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Figure S1. Prediction of the transmembrane region. The topology of membrane protein was predicted using TOPCONS
[1], which performs multiple transmembrane prediction programs including OCTOPUS, Philius, PolyPhobius, SCAMI,
SPOCTOPUS. These programs utilize amino acid sequence based prediction algorithms. The free energy profile of the 52’
subunit for the membrane insertion with a window of 21 amino acid segment centered around each position is shown.
The sTM, pTM+TM region have lower free energy. The pTM+TM is predicted as a transmembrane by all of the prediction
programs. sTM is also predicted as a transmembrane by the PolyPhobius and SCAMPIL. It is noteworthy that we allocate
the cytoplasm region (CL) between dFP and sTM, which are relatively hydrophilic.
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Figure S2. Sequence alignment between SARS-CoV-1 and SARS-CoV-2. The sequences of SARS-CoV-1/2 are obtained
from Uniprot (P59594, PODTC2). The sequence alignment was conducted using MAFFT [2]. The result was visualized

using ESPript [3].
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uninterpreted
density

Figure S3. Cryo-EM density used for the constraint for the POST structure modeling. SARS-CoV-2 spike protein struc-
ture in POST state (PDB: 6XRA) was fitted into the Cryo-EM density map obtained for SARS-CoV-1 [4] (EMD-9597, reso-
lution: 30.5 A). There is large uninterpreted density region in the ‘Head’ region. The blue mesh volume is approximately
518,000 A2 (contour level: 0.033).
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Figure S4. Functionally important residues in S1. Mutagenesis studies of the SARS-CoV-1 suggest L224A, L.226A, 1228A,
T231A, and F233A reduces the viral entry. The corresponding residues for the SARS-CoV-2 are 1227, 1233, 1235, T236, F238.
1227 is interacting with the pTM strand. 1233, 1235, T236, F238 are localized near the inter-monomer interface. The mapping
result implicates that the formation of an S1 trimer is important for viral entry.
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Figure S5. Fusogenic segments mapped on the PRE and POST structures. (A, B) PRE (A) and POST (B) structures colored
by fusogenic segments (RGB) reported in the literature (Table S2). Both terminals of S2 (uFT, CT) involving the large
structural transition from PRE to POST(INT) have fusogenic activities, and a large portion of stalk as well as fusion peptide
related segments (N-term of S2) wraps the S1 trimer. uFP, as well as BR in POST structure, are located at the stem. In our
proposed model, these fusogenic segments in the POST structure are extended along the surface of viral and host mem-
branes.
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Figure S6. Free energy for membrane insertion mapped onto the PRE and POST structures. (A) Free energy profile for
the membrane insertion obtained by TOPCONS [1]. The program predicts the free energy from the amino acid sequence.
Note that SCAMPI predicted two regions in S1 as transmembrane, which implicates the S1 can be embedded with the
membrane. (B, C) The color mapping of membrane insertion free energy for the PRE (B) and POST (C) structures, respec-
tively. The first and last 9 residues are truncated due to the no data for the membrane insertion free energy. Interestingly,
the high and low values of free energy are densely located at the stalk in the PRE state. However, some of the large mis-
matches are observed in NTD, RDB, sTM of the PRE ectodomain (B). On the other hand, the corresponding eTM region is
extremely elongated as the random coil in POST state. The mismatched signal is more optimized in the POST structure
and creates two bands near the stem and S1 regions (C).



Viruses 2021, 13, 1126 6 of 26

Figure S7. Electrostatic potential on the surface of PRE and POST structures and presumable viral and host membrane
positions in SE model. (A, B) Electrostatic surface potential of PRE (A) and POST (B) structures are colored by red and
blue for negative and positive values. Presumable positions of viral- and host- membranes are the regions between solid
lines. Note that the full-length structures and electrostatic potentials for both full-length and truncated structures are cal-
culated in the solution environment using APBS [5] and PDB2PQR [6]. The left figures of each panel A, B are made with
full-length structures, while the right figures are made with structures truncating mobile segments at fusogenic localized
regions (residue ids 1241-1273, and ids 686-719, 771-906, 1207-1273 were truncated for the PRE and POST, respectively).
In the SE model, the CTs of the PRE structures are considered to expand along the inner surface of the viral membrane,
while both terms of the 51/52-S2” subunit extend from the stem region (Fig. 3F) and the main fusion peptide (dFP) and
sTM are also considered to extend in the host membrane. With this assignment, the distance between two membrane
surfaces is approximately 215 A.



