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The SARS-CoV-2 spike protein is a critical
target of the immune system. Javanmardi
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variants. This platform, termed Spike
Characterize Display, accelerates antigen design and
antibody epitope mapping for viral
glycoproteins.
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SUMMARY

The SARS-CoV-2 spike protein is a critical component of vaccines and a target for neutralizing monoclonal
antibodies (nAbs). Spike is also undergoing immunogenic selection with variants that increase infectivity and
partially escape convalescent plasma. Here, we describe Spike Display, a high-throughput platform to
rapidly characterize glycosylated spike ectodomains across multiple coronavirus-family proteins. We as-
sayed ~200 variant SARS-CoV-2 spikes for their expression, ACE2 binding, and recognition by 13 nAbs.
An alanine scan of all five N-terminal domain (NTD) loops highlights a public epitope in the N1, N3, and N5
loops recognized by most NTD-binding nAbs. NTD mutations in variants of concern B.1.1.7 (alpha),
B.1.351 (beta), B.1.1.28 (gamma), B.1.427/B.1.429 (epsilon), and B.1.617.2 (delta) impact spike expression
and escape most NTD-targeting nAbs. Finally, B.1.351 and B.1.1.28 completely escape a potent ACE2 mimic.
We anticipate that Spike Display will accelerate antigen design, deep scanning mutagenesis, and antibody

epitope mapping for SARS-CoV-2 and other emerging viral threats.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of the COVID-19 pandemic, causing > 200
million infections and > 4.3 million deaths worldwide (as of
August 14, 2021). Related betacoronaviruses SARS-CoV-1 and
Middle Eastern Respiratory Syndrome (MERS) have also caused
epidemics, in 2002 and 2012, respectively (Abdelrahman et al.,
2020; Peiris et al., 2003; Zumla et al., 2015). Human coronavirus
(HKU?1), first discovered in 2004, often manifests as a mild upper
respiratory disease (Woo et al., 2005). The large reservoir of
diverse and endemic coronaviruses in animals, and their
frequent zoonotic transmission, suggests that future human out-
breaks are inevitable (Grange et al., 2021; Kreuder Johnson
et al., 2015; Li et al., 2020).

Coronaviruses infect cells via attachment of viral transmem-
brane spike (S) glycoproteins (Li, 2016). SARS-CoV-2 spike inter-
acts with angiotensin-converting enzyme 2 (ACE2) and other cell
surface receptors to mediate fusion between the virus envelope
and cell membrane (Cantuti-Castelvetri et al., 2020; Yan et al.,
2020; Zhang et al., 2020). Spike homotrimers consist of the S1

L)

and S2 functional subdomains (Wrapp et al., 2020). After spike
binds ACE2, structural rearrangements in the spike and cleavage
by host proteases separate the S1 subunit from the S2 stalk (Li,
2016). The S2 stalk then undergoes further conformational
changes that lead to membrane fusion and cell entry. The S1
subunit, which is composed of the N-terminal domain (NTD)
and receptor-binding domain (RBD) (Wrapp et al., 2020), is the
key determinant of tissue and host tropism (Li, 2016).

Humoral immunity to the spike glycoprotein is the most potent
means of protection from SARS-CoV-2 (McMahan et al., 2021).
SARS-CoV-2 vaccines generate a strong polyclonal antibody
response by delivering spikes via immunization (Baden et al.,
2020; Polack et al., 2020; Yu et al., 2020). Spike is also the pri-
mary target for prophylactic and therapeutic neutralizing mono-
clonal antibodies (nAbs) and ACE2 binding inhibitors (Cao et al.,
2020; Chan et al., 2021, 2020; Linsky et al., 2020; Piccoli et al.,
2020). However, spike mutates and recombines, establishing
new variants for immunogenic selection (Bobay et al., 2020).
Multiple variants of concern (VOCs) have increased viral trans-
missibility and antibody escape (Bobay et al., 2020; Li et al.,
2020). Since the emergence of a globally dominant D614G
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mutation (Korber et al., 2020; Long et al., 2020; Yurkovetskiy
et al., 2020), newer VOCs with compound spike mutations
have taken hold. The B.1.1.7 (alpha) (Davies et al., 2021; Leung
etal.,2021), B.1.351 (beta) (Wang et al., 2021), B.1.1.28 (gamma)
(Hoffmann et al., 2021), B.1.427/B.1.429 (epsilon) (Deng et al.,
2021; McCallum et al., 2021a), and B.1.617.2 (delta) (Planas
et al., 2021) lineages are of particular concern because they
partially evade monoclonal antibodies, convalescent sera, and
vaccine-induced humoral immunity (Garcia-Beltran et al.,
2021). The antigenicity and infectivity of new virus variants are
often assayed via live virus, pseudotyped virus, and animal pro-
tection experiments. These assays are low throughput and
require lengthy viral preparations (Wang et al., 2021).

Cell surface display of the spike protein or its subdomains is a
high-throughput platform approach to functionally characterize
key aspects of SARS-CoV-2 variants (Starr et al., 2020; Wagner
et al., 2019). For example, Starr et al. and others have expressed
the RBD on the surface of yeast cells to measure the subdomain
expression, ACE2 binding affinity, and RBD-targeting nAb
escape (Greaney et al., 2021b, 2021a; Linsky et al., 2020; Starr
et al., 2021; Urdaniz et al., 2021). However, all spike VOCs
include critical mutations that are outside the RBD. Moreover,
the humoral immune response produces potent nAbs that target
the NTD as well as the RBD. Here, we describe a new experi-
mental platform that measures spike expression, receptor bind-
ing, and antibody escape across variant spike homotrimers on
the surface of mammalian cells.

Spike Display is a high-throughput platform to characterize
spike glycoproteins from diverse coronavirus families. Complex
spike variants are displayed on the surface of mammalian cells
and assayed via flow cytometry. Spikes can be cleaved from
cell surfaces to further accelerate structural and biophysical
characterization. Using this platform, we mapped an NTD super-
site that is recognized by the majority of NTD-directed nAbs. We
also characterized the individual mutations composing the
B.1.1.7, B.1.351, B.1.1.28, B.1.427/B.1.429, and B.1.617.2 vari-
ants using flow cytometry and biolayer interferometry (BLI). All
five complex variants show escape from NTD-targeting nAbs,
whereas B.1.351, B.1.1248, and to a lesser degree B.1.427/
B.1.429 escape some RBD-targeting nAbs. Destabilizing muta-
tions such as A242-244 and R246l in B.1.351, which enable
nAb escape, are compensated for by stabilizing mutations
D215G and K417N. The conserved N501Y mutation found in
B.1.1.7, B.1.351, and B.1.1.28 also increases ACE2 binding af-
finity. Most VOCs also escape the ACE2-mimetic LCB1 peptide,
suggesting that micropeptide inhibitors must be updated or used
as part of a multi-component inhibitor cocktail (Cao et al., 2020).
We anticipate that Spike Display will accelerate antigen design,
spike characterization, and epitope mapping to aid ongoing
and future pandemic countermeasures.

DESIGN

Pandemic countermeasures require the rapid design of antigens
for vaccines, profiling patient antibody responses, and the sur-
veillance of emerging viral lineages. Cell surface display can
facilitate these goals by coupling the phenotypes of protein var-
iants to their DNA sequence. Screening surface-displayed pro-
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teins via flow cytometry also eliminates time-consuming protein
purification steps. S. cerevisiae is an attractive display chassis
that has been used for epitope mapping and deep mutational
scanning (DMS) of the SARS-CoV-2 spike RBD (Greaney et al.,
2021b, 2021a; Starr et al., 2021, 2020; Urdaniz et al., 2021).
These experiments provide valuable insight into the mechanisms
for viral evolution and immune escape but also face several lim-
itations. First, yeast is unable to produce full-length spikes. The
RBD constitutes only one domain of a highly dynamic and com-
plex homotrimer. Antibodies that target the spike NTD, S2, and
other regions outside the RBD are an important source of nAbs
and, in turn, viral escape strategies. Second, antigens produced
in yeast do not recapitulate mammalian glycosylation (Hamilton
et al., 2008). These differences may alter a protein’s antigenicity
toward cell receptors and antibodies (Grant et al., 2020). To over-
come these limitations, we developed a mammalian cell surface
display platform for viral glycoproteins.

Spike Display is designed for phenotypic screening of full-
length viral glycoproteins on the surface of mammalian cells.
As a proof of principle, we displayed the SARS-CoV-2 spike pro-
tein on the surface of human embryonic kidney (HEK293T) cells.
HEK293Ts and other mammalian cell lines express the spike ho-
motrimers with glycosylation patterns comparable to authentic
viral spike proteins (Allen et al., 2021; Yao et al., 2020). We use
a SARS-CoV-2 spike ectodomain coding sequence (residues
1-1208) containing six pre-fusion stabilizing prolines (Hsieh
et al., 2020; Wrapp et al., 2020) and a mutated furin cleavage
site to improve spike stability and expression. The promoters,
chimeric introns, and terminators were also optimized to further
boost protein expression in mammalian cells. Combinations of
N-terminal secretion tags and C-terminal linkers were screened
for optimal surface display density. Due to the variability of
plasmid transfections in mammalian cell cultures, we included
a triple FLAG epitope tag as a proxy for spike expression levels
and as an internal control for signal normalization. Transfected
cells expressing spikes can be immunostained and analyzed
by flow cytometry. A 3C protease cleavage site and a Strep |l
tag are included in the C-terminal linker to enable the cleavage
and rapid purification of surface-displayed spikes. This allows
users to characterize spike variants cleaved from cell surfaces
using conventional biochemical and biophysical methods (i.e.,
negative-stain electron microscopy [nsEM] and BLI). We antici-
pate that Spike Display will be a valuable tool for current and
future pandemic countermeasures.

RESULTS

Assessing spike variants on mammalian cell surfaces

We express the SARS-CoV-2 spike ectodomain on the surface
of human embryonic kidney (HEK293T) cells. Six proline substi-
tutions stabilize the homotrimeric complex in the pre-fusion
state, along with the globally dominant D614G mutation (termed
6P-D614G) (Hsieh et al., 2020; Korber et al., 2020; Long et al.,
2020). Spike is directed to cell membranes via an N-terminal Ig
kappa secretion signal and a C-terminal PDGFR- transmem-
brane domain (Lim et al., 2013). The 58 amino acid (aa) flexible
linker includes a triple FLAG (3xFLAG) epitope tag as a proxy
for expression, a Strepll tag for purification, and a 3C protease



Molecular Cell

¢ CellP’ress

Primary
A - ACE2-Fc REGN10933 4A8 -
[ Express | anti-FLAG  anti-FLAG anti-FLAG anti-FLAG
>
©
T
c
[*]
[*]
Q
(2]
D E WACE2 F [ REGN10987 G H
Qo : 3= - i
—— 5= [4A8 [ 2-43
= : 1.0 — 2}
K : SARS-CoV-2
o : & _— 4 -
2 7 6P —§ g, = & g
: 5 2 £ £
2 i 6P-D614G 2 3 5
o : } 2 3 3
22— - o
5 | N g S 0.5
2 : © = 2= = —e— 243
2 ¥ op £ 17 £ £
I E E o REGN10923
g . Z 1 =z o— REGN10987
3 : —e— ACE2
o 7Y 0~
0 | B — ° — TT T T %TT T T T
0 5 10 15 \@Q’oeoo@ Qg@u 0 L 102101 10° 101 102 103 10210-1 100 101 102 103
g () LS &Q’Q (%) <&
Rel. expression (SDS-PAGE) Q V& QQ [nAb] (nM)
] & &

Figure 1. Biophysical characterization of spikes displayed on human cells

(A) Spike ectodomains are displayed on the surface of HEK293T cells. An automated cloning pipeline is coupled with flow cytometry to enable high-throughput
screening. Biophysical characterization is performed with spikes cleaved from cell surfaces.

(B) Immunostaining confirms that SARS-CoV-2 (6P-D614G) spikes are localized to cell membranes and bind ACE2 (RBD-directed), REGN10933 (RBD-directed),

or 4A8 (NTD-directed). Scale bar, 10 um.

(C) Negative-stain electron microscopy micrograph (left), 2D class averages (middle), and a 3D model of surface-displayed spikes in the pre-fusion conformation.
The majority of particles show a “one RBD up” configuration. Scale bar, 100 nm.

(D) Relative Spike Display signal correlates with recombinant spike expression levels for engineered and clinical spike variants (Hsieh et al., 2020; Long et al.,
2020). For both axes, the signal is normalized to spike-2P (two prolines) expression. Pearson correlation is used for statistical analysis.

(E) ACE2 soluble domain binding by diverse coronavirus-family spikes displayed on mammalian cell surfaces.

(F) Normalized binding for RBD- (REGN10987), NTD- (4A8), and S1-directed (2-43) neutralizing antibodies was measured using either the full SARS-CoV-2 spike

or the isolated RBD.
(G) Titration of NTD-binding nAbs using Spike Display and flow cytometry.

(H) Titration of ACE2, RBD-directed (REGN10933 and REGN10987), and S1-directed (2-43) nAbs using Spike Display and flow cytometry.
All measurements in (E)-(H) are an average of three biological replicates. Error bars, SD.

cleavage site (Figure 1A). Immunostained fixed cells show spike
at the cell membrane (Figure 1B; Figures S1A and S1B). We
confirmed the native homotrimeric assembly via nsEM of spikes
that were cleaved from the cell surface by 3C protease (Fig-
ure 1C). Two-dimensional class averages indicate that > 99%
of the surface-displayed spikes are in the pre-fusion conforma-
tion, with the majority (71%) of the particles having one RBD
up (Figure S1C). These results are consistent with previous as-

sessments of HexaPro (6P) and D614G spike RBD up-down
equilibrium (Hsieh et al., 2020; Wrapp et al., 2020; Yurkovetskiy
et al., 2020).

