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Abstract

:

Severe acute respiratory syndrome virus 2 (SARS-CoV-2) is responsible for the current global coronavirus disease 2019 (COVID-19) pandemic, infecting millions of people and causing hundreds of thousands of deaths. The viral entry of SARS-CoV-2 depends on an interaction between the receptor-binding domain of its trimeric spike glycoprotein and the human angiotensin-converting enzyme 2 (ACE2) receptor. A better understanding of the spike/ACE2 interaction is still required to design anti-SARS-CoV-2 therapeutics. Here, we investigated the degree of cooperativity of ACE2 within both the SARS-CoV-2 and the closely related SARS-CoV-1 membrane-bound S glycoproteins. We show that there exist differential inter-protomer conformational transitions between both spike trimers. Interestingly, the SARS-CoV-2 spike exhibits a positive cooperativity for monomeric soluble ACE2 binding when compared to the SARS-CoV-1 spike, which might have more structural restraints. Our findings can be of importance in the development of therapeutics that block the spike/ACE2 interaction.
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1. Introduction


Severe acute respiratory syndrome virus 2 (SARS-CoV-2) is the cause of the current and rapidly evolving coronavirus disease 2019 (COVID-19) pandemic. One potential therapeutic target receiving significant attention is the interaction between the SARS-CoV-2 spike (S) glycoprotein and its receptor, human angiotensin-converting enzyme 2 (ACE2). The S glycoprotein is a heavily glycosylated type I membrane protein present as a trimer on mature virions and consists of three S1/S2 heterodimers [1,2]. The S1 subunit contains a receptor-binding domain (RBD) that specifically binds to ACE2 and can undergo hinge-like movements to switch between an “up” position for receptor binding and “down” position for potential immune evasion [1,2,3,4]. The S glycoprotein can only bind to ACE2 with the RBD in the “up” state and this results in the dissociation of the trimer [5,6]. ACE2, the primary receptor for both the SARS-CoV-1 and SARS-CoV-2 viruses [7,8], is a type I membrane protein [9] and the soluble version of ACE2 has been shown to bind both S glycoproteins and block viral entry [10]. Currently, recombinant human ACE2 is being tested as a treatment option for patients with COVID-19 to decrease viral replication (NCT04335136).



Phylogenetic analyses have demonstrated that SARS-CoV-2 and SARS-CoV-1 are closely related, with an ~80% genomic sequence identity [11,12]. Moreover, recent studies have also compared the spike glycoproteins of SARS-CoV-1 and SARS-CoV-2, with a 76% amino acid sequence identity between the two and a 74% amino acid sequence identity between their RBDs [13] which directly contribute to the engagement of ACE2. Available structural and functional data reveal several similarities in how both interact with ACE2: first, the contact interface of ACE2 and the RBDs of the two spikes are largely similar [6]; second, ACE2 binding epitopes on both RBDs are inaccessible in the fully closed spike conformation [6,14]; third, effective receptor engagement requires both the “up” orientation and a slight rotation of the RBD [15]; and fourth, in the ACE2-free condition, spike trimers on the virion surface can equilibrate between closed (3-RBD-down) and open (one or more RBDs up) states [1,2,15,16]. On the other hand, the existing structural data for SARS-CoV-1 and the recent information that has become available in the last few months regarding the architecture and conformational status of the soluble or virion bound SARS-CoV-2 spike point toward important differences in their thermodynamics. The affinity of SARS-CoV-1 S and SARS-CoV-2 S glycoproteins for soluble monomeric ACE2 (sACE2) has been determined, with the latter having a 10- to 20-fold higher binding affinity. It has been suggested that this could be a critical factor explaining the higher transmissibility of SARS-CoV-2 [1,6,17]. Additionally, recent studies have characterized the nature of the interaction between an engineered dimeric ACE2-Fc fusion protein and the trimeric SARS-CoV-2 S proteins, showing a high-affinity interaction superior to that seen with sACE2 [18,19]. ACE2-Fc is also able to neutralize SARS-CoV-2 S more efficiently than SARS-CoV-1 S [20]. In this study, we attempted to better understand the interaction between sACE2 or ACE2-Fc and the trimeric membrane-bound SARS-CoV-1 S or SARS-CoV-2 S glycoproteins by evaluating the cooperative binding of each of the ligands and receptors. Our results further highlight conformational differences between the SARS-CoV-1 and SARS-CoV-2 spike glycoproteins.