Viruses 2021, 13, 1126

7 of 26

A Stem embedded (SE) model

‘Head'’

glycan —» e

glycan —»

Fusion peptide embedded (FPE) model

‘Head’

glycan —»

glycan —»

Figure S8. Comparison of the POST structure orientations on the virion. (A, B) Two structural orientations to fit the
Cryo-ET image of the extended state on the virion (EMD-30428) are shown. The ‘Head’ region of the Cryo-ET image has
a large cavity. For the fair comparison, the same SARS-CoV-2 POST structure (PDB: 6XRA) was used for the fitting. The
glycans positions were also maintained as in the Cryo-EM structure. (A) Stem Embedded (SE) model. The stem is embed-
ded in the viral membrane. The disordered segments, dFP, sTM, pTM, TM, are located at the top of the extended density.
We support the SE model. (B) Fusion Peptide Embedded (FPE) model. Disordered segments, dFP, sTM, TM, are located
in the viral membrane. In the main text, further the modeling including complete 51/52-52’, 52" subunits are described

(Fig. 3G).
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Figure S9. Steps to construct a stalk in PRE state. Rosetta hybridization protocol was iteratively used, starting from
shorter fragments (40 residues) to longer fragments (140 residues). The top 5 structures are shown in Step1-C. Note some
of fragments (e.g., frag4, frag6) tend to fold and form compact structures (e.g., frag2+frag3+frag4+frag+5+frag6), suggesting
the stalk twist is optimal as the 140-residue trimer with the N-term constraint. It appears the coiled-coil structure is out of
the global minima without the constraint.
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Figure S10. Hypothetical dislocation of the sTM+HR1 segments. (A) the position of the sSTM+HR1 fragments (residue
866-942) in PRE state. (B) In the PRE state, a BR tightly interacts with sSTM+HR1 segments, which sterically inhibits the
large structural transition of the sSTM+HR1 upwards. (C) Similar to the panel (B), but the sTM+HR1 fragment is removed.
The dislocation of the STM+HRI1 fragment leaves a large empty space.

Figure S11. Cryo-EM density used for the constraint in the PRE structure modeling. The density map used as a constraint
in Rosetta hybridize protocol to construct a full-length PRE structure. The density for the stalk region was removed from
the Cryo-EM map (EMD-22292).
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CL: 838-854
CT:1235-1273

Figure S12. Optimized POST state structure in the cytoplasmic region. (A) Monomeric optimized structure of the cyto-
plasmic loop-cytoplasmic tail (CL-CT) segments complex. Cytoplasmic loop (CL) and cytoplasmic tail (CT) are shown in
green and cyan, respectively. (B) Trimeric optimized structure. A C3 symmetric constraint was applied. The cytoplasmic
complex is thought to work as the linchpin at the distal end of the uninterpreted density, restricting the possible confor-
mation of the rest of the uninterpreted segments.
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Table S1. Abbreviations used in this study.

Abbreviation meaning
ACE2 Angiotensin-converting enzyme 2
BR p-rich region
BCoV Bovine coronavirus
CEACAM1 Carcinoembryonic antigen-related cell adhesion molecule 1
cH Central helix
CT Cytoplasmic tail
CTD C-terminal domain
CL Cytoplasmic loop
CoV Coronavirus
COVID-19 Coronavirus disease 2019
Cryo-EM Cryogenic electron microscopy
Cryo-ET Cryogenic electron tomography
dFP Downstream fusion peptide
DPP4 Dipeptidyl peptidase 4
eT™M Extended transmembrane
ER Endoplasmic reticulum
FP Fusion peptide
FPE model Fusion peptide embedded model
HIV-1 Human Immunodeficiency Virus Type 1
HR1 Heptad repeatl
HR2 Heptad repeat2
INT1 Internal sub domainl
INT2 Internal sub domain2
L Linker
LIC Long inter core
LOC Long outer core
LNP Lipid nanoparticle
MAP Kinase Mitogen-activated protein kinase
MERS-CoV Middle East respiratory syndrome Coronavirus
MHV Mouse hepatitis coronavirus
mRNA Messenger ribonucleic acid
NMR Nuclear magnetic resonance
NRP1 Neuropilin 1
NTD N-terminal domain
ORF Open Reading Frame
pIM Pre-transmembrane
RAS Renin-Angiotensin System
RBD Receptor binding domain
RSV Respiratory syncytial virus
SARS-CoV-1/2 Severe Acute Respiratory Syndrome Coronavirus 1/2
SE model Stem embedded model
sTM Sub-transmembrane
™ Transmembrane
TMPRSS2 Transmembrane protease serine 2
uFP Upstream fusion peptide
uH Upstream helix
UPR Unfolded protein response
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Table S2. List of segments with previously reported functionality (fusogenic activity) in the literature. The list of liter-
ature and fusogenic segments that are validated by experiments is shown. The segments are mostly chosen from SARS-
CoV-1 spike, and corresponding residue ids in SARS-CoV-2 spike are listed. We could not identify exact residue ids in a
few cases. In summary, the fusogenic regions are 258-273, 633-650, 682-685, 788-906, 915-931, 1095-1110, 1203-1273. Based
on the comprehensive idea of functional regions, some of the segments are reorganized in this study (Fig. 1A). The char-
acteristics of segments are also considered to construct the computational structural models in this work.

