging contacts between the HR1 (green), the 
FP  (red),  and  the  DR  (teal),  preventing  opening  and  the 
exposure of a loop on the core -sheet (blue).



taken together provide proof of principle that small molecules may be able to inhibit the opening of the SARS-COV-2 

spike protein.

However,  the  current  simulation  methodology 

could only observe the initial steps in opening of the 

spike protein,  and many other steps are necessary 

for refolding during membrane fusion. We expect at 

least two other sites (Fig. 5, see methods for details) 

could also provide hit compounds, further unlocking 

the possibility for drug cocktails with binding to more 

than one site at a time. Blast alignment of the CoVS 

sequence  demonstrate  that  these  sites  have  low 

mutability supporting their druggability (Fig. S1).  To 

facilitate the search for such molecules,  HTVS and 

ensemble  molecular  docking  were  employed using 

20  µs  of  simulation  time  provided  for  free  to  the 

scientific community from the D. E. Shaw research 

group.76 Ligands were taken from the FDA-approved 

drug  database  and  screened  against  10 

conformations of each active site (Fig. S16). For both 

sites, binding affinities ranging from -7 to -20 kcal/mol 

as  well  as  ligands  with  substantial  bridging 

interactions  were  identified  (examples  of  docked 

motifs  in  Figs.  S14 and S15, and specific  residue-

ligand  interactions  with  2D  chemical  structures  for 

sites  1-3  in  Fig.  S17).  Running  ligand-bound 

simulations  for  opening  of  these  sites  will  require 

increases in simulation power and/or  more targeted enhanced sampling methodologies.  However,  based on the 

findings at the site near the FP (Fig. 4), where the formation of a few bridging interactions between adjacent domains 

resulted in a slowdown in fusion peptide opening, it is likely that the ligands that form even more extensive bridging 

interactions at sites 2 and 3 could also restrict the protein dynamics associated with membrane fusion. 

Conclusion.

In summary, we investigated the dynamics of the SARS-COV-2 spike protein during the early stages of host-cell 

infection with state-of-the-art enhanced sampling techniques. By using a of specific interchain distances that increase 

during the FP opening of CoVS, we achieve rapid sampling of this process. This demonstrates a new way to select 

the  many  initial  structures  required  when  using  many  short  MD runs  to  explore  configuration  space,61 in  that 

conformations which maximize the fluctuations of the structural ensemble are selected. This approach exploits the 

properties of PC analysis in that the PCs with largest eigenvalues represent directions in conformation space where 

the  structure  is  most  flexible.  In  our  specific  application,  the  results  of  the  simulations  provide  molecular-level 

evidence delineating the role of specific cleavage sites on the CoVS. In particular we demonstrate that proteolytic 

cleavage at the S2’ site (R815) can facilitate opening of the FP region more so than cleavage at just the S1/S2 site. 

The loss of the S2 residues between 705 - 815 in the S2’ cleavage site model appears to destabilize the dynamic  

Fig 5. Three sites on SARS-CoV-2 spike protein that have 
intrachain contacts (arrows in left) which small molecules 
could  bridge.  On  the  right  a  surface  representation  is 
shown  to  demonstrate  the  concave  pockets  formed  at 
these sites which could facilitate strong binding. Ligands 
bound to Site 1 was used in the main text for ligand bound 
simulations. Docking results for all three sites are shown in 
Tables  S1-S3.  The monomers  of  the S2 domain of  the 
spike protein are shown in red, blue and green while the 
highlighted residues in each site are teal. The S1 domain 
of the spike protein is shown in white.



loop above the FP, and the FP itself,  to initiate its eventual  insertion into the bilayer.  Based on our mechanistic 

findings and the anticipated changes in the CoVS during refolding, we propose three new binding sites for potential 

drug candidates to inhibit SARS-COV-2 infection. Multiple FDA approved compounds with high-binding affinities to 

these sites were found computationally in this work, and in silico predictions demonstrate that at least one is able to 

slow down the opening of the spike protein. Not only do these results suggest new directions to design drugs that 

combat COVID-19, but our methodology can also be readily adapted to other spike protein containing viruses to allow 

the development of a new class of anti-virals targeting the FP region and the conformational transitions that occurring 

during the pre-to-post fusion transitions.  Notably, among the recently discovered virus variants (United Kingdom,83 

South Africa,84 Japan,85 and United States86),  only the T716I mutation in the United Kingdom and United States 

variants falls within one of the three binding sites (site 3) we suggest herein. Thus, our proposed approach to design 

fusion inhibitors necessitates additional research and experimental validation.  Even if just weak activity is verified 

experimentally for the compounds determined herein, these compounds target binding sites/stages of the SARS-

COV-2  infection  cycle  different  from  currently  known  drugs,  which  will  enable  effective  cocktail  therapies  that 

simultaneously target multiple aspects of Coronaviradae infection.
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