2. Material and Methods


2.1. Plasmids


The plasmids expressing the different human coronavirus spikes (SARS-CoV-2 and SARS-CoV-1) were previously reported [7]. The D614G mutation was introduced using the QuikChange II XL site-directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA, USA). The presence of the desired mutations was determined by automated DNA sequencing. The plasmid encoding for soluble human ACE2 (residues 1–615) fused with an 8XHisTag was reported elsewhere [2]. To generate the recombinant ACE2-Fc fusion plasmid, DNA encoding ACE2 (1–615) was linked to Fc segment of human IgG1 and the whole fusion fragment was cloned into pACP-tag(m)-2 vector using NheI/NotI as restriction sites. The vesicular stomatitis virus G (VSV-G)-encoding plasmid (pSVCMV-IN-VSV-G) was previously described [21].




2.2. Cell Lines


293T human embryonic kidney cells (obtained from ATCC, Manassas, VA, USA) were maintained at 37 °C under 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent, St. Bruno, QC, Canada) containing 5% fetal bovine serum (VWR) and 100 μg/mL of penicillin-streptomycin (Wisent). The generation and maintenance of 293T-ACE2 cell line were previously reported [22].




2.3. Protein Expression and Purification


FreeStyle 293F cells (Invitrogen, Rockford, IL, USA) were grown in FreeStyle 293F medium (Invitrogen) to a density of 1 × 106 cells/mL at 37 °C with 8% CO2 with regular agitation (150 rpm). Cells were transfected with a plasmid coding for soluble ACE2 or ACE2-Fc using ExpiFectamine 293 transfection reagent, as directed by the manufacturer (Invitrogen). One week later, cells were pelleted and discarded. Supernatants were filtered using a 0.22 µm filter (Thermo Fisher Scientific, Waltham, MA, USA). The recombinant sACE2 protein was purified by nickel affinity columns (Invitrogen) and ACE2-Fc was purified using protein A affinity column (Cytiva, Marlborough, MA, USA), as directed by the manufacturers. The protein preparations were dialyzed against phosphate-buffered saline (PBS) and stored in aliquots at −80 °C until further use. To assess purity, recombinant proteins were loaded on SDS-PAGE gels and stained with Coomassie blue.




2.4. Cell Surface Staining and Flow Cytometry Analysis


Using the standard calcium phosphate method, 10 μg of Spike expressor and 2 μg of a green fluorescent protein (GFP) expressor (pIRES-GFP) were transfected into 2 × 106 293T cells. To determine the Hill coefficients, cells were preincubated with increasing concentrations of soluble ACE2 (0 to 11,500 nM), ACE2-Fc (0 to 500 nM), or the monoclonal antibody CR3022 (0 to 270 nM) 48 h post-transfection. sACE2 binding was detected using a polyclonal goat anti-ACE2 (RND systems). AlexaFluor-647-conjugated goat anti-human IgG (H+L) Ab (Invitrogen) and AlexaFluor-647-conjugated donkey anti-goat IgG (H+L) Ab (Invitrogen) were used as secondary antibodies. The percentage of transfected cells (GFP+ cells) was determined by gating the living cell population based on viability dye staining (Aqua Vivid, Invitrogen). Samples were acquired on an LSRII cytometer (BD Biosciences, Mississauga, ON, Canada) and data analysis was performed using FlowJo vX.0.7 (Tree Star, Ashland, OR, USA). Hill coefficient analyses were done using GraphPad Prism version 8.0.1 (GraphPad, San Diego, CA, USA).




