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Abstract  

The Receptor Binding Domain (RBD) of the SARS-CoV-2 surface spike (S) protein interacts 

with host angiotensin converting enzyme 2 (ACE2) to gain entry to host cells and initiate 

infection 1-3. Detailed, accurate understanding of key interactions between S RBD and ACE2 

provides critical information that may be leveraged in the development of strategies for the 

prevention and treatment of COVID-19. Utilizing the published sequences and cryo-EM 

structures of both the viral S RBD and ACE2 4,5, we performed in silico molecular dynamics 

(MD) simulations of free S RBD and of its interaction with ACE2 over the exceptionally long 

durations of 2.9 and 2 milliseconds, respectively, to elucidate the nature and relative affinity of S 

RBD surface residues for the ACE2 binding region. Our findings reveal that free S RBD has 

assumed an optimized ACE2 binding-ready conformation, incurring little entropic penalty for 

binding, an evolutionary adaptation that contributes to its high affinity for the receptor 6. We 

further identified high probability molecular binding interactions that inform both vaccine design 

and therapeutic development, which may include recombinant ACE2-based spike decoys 7 

and/or allosteric S RBD-ACE2 binding inhibitors 8,9 to prevent or arrest infection and thus 

disease. 
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Infection of host cells by SARS-CoV-2 is initiated by binding of viral spike protein to 

angiotensin converting enzyme 2 

       The causative viral agent of the current worldwide COVID-19 pandemic, SARS-CoV-2 

(Severe Acute Respiratory Syndrome Coronavirus 2), is transmitted by exposure of oral, nasal, 

and/or eye mucus membranes to SARS-CoV-2 viral particles. SARS-CoV-2, like SARS-CoV 

before it 10, gains access to host cells by binding of its extensively glycosylated surface ‘Spike’ 

(S) protein receptor binding domain (RBD) to angiotensin-converting enzyme 2 (ACE2), a 

membrane-spanning protein that is expressed in epithelial cells of the gut, alveolar cells of the 

lungs 11, as well as on other cell types, including macrophages 12 of the host. A detailed 

description of S RBD-ACE2 interaction resulting in viral entry is provided by Wrapp et al. 2020, 

in their report on the cryo-electron microscopy (cryo-EM) structure of S pre-fusion 5. 

       Spike is assembled as a trimer on the viral surface and it has been reported that at any given 

time, only one of the three S RBD monomers is accessible for ACE2 binding 13,14. This monomer 

switching is a dynamic process that comprises hinge-like movements that either expose or hide 

the RBD 15-17. Upon binding of the Spike S1 subunit to ACE2, the trimer is de-stabilized and the 

Spike S2 subunit is shed by cleavage predominately performed by the cell-surface serine 

protease TMPRSS2 or, to a lesser extent, pH-dependent endosomal proteases 3,18,19 in a process 

referred to as priming. The S2 subunit then takes on a stable conformation post fusion 4.  

       The endocytosis and fusion of the virus to the host cell results in release of the viral RNA 

sequences that then co-opt the cellular machinery to generate new viral proteins and synthesize 

viral RNA. This is followed by virion assembly and release by bursting and destruction of the 

host cell. 
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       The S protein is not only required for viral entry to the host cells, but is also highly antigenic 

4 and thus considered a prime target for neutralizing antibodies, vaccines, and novel therapeutic 

treatments. For all of these approaches, it is essential to know as much as possible about 

interactions of the S RBD with ACE2 at the molecular level. The recently published crystal 20 

and cryo-EM 4,5 structures of SARS-CoV-2 have been of great utility in this regard by providing 

atomic-scale resolution, but they do not reveal dynamic changes in protein interactions over 

time. This dynamic information can be attained by in silico Molecular Dynamics (MD) 

simulations and computational analysis.  

       Opportunities to find effective therapeutics or vaccines for COVID-19 can be greatly 

increased by MD simulation-enriched knowledge of predicted interactions between not only the 

S RBD and ACE2, but also between either of these proteins and potential vaccine-expressed 

antigens, antibodies, therapeutic proteins or chemical entities. 