Position Position Name in this .
SARS-CoV-2 SARS-CoV-1 study Name in the Ref. Ref. Memo
788-806 770-778 uFP SARSww-1 [7] FP
882-904 864-886 sTM SARSww- [7] weak
816-833 798 - 815 dFP 52 fusion peptide  [8], [9] L.803, L804, and F805
891-906 873-888 sTM SARS (o ~ meract Wlt;fh“ph‘)hp'
Upstream of HR1 ~ Upstream of HR1 sTM Upstream of HR1 [11] Infection inhibition
ca. 258-273 ca. 245-260 NTD 34 [12] Obtained from Fig2b
ca. 633-650 ca. 619-636 CTD 85 [12] Obtained from Fig2b
846-906 828-888 CL, sTM R1 (113,119) [12]
876-904 858-886 sTM FP in R1 [12]
915-931 897-913 N-term of HR1 boundary inR1 (123) [12]
1095-1110 1077-1092 BR R2 (147) [12]
1203-1228 1185-1210 pTM R3 (162,163) [12]
788-806 770-788 dFP SARSkr [13]
788-806 770-788 dFP FP [14], [9]
891-906 873-888 sTM IFP [14], [9]
1203-1220 1185-1202 pIM PTM [14], [9]
873-898 855-880 sTM pEP [9], [15]
776-839 758-821 uFP, dFP LFP [9]
1205-1218 1187-1200 pTM JMD [16]
1208-1222 1190-1204 pIM Trp-rich region [17]
816-836 798-818 dFP FP1 [18]
834-853 816-835 CL FP2 [18]
Cysteine-flanked re- — .
835-855 817-837 CL gion [19] Antigenic determinant
1235-1273 1217-1255 CT endodomain [20]
1207-1256 1189-1238 pT™, TM TMD [21]
1224-1273 1206-1255 ™, CT CT [22]
682-685 NA CendR CendR [23]
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Table S3. List of the publicly available spike protein computational models. To date, there are three downloadable
structures of full-length spike protein for SARS-CoV-2. All of them are in the PRE state and computationally modeled
incorporating Cryo-EM structures. There are more computational studies about the PRE state spikes reported in the liter-

ature.
State URL Tools Ref. Published
PRE http:// harmm-gui.org/docs/archive/covid19 GalaxyTBM, o) 2020-06-19
p://www.c gui.org/docs/archive/covi FALC, ISOLDE
PRE https://zhanglab.ccmb.med.umich.edu/COVID-19/ C-I-TASSER NA
https://doi.org/10.1021/acscentsci.0c01056 Modeller,
PRE https://amarolab.ucsd.edu/covid19.php i-TASSER [25] 2020-09-23
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Table S4. Examples of rotational motion of an S1 trimer. The rotational motions along the 3-fold axis were reported in
the literature. They are associated with RDB Up/Down and different degrees. Direction of the S1 rotation is analyzed
against the 3-fold rotation axis from an S1 trimer side. * the rotation is mainly attributed dihedral angle ¢z (see the ref [26]

for the definition).