2.5. Virus Neutralization Assay


Target cells were infected with single-round luciferase-expressing lentiviral particles. Briefly, 293T cells were transfected by the calcium phosphate method with the lentiviral vector pNL4.3 R-E- Luc (NIH AIDS Reagent Program) and a plasmid encoding for SARS-CoV-2 spike (WT or D614G), SARS-CoV-1 spike, or VSV-G at a ratio of 5:4. Two days after transfection, the cell supernatants were harvested. Each virus preparation was frozen and stored in aliquots at −80 °C until use. 293T-ACE2 target cells were seeded at a density of 1 × 104 cells/well in 96-well luminometer-compatible tissue culture plates (Perkin Elmer, Waltham, MA, USA) 24 h before infection. Luciferase-expressing recombinant viruses in a final volume of 100 μL were incubated with increasing concentrations of soluble ACE2 (0 to 11,500 nM), ACE2-Fc (0 to 500 nM), or the monoclonal antibody CR3022 (0 to 270 nM) for 1 h at 37 °C and were then added to the target cells for an additional 4 hours followed by incubation for 48 h at 37 °C; the medium was then removed from each well, and the cells were lysed by the addition of 30 μL of passive lysis buffer (Promega, Madison, WI, USA) followed by three freeze–thaw cycles. An LB 941 TriStar luminometer (Berthold Technologies, Bad Wildbad, Germany) was used to measure the luciferase activity of each well after the addition of 100 μL of luciferin buffer (15 mM MgSO4, 15 mM KPO4 [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 μL of 1 mM d-luciferin potassium salt (Prolume, Pinetop, AZ, USA). The neutralization half-maximal inhibitory concentration (IC50) represents the ligand concentration required to inhibit 50% of the infection of 293T-ACE2 cells by recombinant lentiviral viruses bearing the indicated surface glycoproteins. IC50 values were determined using a normalized non-linear regression using Graphpad Prism software.





3. Results and Discussion


3.1. Differences Between SARS-CoV-1 S and SARS-CoV-2 Spikes in Their Abilities to Engage sACE2, ACE2-Fc, and CR3022


To better understand the interactions between membrane-bound SARS-CoV-1 and SARS-CoV-2 S glycoproteins with their receptor, human ACE2, we sought to determine the cooperativity of ACE2 within the respective trimers. To assess this, we calculated the Hill coefficient, which is the steepness of a concentration–response curve and reflects the degree of cooperativity between a ligand and its receptor [23,24]. Briefly, HEK293T cells were transfected with plasmids expressing the full-length SARS-CoV-1 S and SARS-CoV-2 S glycoproteins. We also tested the SARS-CoV-2 S D614G mutant that is associated with higher infectivity and is now the strain circulating worldwide [25,26,27]. Transfected cells were incubated with increasing concentrations of sACE2 and bound sACE2 was revealed with an anti-ACE2 antibody. These results were used to calculate the Hill coefficient as indicated in Material and Methods. Both the SARS-CoV-2 S and its D614G counterpart demonstrated a positive cooperativity of sACE2 binding (Hill coefficient > 1) (Figure 1A), thus, indicating that the D614G mutation does not overly affect S conformation, at least regarding sACE2 interaction, in line with recent findings [26,27]. Interestingly, SARS-CoV-1 S presented negative cooperativity (Hill coefficient < 1), suggesting that the interaction of sACE2 with one SARS-CoV-1 S protomer reduces the efficiency with which additional sACE2 molecules can engage adjacent S protomers. To evaluate if the differential Hill coefficients observed between SARS-CoV-2 and SARS-CoV-1 was conserved among different RBD ligands, we tested two additional RBD-binding ligands: ACE2-Fc, a molecule presenting two ACE2 domains (residues 1–615) fused to a Fc fragment, and the CR3022 monoclonal antibody, which is specific to the SARS-CoV-1 RBD and has been shown to cross-react strongly with the RBD of SARS-CoV-2 and does not compete with the binding of ACE2 [28,29]. Interestingly, no differential cooperativity between SARS-CoV-2 and SARS-CoV-1 was observed for ACE2-Fc, suggesting that the enhanced avidity provided by ACE2-Fc, which allows for multiple spike protomers to bind, is able to overcome potential structural restraints present in the SARS-CoV-1 S (Figure 1B). Of note, we observed negative cooperativity of CR3022 for all tested S glycoproteins (Figure 1C), in line with previous findings showing that the binding of CR3022 leads to the destruction of the prefusion SARS-CoV-2 S trimer [30]. Thus, it is possible that the binding of CR3022 to one RBD protomer distorts the trimer structure, preventing additional CR3022 molecules from binding.