We assessed spike expression and antigenicity via flow cy-
tometry. SARS-CoV-2 spike variants and related spike homo-
logs were rapidly constructed via Golden Gate assembly from
standardized parts and acoustic liquid handling (Figure 1A;
STAR Methods). Each variant was transfected into HEK293T
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cells and stained with anti-FLAG and fluorescent secondary
(anti-mouse) antibodies. Mutant SARS-CoV-2 spike expression
on the surface of mammalian cells strongly correlated with the
relative expression of recombinant spike mutants (Figure 1D)
(Hsieh et al., 2020; Long et al., 2020). The relative expression
of spikes from related betacoronaviruses SARS-CoV-1, MERS,
and HKU1 correlated with their reported stability from prior
studies (Figures S1D-S1F) (Hsieh et al., 2020; Kirchdoerfer
et al., 2016; Pallesen et al., 2017; Wrapp et al., 2020). We next
tested whether spike display can be used for antigen design
by testing pre-fusion stabilizing proline substitutions into
SARS-CoV-1 spike (Figures S1G and S1H). Spike expression
improved 5-fold, suggesting further stabilization over the
parental SARS-CoV-1 construct. We conclude that Spike
Display can be used to rapidly assess the structural expression
of coronavirus spike variants and to design next-generation
pre-fusion stabilized vaccine targets.

Next, we measured ACE2 binding affinity of surface-dis-
played spikes. Non-cross-reactive fluorescent secondary anti-
bodies were directed against the human-Fc (ACE2 binding)
and mouse-Fc (anti-FLAG; spike expression). This two-color
assay enables spike expression-based signal normalization for
antigen binding (Figure 1E; Figures S2A-S2C). As expected,
SARS-CoV-1, SARS-CoV-2, and the isolated RBD avidly bound
ACE2, whereas spike (ARBD) did not bind ACE2 above back-
ground. The higher affinity of SARS-CoV-2 relative to SARS-
CoV-1 spike is consistent with prior in vitro measurements
with purified proteins (Wrapp et al., 2020). The MERS and
HKU1 spikes recognize the human DPP4 receptor and 9-O-
acetylated sialic acids, respectively, and have no affinity for
ACE2 (Tai et al., 2020).

Spike Display enables rapid flow cytometry-based character-
ization of nAbs (Starr et al., 2020). An estimated 10% of the nAbs
in seroconverted COVID-19 patients bind outside of the RBD,
and many RBD binders may bind across multiple subunits (Pic-
coli et al., 2020; Chi et al., 2020; Liu et al., 2020a; Starr et al.,
2020). Therefore, we assayed nAb binding to different spike sub-
domains. We first tested REGN10987, 4A8, and 2-43, which are
RBD-, NTD-, and S1 (quaternary)-binding nAbs, respectively
(Figure 1F) (Chi et al., 2020; Hansen et al., 2020; Liu et al.,
2020a). The signal generated from human-Fc binding secondary
antibodies was normalized to the spike expression signal,
enabling accurate binding measurements (STAR Methods). We
observed domain-specific nAb binding with full spikes, whereas
the RBD alone only bound REGN10987. We next measured
quantitative binding affinities of seven NTD-binding nAbs via sur-
face display (Figure 1G; Table S1). We selected nAbs that bind
with pM to ~10 nM binding affinities. These peripheral blood
mononuclear cell (PBMC)-derived antibodies were identified
through diverse discovery platforms, including Ig-seq (Lavinder
et al., 2015), and exhibited differing neutralization potencies
and NTD-binding epitopes. The binding affinities derived from
fitting the sigmoidal titration curves corresponded closely to
the affinities measured with recombinant proteins (Figures
S2D-S2M). Titration experiments with ACE2, the REGN-COV2
cocktail nAbs (REGN10933 and REGN10987, both binding the
RBD), and 2-43 (S1 binder) confirmed that Spike Display is a
quantitative platform for measuring antibody and antigen-bind-
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ing affinities (Figure 1H). Assaying nAb binding on full-length
spike ectodomains will thus be a valuable tool for rapid antibody
discovery and characterization.

Immune escape from public epitopes in the spike NTD
The SARS-CoV-2 spike NTD elicits high-affinity nAbs in serocon-
verted and vaccinated patients (Chi et al., 2020; Liu et al., 2020a;
Voss et al., 2021). However, 46% of all circulating spike protein
mutations (399,299 out of 866,373 total; GISAID database ac-
cessed on February 24, 2021) are in the NTD—two-fold higher
than a random distribution (expected to be 23%) (Figure 2A; Fig-
ure S3; STAR Methods) (Elbe and Buckland-Merrett, 2017). This
large number of NTD mutations raises the possibility of immune
pressure and subsequent escape.

To elucidate how nAbs bind the NTD, we created high-resolu-
tion epitope maps of the five NTD loops, the major target of
nearly all nAbs. We cloned 72 alanine spike mutants encompass-
ing all five NTD loops and their adjacent residues (Figure 2B; Fig-
ure S5A). Alanine NTD substitutions very mildly destabilized
spike expression (Figure S4A). We assayed ten NTD-directed
nAbs against this alanine library. The binding site for six of these
nAbs has been solved in complex with spike (Cerutti et al., 2021;
Chietal., 2020; Liu et al., 2020a; Voss et al., 2021). In addition to
the ten NTD nAbs described above, we also included ACE2
and the RBD-binding REGN10987 nAb as negative controls
(Figure 2C).

We first focused on 4A8, which interacts with eight residues
in the N3 and N5 loops of the NTD (Chi et al., 2020). Only three
of these eight substitutions—Tyr145, Lys147, and Trp152—
reduced antibody binding > 5-fold (Figures 2C and 2D).
Combining any two substitutions resulted in an additional
loss of binding, sometimes to below the detection limit (Fig-
ure 2E). Surprisingly, two close contacts in the 4A8 Fab-spike
ectodomain structure are dispensable for strong binding.
Lys150, which forms a salt bridge with 4A8, only minimally
reduced binding affinity. Arg246 on the N5 loop buried in the
4A8-spike interface reduced binding a modest 0.8-fold. Anti-
bodies CM17, CM25, and 1-68 were also sensitive to alanine
substitutions at Tyr145, Lys147, and Trp152, suggesting that
this loop is a public epitope (Cerutti et al., 2021; McCallum
et al., 2021b; Voss et al.,, 2021). Despite competing with
1-68 in a spike binding assay, 1-87 showed little to no loss
in binding from any single-alanine substitution in our library.
We speculate that the CDR-H1 and -H3 of the 1-87 are mini-
mally impacted by single alanine substitutions at the NTD sur-
face. Antibodies 5-7 and 4-19 were more sensitive to substitu-
tions in the N1 (residues 14-26) and N5 loops and a region
between the N3 and N4 loops. Both of these nAbs have
weaker neutralizing ICses (5-7 = 0.033 ug mL™" and 4-19 =
0.109 pg mL~") relative to nAbs, which showed strong N3
loop binding (4-8 = 0.009 pg mL~', 1-68 = 0.014 ng mL™",
CM25 = 0.012 pg mL~" ICs0s), suggesting that the N3 loop
dominates NTD-mediated spike neutralization (Liu et al,
2020a). On the contrary, mutations in the N2 and N4 loops
were inconsequential to antibody binding despite their prox-
imity to the NTD supersite. We conclude that Spike Display
can provide high-resolution epitope maps that complement
structural studies and Fab competition assays.
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Figure 2. A high-resolution map of NTD-targeting nAb epitopes
(A) Spike domain map (top) (Wrapp et al., 2020) and distribution of all non-synonymous mutations (total = 866,373) found in GISAID (accessed on February 24,
2021) (bottom). The NTD harbors 46% of all mutations while making up 23% of the protein.
(B) Spike trimer structure (PDB: 7DDN [Zhang et al., 2021]) with domains colored as in (A). An enlarged structure of the NTD (blue) with alanine scan positions
(white) is shown on the right.
(C) The effect of single alanine substitutions on antibody and ACE2 binding measured by flow cytometry (see STAR Methods and supplemental information for the
mean and SD). Red, decreased binding; blue, increased binding, relative to the reference spike (6P-D614G). The RBD is included as a negative control for all NTD-
binding antibodies (last row). NTD loops 1-5 are annotated on the right.

(legend continued on next page)
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Circulating spike mutants escape NTD- and RBD-
directed antibodies

Guided by the alanine scan results, we profiled 46 clinically circu-
lating spike NTD variants for their impact on overall expression
and antibody evasion (GISAID database accessed on February
24, 2021). All NTD mutants retained wild-type (WT) levels of
ACE2 binding and spike expression (Figure 3A). Substitutions at
Tyr145 strongly reduced 4A8 binding, as highlighted by the
alanine scan. These polar and charged residues (Asn, Asp, and
His) likely disrupt the hydrophobic and/or 7t/7 interactions with
4A8’s CDR-3 region. Substitutions at Tyr145 also reduced
CM17, CM25, and 1-68 binding. NTD variants that reduced nAb
binding > 16-fold appeared at very low frequencies (< 0.001) in
the GISAID database. Two noteworthy exceptions include
M153T and S254F, both of which show strong escape from
CMB0 (Figure 3B) (Elbe and Buckland-Merrett, 2017).

Pearson correlation analysis of the NTD alanine and clinical
variant binding data showed strong similarities between NTD-
binding nAbs and no correlation with REGN10987 (Figure 3C;
Figures S5B-S5D). We clustered antibodies into four binding
classes based on Pearson correlation (r) values (> 0.5) between
their relative binding affinities for the alanine and clinical spike
mutants. The largest group consists of 4A8, 1-68, 1-87, CM17,
and CM25, all of which originate from the VH1-24 multi-donor
class of antibodies (Cerutti et al., 2021; Voss et al., 2021). Inter-
estingly, some antibodies derived from VH3-30 (4-18) have over-
lapping epitopes with VH1-24-derived nAbs but have signifi-
cantly different binding modes (Cerutti et al., 2021). ELISA
competition assays have implicated distinct binding epitopes
for 5-7 and 4-19 compared to the other antibodies in this set
(Liu et al., 2020a). Our antibody classifications extend prior struc-
ture- and competition-based classifications of NTD-binding an-
tibodies (Cerutti et al., 2021; Liu et al., 2020a).

Deletions in NTD loops N3 and N5 are frequent in circulating
viral variants and are possible routes for immune evasion
(Figure 3D) (Liu et al., 2020b; McCarthy et al., 2021). Although
not yet observed in the GISAID, insertions in these loops
may also result in viral escape from nAbs. For example, a lab-
evolved SARS-CoV-2 virus with an 11 aa insertion in N5
[248a KTRNKSTSRRE,4gx] evaded high titer convalescent sera in
an in vitro passaging experiment (Andreano et al., 2021). To
clarify the escape mechanisms, we assayed these variants
against the panel of nAbs described above (Figure 3E). Deletions
within the N3 loop (APhe140-Leu141, ATyr144/145, and
AHis146) disrupted binding to most NTD nAbs. A deletion at
Phe140, located at the base of the N3 loop, also caused a mod-
erate loss in binding for most of the NTD-binding antibodies.
Similarly, a deletion at the base of the N5 loop (AAla243-
Leu244) and an 11 aa insertion within the N5 loop resulted in
reduced binding for most of the nAbs (Figure 3E). A deletion at
lle210 had negligible effects on antibody binding. Together,
these results suggest that indels within or adjacent to the N3
and N5 loops effectively abrogate nAb binding, likely due to
the deletion of critical residues or spatial reconfigurations of
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the NTD loops. Aninsertion in the N5 loop also effectively evades
nAbs. As immune escape becomes a major evolutionary factorin
an increasingly vaccinated world, NTD insertions may also
become more common.

Next, we examined RBD mutations, 11 of which were previ-
ously reported to escape therapeutic antibodies from the
REGN-COV2 cocktail (REGN10933 and REGN10987) (Figure S6)
(Starr et al., 2021). Expression of the full spike trimers and their
escape from RBD-binding nAbs correlated well with changes
in expression for the RBD alone (Figures S6C-S6E). However,
K417N strongly reduced ACE2 binding in the context of the full
spike relative to the isolated RBD. Lys417 is sterically occluded
when the RBD is in the “down” position, providing a possible
explanation for a larger reduction in binding observed with Spike
Display compared to yeast display. We also examined a quater-
nary S1-binding nAb (2-43) and an NTD binder (4A8). As ex-
pected, 4A8 binding was not affected by RBD mutations. Three
variants (L455A, F486K, and E406W) that reduced REGN10933
binding also reduced 2-43 binding (Figure S6B). These findings
underscore the importance of characterizing nAb escape muta-
tions within the context of the fully glycosylated spike trimer.

Characterization of spikes from emerging VOCs

We quantified spike expression, ACE2 affinity, and immune
evasion for VOCs (Figure 4). Five lineages—B.1.1.7 (alpha),
B.1.351 (beta), B.1.1.28 (gamma), B.1.427/B.1.429 (epsilon),
and B.1.617.2 (delta)—harbor eight, nine, ten, three, and seven
spike mutations, respectively. Lineage B.1.1.7 increased spike
expression 39% relative to the WT (6P-D614G) spike, whereas
B.1.351, B.1.1.28, and B.1.427/B.1.429 showed 32%, 47%,
and 62 % reduction in spike expression, respectively (Figure 4A).
All VOCs also harbor the D614G substitution, which significantly
boosts spike expression (Figure 1D). K417N (B.1.351) and K417T
(B.1.1.28) further positively compensate spike expression in
some variants.