 

Millisecond-scale Molecular Dynamic (MD) simulation provides accurate details of S RBD 

pre-fusion conformation and key residues for ACE2 interactions 

       Using the known sequence of S 21,22 and recently reported cryo-EM structure of the S RBD-

ACE2 complex 4,5 , we performed in silico MD simulation studies of free S RBD and the S 

RBD-ACE2 complex for 2.9 and 2 milliseconds (ms), respectively. The simulations utilized 

cutting-edge graphics processing units (GPUs) hardware in a large-scale cluster. The long 

timescales and overlapping behavior seen in the trajectories provides confidence in the biological 

relevance of the findings.  
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       We used the PDB 6M17 S RBD-ACE2 complex structure as shown in Figure 1A for both free 

S RBD and S-RBD-ACE2 interaction MD simulations, wherein the residues used to calculate 

interface dynamics are highlighted and shown in an expanded view.  

       To assess the relative conformational stability of free S RBD and the S RBD-ACE2 

complex, we calculated the Root Mean Square Deviation (RMSD) for ACE2-bound RBD 

relative to the free RBD using only the backbone atoms, as shown in Figure 1B. RBD consists of 

a rigid core of residues (RMSD < 2.0Å) with flexible peripheral loops. A significant part of the 

binding interface is part of this rigid core, suggesting RBD has adapted to bind ACE2 with high 

affinity. The two interface regions that are not part of the core have medium and high RMSDs. 

Residues 445-449 form a loop whose moderate flexibility is not affected significantly by 

binding. In both the ACE2-bound and free RBD simulations, residues 470-487 comprise a highly 

flexible loop (yellow circle and bar in Fig. 1A and 1B, respectively). The dramatic shift in 

RMSD between bound and free RBD suggests that the loop contributes to the binding affinity. 

Finally, residues 336-345, 359-373 and 382-394 (blue circle and bars in Fig. 1A and 1B, 

respectively) are moderately flexible. While these residues are distant from the binding interface, 

they have been observed to form a binding pocket capable of accommodating linoleic acid22. 
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Fig. 1 View of the ACE-2-RBD complex from PDB 6M17 and relative RMSD values. (A) The 
RBD-ACE2 complex structure (PDB 6M17) is shown with S RBD rendered in green and yellow 
while ACE2 is in red and orange. The zoomed view on the right shows residues found to frequently 
participate in intramolecular interactions. Regions circled in yellow and dark green show medium 
flexibility while those circled in blue show high flexibility. (B) Both the ACE2-bound (purple) and 
free RBD (green) simulations were aligned to the same structure so that RMSDs, calculated only 
for backbone atoms, are comparable. Regions with medium (yellow; residues ~336-345, 359-373, 
and 382-394 or dark green; residues 445-449) or high (blue; residues ~470-487) flexibility 
correlating with those shown in A are indicated by horizontal lines. B-factors (orange) from the 
original cryo-EM structure (PDB ID 6M17) are also shown on the second axis and indicate that 
the model follows the same trends as the experimental measurements.  
 

The MD simulations produced millions of conformations of the flexible complex making 

direct interpretation of the conformational landscape all but impossible. We used Principal 
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Component Analysis (PCA) to condense most of the conformational variability into a few 

vectors. The resulting conformational probability densities for free (solvated) RBD (Fig. 2A-C) 

and ACE2-bound RBD (Fig. 2D-F) show good overlap (Fig. 2G-I), indicating that ACE2-bound 

RBD’s favored conformation overlaps well with one of free RBD’s major conformations. This 

suggests that free RBD’s flexible loop is conformationally primed to bind ACE2. Representative 

simulation structures from various regions of the probability distributions shown in Figure 2J. I, 

II and III are from the free (solvated) RBD simulation; Area I corresponds to the high-probability 

region that overlaps with the ACE2-bound maxima, II is from the most densely sampled region, 

and III was chosen because it represents a small density maximum in an otherwise sparsely 

populated region of conformation space. IV is from the ACE2-bound distribution and is similar 

to I. Both I and IV - each with an extended loop region - are high probability conformations for 

free or bound RBD.     
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Fig. 2 Principal component analysis (PCA) of RBD and ACE2-S RBD dynamics. (A-I) Plots of the 
first three principal components calculated for the backbone of the whole RBD are shown. 
Eigenvectors were calculated from the combined set of ACE2-bound and free RBD conformations. 
PCA probability densities are shown for  solvated (free) RBD (A-C), ACE2-bound RBD (D-F), 
and  overlap (G-I), wherein the free RBD heatmaps and the ACE2-bound contours (outlines) are 
superimposed to show the overlap. (J) I - IV are representative simulation structures from various 
regions of the probability distributions; their locations are labeled in A and D and their marker 
shapes are represented in (A-I).  
 

