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Materials and Methods

Expression constructs

Genes of the full-length spike (S) proteins with the wildtype sequences from Gamma (hCoV-
19/Brazil/AM-992/2020; GISAID accession ID: EPI ISL 833172), Kappa (hCoV-19/India/MH-
NEERI-NGP-40449/2021; GISAID accession ID: EPI ISL 1547802) and Delta (hCoV-
19/India/GJ-GBRC619/2021; GISAID accession ID: EPI ISL 2020954) were codon optimized
and synthesized by Twist Bioscience (South San Francisco, CA) or GENEWIZ (South Plainfield,
NJ). The S genes were fused with a  C-terminal twin  Strep tag
(SGGGSAWSHPQFEKGGGSGGGSGGSSAWSHPQFEK) and cloned into a mammalian cell
expression vector pPCMV-IRES-puro (Codex BioSolutions, Inc, Gaithersburg, MD).

Expression and purification of recombinant proteins

Expression and purification of the full-length S proteins with the wildtype sequences were
carried out as previously described (28). Briefly, expi293F cells (ThermoFisher Scientific,
Waltham, MA) were transiently transfected with the S protein expression constructs. To purify
the S protein, the transfected cells were lysed in a solution containing Buffer A (100 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA) and 1% (w/v) n-dodecyl-pB-D-maltopyranoside
(DDM) (Anatrace, Inc. Maumee, OH), EDTA-free complete protease inhibitor cocktail (Roche,
Basel, Switzerland), and incubated at 4°C for one hour. After a clarifying spin, the supernatant
was loaded on a strep-tactin column equilibrated with the lysis buffer. The column was then
washed with 50 column volumes of Buffer A and 0.3% DDM, followed by additional washes
with 50 column volumes of Buffer A and 0.1% DDM, and with 50 column volumes of Buffer A
and 0.02% DDM. The S protein was eluted by Buffer A containing 0.02% DDM and 5 mM d-
Desthiobiotin. The protein was further purified by gel filtration chromatography on a Superose 6
10/300 column (GE Healthcare, Chicago, IL) in a buffer containing 25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.02% DDM. All RBD proteins were purchased from Sino Biological US Inc
(Wayne, PA).



The monomeric ACE2 or dimeric ACE2 proteins were produced as described (33). Briefly,
Expi293F cells transfected with monomeric ACE2 or dimeric ACE2 expression construct and the
supernatant of the cell culture was collected. The monomeric ACE2 protein was purified by
affinity chromatography using Ni Sepharose excel (Cytiva Life Sciences, Marlborough, MA),
followed by gel filtration chromatography. The dimeric ACE2 protein was purified by
GammaBind Plus Sepharose beads (GE Healthcare), followed gel filtration chromatography on a
Superdex 200 Increase 10/300 GL column. All the monoclonal antibodies were produced as

described (32).

Western blot

Western blot was performed using an anti-SARS-COV-2 S antibody following a protocol
described previously (57). Briefly, full-length S protein samples were prepared from cell pellets
and resolved in 4-15% Mini-Protean TGX gel (Bio-Rad, Hercules, CA) and transferred onto
PVDF membranes. Membranes were blocked with 5% skimmed milk in PBS for 1 hour and
incubated with a SARS-CoV-2 (2019-nCoV) Spike RBD Antibody (Sino Biological Inc.,
Beijing, China, Cat: 40592-T62) for another hour at room temperature. Alkaline phosphatase
conjugated anti-Rabbit IgG (1:5000) (Sigma-Aldrich, St. Louis, MO) was used as a secondary
antibody. Proteins were visualized using one-step NBT/BCIP substrates (Promega, Madison,

WI).

Negative stain EM

To prepare grids, 3 pl of freshly purified full-length S protein was adsorbed to a glow-discharged
carbon-coated copper grid (Electron Microscopy Sciences), washed with deionized water, and
stained with freshly prepared 1.5% uranyl formate. Images were recorded at room temperature at
a magnification of 67,000x and a defocus value of 2.5 um following low-dose procedures, using
a Tecnai T12 electron microscope (Thermo Fisher Scientific) equipped with a Gatan UltraScan

895 4k CCD camera and operated at a voltage of 120 keV.

Cell-cell fusion assay
The cell-cell fusion assay, based on the a-complementation of E. coli -galactosidase, was used

to measure fusion activity of SARS-CoV2 S proteins, as described (28). Briefly, HEK293T cells



were transfected by polyethylenimine (PEI) (80 pug) with various amounts of the full-length
SARS-CoV2 (Wuhan-Hu-1, G614, Alpha, Beta, Gamma, Delta or Kappa) S construct, as
indicated in each specific experiment (0.025-10 npg), and the o fragment of E. coli B-
galactosidase construct (10 pg), as well as the empty vector to make up the total DNA amount to
20 ng, to generate S-expressing cells. The full-length ACE2 construct, as indicated in each
specific experiment (0.625 pg-10 pg) together with the o fragment of E. coli B-galactosidase
construct (10 pg), and the empty vector when needed were used to transfect HEK293T cells to
create target cells. After incubation at 37°C for 24 hrs, the cells were detached using PBS buffer
and resuspended in complete DMEM medium. 50 ul S-expressing cells (1.0x10° cells/ml) were
mixed with 50 pl ACE2-expressing target cells (1.0x10° cells/ml) to allow cell-cell fusion to
proceed at 37 °C for from 5 min to 6 hours as indicated. Cell-cell fusion activity was quantified
using a chemiluminescent assay system, Gal-Screen (Applied Biosystems, Foster City, CA),
following the standard protocol recommended by the manufacturer. The substrate was added to
the cell mixture and allowed to react for 90 min in dark at room temperature. The luminescence

signal was recorded with a Synergy Neo plate reader (Biotek, Winooski, VT).