3.2. Sensitivity of Viruses Harboring SARS-CoV-1 S and SARS-CoV-2 Spikes to Neutralization by sACE2, ACE2-Fc, and CR3022


Next, we tested the abilities of sACE2 and ACE2-Fc to neutralize SARS-CoV-1 and SARS-CoV-2 spike-bearing pseudovirions. We observed a higher neutralization potency of sACE2 against SARS-CoV-2 S (wt or D614G) when compared to SARS-CoV-1 (Table 1). However, whether the negative cooperativity observed for the SARS-CoV-1 S/sACE2 interaction could explain the ~5-fold lower neutralization potency of monomeric ACE2 when compared to SARS-CoV-2 (IC50 = 245 nM for SARS-CoV-2 S; 1359 nM for SARS-CoV-1 S) (Figure 2A; Table 1) remains to be determined. In agreement with previous reports [18], ACE2-Fc neutralized both SARS-CoV-1 S and SARS-CoV-2 S with a higher efficiency compared to monomeric sACE2 (Figure 2B; Table 1), further supporting previous observations that ligand multimerization enhances potency by providing higher avidity [18,20,31,32]. Interestingly, we observed that sACE2 IC50 was only reached upon its half-maximal binding to the respective S proteins, suggesting a model where the occupancy of at least two or more protomers of the SARS-CoV-1 S or SARS-CoV-2 S by sACE2 is needed for virus neutralization (Figure 2D,E).




3.3. Proposed Energy Landscapes of Spike Trimer Opening of SARS-CoV-2 and SARS-CoV-1


Cryo-EM data collected on free (receptor-unbound) SARS-CoV-2 S indicate that it assumes three distinct states. Preferential are the 3-RBD-down state (41%) and the 1-RBD-up state (45%) that exists at a near 1:1 ratio, whereas less preferential is the 2-RBD-up conformation (approximately 10%) [1,16,33]. This indicates that there is a relatively low barrier for the open–closed transition in its energy landscape. Consistent with this more easy-to-open propensity of the SARS-CoV-2 spike, Zhou et al. have identified 15% one-ACE2-bound, 43% two-ACE2-bound, and 38% three ACE2-bound SARS-CoV-2 spike by single-particle cryo-EM when mixing spike and ACE2 in a 1:3 molar ratio [15]. The higher percentage of the two/three-ACE2 bound state over the single ACE2-bound state corroborates the positive cooperativity seen between monomeric receptor and SARS-CoV-2 trimer. Interestingly, in all ACE2-bound spike trimers, RBDs not bound to ACE2 are in the “down” conformation, suggesting that the down-to-up rearrangement of the spike trimer is the rate-limiting step in receptor binding.



In contrast, available data reveal differences in the conformational dynamics of the SARS-CoV-1 spike which seems to have less propensity to engage multiple ACE2 monomers. With a ratio of 1:3 (spike:ACE2), as described by Zhou et al. for the SARS-CoV-2 spike, the prevailing complex fraction observed for SARS-CoV-1 was the one ACE2 monomer bound spike [34]. Interestingly, the cryo-EM structure of this complex revealed three distinct conformations of spike in which the loaded RBD adopted three different tilted orientations and the other two RBDs remained in the down state [34]. This is different from the multiple ACE2 loading of the SARS-CoV-2 spike which displays one essentially identical RBD up conformation.



Based on the structural dynamic data described above we propose a model as shown in Figure 3. According to our model, the SARS-CoV-1 spike has more structural restraints from the NTD, SD1, SD2 and S2 domains and, therefore, needs to overcome a higher energy barrier to open. As a result, the SARS-CoV-1 spike has a smaller population in the open conformation in the absence of ACE2, which is in line with the unavailability of structures of multi-ACE2 bound SARS-CoV-1 spikes and our finding that monomeric sACE2 binding suppresses the opening of the other two RBDs. Interestingly, these differences can be detected only if monomeric ACE2 is used to form the complex but not with ACE2-Fc. There is still a question of debate if ACE2 monomer or dimer is involved in the entry process of both SARS-CoV-1 and SARS-CoV-2. If the latter, the differences we observe for monomeric ACE2 resulting from the intrinsic structural features of the two coronavirus spikes which leads to different energy landscapes could be mitigated during the process of viral entry in vivo. However, whether these differences are important for antibody-mediated neutralization remains to be determined.



Altogether, our results show differential inter-protomer conformational transitions between SARS-CoV-2 and SARS-CoV-1 S glycoproteins upon sACE2 binding. A better understanding of conformational differences between the S glycoproteins between these two beta-coronaviruses might prove useful for the development of new therapeutics and/or vaccine design.