       In addition to the PCA distribution calculations for S RBD in the free and bound forms 

described above, we calculated the PCA distribution for residues making up the interface 

between S RBD and ACE2. In Figure 3A, (PC1 and PC2), conformations I and II shown in 

Figure 3E are from the highest probability density; I is the cryo-EM structure of PDB 6M17, and 

II is representative of the majority of structures. The ACE-2 and S RBD binding surfaces have 

complimentary shape and charge distribution when bound. The simulations show that, when 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.422055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422055


 

9 
 

bound to ACE2, RBD exists almost entirely near a single conformation. However, on the 

millisecond timescale, we do see the flexible loop sampling a range of conformations. To convey 

the extent of conformation space explored, the raw PCA data for the interface interactions is 

shown in Supplementary Figure S1. 

       The timely determination of the spike RBD cryo-EM structure by Walls et al. 4 and Wrapp 

et al. 5, not only confirmed that the RBD of the spike protein of SARS-CoV-2, like SARS-CoV, 

bound to ACE2 but did so with higher affinity 5 and revealed the presence of a furin cleavage site 

between the S1-S2 subunits that distinguished it from SARS-CoV 4. Further, Wrapp’s 3.5-

angstrom resolution of the cryo-EM structure of the S trimer in the prefusion conformation also 

showed that in the predominant state, only one of the three binding domains is rotated up in the 

accessible position. Their cryo-EM structure very likely contributed to the design of vaccines 

under development. In our efforts here, we hoped to build on the initial cryo-EM analyses with a 

closer look at the RBD-ACE2 interface using MD simulation. Not unexpectedly, by using 

molecular dynamics, we found a much broader range of interactions than the static cryo-EM 

structure would suggest. Figures 3F – I show the measured likelihood of interface contacts in the 

cryo-EM structure (Fig. 3F and G) and the 2 ms MD simulation (Fig. 3H and I). To compare our 

MD simulation findings for interface interactions to cryo-EM-based analyses, we used the full 

set of equilibrium simulations to determine the strength of intramolecular contacts and found that 

cryo-EM contacts are over-estimated (Fig. 3F and G) as reflected by the darker red points in the 

plot compared to MD simulation (Fig. 3H and I). MD simulation at the duration used here 

reveals many contacts that while weaker, are still significant. Thus, the simulation provides a 

more complete and accurate picture of key interactions. The strongest contacts revealed by cryo-

EM were from structure II shown in Figure 3E, whereas those seen by MD stimulation were 
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from structure III. While the residues interacting are similar for cryo-EM and MD simulation, the 

specific conformations (II versus III, respectively) during the highest affinity binding are 

different. 

 

Fig. 3 Intramolecular dynamics and contact strength between S RBD and ACE2 predicted by cryo-
EM versus MD simulation. Heat maps of PCA distributions calculated for residues making up the 
interface between RBD and ACE2 are shown for (A) PC1 and PC2, (B) PC1 and PC3, (C) PC2 
and PC3, and (D) PC3 and PC4. (E) Structures indicated in (A) are shown with a zoomed interface 
(box). For PCA, darker colors indicate higher probability. Iso-probability contours were calculated 
by smoothing the probability data using a distance-weighted grid averaging. (F-I) The strengths of 
residue interactions based on cryo-EM for structure II (inset) and for MD simulation for structure 
III (inset) are represented. Color scale is consistent across images, with darker red indicating 
greater strength of interaction. Backbone ribbons are colored as in Fig. 1A. Several strongly 
contacting residues are rendered as sticks. The residues colored by atom type are the cryo-EM 
coordinates. The orange and yellow residues are the same residues but from the simulation.  
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       To better understand the rare events involved in the binding process, we performed 

Adaptively Biased MD (ABMD) simulations 23. ABMD applies a force to encourage the system 

to sample new conformations. The biasing force is applied to collective variables (CV) that are 

themselves functions of the atomic coordinates. The CVs used here were the number of 

intramolecular contacts and the distance between the centers of mass (COM) of the S RBD and 