Binding assay by bio-layer interferometry (BLI)

Binding of monomeric or dimeric ACE2 to the full-length Spike protein of each variant was
measured using an Octet RED384 system (ForteBio, Fremont, CA), following the protocol
described previously (33). Briefly, a full-length S protein was immobilized to Amine Reactive
2nd Generation (AR2G) biosensors (ForteBio, Fremont, CA) and dipped in the wells containing
the ACE2 protein at various concentrations (5.56-450 nM for monomeric ACE2; 0.926-75 nM
for dimeric ACE2) for association for 5 minutes, followed by a 10 min dissociation phase in a
running buffer (PBS, 0.02% Tween 20, 2 mg/ml BSA). To measure binding of a full-length S
protein to monoclonal antibodies, the antibody was immobilized to anti-human IgG Fc¢ Capture
(AHC) biosensor (ForteBio, Fremont, CA) following a protocol recommended by the
manufacturer. The full-length S protein was diluted using a running buffer (PBS, 0.02% Tween
20, 0.02% DDM, 2 mg/ml BSA) to various concentrations (0.617-50 nM) and transferred to a
96-well plate. The sensors were dipped in the wells containing the S protein solutions for 5 min,
followed with a 10 min dissociation phase in the running buffer. Control sensors with no S

protein or antibody were also dipped in the ACE2 or S protein solutions and the running buffer



as references. Recorded sensorgrams with background subtracted from the references were
analyzed using the software Octet Data Analysis HT Version 12.0 (ForteBio). Binding kinetics
was evaluated using a 1:1 Langmuir model except for dimeric ACE2 and antibodies G32B6 and
C12A2, which were analyzed by a bivalent binding model. Sensorgrams showing unrealistic oft-
rates were fit individually to a single exponential function shown below to obtain the steady state
response Req at each concentration.
R = Req * (1 — e~k

The Kp was obtained by fitting Req value and its corresponding concentration to the model:
“one site-specific” using GraphPad Prism 8.0.2 according to H.J. Motulsky, Prism 5 Statistics
Guide, 2007, GraphPad Software Inc., San Diego CA, www.graphpad.com). All Kp values for
multivalent interactions with antibody IgG or dimeric ACE2 and trimeric S protein are the

apparent affinities with avidity effects.

Flow cytometry

Expi293F cells (ThermoFisher Scientific) were grown in Expi293 expression medium
(ThermoFisher Scientific). Cell surface display DNA constructs for the SARS-CoV-2 spike
variants together with a plasmid expressing blue fluorescent protein (BFP) were transiently
transfected into Expi293F cells using ExpiFectamine 293 reagent (ThermoFisher Scientific) per
manufacturer’s instruction. Two days after transfection, the cells were stained with primary
antibodies or the histagged ACE2¢15-foldon T27W protein (33) at 10 pg/ml concentration. For
antibody staining, an Alexa Fluor 647 conjugated donkey anti-human IgG Fc F(ab’)2 fragment
(Jackson ImmunoResearch, West Grove, PA) was used as secondary antibody at 5 pg/ml
concentration. For ACE2¢15-foldon T27W staining, APC conjugated anti-HIS antibody (Miltenyi
Biotec, Auburn, CA) was used as secondary antibody at 1:50 dilution. Cells were run through an
Intellicyt 1Que Screener Plus flow cytometer. Cells gated for positive BFP expression were
analyzed for antibody and ACE2¢is-foldon T27W binding. The flow cytometry assays were

repeated three times with essentially identical results.

MLYV-based pseudovirus assay
Murine Leukemia Virus (MLV) particles (plasmids of the MLV components kindly provided by
Dr. Gary Whittaker at Cornell University and Drs. Catherine Chen and Wei Zheng at National



Center for Advancing Translational Sciences, National Institutes of Health), pseudotyped with
various SARS-CoV-2 S protein constructs, were generated in HEK 293T cells, following a
protocol described previously for SARS-CoV (58, 59). To enhance incorporation of S protein
into the particles, the C-terminal 19 residues in the cytoplasmic tail of each S protein were
deleted. To prepare for infection, 7.5x10° of HEK 293 cells, stably transfected with a full-length
human ACE2 expression construct, in 15 pl culture medium were plated into a 384-well white-
clear plate coated with poly-D-Lysine to enhance the cell attachment. On day 2, 15 pl of MLV
pseudoviruses for each variant were added into each well pre-seeded with HEK293-ACE2 cells.
The plate was centrifuged at 114 xg for 5 min at 12°C. After incubation of the pseudoviruses
with the cells for a time period (10 min-8 hr), as indicated in the figures, the medium was
removed and the cells were washed once with 1xDPBS. 30 ul of fresh medium was added back
into each well. The cells were then incubated at 37°C for additional 40 hr. Luciferase activities

were measured with Firefly Luciferase Assay Kit (CB-80552-010, Codex BioSolutions Inc).

HIV-based pseudovirus assay

Neutralizing activity against SARS-CoV-2 pseudovirus was measured using a single-round
infection assay in 293T/ACE2 target cells. Pseudotyped virus particles were produced in
293T/17 cells (ATCC) by co-transfection of plasmids encoding codon-optimized SARS-CoV-2
full-length S constructs, packaging plasmid pCMV DRS&.2, and luciferase reporter plasmid pHR’
CMV-Luc. G614 S, packaging and luciferase plasmids were kindly provided by Dr. Barney
Graham (Vaccine Research Center, NIH). The 293T cell line stably overexpressing the human
ACE2 cell surface receptor protein was kindly provided by Drs. Michael Farzan and Huihui Ma
(The Scripps Research Institute). For neutralization assays, serial dilutions of monoclonal
antibodies (mAbs) were performed in duplicate followed by addition of pseudovirus. Pooled
serum samples from convalescent COVID-19 patients or pre-pandemic normal healthy serum
(NHS) were used as positive and negative controls, respectively. Plates were incubated for 1
hour at 37°C followed by addition of 293/ACE2 target cells (1x10*well). Wells containing cells
+ pseudovirus (without sample) or cells alone acted as positive and negative infection controls,
respectively. Assays were harvested on day 3 using Promega BrightGlo luciferase reagent and

luminescence detected with a Promega GloMax luminometer. Titers are reported as the



concentration of mAb that inhibited 50% or 80% virus infection (ICso and ICgo titers,

respectively). All neutralization experiments were repeated twice with similar results.