Author Contributions


S.P.A., J.P., and A.F. conceived the study; S.P.A., J.P., and A.F. designed experimental approaches; S.P.A. and R.G. performed the experiments; S.P.A., Y.C., J.P., C.F.A., M.P., and A.F. analyzed and interpreted the experiments; G.B.-B., Y.C., and M.P. contributed unique reagents; S.P.A., Y.C., M.P., and A.F. wrote the paper. Every author has read, edited, and approved the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by “Ministère de l’Économie et de l’Innovation du Québec, Programme de soutien aux organismes de recherche et d’innovation”, by the Fondation du CHUM, by the Canada’s COVID-19 Immunity Task Force (CITF), in collaboration with the Canadian Institutes of Health Research (CIHR) and a CIHR foundation grant #352417 to A.F. This work was also supported by the National Institute of Health grants R01 AI116274 to MP and R01 AI129769 to M.P. and A.F. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. The authors declare no competing interests. A.F. is the recipient of a Canada Research Chair on Retroviral Entry #RCHS0235 950–232424. S.P.A., J.P., and G.B.B. are supported by CIHR fellowships. R.G. is supported by a MITACS Accélération postdoctoral fellowship.




Acknowledgments


The authors thank M. Gordon Joyce (U.S. MHRP) for the monoclonal antibody CR3022.




Conflicts of Interest


The authors declare no conflict of interest.




Disclaimer


The views expressed in this presentation are those of the authors and do not reflect the official policy or position of the Uniformed Services University, US Army, the Department of Defense, or the US Government.




References


	



Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [Google Scholar] [CrossRef]

	



Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [Google Scholar] [CrossRef]

	



Yuan, Y.; Cao, D.; Zhang, Y.; Ma, J.; Qi, J.; Wang, Q.; Lu, G.; Wu, Y.; Yan, J.; Shi, Y.; et al. Cryo-EM structures of MERS-CoV and SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat. Commun. 2017, 8, 15092. [Google Scholar] [CrossRef]

	



Gui, M.; Song, W.; Zhou, H.; Xu, J.; Chen, S.; Xiang, Y.; Wang, X. Cryo-electron microscopy structures of the SARS-CoV spike glycoprotein reveal a prerequisite conformational state for receptor binding. Cell Res. 2017, 27, 119–129. [Google Scholar] [CrossRef]

	



Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592. [Google Scholar] [CrossRef]

	



Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef]

	



Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough, T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454. [Google Scholar] [CrossRef]

	



Crackower, M.A.; Sarao, R.; Oudit, G.Y.; Yagil, C.; Kozieradzki, I.; Scanga, S.E.; Oliveira-dos-Santos, A.J.; da Costa, J.; Zhang, L.; Pei, Y.; et al. Angiotensin-converting enzyme 2 is an essential regulator of heart function. Nature 2002, 417, 822–828. [Google Scholar] [CrossRef]

	



Monteil, V.; Kwon, H.; Prado, P.; Hagelkruys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Hurtado Del Pozo, C.; Prosper, F.; et al. Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2. Cell 2020, 181, 905–913.e7. [Google Scholar] [CrossRef]

	



Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new coronavirus associated with human respiratory disease in China. Nature 2020, 579, 265–269. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, B.A.; Xie, X.; Kalveram, B.; Lokugamage, K.G.; Muruato, A.; Zou, J.; Zhang, X.; Juelich, T.; Smith, J.K.; Zhang, L.; et al. Furin Cleavage Site Is Key to SARS-CoV-2 Pathogenesis. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by SARS-CoV-2. Nature 2020, 581, 221–224. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Tsybovsky, Y.; Olia, A.S.; Gorman, J.; Rapp, M.A.; Cerutti, G.; Katsamba, P.S.; Nazzari, A.; Schon, A.; Wang, P.D.; et al. A pH-dependent switch mediates conformational masking of SARS-CoV-2 spike. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and distributions of SARS-CoV-2 spike proteins on intact virions. Nature 2020, 1–7. [Google Scholar] [CrossRef]

	



Tai, W.; He, L.; Zhang, X.; Pu, J.; Voronin, D.; Jiang, S.; Zhou, Y.; Du, L. Characterization of the receptor-binding domain (RBD) of 2019 novel coronavirus: Implication for development of RBD protein as a viral attachment inhibitor and vaccine. Cell Mol. Immunol. 2020, 17, 613–620. [Google Scholar] [CrossRef]

	



Lui, I.; Zhou, X.X.; Lim, S.A.; Elledge, S.K.; Solomon, P.; Rettko, N.J.; Zha, B.S.; Kirkemo, L.L.; Gramespacher, J.A.; Liu, J.; et al. Trimeric SARS-CoV-2 Spike interacts with dimeric ACE2 with limited intra-Spike avidity. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, H.; Tang, X.; Fang, S.; Ma, D.; Du, C.; Wang, Y.; Pan, H.; Yao, W.; Zhang, R.; et al. SARS-CoV-2 and three related coronaviruses utilize multiple ACE2 orthologs and are potently blocked by an improved ACE2-Ig. J. Virol. 2020. [Google Scholar] [CrossRef]