We next determine the combined effect of the five VOCs on
ACE2 binding and nAb escape (Figures 4B-4F). Lineages
B.1.1.7,B.1.351, and B.1.1.28 bound ACE2 with a greater affinity
than WT (6P-D614G), with B.1.1.28 showing the greatest in-
crease (1.7-fold over 6P-D614G). Most NTD supersite-targeting
nAbs had ~10-fold reduced binding to the B.1.1.7, B.1.351,
B.1.427/B.1.429, and B.1.617.2 lineages. BLI using cleaved
spikes confirmed the loss of binding across most NTD-binding
nAbs (Figures S7TA-ST7E; Table S2). However, 4-18 and CM30
both retained strong binding to B.1.1.7. Pseudovirus neutraliza-
tion assays confirmed that 4-18 and CM30 can also prevent cell
entry in both the WT and B.1.1.7 strains (Figure 4L; Figures S7F-
S7H). Additionally, B.1.351 and B.1.1.28, which have three
nearly identical RBD mutations, showed reduced REGN10933
and 2-43 binding. We systematically screened each mutation
for all VOCs using 4A8, REGN10933, 2-43, and ACE2 (Figures
4G-4K). Most mutations in the N3 and N5 loops of the NTD
(A144/145, W152C, A242-244, and R246l) reduced 4A8 binding.
While other NTD mutations (i.e., L18F, T19R, A157, and A158)

(D) Co-structure (PDB: 7C2L [Chi et al., 2020]) of the 4A8 Fab (light chain, violet; heavy chain, pink) in complex with the NTD (blue). Alanine scan binding data for

4A8 is superimposed on the NTD and represented on a 0 to —7 binding scale.

(E) Combining multiple alanine mutations abrogates 4A8 binding. RBD is included as a negative control (gray). Mean + SD of at least two biological replicates.
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Figure 3. Clinical NTD mutants evade nAb binding

(A) The effect of single amino acid substitutions on antibody or ACE2 binding measured by flow cytometry. Red, decreased binding; blue, increased binding,
relative to spike (6P-D614G). RBD is a negative control for all NTD-binding antibodies (last row).

(B) Nearly all nAb-evading NTD mutants occur at a low frequency in the GISAID. Notable mutations and the antibodies they evade are highlighted in red.

(C) Pearson correlation matrix comparing the loss of binding across all antibodies and point mutants (left). The ten NTD-binding antibodies tested cluster in four
groups based on r values > 0.5 (right).

(D) Histogram of all deletions located in the spike protein with common NTD deletions (blue). Inset: distribution of all spike substitutions, deletions, and inserts in
the GISAID.

(E) Consequences of NTD indels on ACE2 (top) and antibody (bottom) binding (n = 3 biological replicates, mean + SD reported in supplemental information).

had no detectable effect on 4A8’s binding on their own, they  ure 2C and Figure 3A) show reduced NTD-targeting nAb binding
evade separate classes of NTD neutralizers, such as 5-7 and  for mutations at those positions.

4-19. These nAbs partially bind outside the common N3 and The reduction in REGN10933 binding for B.1.351 and B.1.1.28
N5 loop supersites. Mutations G142D and E156G have also results from the combined K417N/T and E484K mutations. Mu-
been observed in the B.1.617.2 lineage. Although these were tations S13I and W152C for B1.427/B.1.429 synergistically
not included in our B.1.617.2 spike variant, our heatmaps (Fig- reduce 4A8 binding, which recapitulates recent findings of nAb
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Figure 4. Most variants of concern evade NTD-directed nAbs

(A) Normalized spike expression for four variants of concern and their mutations, measured by flow cytometry. Red, decreased expression; blue, increased
expression, relative to spike (6P-D614G). Gray indicates the absence of a mutation in a lineage (mean + SD of at least twelve biological replicates reported in
supplemental information).

(B-F) Relative antibody and ACE2 binding to B.1.1.7 (B), B.1.351 (C), B.1.1.28 (D), B.1.427/B.1.429 (E), and B.1.617.2 (F) as compared to spike (6P-D614G). NTD
binders, blue; RBD binders, yellow; S1 binders, red; ACE2, green. Mean + SD of three biological replicates.

(legend continued on next page)
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evasion through novel disulfide bond formation and NTD struc-
tural remodeling (McCallum et al., 2021a). Similarly, the net in-
crease in ACE2 binding is due to a combination of E484K and
N501Y offsetting the reduced ACE2 binding elicited by the
K417N/T. The E484K mutation alone was sufficient to reduce
2-43 binding ~10-fold in both strains. Mutations that reduced
nAb binding (A242-244 and R246l) were also the most detri-
mental for spike expression. These results suggest that spike-
destabilizing mutations that are beneficial for viral fitness
(immune evasion and ACE2 binding) are compensated by other
stabilizing mutations. Similar mutation patterns have been
described for other viral evolution and escape pathways (Bloom
et al., 2010; Friedrich et al., 2004; Wu et al., 2017).

ACE2 mimics are promising SARS-CoV-2 inhibitors, but many
were designed against the viral clades circulating in 2019. Their ef-
ficacy has not been assessed with modern VOCs (Cao et al., 2020;
Chan et al., 2020). We tested how these VOCs bind LCB1, an en-
gineered a-helical peptide that competes with ACE2 for binding to
the RBD (Cao et al., 2020). LCB1 has a sub-nM affinity for the RBD
in vitro and neutralizes live viruses with an ICsg 0f 24 pM (Cao et al.,
2020). We developed a competition assay in which cells are co-
incubated with increasing concentrations of LCB1 and a fixed
ACE2 concentration. Changes in ACE2 binding were then
measured by flow cytometry (Figure 5A). Variants B.1.1.7 and
B.1.617.2 showed the same sigmoidal curve as the WT (6P-
D614G) spike, indicating potent inhibition of ACE2 binding above
1 nM LCB1 (Figure 5C). B.1.351 and B.1.1.28 showed complete
escape; ACE2 binding remained unaffected even at > 100 nM
(LCB1). The B.1.427/B.1.429 variant showed moderate escape.
The K417N/T, E484K, and N501Y point mutations are all in the vi-
cinity of the LCB1-ACE2 interface and are likely to reduce LCB1
binding affinity (Figure 5B). The L452R and T478K mutations are
positioned on the periphery of the interface and likely impact
LCB1 binding to a lesser degree. Future peptide-based inhibitor
therapies will require a cocktail of inhibitors to evade VOCs. Alter-
natively, these peptides must be continually optimized to improve
efficacy against emerging viral variants (Linsky et al., 2020).

DISCUSSION

We developed Spike Display to accelerate vaccine design and to
rapidly assess the effects of mutations in emerging virus strains.
Pre-fusion stabilized spike is the primary antigen delivered via
immunization. Pre-fusion stabilization requires laborious
biochemical assays following structure-guided selection of
promising stabilizing mutations (Hsieh et al., 2020; Juraszek
et al., 2021; Pallesen et al., 2017; Wrapp et al., 2020). Spike
Display shortens this workflow by rapidly assessing the expres-
sion of individual point mutants and their combinatorial deriva-
tives (Figure 1D). Spikes can be cleaved from cell surfaces for
structural and biophysical characterization. We anticipate that
Spike Display can be adapted for diverse coronavirus-family
spikes and other viral antigens (Figure 1E) (Bruun et al., 2017;
Starr et al., 2020; Zhou et al., 2010).

¢ CellP’ress

Spike Display complements structure-function studies for
high-resolution epitope mapping. We focused on the NTD
because it is under heavy mutational pressure in circulating
SARS-CoV-2 variants and elicits nAbs in convalescent pa-
tients (Chi et al., 2020; Liu et al., 2020a; McCallum et al.,
2021b; Suryadevara et al., 2021; Voss et al., 2021). The mech-
anisms of NTD-mediated viral inhibition remain unknown, but
NTD-binding antibodies do not block ACE2 binding. Our NTD
scan uncovered that most of the NTD-binding nAbs recognize
a public epitope composed of the N3 and N5 loops. These
loops may be required for additional conformations that occur
after ACE2 recognition. Although circulating variants escape
first-generation NTD-binding nAbs, these epitopes are an
important target for second-generation antibody therapeutics.
We conclude that the NTD is under strong evolutionary pres-
sure and that existing NTD-targeting nAbs must be paired
with nAbs that target other epitopes to avoid therapeutic
evasion.

Using Spike Display, we screened variants B.1.1.7 (alpha),
B.1.351 (beta), B.1.1.28 (gamma), B.1.427/B.1.429 (epsilon),
and B.1.617.2 (delta) and their individual mutations (Figure 4).
The B.1.1.7, B.1.351, and B.1.1.28 lineages share a common
N501Y RBD mutation that likely confers greater transmissibility
(Leung et al., 2021; Xie et al., 2021). The B.1.427/B.1.429 variant
also exhibits improved transmissibility relative to the parental
strain (Deng et al., 2021). Compensatory mutations offset the de-
stabilizing effects of NTD and RBD mutations that partially
escape NTD- and RBD-binding nAbs. Variants B.1.1.7,
B.1.351, and B.1.427/B.1.429 all escaped NTD-binding nAbs.
However, many NTD nAbs are promising therapeutics for
B.1.1.28, which does not have any consequential mutations
near the NTD supersite. The RBD-binding REGN-COV2 antibody
cocktail recognized all variants, with B.1.1.28 showing a modest
reduction in binding due to the K417T and H655Y substitutions.
B.1.1.7 and B.1.351 also completely evaded a promising micro-
peptide ACE2 mimic (Figure 5). Future ACE2 mimetic therapies
will need to be re-formulated to stay ahead of current and
emerging VOCs.

Spike Display accelerates the characterization of antibody-
spike interactions and the consequences of non-synonymous
spike mutations on these interactions. The entire process, from
Golden Gate assembly to flow-based characterization, can be
completed in < 5 days. Downstream biophysical studies can
use the cell-cleaved spikes without laborious recombinant pro-
tein purification. A second-generation Spike Display platform
will increase throughput by integrating spike variants in a chro-
mosomal locus and sorting pooled libraries for phenotypic differ-
ences (Cheung et al.,, 2019; Matreyek et al., 2018, 2020).
Increasing throughput will allow interrogation of all circulating
non-synonymous spike mutations and rapid protein engineering
for pre-fusion stabilization. DMS of all possible amino acid sub-
stitutions will be broadly useful for characterizing the spike muta-
tional landscape as well the development of pan-coronavirus
vaccine antigens.

(G-K). Relative antibody binding measured for each variant’s mutations (n = 3 biological replicates, mean + SD reported in supplemental information).
(L) Pseudovirus neutralization curves comparing D614G (light blue) and B.1.1.7 (dark blue) variants using three neutralizing antibodies (4A8, CM30, and 4-18).

VSV-G (black) was included as an infection control (Figures S7F-S7H).
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Figure 5. ACE2 mimics lose effectiveness against some variants of concern

(A) Schematic of the LCB1 peptide and ACE2 competing for RBD binding.

(B) Co-structure (PDB: 7JZL [Cao et al., 2020]) of LCB1 (green) binding the RBD (yellow) with contacting residues (white) and four notable VOC mutations (orange)

highlighted.

(C) Competition assay with a constant concentration of ACE2 and increasing concentrations of LCB1 using spike displayed VOCs (error bars, SD of three

biological replicates as measured by flow cytometry).

Limitations

The following caveats must be kept in mind when designing
experiments conducted on surface-tethered proteins. The C-ter-
minal transmembrane domain and linker peptide may alter anti-
body accessibility relative to native spike proteins. Simultaneous
binding of the spike antigen and FLAG epitopes may slightly alter
conformations and epitope accessibility. These effects should
be considered when profiling antibodies with different binding
modes. The glycosylation pattern may also not match that
seen in native viruses. Using pre-fusion stabilizing mutations in
the base construct (6P-D614G) increases the overall expression
level but may alter intra-trimer conformational changes, such as
the recently reported opening of the S2 domains (Huang et al.,
2021). When profiling large changes in the antigenicity of variant
spikes, we compared binding at a limited set of antibody con-
centrations. Performing a serial dilution series with eight or
more antibody concentrations will reflect changes in the
apparent binding kinetics (Adams et al., 2016; Greaney et al.,
2021b; Starr et al., 2020). If such information is necessary for a
particular application, Spike Display can perform comprehen-
sive titration curves. Follow-up viral neutralization assays, struc-
tural studies, and other biophysical assays should be conducted
to further bolster these in vitro measurements.