Cryo-EM sample preparation and data collection

To prepare cryo EM grids, 3.5 ul of the freshly purified sample from the peak fraction in
DDM at ~2.5 mg/ml for the Delta variant or ~2.0 mg/ml for the Gamma and Kappa variants
was applied to a 1.2/1.3 Quantifoil gold grid (Quantifoil Micro Tools GmbH), which had been
glow discharged with a PELCO easiGlow™ Glow Discharge Cleaning system (Ted Pella,
Inc.) for 60 s at 15 mA. Grids were immediately plunge-frozen in liquid ethane using a
Vitrobot Mark IV (ThermoFisher Scientific), and excess protein was blotted away by using
grade 595 filter paper (Ted Pella, Inc.) with a blotting time of 4 s, a blotting force of -12 at
4°C with 100% humidity. The grids were first screened for ice thickness and particle
distribution. Selected grids were used to acquire images by a Titan Krios transmission
electron microscope (ThermoFisher Scientific) operated at 300 keV and equipped with a
BioQuantum GIF/K3 direct electron detector. Automated data collection was carried out using
SerialEM version 3.8.6 (60) at a nominal magnification of 105,000% and the K3 detector in
counting mode (calibrated pixel size, 0.825 A) at an exposure rate of 20.24 (for Delta),
~20.69/20.63/27.13 (for three data sets of Gamma), or ~21.12/20.10 (for two data sets of
Kappa) electrons per pixel per second. Each movie add a total accumulated electron exposure
of ~51.48 (Delta), ~54.72/54.56/53.4 (Gamma), or ~51.63/51.15 (Kappa) e-/A?, fractionated
in 50 (Delta), 51/51/50 (Gamma), or 51/51 (Kappa) frames. Data sets were acquired using a
defocus range of 0.8-2.2 (Delta), 0.8-2.3 (Gamma), or 0.8-2.2 (Kappa) um.

Image processing and 3D reconstructions

Drift correction for cryo-EM images was performed using MotionCor2 (6/), and contrast
transfer function (CTF) was estimated by Gcetf (62) using motion-corrected sums without
dose-weighting. Motion corrected sums with dose-weighting were used for all other image
processing. ctYOLO (63) was used for particle picking and RELION3.0.8 (64) for 2D
classification, 3D classification and refinement procedure. For the Delta sample, 1,830,328

particles were extracted from 20,274 images using crYOLO with a trained model, and then



subjected to 2D classification, giving 1,386,630 good particles. A low-resolution negative-
stain reconstruction of the Wuhan-Hu-1 (D614) sample was low-pass filtered to 40A
resolution and used as an initial model for 3D classification with C1 symmetry. After two
rounds of 3D classification, two major classes with clear structural features were combined
and subjected to a third round of 3D classification in C1 symmetry. The calculation led to five
major classes, one in a closed, three RBD-down conformation, and four in the one-RBD-up
conformation. The class of the closed conformation was re-extracted unbinned and subjected
to one round of 3D auto-refinement, giving a map at 4.2A resolution from 125,763 particles.
Additional round of signal-subtraction and 3D classification using a mask for the apex region
of the S trimer were performed, leading to three distinct classes, two in the closed
conformation and one in the one-RBD-up conformation. The two classes in the closed
conformation were combined and subjected to another round of 3D auto-refinement, followed
by CTF refinement, particle polishing, and 3D auto-refinement, producing a map at 4.2A
resolution from 102,521 particles. Second round of signal-subtraction and 3D classification
focusing on the apex region were carried out, giving one major class in the closed
conformation with 94,680 particles. Further round of 3D auto-refinement in C3 symmetry
using a whole mask was applied to this class, followed by CTF refinement, particle polishing,
and 3D auto-refinement, yielding a map at 3.1A resolution. Four classes in the one-RBD-up
conformation from the third rounds of 3D classification were combined, and particles re-
extracted and unbinned for one round of 3D auto-refinement, then further combined with the
RBD-up class from the first round of signal-subtraction/ classification based on the apex
region of the closed S trimer. This combined class containing 255,909 particles was
autorefined producing a map at 4.1A resolution. Particle CTF refinement/particle polishing
and another round of autorefinement were performed before subjected to signal-subtraction
and 3D classification using the apex mask. Two major classes in the one-RBD-up
conformation were produced and they were subjected to 3D auto-refinement in C1 symmetry
using a whole mask, CTF refinement, particle polishing and a final round of 3D auto-
refinement. The final reconstructions have 191,067 and 25,370 particles with maps 3.4A and
4.3A resolution, respectively. Additional rounds of 3D auto-refinement were performed for
each class using different sizes of masks at the top region to improve local resolution. The

best density maps were used for model building.



For the Kappa sample, two data sets were collected and initially processed separately.
1,199,999 and 1,718,600 particles were extracted using crYOLO with a trained model from
22,019 and 17,314 images, respectively, from the two sets. The selected particles were
subjected to 2D classification, giving 1,112,384 and 1,649,296 particles, respectively. A low-
resolution negative-stain reconstruction of the Wuhan-Hu-1 (D614) sample was low-pass-
filtered to 40A as an initial model for 3D classification with C1 symmetry. Three rounds of
3D classification were performed separately for each data set. For data set 1, two major
classes were identified, one in the closed conformation and the other in the one-RBD-up
conformation. The class in the closed state was 3D auto-refined with C1 symmetry to 4.3A
after CTF refinement and particle polishing. One round of signal-subtraction and 3D
classification using the top mask was performed, giving two major classes, once again, one in
the closed conformation and the other in the one-RBD-up conformation. This one-RBD-up
class was combined with the RBD-up class from the previous third round of 3D classification,
and refined to give a map at 4.6A resolution from 67,997 particles. The class in the closed
state with 63,146 particles was refined to produce a map at 3.8A resolution after CTF
refinement and particle polishing. For data set 2, 3D classification identified two classes in the
closed conformation and combination of the two gave a map at 4.9A resolution from 171,733
particles after 3D auto-refinement. One round of signal-subtraction and 3D classification
using the top mask was performed, leading to two major classes, one in the closed
conformation and the other in the one-RBD-up conformation. Another round of 3D auto-

refinement was carried out, giving two maps with 71,425 and 42,005 particles, respectively.