State of Struc-

State of Struc-

S1s rotation

Virus turel EMDID/PDBID 1 ture2 EMD ID /PDB ID 2 (strucl to struc2) ef.
SARS-CoV-2 Down EMD-22292 / 6XR8 Up EMD-21457 / 6VYB Clockwise [27]
SARS-CoV-2 Down EMDB-11207 / 6ZGI  Intermediate EMDB-11206 / 6ZGH Clockwise [28]
SARS-CoV-2 Tightly Down EMD-30701 / 7DF3 Down EMD-21452 / 6VXX Clockwise [29]
SARS-CoV-2  Tightly Down EMD-30701 / 7DF3 Up EMD-30701 / 7DK3 Clockwise [29]
SARS-CoV-2 Down Ensemble of Down Up Ensemble of Up Clockwise * [26]
SARS-Cov-1  TNeligand EMD-1423 ACE2 bind EMD-1425 Clockwise  [30]

(Down) (Up)
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Table S5. List of deposited EMDB density maps and PDB structures. There are more than 300 Cryo-EM PRE state struc-
tures. For simplicity and visuality, only relevant coronavirus spikes in the POST state are listed.

Virus State EMD ID / PDB ID Resolution Ref. Released
MHV Post-fusion EMD-7040 / 6B30 4.1 [31] 2017-10
SARS-CoV Post-fusion EMD-9597 30.5 [4] 2018-08
SARS-CoV-2 Post-fusion EMD-11627 10.7 [32] 2020-10
SARS-CoV-2 Post-fusion EMD-22293 / 6XRA 3.0 [27] 2020-07
SARS-CoV Post-fusion EMD-30072 / 6M3W 3.9 [33] 2020-06
SARS-CoV-2 Post-fusion EMD-30428 15.3 [34] 2020-09
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Table S6. Summary of the population in extended (INT/POST) state on the SARS-CoV-2 virion.

Population of extended

Ref. (INT/POST) state Cell culture Inactivation Memo

[35] <0.1% Vero E6 paraformaldehyde

[34] 18% Vero paraformaldehyde
almost 100% Ab49 + ACE2

[36] Mixture Vero E6 paraformaldehyde ACE2 dependency is possible
Almost 0% Calu3

[37] 39, Vero E6, Calu3 formaldehyde PurifiC?tion method can alt_er the ra-

tio of PRE conformation
[32] 74.4%

B-propiolactone S1 is partly present (Fig. S2c)
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Table S7. List of putative host factors including receptors and attachment factors. The host factors affecting infectivity
are listed. Note they are mostly considered to serve as a receptor and their receptor binding sites are located in S1. (For
review [38], [39]). * computational study. For comprehensive factors, see Table S2 in [40].

Virus Receptor/effecter Binding site Ref.
SARS-CoV-2 ACE2 S1 RDB [41], [42]
SARS-CoV-2 NRP1 51 CendR [43], [44]
SARS-CoV-2 heparin sulfate S1 RDB* [45], [46]
SARS-CoV-2 Sugar?, protein? S1 NTD (GTNGTKR motif) [47]
SARS-CoV-2 Sialic acid S1 NTD [48]
HCoV-OC43 9-O-acetylated sialic acid A domain [49]
SARS-CoV-2 BSG, CD147, BASIGIN S1 RBD [50]
SARS-CoV-2 GRP78 S1 RBD* [51]*

MARS;EX’gbCOV' GRP78 Spike RBD [52]
SARS-CoV-2 lipid S1 RBD [53]
SARS-CoV-2 Ganglioside S1 NTD [54]
SARS-CoV-2 cholesterol [55], [56]
SARS-CoV-2 Ezlin CT [20]
SARS-CoV-1 Ca?* S2 (fusion peptide) [18]
SARS-CoV-2 IFITM, IFITM1, TFITM2, (571, [58]

IFITM3




Viruses 2021, 13, 1126 18 of 26

Table S8. List of enzymes reported with the cleavage sites.

Virus $1/S2 52’ Ref.
SARS-CoV-1 Trypsin, Cathepsin L [59]
SARS-CoV-2 Furin, .PCl, Trypsmf Cathep- [59]

sin L, Cathepsin B
SARS-CoV-2 Furin TMPRSS2 [60]
Cathepsin L, trypsin, Ther-
SARS-CoV-1 molysin, TMPRSS11d (HAT), Elastase [61], [62]
Factor Xa

SARS-CoV-2 Furin [63],[64]
SARS-CoV-1, .