Spike Display is not yet compatible with high-throughput pooled
variant screening and DMS. Current iterations of Spike Display
screen viral glycoprotein variants one at a time, making this a useful
platform for rapid assessment of protein stability, epitope mapping
of antibody-binding sites, and assessment of circulating variants
of interest. However, we anticipate that Spike Display library sizes
can be extended by several orders of magnitude with recently
developed DMS tools in mammalian cells (Matreyek et al., 2020).
Using pooled libraries and fluoresce-assisted cell sorting will
further increase the experimental throughput of this platform.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-FLAG M2 Sigma-Aldrich F3165
Goat anti-Mouse IgG(H+L), Human ads- SouthernBiotech 1031-30
Alexa Fluor 488

Goat anti-Human IgG Fc-Alexa Fluor 647 SouthernBiotech 2048-31
Goat anti-Mouse IgG H&L (IRDYe 680RD) abcam ab216776
Beta Tubulin Loading Control Monoclonal Thermo Fisher MAS5-16308
Antibody (BT7R)

Bacterial strains

NEB 5-alpha Competent E. coli (High NEB C2987H
Efficiency)

Mix & Go Competent Cells - Strain Zymo Research T3019
Zymo 10B

Rosetta (DE3) Competent Cells Sigma-Aldrich 70954
Chemicals, peptides, and recombinant proteins

Superior Broth AthenaES 0105
Expi293 Expression Medium Sigma-Aldrich A1435101
DMEM, high glucose, pyruvate GIBCO 11995065
Fetal Bovine Serum GIBCO 26140079
Opti-MEM | Reduced Serum Medium, GIBCO 51985091
GlutaMAX Supplement

Penicillin-Streptomycin (5,000 U/mL) Thermo Fisher 15070063
Lipofectamine 3000 Transfection Reagent Thermo Fisher L3000015
Bovine Serum Albumin Sigma-Aldrich A3294
EZCut TEV Protease, Recombinant BioVision 7847-100
ACE2 Fc Chimera, Human Genscript 203484
Hoechst stain Thermo Fisher 62249
Odyssey Blocking Buffer (PBS) LI-COR 927-40000
Surfactant P20 Cytiva BR100054
cOmplete, EDTA-free Protease Inhibitor Sigma-Aldrich 11873580001
Cocktail

Nano-W (Methylamine Tungstate) Nanoprobes #2018
Commercial kits and enzymes

NEBuilder HiFi DNA Assembly Master Mix NEB E2621S
Esp3l NEB RO734

T7 DNA Ligase NEB M0318S
Aarl (2 U/uL) Thermo Fisher ER1582
T4 DNA Ligase NEB B0202S
Promega Wizard SV 96 Plasmid DNA Promega A2250
Purification Kit

Expi293 Transfection kit Sigma-Aldrich L3287
Mycoplasma Detection Kit SouthernBiotech 13100-01
Pierce HRV 3C Protease Solution Kit Thermo Fisher 88946
Bright-Glo Luciferase Assay System Promega E2610
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REAGENT or RESOURCE SOURCE IDENTIFIER

gPCR Lentivirus Titer Kit Applied Biological LV900

Materials (abm)

Deposited data

Raw images This paper; https://doi.org/10.17632/
Mendeley Data k2kbt5gs6y.1
Spike Display data This paper Data S1
Experimental models: Cell lines
HEK293T ATCC CRL-3216
Expi293F Cells Thermo Fisher A14527
Oligonucleotides
Synthetic DNA sequences for cloning, see Integrated DNA N/A
Table S3 Technlologies
Recombinant DNA
SARS-CoV-2 S HexaPro Hsieh et al., 2020 Addgene #154754
pcDNAS/FRT/TO/intron/GFP Shelton et al., 2018 Addgene #113547
pPYTKOO1 Lee et al., 2015 Addgene #65108
HDM-Hgpm2 BEI Resources NR-52516
pRC-CMV-Revib BEI Resources NR-52519
HDM-tat1b BEI Resources NR-5251
Vector pHAGE2 Containing the BEI Resources NR-52520
ZsGreen Gene
pCMV-VSV-G Envelope Vector Cell Biolabs RV-110
Software and algorithms
FlowJo v9 BD N/A
NIS-Elements D Nikon MQS33000
cryoSPARC v3.1.0 cryoSPARC N/A
CisTEM https://cistem.org/ N/A
software
SA3800 Spectral Cell Analyzer Software SONY N/A
R Tidyverse https://www.tidyverse. N/A
org/
ggplot2 (v3.3.5) https://ggplot2. N/A
tidyverse.org/
ChimeraX 1.1 UCSF N/A
GraphPad Prism GraphPad N/A
Octet Data Analysis software (v11.1) FortéBio N/A
Public datasets
Expression summary of variants with single Hsieh et al., 2020 Table S1

substitutions

Yeast display RBD expression, ACE2
binding, and mAb escape data

Starr et al., 2020, 2021

https://jbloomlab.github.io/SARS-
CoV-2-RBD_MAP_clinical_Abs/

Other

384-well Echo Source Plate

96-well Clear Round Bottom 2.2 mL
Polypropylene Deep Well Plate (Sterile)

Nunc OmniTray Single-Well Plate
Protein G magnetic beads
Protein A Agarose

Strep-Tactin Superflow resin

Biolab
Axygen

Thermo Fisher
Promega
Thermo Fisher
IBA

PP-0200
P-2ML-SQ-C-S

140156
G7471
15918014
2-1206-025

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Superose 6 increase 10/300 GE healthcare GE29-0915-96

Cell Culture Dishes (10 cm) VWR 10062-880

Cell Culture Plate (6-well) VWR 10861-696

Cell Culture Plate (12-well) VWR 10861-698

LUNA-II Automated Cell Counter Logos biosystems L40002

SA3800 Spectral Analyzer SONY N/A

5 mL HisTrap HP column GE healthcare 17524802

Cell Imaging Dish, 35 x 10 mm Eppendorf 0030740009

Ts2R-FL inverted research microscope Nikon MFA51010

CF160 Plan Apochromat Lambda 60x oil Nikon MRDO01605

immersion objective

C-FL AT DAPI/HOECHST/ALEXA FLUOR Chroma 96221

350; Filter Cube

C-FL AT EGFP/FITC/CY2/ALEXA FLUOR Chroma 96226

488; Filter Cube

C-FL AT TEXAS RED/mCHERY/ALEXA Chroma 96231

FLUOR 594; Filter Cube

SOLA SM 11 365 LIGHT ENGINE Lumencor 77060075

PCO.PANDA USB3.1 SCMOS CAMERA PCO 77067012

Mini-PROTEAN TGX Precast Protein Gel Bio-Rad 4561084

Trans-Blot SD. Semi-Dry Electrophoretic Bio-Rad 1703940

Transfer Cell

EM Grids Electron Microscopy CF400-Cu
Sciences

Talos F200C TEM microscope Thermo Fisher N/A

Ceta 16M detector Thermo Fisher N/A

Octet Anti-Mouse Fc Capture (AMC) FortéBio 18-5088

Biosensors

Octet RED96e FortéBio N/A

IncuCyte ZOOM Essen BioScience N/A

QPix 420 Molecular Devices N/A

Detailed bench protocols for Spike Display This paper Methods S1

assays

RESOURCE AVAILABILITY

Lead Contact

o Further information and reasonable requests for resources and reagents should be directed to and will be fulfilled by the lead con-

tact, llya Finkelstein (ilya@finkelsteinlab.org).

Materials Availability

® Plasmids generated in this study have been deposited to Addgene (Addgene ID: 172721-172738).
® This study did not generate new cell lines or antibodies.

Data and Code Availability

o Original western blot and microscopy images have been deposited at Mendeley and are publicly available as of the date of pub-

lication (https://doi.org/10.17632/k2kbt5gs6y.1).

e Additional Supplementary Items are available from Mendeley Data at https://doi.org/10.17632/k2kbt5gs6y.1.
@ This paper analyzes existing, publicly available data from previous publications. Datasets are listed in the key resources table.

@ This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reason-

able request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T cells were cultured in DMEM (GIBCO 11995065) containing phenol red, 4 mM L-glutamine, 110 mg L~ sodium pyruvate,
4.5 g L~" D-glucose, and supplemented with 10% FBS (GIBCO 26140079) and 2% Pen/Strep (Thermo Fisher 15070063). Cells lines
were tested for mycoplasma contamination before use via the Mycoplasma Detection Kit (SouthernBiotech 13100-01). Cells were
maintained in a humidified atmosphere of 5% CO, and 37°C and were passaged every 2-3 days into 10 cm polystyrene coated plates
(VWR 10062-880) upon reaching high density.

METHOD DETAILS

Mammalian display vectors and spike protein mutants

Spike Display plasmids incorporate the pre-fusion stabilized SARS-CoV-2 S-6P (“HexaPro”) as the reference sequence for all spike
variants (Addgene #154754) (Hsieh et al., 2020). This construct comprises residues 1-1208 of SARS-CoV-2 S gene (GenBank
MN908947) with prolines substituted at residues F817, A892, A899, A942, K986, V987, a protease-inactive furin cleavage site
(°82GSAS®®), and the globally dominant D614G mutation (Korber et al., 2020). This construct (6P-D614G) was optimized for mamma-
lian cell surface display and high-throughput Golden Gate cloning as described below.

For mammalian surface display, spike was cloned into a pcDNA5-based vector (Addgene #113547) with the addition of an N-ter-
minal Ig-Kappa leader and C-terminal linker (3xFLAG, Strep Tag Il epitope, HRV 3C protease site, and a PDGFR-f transmembrane
domain) ordered as two separate gBlocks (IDT) (Table S3). All three parts (N-terminal leader, spike, and C-terminal additions) were
assembled with the pcDNA5 backbone using Hi-Fi DNA assembly (NEB E2621S).

To enable high-throughput Golden Gate cloning of cell surface-displayed spike variants, the spike coding region was divided into 5
parts with junctions strategically positioned at amino acids with low mutational frequencies, according to the GISAID. For each of the
5 parts, an entry vector was constructed by cloning in a superfolder GFP (sfGFP) bacterial expression cassette with flanking Aarl cut
sites and unique 4 nt overhangs matching the WT SARS-CoV-2 sequence of each part junction, using PCR and Hi-Fi DNA assembly
(Methods S1). A part 1-5 entry vector was made with the entire SARS-CoV-2 coding sequence replaced with the sfGFP cassette to
enable multi-part assemblies of complex spike variants or entirely different spike proteins.

Parts 1,2,3,4, and 5 of the 6P-D614G coding sequence were PCR amplified with flanking Aarl cut sites, the matching 4 nt over-
hangs for spike assembly (Methods S1), Esp3I cut sites, and 4 nt overhangs for YTKO01 assembly. The Esp3I (NEB R0734) and adja-
cent 4 nt overhangs were used to incorporate, via Golden Gate cloning, each part (1-5) coding sequences into the YTK001 (Addgene
#65108) entry vector from the yeast toolkit (Lee et al., 2015). All plasmids were verified by Sanger sequencing.

Automated spike variant cloning pipeline
Golden Gate constructs were assembled using a high-throughput automated pipeline that includes an Echo 525 Acoustic Liquid
Handler, a Tecan Fluent, and a QPix 420 Colony Picker.

Golden Gate compatible parts were arranged in a 384-well Echo Source Plate (PP-0200) and transferred to 96-well PCR destina-
tion plates using the Echo 525. Each well of the 96-well destination plate received the following Golden Gate reaction mixture: 0.25 plL
of T7 DNA Ligase (NEB M0318S), 0.25 uL of Aarl (Thermo Fisher ER1582), 0.2 uL Aarl Oligo (Thermo Fisher), 1 uL T4 DNA Ligase
Buffer (NEB B0202A), 1 uL of the insert and plasmid DNA, and nuclease-free water to bring the final volume to 10 uL per reaction.

Reaction mixtures were incubated on a thermocycler according to the following conditions: 25 cycles of digestion and ligation
(87°C for 1 min, and 16°C for 2 min), followed by a final digestion (37°C for 30 min), and a heat inactivation step (80°C for 20 min).
To improve assembly efficiencies for assemblies with 4+ parts increase the cycled digestion and ligation steps to 3 and 5 min,
respectively.

96-well PCR plates with 50 pL of Zymo DH108 Mix & Go Competent Cells (prepared using Zymo T3019) in each well were prepared
beforehand so that high-throughput transfers could be done using multichannel pipettes or the Tecan Fluent. To transform the cells,
we transferred 4 uL from each unique reaction mixture to respective wells containing 50 pL of Mix & Go Competent Cells. Wells were
mixed by pipetting and the cells were incubated at 4°C for 10 min. The DNA-cell mixtures were then transferred to an Axygen deep
well grow block (P-2ML-SQ-C-S) with 150 pL of superior broth (AthenaES 0105) in each well and incubated for 1 h at 37°C while
shaking at 950 rpm on a plate shaker.

Outgrown cells were plated dropwise on Nunc OmniTrays (5 pL per spot) (Thermo Fisher 140156), containing LB-agar + carbeni-
cillin at 100 ug mL~". Each plate can fit 96, 5 pL drops. Plates were kept at room temperature until the drops dried and were then
transferred to a 37°C incubator for growth overnight (12-16 h).

Colonies were screened the following day and picked using the QPix 420 (Molecular Devices), selecting only white colonies and
avoiding green fluorescent colonies, which still contain the sfGFP cassette and not the desired spike sequence. Colonies were picked
into 1 mL of SB media with Carbenicillin in Axygen deep well grow blocks and grown overnight at 37°C while shaking. Once grown,
liquid cultures were pelleted at 3000 g for 10 min and miniprepped using the Tecan Fluent Robotic Liquid Handler with Promega
Wizard SV 96 Plasmid DNA Purification Kit (Promega A2250). All plasmids were verified using Sanger sequencing.
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Expression and purification of neutralizing anti-spike antibodies

Previously published VH and VL sequences were purchased as gBlocks (IDT) to create full-length antibody IgGs (Chi et al., 2020;
Hansen et al., 2020; Liu et al., 2020a). VHs and VLs were cloned into custom Golden Gate compatible pcDNA3.4 vectors for IgG1
expression.