The two classes in the closed state from the two data sets were then combined and subjected
to 3D auto-refinement, CTF refinement, particle polishing and a final round of 3D auto-
refinement, yielding a map at 4.1A resolution from 255,909 particles. One round of signal-
subtraction 3D and classification with the top mask was performed, leading to a major class in
the closed conformation. After 3D auto-refinement with C1/C3 symmetry using a whole
mask, CTF refinement, particle polishing and a final round of auto-refinement, this class
yielded a final reconstruction at 3.1A resolution from 123,193 particles. Similarly, the one-

RBD-up classes from the two date sets were combined and subjected to 3D auto-refinement,
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CTF refinement, particle polishing and 3D auto-refinement, producing a map at 4.0A
resolution from 110,002 particles. One round of signal-subtraction and 3D classification using
the top mask was carried out, giving two major classes in distinct one-RBD-up conformations
with the RBD projecting at slightly different angles. After 3D auto-refinement with CI
symmetry using a whole mask, CTF refinement, particle polishing and a final round of auto-
refinement, the two classes yielded two reconstructions at 3.7A and 4.3A resolution from
81,717 and 21,830 particles, respectively. Additional rounds of 3D auto-refinement were
performed for each class using different sizes of masks at the top region to improve local

resolution. The best density maps were used for model building.

For the Gamma sample, which was not very stable and quite heterogeneous, three independent
data sets were collected. 1,652,420, 2,757,190 and 1,893,863 particles were extracted by
crYOLO with a trained model from 25,424, 32,569 and 29,163 images, respectively, from the
three sets. The selected particles were subjected to 2D classification, giving 1,564,938,
1,904,078 and 1,788,000 particles, respectively. A low-resolution negative-stain
reconstruction of the Wuhan-Hu-1 (D614) sample was low-pass-filtered to 40A as an initial
model for 3D classification with C1 symmetry. Two or three rounds of 3D classification were
performed separately for the three data sets and each of them produced a major class
resembling an S trimer. The three classes were combined and subjected to additional round of
3D classification in C1 symmetry, leading to three good classes. The new classes were auto-
refined, giving a map at 4.9A resolution from 143,872 particles. A round of signal-subtraction
and 3D classification using the top mask were performed to produce two major classes in two
distinct one-RBD-up conformations with the RBD projecting at slightly different angles. The
two classes contain 69,302 and 36,346 particles, respectively and they were subjected to 3D
auto-refinement with C1 symmetry using a whole mask, CTF refinement/particle polishing
and a final round auto-refinement, yielding two reconstructions at 3.8A and 4.4A resolution,
respectively. Additional rounds of 3D auto-refinement were performed for each class using
different sizes of masks at the top region to improve local resolution. The best density maps

were used for model building.
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All resolutions were reported from the gold-standard Fourier shell correlation (FSC) using the
0.143 criterion. Density maps were corrected from the modulation transfer function of the K3
detector and sharpened by applying a temperature factor that was estimated using post-
processing in RELION. Local resolution was determined using ResMap (65) with half-

reconstructions as input maps.

Model building

The initial templates for model building used our G614 S trimer structures (PDB ID: 7KRQ
and PDB ID: 7KRR; ref(37)). Several rounds of manual building were performed in Coot
(66). The model was then refined in Phenix (67) against the 3.1A (closed), 3.4A (one-RBD-up
1), 4.3A (one-RBD-up 2) cryo-EM maps of the Delta variant; the 3.8A (one-RBD-up 1) and
4.4A (one-RBD-up 2) cryo-EM maps of the Gamma variant; and the 3.1A (closed), 3.7A
(one-RBD-up 1) and 4.3A (one-RBD-up 2) cryo-EM maps of the Kappa variant. Iteratively,
refinement was performed in both Refmac (real space refinement) and ISOLDE (68), and the
Phenix refinement strategy included minimization global, local grid search, and adp, with
rotamer, Ramachandran, and reference-model restraints, using 7KRQ and 7KRR as the
reference model. The refinement statistics are summarized in Table S3. Structural biology

applications used in this project were compiled and configured by SBGrid (69).
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Figure S1. Schematic representation of full-length SARS-CoV-2 spike (S) proteins from the
VOC Gamma (B.1.1.28), VOI Kappa (B.1.617.1) and VOC Delta (B.1.617.2). The sequences
are derived from the Gamma (hCoV-19/Brazil/AM-992/2020), Kappa (hCoV-19/India/MH-
NEERI-NGP-40449/2021) and Delta (hCoV-19/India/GJ-GBRC619/2021) variants. Segments of
S1 and S2 include: NTD, N-terminal domain; RBD, receptor-binding domain; CTD1, C-terminal
domain 1; CTD2, C-terminal domain 2; 630 loop; S1/S2, S1/S2 cleavage site; S2°, S2’ cleavage
site; FP, fusion peptide; FPPR, fusion peptide proximal region; HR1, heptad repeat 1; CH,
central helix region; CD, connector domain; HR2, heptad repeat 2; TM, transmembrane anchor;
CT, cytoplasmic tail; and tree-like symbols for glycans. Positions of all mutations (from the

amino-acid sequence of Wuhan-Hu-1) are shown in orange text.