	



Lei, C.; Qian, K.; Li, T.; Zhang, S.; Fu, W.; Ding, M.; Hu, S. Neutralization of SARS-CoV-2 spike pseudotyped virus by recombinant ACE2-Ig. Nat. Commun. 2020, 11, 2070. [Google Scholar] [CrossRef]

	



Lodge, R.; Lalonde, J.P.; Lemay, G.; Cohen, E.A. The membrane-proximal intracytoplasmic tyrosine residue of HIV-1 envelope glycoprotein is critical for basolateral targeting of viral budding in MDCK cells. EMBO J. 1997, 16, 695–705. [Google Scholar] [CrossRef]

	



Prevost, J.; Gasser, R.; Beaudoin-Bussieres, G.; Richard, J.; Duerr, R.; Laumaea, A.; Anand, S.P.; Goyette, G.; Ding, S.; Medjahed, H.; et al. Cross-sectional evaluation of humoral responses against SARS-CoV-2 Spike. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Weiss, J.N. The Hill equation revisited: Uses and misuses. FASEB J. 1997, 11, 835–841. [Google Scholar] [CrossRef] [PubMed]

	



Cattoni, D.I.; Chara, O.; Kaufman, S.B.; Gonzalez Flecha, F.L. Cooperativity in Binding Processes: New Insights from Phenomenological Modeling. PLoS ONE 2015, 10. [Google Scholar] [CrossRef] [PubMed]

	



Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.; Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell 2020, 182, 812–827.e9. [Google Scholar] [CrossRef] [PubMed]

	



Beaudoin-Bussières, G.; Laumaea, A.; Anand, S.P.; Prévost, J.; Gasser, R.; Goyette, G.; Medjahed, H.; Perreault, J.; Tremblay, T.; Lewin, A.; et al. Decline of humoral responses against SARS-CoV-2 Spike in convalescent individuals. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Zhang, L.; Jackson, C.B.; Mou, H.; Ojha, A.; Rangarajan, E.S.; Izard, T.; Farzan, M.; Choe, H. The D614G mutation in the SARS-CoV-2 spike protein reduces S1 shedding and increases infectivity. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Tian, X.; Li, C.; Huang, A.; Xia, S.; Lu, S.; Shi, Z.; Lu, L.; Jiang, S.; Yang, Z.; Wu, Y.; et al. Potent binding of 2019 novel coronavirus spike protein by a SARS coronavirus-specific human monoclonal antibody. Emerg. Microbes Infect. 2020, 9, 382–385. [Google Scholar] [CrossRef]

	



ter Meulen, J.; van den Brink, E.N.; Poon, L.L.; Marissen, W.E.; Leung, C.S.; Cox, F.; Cheung, C.Y.; Bakker, A.Q.; Bogaards, J.A.; van Deventer, E.; et al. Human monoclonal antibody combination against SARS coronavirus: Synergy and coverage of escape mutants. PLoS Med. 2006, 3, e237. [Google Scholar] [CrossRef]

	



Huo, J.; Zhao, Y.; Ren, J.; Zhou, D.; Duyvesteyn, H.M.E.; Ginn, H.M.; Carrique, L.; Malinauskas, T.; Ruza, R.R.; Shah, P.N.M.; et al. Neutralization of SARS-CoV-2 by Destruction of the Prefusion Spike. Cell Host Microbe 2020, 28, 445–454. [Google Scholar] [CrossRef]

	



Procko, E. The sequence of human ACE2 is suboptimal for binding the S spike protein of SARS coronavirus 2. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Chan, K.K.; Dorosky, D.; Sharma, P.; Abbasi, S.A.; Dye, J.M.; Kranz, D.M.; Herbert, A.S.; Procko, E. Engineering human ACE2 to optimize binding to the spike protein of SARS coronavirus 2. Science 2020, 369, 1261–1265. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.M.C.; Kopp, M.; Li, D.; Parks, R.; Hsu, A.L.; et al. Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Gui, M.; Wang, X.; Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in complex with its host cell receptor ACE2. PLoS Pathog. 2018, 14, e1007236. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 12 01104 g001 550] 