Expi293 cells were cultured in Expi293 Expression Medium (Sigma-Aldrich A1435101) and maintained in a humidified atmosphere
of 8% CO, and 37°C while shaking continuously at 125 rpm. Cells were transfected with a 1:3 molar ratio of VH and VL expression
vectors using the Expi293 Transfection kit (Sigma-Aldrich L3287) according to the manufacturer’s instructions. Five days after trans-
fection, the protein-containing supernatant was collected by two centrifugation steps. Cells and supernatant were first separated by
spinning cultures at 300 g for 5 min at 4°C. Cell debris and supernatant were separated by spinning at 3,000 g for 25 min at 4°C. To
purify human IgGs, Protein G magnetic beads (Promega G7471) were washed with PBS buffer and then added to the supernatantina
1:10 volumetric ratio. After incubating supernatant and bead mixtures for 1 h with gyration at room temperature, bead-bound anti-
bodies were pelleted on a magnetic peg stand for washing and final elution with 100 mM glycine-HCI pH 2.5. Residual beads were
clarified by running the elute through a 0.22 um syringe filter, and then neutralized with 2 M Tris buffer pH 7.5. Purified antibodies were
kept at 4°C for short-term storage, and frozen at —20°C for long-term storage.

Expression and purification of chimeric ACE2-Fc

Human ACE2-Fc was recombinantly expressed in Expi293 cells with minor modifications to previously published protocols (Wrapp
etal., 2020). Simply, the ACE2-Fc expression vector was transfected into Expi293T cells according to the manufacturer’s instructions
(Sigma-Aldrich L3287). Five days after transfection the supernatant was collected by first spinning cultures at 300 g for 5 min at 4°C.
Cell debris and supernatant were further separated by spinning at 10,000 g for 20 min at 4°C. Upon resuspending in PBS, ACE2-Fc
was purified over Protein A Agarose (Thermo Fisher 15918014). Once the Protein A Agarose was equilibrated in PBS buffer, the
respective supernatant was applied 3x and washed with 10 bed volumes of PBS buffer. The protein was eluted with 100mM
glycine-HCL pH 2.4 into 0.1x volume Tris buffer pH 8.5 and 100 mM NaCl. Purified ACE2-Fc was stored at 4°C for short-term storage,
and frozen at —20°C for long-term storage.

Expression and purification of SARS-CoV-2 spike proteins

Plasmids were transfected into Expi293 cells and expressed as described previously (Hsieh et al., 2020). Variants were purified from
40mL cell culture. The supernatant was filtered by 0.22 um filter and then run over StrepTactin Superflow column (IBA 2-1206-025).
Spikes were further purified by Superose 6 increase 10/300 (GE GE29-0915-96) size-exclusion column in a buffer containing 2mM
Tris pH 8.0, 200mM NaCl, and 0.02% NaNj3. Purified samples were stored at 4°C for short-term storage, and frozen at —20°C for long-
term storage.

HEK293T transfection

Approximately 24 h before transfection, cells were seeded into 6-well or 12-well polystyrene coated plates (VWR 10861-696, 10861-
698) at a density of 0.3 x 108 cellsmL ™" or 0.1 x 10° cells mL~", respectively. Upon reaching 60%-80% confluence, cells were trans-
fected with expression plasmids using Lipofectamine 3000 (Thermo Fisher L3000015) and Opti-MEM (GIBCO 51985091), following
the manufacturer’s instructions and 3 pL of lipofectamine per pg of plasmid DNA. Cells were assayed or collected 48 h post-
transfection.

Flow cytometry and data analysis

HEK293T cells with surface-displayed spike were collected 48 h post-transfection by first washing once with PBS and then resus-
pending in PBS by gentle pipetting. Cell density was determined using a cell counter (Logos Biosystems L40002). Cells were then
spun down at 200 g for 1 min. After decanting the supernatant cells were resuspended in chilled PBS-BSA (1% BSA (Sigma-Aldrich
A3294), 1x PBS, 2 mM EDTA pH 7.4) to a density of ~3 x 10° cells mL~".

Flow cytometry assays were prepared using an Axygen Deep well grow block (P-2ML-SQ-C-S). Each well contained a predeter-
mined concentration of primary antibody or chimeric cell receptor (ACE2-Fc) diluted in PBS-BSA and 50 L (1.5 x 10°) of cells. Mix-
tures were incubated at room temperature and shaken at 950 rpm for 1 h. Cells were then pelleted by spinning the plate for 2 min at
500 g in a swinging bucket rotor. Cells were washed twice by decanting the supernatant and adding 500 pL of PBS-BSA to each well.
500 pL of a secondary antibody solution (5 uM Alexa Fluor 488 anti-mouse (SouthernBiotech 1031-30) and 10 uM Alexa Fluor 647
anti-human (SouthernBiotech 2048-31) in PBS-BSA) was added to each well. The plate was incubated in the dark, at 4 pC while
shaking at 950 g for 25 min. Wells were washed again, twice with PBS-BSA, and then resuspended in 300 pL of PBS-BSA before
running on the SA3800 Spectral Analyzer (SONY).

HEK293T cells were used to establish forward scatter-area (FSC-A) and side scatter-area (SSC-A) gating. Singlet discrimination
was then established with forward scatter-height (FSC-H) versus forward scatter-area (FSC-A) and side scatter-height (SSC-H)
versus side scatter-area (SSC-A) gates. A minimum of 10,000 singlet events were acquired for each assayed sample. These singlet
HEK293T cells were further analyzed in two fluorescent channels, Alexa Fluor 488 (AF-488) and Alexa Fluor 647 (AF-647), using
manufacturer-recommended excitation and detection settings. Spectral unmixing was applied to all data to reduce the effect of
spectral spillover and autofluorescence on downstream calculations.
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Median height (H) measurements for the AF-488 and AF-647 channels were recorded for each sample. Anti-FLAG (AF-488 channel)
signal was used to measure spike expression. Spike variant (x) expression relative to WT (6P-D614G) was calculated using the
following equation:

Normalized expression = Log, (Median . 488_H, / Median : 488,H6P_D614G)

Anti-FLAG signal was also used as an internal normalization control to correct for changes in transfection efficiency and spike
expression when measuring antibody or ACE2 binding. Normalized binding measurements for spike variants (x) expression relative
to WT (6P-D614G) was calculated using the following equation:

Normalized binding = Logs ( Median : 647_H, /Median : 488_H, )

Median : 647_H6p79614G/Median : 488—H6P,D614G

For titration curves, median height (H) measurements for AF-647 were divided by the respective AF-488 signal for each sample.
This provides a normalized binding measurement relative to each sample’s expression signal (Anti-FLAG; AF-488). All titrations
were conducted using biological triplicate (three separate transfections). All titration points for each curve were then divided by
the max value in the set, thus normalizing the curve to a range between 0 and 1 normalized binding units.

All flow cytometry data were analyzed using FlowJo v9.

LCB1 cloning and purification

LCB1 was synthesized and cloned into E. coli using a pMAL expression vector via Hi-Fi DNA assembly (NEB E2621S) with a gBlock
(IDT) encoding an N-terminal TEV cleavage site and the LCB1 gene sequence17 (Cao et al., 2020). The 6xHis-MBP-LCB1 was trans-
formed into chemically competent Rosetta (DE3) cells (Sigma-Aldrich 70954). Protein expression was performed using LB media
supplemented with carbenicillin, induced with isopropyltio-B-galactoside (IPTG) and grown overnight. Cells were pelleted at
4,000 g for 10 min and resuspended in lysis buffer containing 30 mM Tris-HCI pH 7.5 and 300 mM NaCl with DNase and protease
inhibitor tablets. The cells were lysed by sonication while on ice. Soluble material was then clarified by centrifugation at 35,000 g
for 45 min. The soluble fraction was added to a 5 mL HisTrap HP column (GE Healthcare 17524802) and eluted with elution buffer
containing 30 mM Tris-HCI pH 7.5, 300 mM NaCl, and 250 mM Imidazole. The 6xHis-MBP-LCB1 was dialyzed overnight with
TEV protease (BioVision 7847-100) at 4°C in buffer containing 30 mM Tris-HCI pH 7.5 and 300 mM NaCl. The TEV protease and
6xHis-MBP tag were removed by running the protein on a 5 mL HisTrap HP column and collecting the flowthrough.

LCB1 and ACE2 competition assays

Spike displaying HEK293T cells were collected and incubated with varying concentrations of LCB1 peptide and a fixed (25 nM)
ACE2-Fc concentration. Anti-FLAG (Sigma-Aldrich F3165) was also included at 1 ug mL~" final concentration. Cells were incubated
at room temperature in an Axygen Deep well grow block (P-2ML-SQ-C-S), shaking at 950 rpm for 1 h. Cells were then washed with
PBS-BSA and stained with secondary antibodies (5 tM Alexa Fluor 488 anti-mouse (SouthernBiotech 1031-30) and 10 uM Alexa
Fluor 647 anti-human (SouthernBiotech 2048-31) in PBS-BSA), shaking at 950 rpm for 1 h at 4°C. After two final washes with
PBS-BSA, cells were resuspended in PBS-BSA and run on the SA3800 Spectral Analyzer (SONY). Data were analyzed using FlowJo
vo.

Cell immunostaining and microscopy

HEK293T cells were seeded into imaging dishes (Eppendorf 0030740009) and transfected with Spike Display plasmids. After 48 h,
cells were gently washed twice with PBS and then fixed with 4% formaldehyde for 20 min at room temperature. Cells were washed
again with PBS and then blocked with PBS-BSA (1%) blocking buffer for 20 min. Primary antibodies (anti-FLAG M2; Sigma and
chimeric ACE2-Fc (Genscript Z03484) were diluted in PBS-BSA to 1 ng mL~" and added to each imaging dish, incubating at
room temperature for 1 h. Cells were washed twice with PBS-BSA. Secondary antibodies (Alexa Fluor 488 (SouthernBiotech
1031-30); Alexa Fluor 647 (SouthernBiotech 2048-31) were diluted in PBS-BSA to 10 pg mL ™" and added to each imaging dish, incu-
bating at room temperature for 1 h in complete darkness. Cells were washed twice with PBS-BSA. Hoechst stain (Thermo Fisher
62249) was diluted 1:10,000 in PBS-BSA and added to each imaging dish, incubating at room temperature for 15 min. Cells were
washed once with PBS-BSA and a final 1 mL of PBS-BSA was added before imaging.

All images were collected with a Nikon Ts2R-FL inverted research microscope equipped with a CF160 Plan Apochromat Lambda
60x oil immersion objective lens. Hoechst stain, Alexa Fluor 488, and Alexa Fluor 647 were excited by a SOLA SM Il 365 light engine
and filtered through C-FL Hoechst (AT460/50 m), C-FL FITC (AT535/40 m), and C-FL mCherry (ET630/75 m) filter cubes (Chroma),
respectively. Images were acquired with a pco.panda sCMOS camera controlled with NIS-Elements D software.

SARS-COV-2 pseudovirus neutralization assay

Most of the plasmids needed for expressing the HIV virion under the CMV promoter were obtained from BEI resources, including
HDM-Hgpm2, pRC-CMV-Rev1b, and HDM-tat1b (BEl catalog numbers NR-52516, NR-52519, and NR-5251, respectively)
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(Crawford et al., 2020). The lentiviral backbone plasmid, expressing a luciferase reporter under the CMV promoter followed by an
IRES and ZsGreen, was also provided by the BEI resources (NR-52520). The envelope plasmid (HDM-IDTSpike-fixK) expresses a
codon-optimized WT spike protein of SARS-COV-2 under a CMV promoter (GenBank ID: NC_045512) and was supplied by BEI re-
sources. It was used as a template for site-directed mutagenesis to generate new expression plasmids for the D614G and B.1.1.7
variants. A pCMV-VSV-G plasmid (Cell Biolabs RV-110) was used for expressing the VSV-G (vesicular stomatitis virus glycoprotein).
The lentiviral plasmid used to generate the HEK293T stable cell lines expressing the human ACE2 gene (GenBank ID NM_021804)
under an EF1a promoter was obtained from the BEI resources as NR52516 (Crawford et al., 2020).

The HIV particles pseudotyped with SARS-CoV-2 spike variants D614G or B.1.1.7 were generated in HEK293T cells, following pre-
viously published protocols (Crawford et al., 2020). Cells were transiently co-transfected with plasmids for (1) HIV virion formation
proteins (HDM-Hgpm2, pRC-CMV-Rev1b, and HDM-tat1b); (2) one of the envelope proteins (2019-nCoV Spike-D614G mutant,
B.1.1.7 variant or VSV-G) and (3) the lentiviral backbone expressing luciferase reporter (pHAGE-CMV-Luc2-IRES-ZsGreen-W). Me-
dia was exchanged for new media 24 h post-transfection. Media containing the pseudovirus particles were collected, filtered, and
fractionated 72 h post-transfection. Fractions were stored at —80°C until later usage. Lentivirus titer was estimated for each virus
particle using the gPCR Lentivirus Titer Kit (abm LV900), following the manufacturer’s protocol. Around 106 infectious units of the
virus were incubated with each dose of the tested antibody in full media (100 uL) for 1 h at room temperature. The mixture was
then added to HEK293T target cells, stably expressing human ACE2 in 96-well white plates with a clear bottom. The % cell conflu-
ency in each well was estimated after 60 h of incubation using the IncuCyte ZOOM (Essen BioScience) with a 10X objective. Cells
were then treated with Bright-Glo Luciferase Assay System (Promega E2610) to detect luciferase signal (relative luciferase units
or RLU) following the manufacturer protocol. The ratio of recorded relative luciferase units in the antibody’s presence to the readout
in the absence of the antibody was employed to estimate the percentage of virus entry at each dose. Half-maximal inhibitory con-
centrations (ICso) were calculated using a 3-parameter logistic regression equation (GraphPad Prism v9.0). Experiments were per-
formed in duplicate using different preparations of virus.