12



250

130
100

S1

SENTENTED
RN ANV
PO NI KNS
,\\ N ry,\ﬁp ,\6 9
IR L @
X CANIANSN
& N Q’b &{b
@ S RP
R
250000
W G614 (B.1)
£ 200000 [ Gamma (B.1.1.28)
>
5 I M Kappa (B.1.617.1)
Z: 150000 M Delta (B.1.617.2)
o
2
100000
50000 ;
0 —. — — o .
X
L LS LT &g&;& Q’v(&v@ @k&vévévév&v& O«&
" Q\:@\:@\v @V QQVNQQVNQQ R :Q :\QZQQWQQ v%(@ RS &S IO .\QC} RS Y
'\\‘1«@’1«\\%%\% ,\\{flb\/\,\\,\q) ’\\'\‘b\ \’1, Q@W'\\%@%@Q@/\Q/\@ '\\\‘b\\'\\\'l)\
A O S A7 Q@ AT TS N @ @ WY
LN SN N -
S oL @ ¢ & é\'z’@ S S AR e Cg)\@’b@ ,b@"\ e ¢ 6"2’& N \'b@ Ob\@'b@) @ @@"‘\
& % Q& N NP X IS ) 3
O,b@ +®QQ oq} /b@ ‘l&Q ® 006‘ {_’Z&Q I~ ®,b<° sJ;'bQQ O@ & {-(‘)Q Q' ’b@ {&Q K

Figure S2. Expression and cell-cell fusion of SARS-CoV-2 variant S proteins. (A)
Expression and processing of the full-length S constructs in HEK293 cells. S samples prepared
from HEK293 cells transiently transfected with 10 ug of the full-length S expression plasmids
were detected by anti-RBD polyclonal antibodies. Bands for the uncleaved S and S1 fragment
are indicated. (B) HEK293T cells transfected with the untagged, full-length S protein expression
plasmids were fused with ACE2-expressing cells. Cell-cell fusion led to reconstitution of o and
o fragments of B-galactosidase yielding an active enzyme, and the fusion activity was then

quantified by a chemiluminescent assay. No ACE2 and no S were negative controls.
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Figure S3. Comparison of membrane fusion mediated by the Delta variant with that by
other variants. (A) Time-course of cell-cell fusion mediated by various full-length S proteins

14



expressed at the 10 pg transfection level, as indicated, with HEK293 cells transfected with 10 pg
of ACE2. (B) Time-course of cell-cell fusion mediated by various full-length S proteins (10 pg
transfection), as indicated, with HEK293 cells with no exogenous ACE2. (C) Cell-cell fusion
mediated by various full-length S proteins with HEK293 cells transfected with various levels (0-
10 pg) of ACE2 expression constructs. (D) Time course of infection HEK293-ACE2 cells by
MLV-based pseudotyped viruses using various SARS-CoV-2 variant S constructs containing a
CT deletion in a single cycle. Infection was initiated by mixing viruses and target cells, and
viruses were washed out at each time point as indicated. Selected data points are highlighted in
Fig. 1. The experiments were repeated at least three times with independent samples giving

similar results.

15



B

ot B30PP SYVSTZ ¥ f \2 aBad it
FPPR

W RBD BT §ro2 }I FPl | HR1 IGHIcD HTM ct 'l

14 306 331 528 591 686 816 834 910 98510351068 1163 12111234 1273

| s1 | s2 |

Fr# 10111213 141516 1718 1920212223

ml

eak |
VOC Gamma (B.1.1.28)
Azso I I S
55 1 : .‘.--—-...I-"gg
—
35 -
-~
~
15 - [
50 5 10 15 20 25
ml
Fr#10 111213141516 1718 1920 21 22 23
35 A - 21
- S2
25 |
15 - =
5 4
50 20 25
mi
eakl Fr#1011 1213141516 1718 1920212223
Az \/OC Delta (B.1.617.2)
245 s
195 c "Waw &
145 .
95 e
45 -
-5 — T T 1
0 5 20 25
|
Fr#10 111213141516 1718 1920 21 22 23
Aazso _ _
o Wuhan-Hu-1 (D614) xowhalbAREansa s
75 ol ST &
70 1 kb
55
35
15
_5 N T T T T 1
0 5 10 15 20 25

Fr#10111213141516 17 18 19202122 23

eak |
Azso 250
B.1(G614) 130

145
100 w Ll 1 L

70 -

95 >
354
258

45 15
10~

5 . i Fr# 10-mmmmmmmemmmm oo 23 ; :
0 5 10 15 20 25

ml

S1
S2

16



Figure S4. Production of full-length S protein from the Gamma, Kappa and Delta variants.
(A) A strep-tag was fused to the C-terminus of the full-length S protein by a flexible linker. (B)
The full-length S proteins were extracted and purified in detergent DDM, and further resolved by
gel-filtration chromatography on a Superose 6 column. Peak I, the prefusion S trimer; peak II,
the postfusion S2 trimer; and peak III, the dissociated monomeric S1. Inset, peak fractions were
analyzed by Coomassie stained SDS-PAGE. Labeled bands are S, S1 and S2. Fr#, fraction
number. Each experiment was repeated at least three times independently with similar results.
The data for the preparations from the Wuhan-Hu-1 (D614) and B.1 (G614), published

previously (28, 31), are included for convenient comparison.
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Figure S5. Representative images of various full-length S trimers by negative stain EM.
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Figure S6. Additional antigenic properties of the purified full-length SARS-CoV-2 S
proteins. (A) Antibody competition clusters as described in ref(32). Surface regions of the S
trimer targeted by antibodies on S1 are highlighted by orange ellipses, including RBD-1, RBD-2,
RBD-3, NTD-1 and NTD-2. The exact location of NTD-2 is uncertain and therefore marked with
a dashed line. (B) Binding analysis of the prefusion S trimers from G614, Gamma, Kappa and
Delta variants with soluble ACE2 constructs was performed by bio-layer interferometry (BLI).
For ACE2 binding, the purified S proteins were immobilized on AR2G biosensors and dipped
into the wells containing ACE2 at various concentrations. For antibody binding, various
antibodies were immobilized to AHC biosensors and dipped into the wells containing each
purified S protein at different concentrations. Binding kinetics were evaluated using a 1:1
Langmuir model except for antibody C12A2 targeting the RBD-2, which was analyzed by a
bivalent binding model. All Kp values for multivalent interactions with antibody IgG or dimeric
ACE?2 and trimeric S protein are the apparent affinities with avidity effects. The sensorgrams are
in black and the fits in red. Binding constants highlighted by underlines were estimated by
steady-state analysis as described in the Methods. RU, response unit. Binding constants are also
summarized here and in Table S1. All experiments were repeated at least twice with essentially
identical results. (C) Steady-state analysis by plotting steady-state responses against