ACE2 interface regions. The resulting free energy surface is shown in Figure 4A. Structures 

corresponding to points in the most likely (i.e. lowest free energy) path through the free energy 

surface (Fig. 4A) are shown in Figure 4B. The S RBD interface surface comprises the region 

extending from the flexible loop region indicated by the blue arrow in Fig. 4B, structure II to a 

second, relatively extended unstructured loop region that forms a hydrogen bond with ACE2 

residues at a hydrophobic interface, indicated by a black arrow in the same structure. It is this 

latter unstructured loop region that binds most tightly and is the last region to dissociate. This 

relatively high affinity is due to several hydrogen bonding and hydrophobic interactions. For 

example, Lys353 in ACE2 participates in four of the twelve most frequently observed H-bonds 

and three of the eight most frequent non-polar contacts. The most frequent H-bond is between 

the carbonyl oxygen of Lys353 and the backbone amide of Gly502 from RBD, while the most 

frequent non-polar interaction is between the aliphatic carbons of Lys353 and the aromatic ring 

of RBD Tyr505. The residues (ACE2 326 and 353-357, RBD 445-449, 502 and 505) involved in 

this interaction have been experimentally shown to be necessary for binding 24. 

An example from the ABMD simulation of a typical binding event along the main pathway 

can be viewed in the video provided in Supplementary Materials. In particular, the induced fit of 

the flexible loop is apparent, whereas the high-affinity unstructured loop region is relatively rigid 

in the binding-ready conformation. 
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       Structure IV in Figure 4 represents a minor dissociation path that lies in the higher-energy 

region above the main pathway defined by I, II, and III in Figure 4A.  These structures are 

typical of conformations in this part of the free energy surface. In IV, the high-affinity 

unstructured loop is dissociated while the flexible loop remains bound. This represents an 

alternative pathway for association where the flexible loop makes contact first. While paths 

through this region are less probable, they are still relevant to binding and dissociation. 

       To ensure that the applied biases did not distort the interface structure, we compared the 

interface PCA distributions for the ABMD and equilibrium simulations as shown in 

Supplementary Figure S2. This shows that the ABMD simulations are sampling similar 

conformational space compared to the equilibrium ACE2-bound RBD simulations. This control 

assures the RBD structure has not been distorted by the biasing forces acting upon it during 

ABMD. 
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Fig. 4 Free energy of dissociation of S RBD and ACE2. (A) The blue dot is the cryo-EM structure 
(PDB ID 6M17). Points I-IV correspond to the structures in (B). I-III are representative of the most 
likely path through the free energy surface. The inset of I shows the hydrogen bond (red arrow) 
and hydrophobic surface (dashed purple line) responsible for the high affinity unstructured loop 
affinity. Note that the inset has been rotated around the z-axis by ~180 degrees compared to the 
zoomed out view.  
 

DISCUSSION 

The free spike receptor binding domain adopts an optimized, ACE2 binding-ready 

conformation facilitating binding and infection  

       While others have performed MD simulations for S RBD-ACE2 or peptides that interact 

with spike or ACE2 to prevent binding, 25-28 to our knowledge, MD simulations of both free and 

bound S RBD for the durations have not been previously reported. These millisecond scale MD 

simulations provide remarkably strong support for the findings described herein. 

       Perhaps the most important finding from an evolutionary standpoint is that free S RBD 

adopts an optimized, ACE2 binding-ready conformation, incurring little entropic penalty for 

binding with ACE2. This is in accord with and provides an explanation for the experimentally 
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observed (and herein confirmed and detailed) high affinity intermolecular interactions between 

spike RBD and human ACE2 6. This binding-ready RBD very likely contributes significantly to 

the virus’ high infectivity, particularly when taken into consideration with other factors that 

contribute to its rapid spread such as the mode of transmission (airborne and through surface 

contamination) and stability of the virus on surfaces/in air. Finally, the ACE2  presents a target 

that is abundant both in the respiratory and digestive tracts and thus readily available to the virus. 

       As mutants of the virus inevitably appear 29, particularly those with variant spike sequences 30 

such as the Y453F variant recently found in mink 31, application of the deep MD simulation could 

help predict infectivity and evolutionary forces (such as variants of ACE2 in certain populations) 

that may affect emergence of these mutants.  

Application of millisecond-scale MD simulation to design of vaccines and therapeutics 

       Of immediate utility in addressing the pandemic, the high probability molecular binding 

interactions identified here can be considered in both vaccine design and therapeutic 

development. 

       The presented MD simulation-derived information has the potential to expand on the 

insights gained from the cryo-EM structure and thereby contribute to vaccine design. Antibodies 

against the high-affinity S RBD-ACE2 interaction sites described here are likely to be highly 

neutralizing and therefore relevant to the screening and design of recombinant neutralizing 

antibodies (Nabs). These residues and structures are also likely to be evolutionarily conserved, 

decreasing the likelihood of escape mutations. The specific use of the MD simulations should be 

extremely valuable for in silico design and screening of potential Nabs. 