Western blots

Equal cell numbers were collected 48 h post-transfection for each sample. Proteins were extracted using RIPA buffer with protease
inhibitors (cOmplete, EDTA-free Protease Inhibitor Cocktail; Millipore Sigma 11873580001). Sample input was normalized using a
Bradford protein assay that was calibrated with BSA standards. For each sample, 10 pg of total protein was run on a 4%-15%
SDS-PAGE gel (Bio-Rad 4561084). Proteins were then transferred onto a PVDF membrane using a Trans-Blot SD. Semi-Dry Transfer
Cell (Bio-Rad 1703940) per the manufacturer’s instructions. Membranes were blocked in Odyssey Blocking Buffer (PBS) (Li-COR
927-40000) incubated with the following primary antibodies overnight: mouse anti-FLAG M2 antibody (1:10,000; Sigma-Aldrich
F3165) for spike protein or RBD detection and mouse anti-beta tubulin antibody (1:5000; Thermo Fisher MA5-16308) as a loading
control. The membrane was washed three times with PBST (1x PBS, 0.1% Tween 20) for 10 min and then incubated with the following
secondary antibody for 2 h: goat anti-mouse IRDYe 680 conjugated antibody (1:10,000; abcam ab216776). The membrane was
washed again with PBST three times for 10 min and imaged on the Odyssey LI-COR. Irrelevant and superfluous lanes from the
blot image were removed for clarity. All raw image files are available on Mendeley.

Spike Display cleavage and spike purification

HEK293T cells were transfected with plasmids encoding Spike Display variants and collected 48 h post-transfection by washing
once with PBS and resuspending 3-4 x 10° cells in a 1.5 mL Eppendorf tube in 1 mL of 3C cleavage buffer (150 mM NaCl,
50 mM Tris-HCI pH 8.0). Five units of 3C protease (Thermo Fisher 88946) were added to each tube and tubes were placed on a shaker
at room temperature and 900 rpm for 1 h to separate spike trimers from the cell surface. Supernatant containing the spike protein was
collected by spinning tubes at 16,000 g for 1 min and transferring ~1 mL of supernatant to a fresh tube. Supernatants were kept onice
until analysis. For EM imaging, supernatants were purified through a 0.5 mL StrepTactin resin (IBA) column. After spin concentrating
the elution fractions to 1 mL, spikes were further purified by size-exclusion chromatography using a Superose 6 Increase 10/300 col-
umn (GE Healthcare).

Negative stain EM data collection and processing

Purified SARS-CoV-2 spike variants were diluted to a concentration of 40 ug mL~" in 50 mM Tris-HCL pH 8.0 and 150 mM NaCl. EM
grids (Electron Microscopy Science CF400-Cu) were cleaned in a Gatan Solarus 950 plasma cleaner for 45 s. Spikes were deposited
on the girds and stained with Nano-W (Nanoprobes #2018). Grids were then imaged on a Talos F200C TEM microscope (Thermo
Fisher) equipped with a Ceta 16M detector (Thermo Fisher). 106 micrographs were imaged from a single grid at a magnification
of 92,000X, corresponding to a calibrated pixel size of 1.63 A/pix. Motion correction, CTF estimation and particle picking were per-
formed in CisTEM (Grant et al., 2018). Particle stacks were then analyzed by cryoSPARC v3.1.0 software for 2D classification, ab initio
3D reconstruction, heterogeneous 3D refinement, and homogeneous 3D refinement (Punjani et al., 2017).

Biolayer Interferometry

After Cleavage with 3C protease, supernatants containing spikes variants were diluted 2-fold with BLI buffer composed of 10 mM
HEPES pH 7.5, 150 mM NaCl, 3mM EDTA, 0.05% v/v Surfactant P20 (Cytiva BR100054), 1 mg mL~" bovine serum albumin. Analytes
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were also serial diluted with BLI buffer. Anti-mouse Fc capture (AMC) biosensors (FortéBio 18-5088) were hydrated with BLI buffer for
10 min in an Octet RED96e (FortéBio). Then, Mouse anti-FLAG M2 (Sigma-Aldrich F3165) antibodies were immobilized to the AMC
sensor tips. The following steps were used for each assay: 1) baseline: 60 s with BLI buffer; 2) IgG immobilizing: 360 s with anti-FLAG
19G; 3) spike loading: 360 s with diluted supernatants; 4) baseline: 300 s with BLI buffer; 5) association: 600 s with serial diluted an-
alytes (antibodies or ACE2); 6) dissociation: 600 s with BLI buffer. The data were reference-subtracted and analyzed by Octet Data
Analysis software v11.1 using steady-state analysis.

Computational analysis of GISAID sequence data
To identify and obtain SARS-CoV-2 spike protein variants of interest, we performed pairwise sequence alignment of all spike proteins
in the GISAID EpiCoV database and the SARS-CoV-2 reference sequence with the GenBank number BCN86353.1 (Elbe and Buck-
land-Merrett, 2017). We downloaded all published spike protein sequences from the GISAID (accessed on 2/24/2021) as a FASTA
file. We then used the Biopython Bio.SeqlO package (https://biopython.org/wiki/SeqlO) to extract the spike protein amino acid
sequence and related species information from each entry in the FASTA file. Preliminary filtering was performed to remove non-hu-
man sequences, sequences with more than 800 unknown amino acid sequences (“X”), and sequences with < 1250 or > 1280 amino
acids. 484,744 out of the 606,304 sequences passed these filters. GB number BCN86353.1 (Elbe and Buckland-Merrett, 2017).
We then used the python parasail package (https://github.com/jeffdaily/parasail-python) to perform a semi-global alignment of
each sequence to the reference sequence (Daily, 2016). Parameters were set to no penalties for gaps at the beginning and end of
both sequences using a BLOSUMBS0 substitution scoring matrix, a gap opening penalty of 5 within the sequence, and a gap extension
penalty of 2 within the sequence. A BLOSUMB80 scoring matrix was used because higher number blosum matrices (blosum80 as
opposed to blossom32) compare closely related sequences. The highest scoring sequence alignment was kept, and the aligned
sequence was compared position-wise to the reference sequence to identify insertions, deletions, and substitutions. Frequencies
of each unique substitution, insertion, and deletion were obtained with the following equation:

frequency = Z (sequences containing each mutation) -+ Z (all sequences aligned)

Data analysis was performed with the R tidyverse package and ggplot2 (Wickham et al., 2019).

Structural analyses and data visualization

All structures (7DDN (Zhang et al., 2021), 7C2L (Chi et al., 2020), and 7JZL (Cao et al., 2020)) were downloaded from the RCSB-PDB
as PDB files and imported into ChimeraX 1.1 for data visualization and image creation. Log2(normalized binding) values were re-
scaled (—7 to 0 or —1 to 0) and converted to monochromatic ChimeraX color codes with darker red signifying a greater loss in binding
and white signifying no change in binding relative to 6P-D614G spike. These colors scales were superimposed on spike protein struc-
tures for each amino acid screened by our Spike Display assay. For figures showing grouped antibody epitopes, normalized binding
values for all mutations in each position were averaged for all the antibodies comprising that group. These averaged binding values
were then converted to a single color and mapped onto spike structures.

QUANTIFICATION AND STATISTICAL ANALYSIS

The means + SD were calculated and reported for all appropriate data. NTD-targeting nAbs were group based on Pearson correlation
r values > 0.5.
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Figure S1. Characterization of surface displayed SARS-CoV-2 spikes and related
homologs, Related to Figure 1

(A) Fluorescent immunostaining of HEK293T cells transiently expressing SARS-CoV-2 spike
(6P-D614G). Cells were immunostained 48 hours post transfection with the spike display
construct. Full field view of HEK293Ts at 60X magnification. Top row indicates how cells were
immunostained; the first column is a negative control. Last column shows no AF-647 cross-
reactivity with anti-FLAG antibody.

(B) Higher magnification images from the white rectangular frames in (A). AF = Alexa Fluor.
(C) Schematic of pre-processing, classification, and refinement procedure to generate the map
from 106 micrographs (STAR methods). Boxed maps indicate the maps showing 1-RBD up EM
density in alignment with HexaPro (S-6P) 1-RBD up structure (6XKL) (Wrapp et al., 2020).

(D) Western blot of spike displayed proteins and RBD from HEK293T cells. Western blots were
stained with anti-FLAG antibodies. EGFP is included as a negative control for anti-FLAG, and
anti-p tubulin used as a loading control.

(E-F) Raw expression (E) and ACE2 binding (F) signals measured via spike display and flow
cytometry. The ARBD construct is a negative control for background ACE2 binding.

(G-H) Raw expression (G) and ACE2 binding (H) signals for pre-fusion stabilized SARS-CoV-1
using prolines. 2P = F799P + A874P. 4P = 2P + A881P + S924P. 6P = 4P + K968P + V969P. no
TM = SARS-CoV-1 (2P) with no transmembrane domain, used as a negative control for
background expression and ACE2 binding. Circles represent biological replicates. Error bars =
S.D.
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Figure S2. Flow cytometry data processing and biolayer interferometry (BLI1) of nAb
binding to spike (6P-D614G), Related to Figure 1

(A) Representative gating used to select for single HEK293T cells expressing surface displayed
spikes. HEK293T cells identified with side scatter-area (SSC-A) vs forward scatter-area (FSC-A)
gating followed by doublet discrimination using forward scatter-height (FSH) vs forward scatter-
area (FSC-A) and side scatter-height (SSC-H) vs side scatter-area (SSC-A) gates. Representative
cell% retained from each gating step shown on the right.

(B) Graphical representation of the antibodies used (left) and the resulting flow cytometry data
measuring ACE2 binding of 6P-D614G and B.1.1.7 spike variants (right). Single cells were
analyzed using two fluorescent channels, Alexa Fluor-488 and Alexa Fluor-647 for measuring
spike expression and antigenicity, respectively.

(C) Graphical representation (left) and flow cytometry data measuring 4A8 antibody binding of
6P-D614G and B.1.1.7 spike variants (right).

(D-L) Histograms representing signal distributions for Alexa Fluor-488 and Alexa Fluor-647 are
included for (B) and (C). On- and off-rate curves for antibodies (D) 4A8, (E) 4-8, (F) 4-18, (G)
5-7, (H) CM17, (1) CM25, (J) CM30, (K) REGN10933, and (L) REGN10987.

(M) Correlation of the binding affinities measured by spike display and BLI.



A

Unique mutation freq.

EINTD
E@RBD

I FP (1.5%)
8 HR1 (4.3%)
B CH (2.2%)
B3 CD (4.9%)
3 Other region

B Spike
Total Mutation Freq.

A222V
2 0.10
c 18F
] £69-70
g Al44 N501Y
..: 0.05
8 S477N X
N W
© N439K
- 1 :
)
2 0.004
84K
0.002
an 0 1
0.000 Normalized mut. freq.
0 500 1000

Position (a.a.)

Figure S3. Summary of SARS-CoV-2 spike mutation frequencies, Related to Figure 2

(A) The distribution of spike mutations across key protein domains, as reported in the GISAID
(accessed on 24/Feb/2021) (Elbe and Buckland-Merrett, 2017; Shu and McCauley, 2017).

(B) Normalized mutation frequencies, excluding the globally dominant D614G substitution.
Spike domains are colored on the graph as in (A) and Figure 2A.

(C) A spike ectodomain monomer colored by mutation frequency (PDB: 7DDN (Zhang et al.,
2021)). White: invariant position (no mutations). A few key residues are labeled. Position 614,
labeled in red, is excluded from the frequency calculations because it is now globally dominant
(Korber et al., 2020).
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Figure S4. Spike expression measurements and assay reproducibility, Related to Figures 2
and 3

(A) Normalized spike expression for alanine and clinical variants in Figs. 2C, 3A, and 3E.

(B) Comparison of the nAb binding data across two biological replicates and all spike variants
indicates excellent reproducibility. Red = alanine scan; Black = all clinical variants. Pearson
correlation was identical for both datasets.



Normalized binding

Log,(normalized binding)

Group 1

Group 2

Group 2

Group 3

Group 4

Group 1

Group 4

2_
0| were cupitrnre-ve
2 -
& % ° . Ll *G142v

e SATEN L18F
e 4 . -4 -4

Y145N e _W258L
5. : ol e % G142D - G4m0

Y145D G142D

ST T T 1T 1 171 fTrT T T T 711 fTrTT T T 711 fTrtTT T T 7171
104 10 104 109 102 104 100 1010 104 10 102 10+ 100 10610 104 10 102 10! 100 106105104 10 102 101 100

Mutation frequency



Figure S5. Antibody classification and epitope mapping, Related to Figure 3

(A) NTD loops N1 (residues 14-26), N2 (residues 67-79), N3 (residues 141-156), N4 (residues
177-186), and N5 (residues 246-260) uniquely colored and labeled on NTD structure (PDB:
7DDN (Zhang et al., 2021)).

(B) NTD binding nAbs grouped according to Pearson correlation matrix (r > 0.5) from Figure
3C.

(C) Normalized binding data from Figures 2C and 3A were averaged for all nAbs in each group
and normalized to a -1(loss of binding) to 0 (no change in binding) scale and superimposed on
the NTD (PDB: 7DDN (Zhang et al., 2021)). Gray: unmutated positions. Epitope maps highlight
distinct binding patterns at the NTD supersite.