concentrations. Kd values were derived from the fits.
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Figure S7. Antigenic properties of the cell-surface S proteins assessed by flow cytometry.
Antibody and ACE2 binding to the full-length S proteins of the G614, Gamma, Kappa and Delta
variants, as well as an S2 construct expressed on the cell surfaces analyzed by flow cytometry.
An S-delCT-Kappa with the C-terminal 19 residues deleted was included because the expression
level of the full-length S construct (S-Kappa) was low. The antibodies and their targets are
indicated. Two therapeutic anti-RBD antibodies by Regeneron, REGN10933 (casirivimab) and
REGN10987 (imdevimab), were also included in this assay. A designed ACE2-based inhibitor
ACE2¢15-foldon-T27W was used for detecting receptor binding (33). MFI, mean fluorescent
intensity. The error bars represent standard errors of mean from measurements using three
independently transfected cell samples. The flow cytometry assays were repeated three times

with essentially identical results.
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Figure S8. Cryo-EM analysis of the Delta S trimer. Top, representative micrograph, and 2D
averages (box dimension: 396A) of the cryo-EM particle images of the Delta S trimer. Bottom,

data processing workflow for structure determination.
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Figure S9. Analysis of the Delta S trimer structure. (A) 3D reconstructions of the Delta trimer
preparation in the closed, two one-RBD-up conformations, respectively, are colored according to
local resolution estimated by ResMap. Angular distribution of the cryo-EM particles used in each
reconstruction is shown in the side view of the EM map. (B) Gold standard FSC curves of the
three refined 3D reconstructions of the Delta S trimer. (C) Representative density in gray surface

from EM maps with a resolution better than 3.5A.
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Figure S10. Cryo-EM analysis of the Kappa S trimer. Top, representative micrograph, and
2D averages (box dimension: 396A) of the cryo-EM particle images of the Kappa S trimer.

Bottom, data processing workflow for structure determination.
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Figure S11. Analysis of the Kappa S trimer structure. (A) 3D reconstructions of the Kappa S
trimer preparation in the closed and two one-RBD-up conformations, respectively, are colored
according to local resolution estimated by ResMap. Angular distribution of the cryo-EM
particles used in reconstruction for the closed conformation is shown in the side view of the EM
map. (B) Gold standard FSC curves of the refined 3D reconstructions of the Kappa S trimer. (C)

Representative density in gray surface from EM maps with a resolution better than 3.5A.
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Figure S13. Analysis of the Gamma S trimer structure. (A) 3D reconstructions of the Gamma
S trimer preparation in the two one-RBD-up conformations, respectively, are colored according
to local resolution estimated by ResMap. Angular distribution of the cryo-EM particles used in
reconstruction for the closed conformation is shown in the side view of the EM map. (B) Gold
standard FSC curves of the refined 3D reconstructions of the Gamma S trimer. (C)

Representative density in gray surface from the 3.8A EM map.
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Figure S14. Cryo-EM structures of the full-length S proteins of the Delta, Kappa and
Gamma variants. Three structures of the Delta S trimer, representing a closed prefusion
conformation and two distinct one-RBD-up conformations, were modeled based on
corresponding cryo-EM density maps at 3.1-4.3A resolution. Three structures of the Kappa S
trimer, representing a closed prefusion conformation and two distinct one-RBD-up
conformations, were modeled based on corresponding cryo-EM density maps at 3.1-4.3A
resolution. Two structures of the Gamma S trimer, representing two distinct one-RBD-up
conformations, were modeled based on corresponding cryo-EM density maps at 3.8-4.4A
resolution. Three protomers (a, b, ¢) are colored in red, blue and green, respectively. RBD
locations are indicated. Particle percentage for each class in the data processing is also indicated,

but it may not accurately reflect the conformation distribution of the S trimer in solution.
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Figure S15. Superposition of the variant trimer structures and the G614 structure. (A)-(C)
Side views of superposition of the closed conformation and two distinct one-RBD-up
conformations of the Delta S (various colors) in ribbon diagram, aligned by the S2 portion with
the closed prefusion structure and the one-RBD-up conformation of the G614 S (yellow),
respectively. The positions of the RBD-down and three different RBD-up conformations are
indicated. (D)-(F) Comparison of the Kappa S (various colors) and G614 trimer (yellow)
structures in the corresponding conformations, when aligned by S2. (G) and (H) Comparison of
the Gamma S (various colors) and G614 trimer (yellow) structures in the one-RBD-up

conformation, when aligned by S2.
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Figure S16. Comparison of the density of the N-linked glycan at Asn343 in the variant

trimers. The EM maps of G614, Delta, Kappa, Alpha and Beta trimers in the closed prefusion

conformation are compared at the same resolution (3.6A) and the same contour level.

34



Figure S17. Modeled interface between the RBD and ACE2. The interface between ACE2 in
ribbon diagram in green and RBD in cyan from the complex structure (PDB ID: 6MO01J; ref(40)).
Modeled K417T, E484K, N501Y, E484Q, L452R and T478K are shown as sticks. Panels E484K
and N501Y were published previously in ref(2).
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Figure S18. Structural impact of the mutations in the variants. (A) Superposition of the
structure of the Kappa S trimer in ribbon representation with the structure of the G614 S in
yellow, showing the regions near the mutation H1101D. (B) Superposition of the NTD structures
of the Gamma (blue) and G614 (yellow) S trimers in the one-RBD-up conformation.
Replacements of the N-terminal segment, 143-154 and 173-187 loops are indicated. (C) and (D)
Superposition of the structure of the Gamma S trimer in ribbon representation with the structure
of the G614 S in yellow aligned by S2, showing the region near mutations H655Y and T1027I.