       Another therapeutic approach to prevention of SARS-CoV-2 infection that would likely 

benefit by consideration of these high-affinity residues is the ‘spike trap’ (or decoy) approach 
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7,32. Recombinant ACE2 sequences could potentially compete with endogenous host ACE2 

binding of S RBD, thus preventing infection. The optimal trap would not just comprise a 

sequence with the highest affinity for S RBD, but one with a low affinity for natural host ligands 

of ACE2, such as angiotensins 1 and 8. This would produce a selective trap that reduces the rate 

of the infection and doesn’t interfere with normal host functions. The analyses performed here 

could be adapted to identify sequences with these characteristics. 

       Long-duration modeling can also be applied to in silico screening of molecules that could 

inhibit the S RBD-ACE2 interaction 8,9,33. These may be antibodies, peptides or small molecules 

that either bind directly to the interaction surface or act allosterically to stabilize S RBD in a 

conformation with low ACE2 binding affinity.  

       Regardless of the approach to development of therapeutics to address the COVID-19 

pandemic, the detailed information reported here with high confidence due to the extraordinary 

duration of MD simulation of both free and ACE2-bound RBD provides an opportunity to 

effectively expand our arsenal against this disease, provides a method for identification of spike 

mutants that pose possible new threats, and highlights the feasibility and merits of what 

previously might have been considered an ambitious undertaking. 

 

ACKNOWLEDGEMENTS 

We would like to thank the team at Microsoft Corporation including the teams at Azure and 

Microsoft Research. Jim Jernigan, Peter Lee, James N. Weinstein, Kris Zentner, Benjamin 

Huntley, Ian Finder, Jack Kabat, Katie Weissenfels, Jordan Boland, Desney Tan, and Oleg 

Losinets allowed us to avail ourselves of their computing power and provided invaluable 

technical support.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.422055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422055


 

16 
 

REFERENCES 

1 Zhao, P. et al. Virus-Receptor Interactions of Glycosylated SARS-CoV-2 Spike and 
Human ACE2 Receptor. Cell Host Microbe 28, 586-601.e586, 
doi:10.1016/j.chom.2020.08.004 (2020). 

2 Wan, Y., Shang, J., Graham, R., Baric, R. S. & Li, F. Receptor recognition by novel 
coronavirus from Wuhan: An analysis based on decade-long structural studies of SARS. 
Journal of virology 94, e00127-00120, doi:10.1128/JVI.00127-20 (2020). 

3 Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is 
Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271-280.e278, 
doi:10.1016/j.cell.2020.02.052 (2020). 

4 Walls, A. C. et al. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike 
Glycoprotein. Cell 181, 281-292.e286, doi:10.1016/j.cell.2020.02.058 (2020). 

5 Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion 
conformation. Science 367, 1260-1263, doi:10.1126/science.abb2507 (2020). 

6 Shang, J. et al. Structural basis of receptor recognition by SARS-CoV-2. Nature 581, 
221-224, doi:10.1038/s41586-020-2179-y (2020). 

7 Vinson, V. A decoy receptor for SARS-CoV-2. Science 369, 1203, 
doi:10.1126/science.369.6508.1203-p (2020). 

8 Gross, L. Z. F. et al. ACE2, the Receptor that Enables Infection by SARS-CoV-2: 
Biochemistry, Structure, Allostery and Evaluation of the Potential Development of ACE2 
Modulators. ChemMedChem 15, 1682-1690, doi:10.1002/cmdc.202000368 (2020). 

9 Di Paola, L., Hadi-Alijanvand, H., Song, X., Hu, G. & Giuliani, A. The Discovery of a 
Putative Allosteric Site in the SARS-CoV-2 Spike Protein Using an Integrated 
Structural/Dynamic Approach. J Proteome Res 19, 4576-4586, 
doi:10.1021/acs.jproteome.0c00273 (2020). 

10 Simmons, G. et al. Characterization of severe acute respiratory syndrome-associated 
coronavirus (SARS-CoV) spike glycoprotein-mediated viral entry. Proceedings of the 
National Academy of Sciences of the United States of America 101, 4240-4245, 
doi:10.1073/pnas.0306446101 (2004). 

11 Hamming, I. et al. Tissue distribution of ACE2 protein, the functional receptor for SARS 
coronavirus. A first step in understanding SARS pathogenesis. J Pathol 203, 631-637, 
doi:10.1002/path.1570 (2004). 