Figure 1. Differences between severe acute respiratory syndrome virus 1 (SARS-CoV-1) and severe acute respiratory syndrome virus 2 (SARS-CoV-2) spikes in their abilities to engage soluble monomeric angiotensin-converting enzyme 2 (sACE2), ACE2-Fc, and CR3022. The binding of (A) sACE2, (B) ACE2-Fc, and (C) CR3022 to SARS-CoV-1 or SARS-CoV-2 (wt or D614G) spikes expressed on the cell surface were measured by flow cytometry. Increasing concentrations of each ligand were incubated with Spike-expressing cells as described in the Material and Methods. Means ± SEM derived from at least three independent experiments are shown. The Hill coefficient was determined using GraphPad software. 
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Figure 2. Sensitivity of viruses harboring SARS-CoV-1 S and SARS-CoV-2 spikes to neutralization by sACE2, ACE2-Fc, and CR3022. Pseudoviral particles coding for the luciferase reporter gene and bearing the following glycoproteins: SARS-CoV-2 (wt or D614G) S, SARS-CoV-1 S, or VSV-G were used to infect 293T-ACE2 cells. Pseudoviruses were incubated with increasing concentrations of (A) sACE2, (B) ACE2-Fc, and (C) CR3022 at 37 °C for 1 h prior to infection of 293T-ACE2 cells. Means ± SEM derived from at least two independent experiments are shown. (D) Neutralization by sACE2 was correlated with the sACE2 binding quantified by flow cytometry to SARS-CoV-1 and SARS-CoV-2 spikes. (E) Model indicating the stoichiometry needed for neutralization by sACE2 to either SARS-CoV-1 S-or SARS-CoV-2 (wt or D614G) S-bearing pseudovirions. 
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Figure 3. Proposed energy landscapes of spike trimer opening of SARS-CoV-2 and SARS-CoV-1. We assume conformational landscapes for both species of spikes (SARS-CoV-1: black; SARS-CoV-2: red) that permit equilibration among four distinct states: all- receptor-binding-domains (RBDs) -down (“0”), one-RBD-up (“1”), two-RBDs-up (“2”), and three-RBDs-up (“3”). We hypothesize that the SARS-CoV-2 spike energetic barrier for transitioning from all-RBDs-down to one-RBD-up (   E  01  *   ) is lower for SARS-CoV-2 than for SARS-CoV-1, while both experience the same barrier for the reverse transition, making the one-RBD-up state more stable for SARS-CoV-2 than for SARS-CoV-1, as illustrated by the relative energy differences   Δ  E  01    . However, SARS-CoV-1 spike likely needs to overcome substantially higher energy barriers to transit from the one-RBD-up state to the two-RBDs-up state (   E  12  *   ), as compared with SARS-CoV-2 spike. This underlying conformational selection mechanism results in a larger population of SARS-CoV-2 spike in two or three RBDs up state and has higher chance to engage multiple ACE2, which eventually spurs the complete open and dissociation of S1 from S2 and induces membrane fusion. Cartoon representation of closed, one-RBD-up, two-RBDs-up states of spike were generated from deposited structures in Protein Data Bank (6ZWV, 6VSB, 6 × 2B, respectively). The three-RBDs-up model was generated by C3 symmetry superposition of three one-RBD-up protomer in 6VSB. 
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Table 1. Neutralization half-maximal inhibitory concentrations (IC50). VSV-G—vesicular stomatitis virus G.
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Pseudotype

	
Neutralization (IC50; nM)




	
sACE2

	
ACE2-Fc

	
CR3022

	
Fold Change




	
(sACE2/ACE2-Fc)






	
VSV G

	
>11500

	
>2000

	
>270

	
-




	
SARS CoV-1 S

	
1359

	
218.5

	
7.481

	
6.22




	
SARS CoV-2 S

	
245.4

	
56.82

	
131.1

	
4.32




	
SARS CoV-2 S D614G

	
103.8

	
28.73

	
80.25

	
3.61




	

	
Legend

	




	
sACE2

	
ACE2-Fc

	
CR3022




	
IC50 < 1000

	
IC50 < 100

	
IC50 < 10




	
1000 < IC50 < 11500

	
100 < IC50 < 2000

	
10 < IC50 < 270




	
IC50 > 11500

	
IC50 > 2000

	
IC50 > 270








Red = No neutralization; Yellow = Low neutralization; Green = High neutralization.
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