All mutations are shown as sticks.
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Table S1. Binding constants of S-ACE2 interaction

Kp* Kb ka ka2 ka ka2 kdis kdis2 kdis kdis2
(M) Error (1/Ms) Error Error (1/s) Error Error
ACE2-Fc G614 S 1.96E-08 2.52E-09 2.64E+04 6.00E-01 2.29E+03 7.68E+00 5.18E-04 8.98E-02 4.91E-05 1.13E+00
(RBD) Gamma S 2.41E-09 2.76E-10 9.45E+04 2.09E+01 4.95E+03 2.16E+00 2.28E-04 7.22E-01 2.31E-05 1.70E-01
Kappa S 7.51E-09 8.99E-10 5.14E+04 4.29E-01 3.36E+03 5.44E-01 3.86E-04 3.85E-02 3.88E-05 5.59E-02
Delta S 1.76E-07 5.64E-08 2.62E+04 1.06E-01 1.13E+03 4.38E-02 4.60E-03 1.83E-03 1.46E-03 4.41E-04
G614 RBD 1.55E-08 1.30E-09 2.83E+04 2.27E-03 2.14E+03 1.07E+03 4.40E-04 2.77E+00 1.60E-05 1.30E+06
Gamma RBD 8.76E-09 5.67E-10 3.95E+04 4.08E+00 1.21E+03 8.31E+00 3.46E-04 5.48E-01 1.97E-05 1.11E+00
Kappa RBD 7.34E-09 2.82E-10 4.02E+04 3.31E+00 1.10E+03 1.05E+02 2.95E-04 1.07E+00 7.95E-06 3.38E+01
Delta RBD 7.66E-09 5.93E-10 2.64E+04 4.17E-02 1.72E+03 9.46E-01 2.02E-04 9.36E-02 8.40E-06 2.10E+00
Monomeric | G614 S 2.88E-07 5.13E-09 1.00E+05 1.71E+03 2.89E-02 1.48E-04
ACE2 Gamma S 1.48E-08 1.92E-10 2.20E+05 2.75E+03 3.26E-03 1.10E-05
(RBD) Kappa S 1.60E-07 4.00E-09 9.71E+04 2.31E+03 1.55E-02 1.22E-04
Delta S 2.08E-07 6.04E-09 7.38E+04 2.05E+03 1.53E-02 1.33E-04
G614 RBD 2.56E-07 6.44E-09 8.15E+04 1.96E+03 2.09E-02 1.55E-04
Gamma RBD 1.24E-07 1.96E-09 5.68E+04 8.58E+02 7.06E-03 3.16E-05
Kappa RBD 7.63E-08 1.38E-09 1.59E+05 2.75E+03 1.21E-02 6.42E-05
Delta RBD 1.99E-07 4.46E-09 6.16E+04 1.32E+03 1.23E-02 8.06E-05
C63C8 G614 S 7.05E-09 4.38E-11 8.92E+04 3.64E+02 6.29E-04 2.95E-06
(RBD-1) Gamma S 2.78E-09 1.56E-11 2.03E+05 8.41E+02 5.65E-04 2.13E-06
Kappa S 1.90E-10 1.12E-11 1.31E+05 5.07E+02 2.50E-05 1.47E-06
Delta S 4.76E-09 1.97E-11 1.95E+05 6.97E+02 9.29E-04 1.94E-06
G32B6 G614 S 7.05E-10 2.13E-11 2.12E+05 2.76E+00 2.73E+03 1.09E-01 1.49E-04 3.22E-01 4.08E-06 2.31E-02
(RBD-2) Gamma S N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Kappa S 3.43E-09° 2.09E-09
Delta S 1.71E-09 2.10E-11 2.44E+05 3.22E+00 1.58E+03 5.29E+00 4.19E-04 6.43E-01 4.35E-06 1.05E+00
C12A2 G614 S 9.00E-10 1.69E-11 2.01E+05 1.52E-01 1.94E+03 1.42E-02 1.81E-04 2.27E-02 2.93E-06 2.18E-03
(RBD-2) Gamma S N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Kappa S 1.12E-08 1.33E-09
Delta S 1.14E-09 1.65E-11 1.69E+05 1.10E-01 1.43E+03 1.39E-02 1.92E-04 2.73E-02 2.26E-06 3.61E-03
C63C7 G614 S 4.64E-09 1.97E-11 9.09E+04 3.04E+02 4.22E-04 1.10E-06
(RBD-3) Gamma S 2.86E-09 1.08E-11 1.65E+05 4.44E+02 4.72E-04 1.25E-06
Kappa S 1.18E-10 9.51E-12 1.04E+05 3.06E+02 1.23E-05 9.87E-07
Delta S 2.36E-09 7.20E-12 1.94E+05 4.01E+02 4.58E-04 1.03E-06
C63D3 G614 S 6.87E-09 4.45E-11 2.02E+05 1.19E+03 1.39E-03 3.75E-06
(RBD-3) Gamma S 6.29E-09 3.40E-11 2.81E+05 1.41E+03 1.77E-03 3.61E-06
Kappa S 1.84E-08 1.07E-08
Delta S 6.82E-09 3.79E-11 1.63E+05 8.10E+02 1.11E-03 2.80E-06
C12C9 G614 S 3.50E-09 1.91E-11 7.88E+04 2.94E+02 2.75E-04 1.10E-06
(NTD-1) Gamma S 1.10E-08 6.48E-09
Kappa S 3.31E-09 6.32E-10
Delta S N.D. N.D. N.D. N.D. N.D. N.D.
C83B6 G614 S 1.07E-09 5.27E-12 1.86E+05 3.60E+02 1.99E-04 9.03E-07
(NTD-1) Gamma S N.D. N.D. N.D. N.D. N.D. N.D.
Kappa S ~1.13E-07 N.A.
Delta S N.D. N.D. N.D. N.D. N.D. N.D.
C81D6 G614 S 3.99E-09 4.74E-11 7.25E+04 6.25E+02 2.89E-04 2.36E-06
(NTD-2) Gamma S 1.91E-09 5.92E-11 4.84E+04 6.81E+02 9.25E-05 2.56E-06
Kappa S 4.16E-09 1.49E-09
Delta S 6.87E-10 2.25E-11 7.02E+04 4.30E+02 4.83E-05 1.56E-06
C163E6 G614 S 6.47E-09 2.38E-09
(S2-2) Gamma S 2.04E-08 1.37E-08
Kappa S 3.49E-08 5.11E-09
. Delta S 1.03E-08 1.75E-09

aAll Kp values for multivalent interactions with antibody IgG or dimeric ACE2 and trimeric S
protein are the apparent affinities with avidity effects. "Values in italic are derived from steady-
state fitting.
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Table S2. Neutralization of the SARS-CoV-2 variants