12 Wang, C. et al. Alveolar macrophage dysfunction and cytokine storm in the pathogenesis 
of two severe COVID-19 patients. EBioMedicine 57, 102833, 
doi:10.1016/j.ebiom.2020.102833 (2020). 

13 Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu Rev Virol 
3, 237-261, doi:10.1146/annurev-virology-110615-042301 (2016). 

14 Bosch, B. J., van der Zee, R., de Haan, C. A. & Rottier, P. J. The coronavirus spike 
protein is a class I virus fusion protein: structural and functional characterization of the 
fusion core complex. Journal of virology 77, 8801-8811, doi:10.1128/jvi.77.16.8801-
8811.2003 (2003). 

15 Gui, M. et al. Cryo-electron microscopy structures of the SARS-CoV spike glycoprotein 
reveal a prerequisite conformational state for receptor binding. Cell research 27, 119-
129, doi:10.1038/cr.2016.152 (2017). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.422055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422055


 

17 
 

16 Walls, A. C. et al. Unexpected Receptor Functional Mimicry Elucidates Activation of 
Coronavirus Fusion. Cell 176, 1026-1039.e1015, 
doi:https://doi.org/10.1016/j.cell.2018.12.028 (2019). 

17 Yuan, Y. et al. Cryo-EM structures of MERS-CoV and SARS-CoV spike glycoproteins 
reveal the dynamic receptor binding domains. Nature communications 8, 15092-15092, 
doi:10.1038/ncomms15092 (2017). 

18 Heurich, A. et al. TMPRSS2 and ADAM17 cleave ACE2 differentially and only 
proteolysis by TMPRSS2 augments entry driven by the severe acute respiratory 
syndrome coronavirus spike protein. Journal of virology 88, 1293-1307, 
doi:10.1128/JVI.02202-13 (2014). 

19 Glowacka, I. et al. Evidence that TMPRSS2 Activates the Severe Acute Respiratory 
Syndrome Coronavirus Spike Protein for Membrane Fusion and Reduces Viral Control 
by the Humoral Immune Response. J Virol. 85, 4122-4134, doi:10.1128/JVI.02232-10 
(2011). 

20 Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the 
ACE2 receptor. Nature 581, 215-220, doi:10.1038/s41586-020-2180-5 (2020). 

21 Yan, R. et al. Structural basis for the recognition of SARS-CoV-2 by full-length human 
ACE2. Science 367, 1444-1448, doi:10.1126/science.abb2762 (2020). 

22 Yan, R. H. et al. PDB file 6M17 RCSB PDB https://www.rcsb.org/structure/6M17 
(2020). 

23 Babin, V., Roland, C. & Sagui, C. Adaptively biased molecular dynamics for free energy 
calculations. J Chem Phys 128, 134101, doi:10.1063/1.2844595 (2008). 

24 Starr, T. N. et al. Deep mutational scanning of SARS-CoV-2 receptor binding domain 
reveals constraints on folding and ACE2 binding. Cell, 1295-1310.e1220, 
doi:10.1016/j.cell.2020.08.012 (2020). 

25 Veeramachaneni, G. K., Thunuguntla, V. B. S. C., B, J. R. & Bondili, J. S. Structural and 
Simulation analysis of hot spot residues interactions of SARS-CoV 2 with Human ACE2 
receptor. J Biomol Struct Dyn., 1-11, doi:10.1080/07391102.2020.1773318 (2020). 

26 Han, Y. & Král, P. Computational Design of ACE2-Based Peptide Inhibitors of SARS-
CoV-2. ACS Nano 14, 5143-5147, doi:10.1021/acsnano.0c02857 (2020). 

27 Ghorbani, M., Brooks, B. R. & Klauda, J. B. Critical Sequence Hotspots for Binding of 
Novel Coronavirus to Angiotensin Converter Enzyme as Evaluated by Molecular 
Simulations. J Phys Chem B 124, 10034-10047, doi:10.1021/acs.jpcb.0c05994 (2020). 

28 Dehury, B., Raina, V., Misra, N. & Suar, M. Effect of mutation on structure, function and 
dynamics of receptor binding domain of human SARS-CoV-2 with host cell receptor 
ACE2: a molecular dynamics simulations study. J Biomol Struct Dyn, 1-15, 
doi:10.1080/07391102.2020.1802348 (2020). 

29 Isabel, S. et al. Evolutionary and structural analyses of SARS-CoV-2 D614G spike 
protein mutation now documented worldwide. Sci Rep 10, 14031, doi:10.1038/s41598-
020-70827-z (2020). 