(D) Comparison of mutation frequency as a function of NTD nAb escape for each group.
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Figure S6. Analysis of RBD mutations and comparison to yeast RBD display, Related to
Figure 3

(A-B) Expression (A) and binding (B) data for RBD variants that escape REGENERON nAbs
REGN10933 and REGN10987. We also included the high prevalence S477N clinical mutation.
Data in (A) and (C) were measured using spike display. Antibodies (2-43 and 4A8) and ACE2
were also screened. (n = 3 biological replicates; error bars = S.D.).

(C-E) Spike display correlates with yeast display of the isolated RBD (Starr et al., 2021, 2020)
for (C) expression, (D) ACE2 binding, and (E) REGNERON nAb binding. Pearson correlations
are indicated in each panel.
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Figure S7. Biolayer interferometry of VOC spikes cleaved from cell surfaces and
pseudovirus neutralization assays show nAb escape, Related to Figures 4 and 5

(A-E) BLI spectrogram showing the spike capture strategy. Anti-mouse Fc (AMC) tips are
loaded with mouse anti-FLAG antibodies. The tips then capture SARS-CoV-2 spikes cleaved
from cell surfaces with 3C protease (STAR methods). BLI tips are further incubated in antibody
(4A8) solutions of varying concentrations to observe “on” and “off” rates. (A-E) BLI on and off
rate curves for 4A8 against 6P-D614G (A), B.1.1.7 (B), B.1.351 (C), B.1.1.248 (D), and
B.1.427/B.1.429 (E) spikes. BLI experimental design matches that shown in (A). On/off rate
transition for (A-E) indicated by vertical dotted lines.

(F-H) SARS-CoV-2 pseudovirus neutralization curves using 4A8 (F), 4-18 (G), and CM30 (H)
nAbs. Results compare D614G (light blue) and B.1.1.7 (dark blue) pseudovirus variants (STAR
methods). VSV-G (black) included as a negative control for neutralization. Cell viability data
included in gray. Dots and error bars indicate mean and S.D of three replicates.
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Table S1. Comparison of antibody binding affinities using different platforms, Related to
Figure 1

_ o - - BLI Literature
Antibody Specificity Spike Display o
Kb (nM) Kb (nM) Kb (nM)
4A8 NTD 0.26+0.04 | 25+0.06 | 0.996 +0.045"
(Chi et al., 2020)
4-8 NTD 0.63+0.04 | 27+0.7 | 0.150 +0.037%8
(Liu et al., 2020)
4-18 NTD 35+0.2 26+ 4 0.216 + 0.040%8
(Liu et al., 2020)
5-7 NTD 23+0.1 25+0.3 |0.0950 +0.011*8
(Liu et al., 2020)
CM17 NTD 0.38 + 0.04 31+1 9.34 + 0.16"
(Voss et al., 2021)
CM25 NTD 096+0.03 | 40+02 | 9.44+0.055
(Voss et al., 2021)
CM30 NTD 6.720.6 110+30 | 0.8410.84*
(Voss et al., 2021)
2-43 s1 0.22 +0.2 N/A 1.66 + 1.5%
(Liu et al., 2020)
REGN10933 RBD 0.35+005 | 1.3+0.2 0.0417@
(Hansen et al., 2020
REGN10987 RBD 0.39+0.02 |0.87+0.07 0.0428@
(Hansen et al., 2020)

°Measured in this study using the full IgG.

“Measured via bio-layer interferometry (BLI).

# Measured via enzyme-linked immunosorbent assays (ELISAS)
@ Measured via surface plasmon resonance (SPR).

$ Digitized with WebPlotDigitizer and fit with a 4PL curve in GraphPad Prism 9. Error bar: 95%
Cl of the fit.

& Digitized with WebPlotDigitizer and fit with a 4PL curve in GraphPad Prism 9. Original data
were measured via cell-surface competition binding assay. Error bar: 95% CI of the fit.
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Table S2. Biolayer interferometry of 4A8 to spike variants of concern, Related to Figure 4

and Figure S7

4A8 mADb
Lineage Kb (nM)
WT 23+04
B.1.1.7 N/D
B.1.351 34+3
B.1.1.248 20+04
B.1.427/B.1.429 N/D

N/D: Not determined because 4A8 binding was below the detection limit.
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Table S3. Synthetic DNA sequences for cloning, Related to STAR methods

Oligo ID | DNA sequence (5’ to 3°) | Purpose
Primers
P1 TACCACGCGTGAATTCTCGAGG PCR of pcDNAS5 bb (Rev)
P2 CGGCCGCTCGAGTCTAGAG PCR of pcDNAGS bb (Fwd)
P3 ATGTTCGTGTTCCTGGTGCTCC E’FCV\%” SARS-CoV-2 Spike
P4 GCCCAGGAATGTGCTCAGC E’Ffe%)"f SARS-CoV-2 Spike
P5 tgaacgctgalCTGCAGGCAAGCTTGGCAC PCR of MBP-TEV bb (Fwd)
P6 gottttcagaCGAATTAGTCTGCGCGTCTTTC PCR of MBP-TEV hb (Rev)
P7 gactaattcgTCTGAAAACCTGTATTTCCAG PCR LCBL insert (Fwd)
P8 ttgcctgcagTCAGCGTTCAACTTCCTC PCR LCBLI insert (Rev)
PCR of Spike Display bb for
P9 acctgccaccTGTGGGCTACCTGCAACC Part1 DO plasmid (Fwd)
PCR of Spike Display bb for
P10 acctgccaccGTCACCAGTGGAACCTGG Part1 DO plasmid (Rev)
PCR of sfGFP DO insert for
P11 cactggtgacGGTGGCAGGTGGAAAGTG Part1 DO plasmid (Fwd)
PCR of sfGFP DO insert for
P12 gtagcccacaGGTGGCAGGTGTATAAACG Part1 DO plasmid (Rev)
PCR of Spike Display bb for
P13 acctgccaccGCCACCGTCTGCGGTCCT Part2 DO plasmid (Fwd)
PCR of Spike Display bb for
P14 acctgccaccCACATAGTAGGCTGCAGCTCCG Part? DO plasmid (Rev)
PCR of sfGFP DO insert for
P15 ctactatgtgGGTGGCAGGTGGAAAGTG Part2 DO plasmid (Fwd)
PCR of sfGFP DO insert for
P16 agacggtggcGGTGGCAGGTGTATAAACG Part? DO plasmid (Rev)
P17 GCGTTTATACACCTGCCACC PCR of Spike Display bb for
GATCTACAAGACCCCACCTATCAAGGAC Part3 DO plasmid (Fwd)
P18 TTCACTTTCCACCTGCCACC PCR of Spike Display bb for
TGGCGGGGGCGTGGAGTAAC Part3 DO plasmid (Rev)
P19 GTTACTCCACGCCCCCGCCA PCR of sfGFP DO insert for
GGTGGCAGGTGGAAAGTGAA Part3 DO plasmid (Fwd)
P20 GTCCTTGATAGGTGGGGTCTTGTAGAT PCR of sfGFP DO insert for
CGGTGGCAGGTGTATAAACGC Part3 DO plasmid (Rev)
PCR of Spike Display bb for
P21 ACCTGCCACCCAGAGCGCGCCGCAC Part4 DO plasmid (Fwd)
P22 ACCTGCCACCGATCTGCTTCACTTGGGCG PCR of Spike Display bb for
Part4 DO plasmid (Rev)
PCR of sfGFP DO insert for
P23 GAAGCAGATCGGTGGCAGGTGGAAAGTG Part4 DO plasmid (Fwd)
P24 GCGCGCTCTGGGTGGCAGGTGTATAAACG | CR Of STGFP DO insert for
Part4 DO plasmid (Rev)
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ACCTGCCACCGCAGGGATCCGGATACATCCC

PCR of Spike Display bb for

P25 CG Part5 DO plasmid (Fwd)
P26 ACCTGCCACCTCTGGGGGAAGCTCATCAGG | FCR of Spike Display bb for
Part5 DO plasmid (Rev)
PCR of sfGFP DO insert for
P27 TTCCCCCAGAGGTGGCAGGTGGAAAGTG Part5 DO plasmid (Fwd)
P28 GGATCCCTGCGGTGGCAGGTGTATAAACG | LCR Of STGFP DO insert for
Part5 DO plasmid (Rev)
PCR of Spike Display bb for
P29 acctgccacCGCAGGGATCCGGATACATC Part1-5 DO plasmid (Fwd)
PCR of Spike Display bb for
P30 acctgccacCGTCACCAGTGGAACCTGG Part1-5 DO plasmid (Rev)
PCR of sfGFP DO insert for
P31 cactggtgacGGTGGCAGGTGGAAAGTG Part1-5 DO plasmid (Fwd)
PCR of sfGFP DO insert for
P32 ggatccctgcGGTGGCAGGTGTATAAACG Part1-5 DO plasmid (Rev)
gBlocks
CCTCGAGAATTCACGCGTGGTACCTCTAGAG
Gl TCGACCCGGGATGGAGACAGACACACTCCTG | lg-Kappa leader
CTATGGGTACTGCTGCTCTGGGTTCCAGGTTC
CACTGGTGACATGTTCGTGTTCCTGGTGCT
TGCTGAGCACATTCCTGGGCAGATCCGACTA
CAAAGACCATGACGGTGATTATAAAGATCAT
GACATCGATTACAAGGATGACGATGACAAG
AGCGCCTGGTCCCACCCCCAGTTCGAGAAGG
GATCCCTGGAGGTGCTGTTCCAGGGCCCAGG
G2 CGGCGGCGGTAGTGGAGGGGGCGGATCTGG | C-terminal linker
CGGCTCAGCTGCTGTGGGCCAGGACACGCAG
GAGGTCATCGTGGTGCCACACTCCTTGCCCTT
TAAGGTGGTGGTGATCTCAGCCATCCTGGCC
CTGGTGGTGCTCACCATCATCTCCCTTATCAT
CCTCATCATGCTTTGGCAGAAGAAGCCACGT
TAACGGCCGCTCGAGTCTAG
ACCAACAAGGACCATAGCATATGTCCCATCA
CCATCACCATCACCATCACTCTGAAAACCTG
TATTTCCAGAGCGGCGGTGGCGACAAGGAAT
GGATCCTGCAGAAAATTTATGAAATCATGCG LCB1
G3 CCTCCTGGACGAGCTGGGCCACGCTGAAGCG

TCCATGCGTGTTTCCGACCTGATCTACGAATT
CATGAAGAAAGGCGACGAACGCCTCCTGGA
GGAAGCTGAACGCCTCCTGGAGGAAGTTGAA
CGCTGACTGCAGGCAAGCTTGGC
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Methods S1. Protocols for vector assembly, transient expression in human cell

culture, and analysis by flow cytometry, Related to STAR Methods

Version 1

Oct 12, 2021

Protocol 1A: Spike Display vector assembly
Protocol 1B: Transient expression of Spike Display in human cell culture

Protocol 1C: HEK292T immunostaining and flow cytometry
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Protocol 1A: Spike Display vector assembly

All cloning vectors and parts used for Spike Display assemblies have been deposited on

Addgene. See the table below for plasmid reference numbers. Addgene plasmids will be shipped

as transformed bacteria in stab culture format. Upon receipt, stabs should be kept at 4 °C. Cells
from the stab should be streaked out for single colonies on LB Agar plates with the appropriate
antibiotic. Using a single colony, inoculate an overnight LB culture and perform plasmid DNA
purifications. We recommend sequence verifying all plasmids upon receipt.

172721 Spike Display_Part-1 DO
172722 Spike Display_Part-2 DO
172723 Spike Display_Part-3 DO
172724 Spike Display_Part-4 DO
172725 Spike Display_Part-5 DO
172726 Spike Display_Part 1-5 DO
172727 Spike Display_Part 1a Spacer
172728 Spike Display_Part 1b Spacer
172729 Spike Display_Part-1 Spacer
172730 Spike Display_Part-2 Spacer
172731 Spike Display_Part-3 Spacer
172732 Spike Display_Part-4 Spacer
172733 Spike Display_Part-5 Spacer
172734 Spike Display_6P-D614G
172735 Spike Display B.1.1.7
172736 Spike Display_B.1.351
172737 Spike Display _B.1.1.248
172738 Spike Display_B.1.427/B.1.429

The Spike Display platform features a modular Golden Gate cloning framework for the assembly

of spike protein variants. The entirety of the spike protein coding region is divided into 5 parts

with junctions strategically positioned at amino acids with low mutational frequencies, according

to the GISAID (see below).
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SARS-CoV-2 spike protein

For each of the 5 parts, an entry vector was constructed by cloning in a superfolder GFP (sfGFP)
bacterial expression cassette with flanking Aarl cut sites and unique 4 nt overhangs matching the
wild-type SARS-CoV-2 sequence of each part junction, using PCR and Hi-Fi DNA assembly
(see below). A part 1-5 entry vector was made with the entire SARS-CoV-2 coding sequence
replaced with the sfGFP cassette to enable multi-part assemblies of complex spike variants or
entirely different spike proteins.