Antibody/ACE2 Neutralization titer (ug/ml)
construct B.1 (G614) Gamma Kappa Delta

ICso ICso ICso ICso ICso ICso ICso ICso
C63C8 (RBD-1) | 8.030 | 27.794 | 4.378 | 24.127 | 5.619 | 25.555 | 4.563 19.939
CI12A2 (RBD-2) | 0.014 0.071 >50) >50) >50) >50 0.063 0.339
G32B6 (RBD-2) | 0.018 0.051 >50 >50 >50 >50 0.015 0.048
C63C7 (RBD-3) | 4.729 | 29.985 | 3.273 18.781 4.532 | 20.257 | 7.704 | 34.343
C63D3 (RBD-3) | 37.186 >50 30.614 >50) >50) >50 46.126 >50
CI12C9 (NTD-1) | 0.019 43.34 0.341 >50 22.939 >50 >50 >50
C83B6 (NTD-1) | 0.105 >50) >50) >50) >50) >50) >50) >50
C81D6 (NTD-2) >50 >50 >50 >50 >50 >50 >50 >50
C163E6 (S2-2) >50 >50 >50 >50 >50 >50 >50 >50
ACE2-T27W-Fd | 0.079 0.568 0.036 0.180 0.045 0.147 0.022 0.054
Positive  serum | 1,922 426 58 23 1,046 96 2,300 150
pool 2 (1/x)
Normal Human | <20 <20 <20 <20 <20 <20 <20 <20
Serum (1/x)
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Table S3. Cryo-EM statistics.

EM data collection and reconstruction statistics

Protein Full-length S of Delta variant Full-length S of Gamma variant Full-length S of Kappa variant
Microscope Titan Krios Titan Krios Titan Krios

Voltage(kV) 300 300 300

Detector Gatan K3 Gatan K3 Gatan K3
Magnification(nominal) 105,000 105,000 105,000

Energy filter slit width (eV) 20 20 20

Calibrated pixel size (A/pix) 0.825 0.825 0.825

Exposure rate (e7/pix/sec) 20.24 20.69/20.63/27.13 21.12/20,101

Frames per exposure 50 51/51/50 51/51

Total electron exposure (e/A?) 51.48 54.72/54.56/53.4 51.63/51.151

Exposure per frame (e/A?) 1.03 1.073/1.07/1.06 1.012/1.003

Defocus range (um) -0.8,-2.2 -0.8,-2.3 -0.8,-2.2

Automation software SerialEM SerialEM SerialEM

# of Micrographs used 20,274 25,424/32,569/29,163 22,019/17,314

Particles extracted 1,830,328 1,652,420/2,757,190/1,893,863 1,199,999/1,718,600

Particles after 2D classification 1,386,630 1,564,938/1,904,078/1,788,000 1,112,384/1,649,296

Class Closed RBD-up1 RBD-up2 RBD-upl RBD-up2 Closed RBD-up1 RBD-up2
Total # of refined particles 94,680 191,067 25,370 69,302 36,346 123,193 81,717 21,830
Symmetry imposed C3 C1 C1 C1 C1 C3 C1 C1
Estimated accuracy of translations/rotations  0.87/1.96 1.23/2.45 2.35/4.24 1.73/3.11 2.27/3.80 1.04/2.29 1.66/3.24 1.86/3.36
Map sharpening B-factor -93.6 -111.9 -92.1 -124.6 -153.7 -103.6 -121.8 -130.3
Unmasked Resolution at 0.5/0.143 FSC (A) ~ 3.9/3.4 4.4/3.8 8.9/7.3 7.1/4.3 8.4/6.1 4.0/3.6 6.4/4.0 8.5/5.9
Masked resolution at 0.5/0.143 FSC (&) 3.6/3.1 3.9/3.4 7.3/4.3 4.5/3.8 6.9/4.4 3.6/3.1 4.2/3.7 7.4/4.3
Model refinement and validation statistics

Class Closed RBD-upl RBD-up2 RBD-upl RBD-up2 Closed RBD-up1 RBD-up2
PDB

Composition

Amino acids 3303 3287 3269 3230 3300 3330 3270 3270
Glycans 57 57 57 60 60 57 57 57
RMSD bonds (A) 0.014 0.014 0.015 0.013 0.013 0.013 0.015 0.015
RMSD angles (°) 1.80 1.91 1.92 1.81 1.83 1.88 2.08 1.88
Mean B-factors

Amino acids 96 64 64 62 62 105 128 64
Glycans 127 88 88 88 88 137 159 87
Ramachandran

Favored (%) 93.00 91.80 91.68 92.10 91.96 92.85 92.61 91.58
Allowed(%) 6.23 7.43 7.42 7.17 7.16 6.55 6.96 7.77
Outliers(%) 0.76 0.77 0.90 0.73 0.89 0.61 0.43 0.65
Rotamer outliers (%) 1.39 2.97 3.86 2.10 1.84 1.17 1.82 2.38
Clash score 0.35 2.26 3.42 2.28 3.43 0.46 0.77 2.67
C-beta outliers (%) 0.42 0.52 1.01 0.51 0.49 0.45 0.52 0.39
CaBLAM outliers (%) 3.11 3.57 3.57 2.68 2.99 3.18 3.01 3.07
CC (mask) 0.80 0.76 0.61 0.69 0.63 0.81 0.79 0.63
CC (volume) 0.80 0.76 0.60 0.69 0.63 0.80 0.78 0.62
MolProbity score 1.18 1.86 2.08 1.73 1.82 1.17 1.41 1.84
EMRinger score 3.73 2.68 0.88 1.74 0.74 3.16 2.46 0.73
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