30 Korber, B. et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G 
Increases Infectivity of the COVID-19 Virus. Cell 182, 812-827.e819, 
doi:10.1016/j.cell.2020.06.043 (2020). 

31 Hammer, A. S. et al. SARS-CoV-2 Transmission between Mink (Neovison vison) and 
Humans, Denmark. Emerg Infect Dis 27, doi:10.3201/eid2702.203794 (2020). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.422055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422055


 

18 
 

32 Chan, K. K. et al. Engineering human ACE2 to optimize binding to the spike protein of 
SARS coronavirus 2. Science 369, 1261, doi:10.1126/science.abc0870 (2020). 

33 Basu, A., Sarkar, A. & Maulik, U. Molecular docking study of potential phytochemicals 
and their effects on the complex of SARS-CoV2 spike protein and human ACE2. Sci Rep 
10, 17699, doi:10.1038/s41598-020-74715-4 (2020). 

34 Maier, J. A. et al. ff14SB: Improving the Accuracy of Protein Side Chain and Backbone 
Parameters from ff99SB. J Chem Theory Comput 11, 3696-3713, 
doi:10.1021/acs.jctc.5b00255 (2015). 

35 Case D.A. et al. AMBER 2019. University of California, San Francisco (2019). 
36 Liu, P., Kim, B., Friesner, R. A. & Berne, B. J. Replica exchange with solute tempering: 

A method for sampling biological systems in explicit water. Proc Nati Acad Sci U S A 
102, 13749-13754, doi:10.1073/pnas.0506346102 (2005). 

37 Qi, R., Wei, G., Ma, B. & Nussinov, R. Replica Exchange Molecular Dynamics: A 
Practical Application Protocol with Solutions to Common Problems and a Peptide 
Aggregation and Self-Assembly Example. Method Mol Biol 1777, 101-119, 
doi:10.1007/978-1-4939-7811-3_5 (2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.422055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422055


 

19 
 

SUPPLEMENTARY MATERIALS 

Methods 

System Setup 

       The WT-ACE2/RBD complex was built from the cryo-EM structure, PDB 6M17 of full-

length human ACE2 in the presence of the neutral amino acid transported B0AT1 with the S RBD 

as shown in Yan et al. 21 using RBD residues 336-518 and ACE2 residues 21-614. Protein models 

came from the Amber ff14SB force field 34. Solvating waters were packed around the complex 

using the RISM program from AmberTools19 35. This structure was then solvated with 44,754 

additional TIP3P water molecules and neutralized with 23 sodium ions. To build the system, we 

used tleap from AmberTools19. Molecular dynamics (MD) simulations were run with the GPU-

enabled version of Amber18, pmemd.cuda 35. Multiple copies of the initial starting structure were 

minimized and equilibrated with unique random seeds. After minimization and heating to 300K, 

system pressure was relaxed to 1 atm for 20 ns in the NPT ensemble.  

       As a comparison to its dynamics in the complex, unbound RBD was also built and simulated. 

The initial structure was also residues 336-518 from PDB 6M17. RISM was used to place water 

molecules in favorable contact with RBD and then 14024 additional waters were added. Two 

chloride ions neutralized the system. Equilibration followed the same protocol as the complex. 

Simulation 

       In order to both explore and adequately sample conformation space, a two phase procedure 

was used. In the first phase, temperature replica-exchange molecular dynamics (tREMD) 36,37 was 

used to encourage the complex to explore new conformations. The second phase used equilibrium 

molecular dynamics simulations to thoroughly sample the conformation space explored by 
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tREMD. All simulations were run with a 2 fs timestep and an 8Å cutoff. All post-equilibration 

simulations were run in the NVT ensemble. 

       For each equilibrated structure, 40 tREMD replicas were used. Replicas were spaced in 1 

degree increments from 300 to 339K and swaps were attempted every 10 ps. Simulations were 

performed with the MPI version of GPU-enabled pmemd, pmemd.cuda.MPI. After 1 ms aggregate 

tREMD simulation time, frames at 300K were extracted from the full simulation trajectories. These 

trajectories were processed with PCA and clustered using the agglomerative algorithm with the k-

means metric in cpptraj from AmberTools19. Representative frames from the resulting clusters 

were used to start simulations for the second phase of sampling. 

       Equilibrium MD was run with pmemd.cuda and produced a total of 2 ms of sampling at 300K. 