MARS-CoV Not Furin [64]
SARS-CoV-1 Trypsin TMPRSS2 [65]

Cathepsin L

SARS-CoV-2 Not Cathepsin B 166]
SARS-CoV-1 Furin, Cathepsin L [67]
SARS-CoV-l, TMPRSS11D, TMPRSS13 [68]

SARS-CoV-2
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Table S9. Summary of experimental conditions that are successful in obtaining atomic SARS-CoV-1/2 spike structure
in POST state in literature. It is noteworthy that the situations of the spike (e.g., S1 shedding) are slightly different de-
pending on the experimental conditions. The cleavage of S1/S2 and S2’, and up/down of RBD appears to depend on the
enzyme and soluble ACE2 concentrations, respectively. Also, ectodomain spike may not require S2’ cleavage for the POST

transition.

Ref. Virus Condition Memo

[33] SARS-Cov-1  VVithsoluble (ﬁfnzzlrfllig\), I’;rgl};s;n spikeecto- g1 i¢ absent (emd_30072)
27] SARS-CoV-2 With soluble ACE2 éiit(;) and NP-40 (deter- 8521, Iz Zb;saevnet d(l(:llggl;gg)
[4] SARS-CoV-1 With soluble ACE2 (1:3), trypsin, spike ectodo- S1is present (Fig3D)

main, low pH 5.6
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Table S10. Comparison of viral fusion mechanism between our model and the conventional model mediated by class
I fusion protein. The limited items are listed to compare.

Traditional descriptions mediated by

Proposed mechanism in this work . ]
class I fusion protein

Pre-fusion, Pre-hairpin, Fold-back, Post-

Structural states PRE, INT, POST .
fusion
Pre-hairpin
Unresolved structures INT Hairpin
Fold-back
Viral transmembrane region of
POST/post-fusion state on the vi- Stem (SE model) TM and dFP (FPE model)

rion

Induced by S2’ cleavage (after the struc-

> Before the structural transition
tural transition)

Timing of S1 dissociation

Receptor binding and determinant of the

Role of S1 .
membrane fusion

Receptor binding

Stabilizing the stem in the viral mem-
Role of 51/52-52’ brane. Making a smooth curvature of Not discussed
fused membrane surface

Position of CT during the transi-

ton Move from the viral to host membrane Always in the viral membrane
i

The number of spike protein re-

quired for membrane fusion Any Multiple, but not large number

Cooperativity for the structural No restriction or concerted S1 trimers re- .
. , Concerted structural transition
transition among spikes lease

e . .. Aligned around the pore
Distribution for membrane fusion No restriction & p

S1 sheds. S2” ectodomain is in the extracel-
lular region or extrasellar vesicle, mem-
brane-bound

Location of the spike after the S1, S1/52-52’, S2” subunits, mediating the
membrane fusion fusion, pass through the host membrane
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Table S11. List of software used in this study.

Ref. Name of the software Protocol Purpose

[69] Rosetta Symmetric Docking Stalk modeling for the PRE state
[70] Rosetta Hybridize Combine smaller fragments
[71] NAMD Molecular Dynamics Flexible fitting

[72] Rosetta Docking To model the CL-CT complex
[73] Rosetta+PyRosetta TrRosetta To model small fragments
[74] Rosetta Ab-initio relax To model small fragments
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Table S12. Resolution and sampling statistics for the original domains. List of the domains used/modeled to further
hybridize the full-length computational models (PRE, POST structures). The Cryo-EM maps (EMD-22292, EMD-9597) are
used for the overall shape constraints to apply in the PRE, POST structural modeling, respectively. The partial disordered
region for Cryo-EM residue ids is not described.

State Domain Residue ids Source/Method Source ID Resolution/Sampling
PRE Ectodomain 14-1162 Cryo-EM PDB: 6XR8 resolution 2.9 A
PRE Stalk 1114-1273 Rosett.a 'doc¥< +hy- NA over 114,000 docking structu.res
bridization over 305,000 fragments sampled in total
POST S1 1-685 Cryo-EM PDB: 6VSB resolution: 3.5 A
. 706-771 , o
POST Main 919-119 Cryo-EM PDB: 6M3W resolution: 3.9 A
. 703-770, ) . .
POST Main 912-1197 Cryo-EM PDB: 6XRA resolution: 3.0 A
POST ZI;Z];_I;;; 667-705 TrRosetta NA top 5 structures are provided online
POST Cterm O,f 797-815 Rosetta ab-initio NA over 32,000 structures sampled
51/52-S2
CT-CL mono- 838-845,
POST mer 1937-1273 Rosetta dock NA over 24,000 structures sampled
. 838-845,
POST  CT-CL trimer Rosetta dock NA over 32,000 structures sampled

1237-1273
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