The resulting trajectories were analyzed to provide the equilibrium results presented here. 

       Simulation of the free RBD molecule followed the same protocol as the complex. A total of 

261.6 µs of data was collected for tREMD and 2.9 ms for equilibrium. 

Per-Residue Root-Mean-Square-Deviation (RMSD) 

       To compare the flexibility of bound vs. free RBD, equilibrium trajectories for both systems 

were first stripped of everything other than RBD. The cryo-EM structure was then used as a 

reference to which the backbones of both the bound and free simulation structures were aligned. 

RMSD was calculated from the total dataset for each residue without realigning. This first pass 

gave an indication of which residues were flexible and which were not. To get a clearer picture of 

how per-residue flexibility is impacted by ACE2 binding, residues with an RMSD less than 2.5Å 

in the first pass were defined to be structural. In the second pass, the backbones of only the 

structural residues were aligned to the cryo-EM structure and then the RMSD was again calculated 

for all RBD residues without realigning. In the second pass, the bound and free datasets were 
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analyzed independently so that the differences could be seen. The plot was generated using 

gnuplot. 

Principal Component Analysis (PCA) 

       Both the RBD comparison and RBD/ACE2 interface PCA plots were created with the 

following protocol. The only differences were the input data and the atom selection. The RBD 

comparison used RBD from both the ACE2-bound and free datasets and was calculated from the 

backbone atoms of all residues. The interface analysis used only the RBD/ACE2 complex data and 

used the interfaces as shown in the text. PCA plots were calculated using cpptraj.  

       Eigenvectors were calculated by first aligning simulation structures to the cryo-EM structure. 

The same set of atoms was used for both the alignment and the PCA calculation. PCA projections 

were calculated for bound and for free RBD separately. PCA distribution plots were generated 

with gnuplot. Iso-probability contours were generated by smoothing the input data on a distance-

weighted grid. 

Contact Analysis 

       Intermolecular contacts were measured using the ‘nativecontacts’ functionality in cpptraj. The 

intermolecular region defined for PCA was used to search for contacts. The contact map was 

generated using the “byresidue” option to generate output on a per-residue basis. The raw output 

was processed using command-line tools and plotted in gnuplot. 

Potential of Mean Force (PMF) 

       Based on exploratory simulations, the center of mass (COM) distance and number of 

intermolecular contacts were chosen as the two collective variables (CVs) best suited to overcome 

un/binding barriers. The two centers of mass were defined as the interfacial alpha carbons from 
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either RBD or ACE2. The “contacting residues” were all intermolecular pairs from the contact 

analysis for whom the sum of the contact fraction was greater than 50. 

       Initial structures for the 2D PMF were calculated by running 1D steered MD (SMD) from 10 

independent equilibrium structures. SMD was run only on the contact number CV. From the initial 

CV value, the number of contacts was smoothly pulled to 0 over a 10 ns simulation. Starting 

structures were randomly selected from these trajectories. 

       The 2D PMF was calculated using well-tempered multiple-walker adaptively biased MD 

(ABMD) as implemented in Amber18. The timescale was set to 100.0 ps and the well-tempered 

temperature was set to 1500.0 K. ABMD simulations were run for a total of 32 µs. The PMF was 

plotted with gnuplot. PCA plots for the interface during dissociation were calculated from the 

eigenvectors generated from the equilibrium interface PCA calculations. 

 

 

Supplementary Video 

The video file of S RBD-ACE2 interaction, render_RBD-ACE2_binding_WW_opacity-0.3.mp4, 

is uploaded as Supplementary material. 
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Supplementary Figures 

 

Fig. S1. Raw PCA output. The raw PCA output is shown for interface interactions from main 
Figure 2 K-N to reveal the full extent of sampling. The same contours from the heatmaps are 
shown for comparison; here A = Fig. 2K, B = Fig. 2L, C = Fig. 2M, and D = Fig 2N.  
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Fig. S2 Distributions calculated by projecting the adaptively biased molecular dynamics 
(ABMD) RBD structures onto the PCA space for ACE2-bound RBD simulations. (A-C) Plots of 
contours for the ABMD simulations. (D-F) Plots of contours calculated from the 2 ms 
equilibrium data for ACE2-bound RBD simulations superimposed on the ABMD distribution 
heatmaps. This shows that the ABMD simulations are sampling similar conformation space 
compared to the equilibrium ACE2-bound RBD simulations. ABMD simulations of the complex 
binding and unbinding did not significantly distort RBD compared to free RBD. 
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