Entry vectors

Part 1-5 DO Part-1 DO Part 1-5 Drop Out

When assembling a new Spike Display vector with the desired mutations, first identify the amino
acid (a.a.) position in the spike protein coding sequence. Use the table below to determine which
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part your desired mutation(s) fall into. For example, the nonsynonymous mutation N501Y (N-
>Y mutation at position 501 in the SARS-CoV-2 spike protein coding sequence) is in Part-2.

la TGAC GCAA 136-137 1-135
1b GCAA TGTG 266-267 138-265
1 TGAC TGTG 266-267 1-265
2 TGTG GCCA 522-523 268-521
3 GCCA GATC 787-788 524-786
4 GATC CAGA 1054-1055 789-1053
5 CAGA GCAG 1207-1208 1054-1206

Next, dsSDNA gene blocks (synthetic oligos) need to be designed an ordered for each modified
part. For these gene blocks to be compatible with the Golden Gate cloning framework used here,
5’ and 3’ overhangs containing Aarl endonuclease recognition sequences need to be included
(see below). During the Golden Gate assemblies Aarl will remove its own recognition sequence
and expose 4 nt overhangs on the 5* and 3’ ends of each Part, which are complementary to the
flanking Part or plasmid backbone overhangs.

Gene block designs

Aarl Overhang Part1a 3’ Aarl
GCACCTGCCACC i_!_c_n_c “AR GGTGGCAGGTGG
CGTGGACGGTGG ! CCACCGTCCACC

51

Overhang
Aarl Overhang Part 1b 3’ Aarl
GCACCTGCCACC iGCAR [GTE GGTGGCAGGTGG
CGTGGACGGTGG # CCACCGTCCACC
> Overhang
Aarl Overhang Part1 3 Aarl
GCACCTGCCACC “___' LGTG, GGTGGCAGGTGG
CGTGGACGGTGG CCACCGTCCACC
5 Overhang
Aarl Overhang Part2 3’ Aarl
GCACCTGCCACC {TGTC SCCA GGTGGCAGGTGG
CGTGGACGGTGG i CCACCGTCCACC
D Overhang
Aarl Overhani Part 3 3’ Aarl
GCACCTGCCACC :____ SATC GGTGGCAGGTGG
CGTGGACGGTGG CTAG! CCACCGTCCACC
5 Overhang

’

Aarl Overhang Part4 3 Aarl
GCACCTGCCACC :___ AGA GGTGGCAGGTGG
CGTGGACGGTGG " CCACCGTCCACC

5!

Overhang

Aarl Overhang Part5 3’ Aarl
GCACCTGCCACC ;___ G GGTGGCAGGTGG
CGTGGACGGTGG CCACCGTCCACC

5 Overhang
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Complete Part sequences for the SARS-CoV-2 spike protein (D614G, %82GSAS®® F817P,
AB892P, A899P, A942P, K986P, V987P) with the appropriate overhangs are included in the table
below. These sequences can be used as templates for ordering custom Parts (dSDNA oligos) with
the desired mutations.

Design tips:

1.

W

Consider codon optimization when creating nonsynonymous mutations. As this
expression system is tailored for human cell cultures, human codon optimization should
be used.

Ensure that desired substitutions, insertions, and deletions are in the appropriate reading
frame.

Perform in silico assemblies with the designed parts and entry vectors for QC.

Remove any of the following internal cut sites generated during the design of gene block
Parts: Bsal, BsmBlI, Aarl

If a desired mutation is located at a Part junction (4 nt overhangs), a larger gene fragment
can be purchased which spans the junction. For example, a desired sequence change
located at the 3° end of Part 3 can be designed by ordering a Part 3-4 gene fragment.
Alternatively, traditional cloning strategies such as site-directed mutagenesis or Gibson
assembly can be performed for these special cases.

GCATCGTCTCATCGGCACCTGCCACCTGACATGTTCGTGTTCCTG
GTGCTCCTGCCTCTGGTGAGCAGCCAGTGCGTGAACCTGACCAC
CCGAACCCAGCTCCCACCAGCCTACACCAACAGCTTTACACGGG
GCGTGTACTACCCTGACAAGGTGTTCAGATCTAGCGTCCTGCAC
AGCACTCAGGACCTCTTCCTGCCGTTCTTCAGCAACGTGACATGG
Part-1a TTCCACGCCATCCACGTGAGCGGCACAAACGGAACCAAGCGGTT
TGATAACCCCGTCCTGCCATTCAATGATGGAGTTTACTTCGCCAG
TACCGAGAAGAGTAACATCATCCGGGGCTGGATCTTCGGCACCA
CCCTGGATAGCAAAACACAGAGCCTCCTGATCGTGAACAATGCC
ACGAACGTCGTGATCAAGGTGTGCGAGTTCCAGTTTTGCAAGGT
GGCAGGTGGACCTGAGACGGCAT

GCATCGTCTCATCGGCACCTGCCACCGCAATGATCCTTTCCTGGG
TGTGTACTACCACAAGAACAACAAGAGCTGGATGGAAAGCGAG
TTCAGAGTCTACAGCAGCGCCAACAACTGCACATTCGAGTACGT
CTCTCAGCCTTTTCTGATGGACCTTGAGGGGAAACAAGGCAACT
TCAAGAACCTGAGAGAATTCGTGTTCAAGAACATCGACGGCTAC
Part-1b TTCAAAATCTACTCCAAGCACACACCCATCAACCTGGTCCGGGA
CCTCCCTCAGGGCTTCAGCGCCCTGGAACCCCTGGTCGACCTGCC
CATAGGCATCAACATAACGCGGTTCCAAACCCTGCTGGCCCTGC
ATAGATCCTACCTGACTCCTGGCGACAGCAGCAGCGGATGGACC
GCCGGAGCTGCAGCCTACTATGTGGGTGGCAGGTGGACCTGAGA
CGGCAT

GCATCGTCTCATCGGCACCTGCCACCTGACATGTTCGTGTTCCTG
GTGCTCCTGCCTCTGGTGAGCAGCCAGTGCGTGAACCTGACCAC
CCGAACCCAGCTCCCACCAGCCTACACCAACAGCTTTACACGGG
GCGTGTACTACCCTGACAAGGTGTTCAGATCTAGCGTCCTGCAC

Part-1

20



AGCACTCAGGACCTCTTCCTGCCGTTCTTCAGCAACGTGACATGG
TTCCACGCCATCCACGTGAGCGGCACAAACGGAACCAAGCGGTT
TGATAACCCCGTCCTGCCATTCAATGATGGAGTTTACTTCGCCAG
TACCGAGAAGAGTAACATCATCCGGGGCTGGATCTTCGGCACCA
CCCTGGATAGCAAAACACAGAGCCTCCTGATCGTGAACAATGCC
ACGAACGTCGTGATCAAGGTGTGCGAGTTCCAGTTTTGCAATGA
TCCTTTCCTGGGTGTGTACTACCACAAGAACAACAAGAGCTGGA
TGGAAAGCGAGTTCAGAGTCTACAGCAGCGCCAACAACTGCACA
TTCGAGTACGTCTCTCAGCCTTTTCTGATGGACCTTGAGGGGAAA
CAAGGCAACTTCAAGAACCTGAGAGAATTCGTGTTCAAGAACAT
CGACGGCTACTTCAAAATCTACTCCAAGCACACACCCATCAACC
TGGTCCGGGACCTCCCTCAGGGCTTCAGCGCCCTGGAACCCCTG
GTCGACCTGCCCATAGGCATCAACATAACGCGGTTCCAAACCCT
GCTGGCCCTGCATAGATCCTACCTGACTCCTGGCGACAGCAGCA
GCGGATGGACCGCCGGAGCTGCAGCCTACTATGTGGGTGGCAGG
TGGACCTGAGACGGCAT

Part-2

GCATCGTCTCATCGGCACCTGCCACCTGTGGGCTACCTGCAACCT
AGAACCTTCCTGCTGAAGTACAACGAGAACGGCACAATCACAGA
CGCCGTCGACTGCGCCCTGGACCCTCTCTCTGAGACAAAGTGCA
CCCTGAAGTCCTTCACCGTGGAAAAGGGCATCTACCAGACCAGC
AACTTCCGGGTGCAGCCTACAGAGAGCATCGTGCGATTTCCAAA
CATTACCAACCTCTGCCCCTTCGGCGAGGTGTTTAACGCCACAA
GATTTGCCTCCGTTTACGCCTGGAATAGAAAGAGAATCAGCAAT
TGTGTGGCCGACTACTCCGTGCTGTATAACAGCGCCTCTTTCAGC
ACCTTCAAGTGCTACGGCGTTTCCCCAACAAAGCTGAATGACCT
GTGCTTCACCAACGTGTACGCCGACTCCTTCGTAATTAGAGGCG
ATGAGGTGCGGCAGATCGCACCAGGCCAGACCGGTAAGATCGCT
GACTACAACTATAAGCTGCCTGATGATTTTACAGGCTGCGTGAT
CGCCTGGAACTCTAACAACCTGGATAGCAAGGTGGGCGGCAACT
ACAACTACCTGTACCGGCTGTTTCGCAAGTCTAACCTGAAACCTT
TCGAGAGAGACATCTCCACAGAGATCTACCAGGCCGGTTCTACA
CCTTGTAACGGGGTGGAAGGCTTCAACTGTTACTTCCCTCTGCAA
AGCTACGGCTTCCAGCCTACCAATGGAGTCGGCTACCAGCCATA
CCGGGTGGTCGTGCTGTCCTTCGAGTTACTCCACGCCCCCGCCAG
GTGGCAGGTGGACCTGAGACGGCAT

Part-3

GCATCGTCTCATCGGCACCTGCCACCGCCACCGTCTGCGGTCCTA
AGAAGTCCACCAATCTGGTTAAGAACAAATGCGTGAACTTCAAC
TTCAACGGCCTGACCGGGACCGGCGTGCTGACCGAAAGCAACAA
AAAGTTCCTCCCCTTCCAGCAGTTCGGCCGTGATATCGCTGACAC
CACAGATGCCGTCAGAGATCCACAGACCCTGGAAATCCTGGATA
TTACACCCTGCTCCTTCGGAGGAGTTTCTGTGATCACCCCCGGGA
CCAATACCAGCAACCAGGTGGCTGTGCTGTACCAAGGTGTTAAC
TGCACCGAGGTTCCTGTGGCCATCCACGCCGATCAGCTGACACC
TACTTGGAGAGTGTACTCCACTGGCTCCAATGTGTTCCAGACCA
GGGCCGGATGTCTGATCGGCGCCGAGCACGTGAATAACAGTTAC
GAGTGCGACATCCCTATCGGCGCCGGCATCTGTGCCAGCTACCA
GACCCAGACAAACAGCCCTGGGTCTGCTTCCTCTGTAGCTAGCC
AGAGCATCATCGCCTACACCATGAGCCTGGGCGCAGAGAACAGC
GTGGCCTATTCCAACAACTCTATCGCCATTCCCACCAACTTTACA
ATTAGCGTCACAACAGAGATCCTGCCCGTGAGCATGACCAAGAC
CAGCGTGGACTGTACAATGTACATCTGTGGCGACAGCACTGAAT
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GCAGCAACCTGCTGCTGCAATACGGCTCCTTTTGCACCCAACTG
AACCGGGCGCTGACCGGAATCGCCGTGGAACAGGACAAAAATA
CCCAGGAGGTGTTCGCCCAAGTGAAGCAGATCGGTGGCAGGTGG
ACCTGAGACGGCAT

Part-4

GCATCGTCTCATCGGCACCTGCCACCGATCTACAAGACCCCACC
TATCAAGGACTTCGGCGGCTTTAACTTTAGCCAGATTCTCCCTGA
TCCTTCTAAGCCTAGCAAGCGGAGCCCTATCGAGGATCTGCTGTT
CAACAAGGTCACCCTGGCCGATGCCGGCTTTATCAAACAGTATG
GCGATTGCCTGGGCGACATAGCCGCCAGAGATCTGATCTGCGCC
CAGAAATTCAACGGCCTGACAGTTCTCCCACCTCTGCTGACCGA
CGAGATGATCGCTCAGTACACCTCTGCCCTGCTGGCTGGCACCA
TCACATCTGGGTGGACATTTGGCGCCGGCCCCGCCCTGCAGATC
CCCTTTCCCATGCAGATGGCCTATAGATTCAACGGAATCGGCGT
GACCCAGAACGTGCTGTATGAAAACCAGAAGCTGATCGCTAACC
AGTTCAATTCTGCCATCGGCAAGATCCAGGACTCCCTCTCCTCTA
CCCCCAGCGCCCTGGGCAAACTGCAGGACGTGGTGAATCAGAAC
GCCCAAGCCCTGAACACCCTGGTGAAGCAGCTCAGCAGCAATTT
TGGCGCCATCAGCTCTGTGCTGAACGATATCCTGTCTAGACTGG
ACCCTCCAGAAGCCGAAGTCCAGATCGATAGACTGATCACAGGC
AGACTGCAGTCCCTGCAAACCTACGTGACCCAACAGCTGATCAG
GGCCGCTGAAATAAGAGCCAGCGCCAATCTCGCCGCTACCAAGA
TGTCCGAGTGTGTGCTGGGACAGTCTAAACGCGTTGACTTCTGC
GGCAAAGGCTATCACCTGATGAGCTTCCCCCAGAGGTGGCAGGT
GGACCTGAGACGGCAT

Part-5

GCATCGTCTCATCGGCACCTGCCACCCAGAGCGCGCCGCACGGC
GTGGTGTTCCTGCATGTGACATACGTGCCTGCCCAAGAGAAGAA
TTTCACAACCGCCCCTGCCATCTGCCACGACGGCAAGGCCCACT
TCCCAAGAGAGGGCGTTTTCGTTTCCAATGGCACACACTGGTTC
GTGACACAAAGAAACTTCTACGAACCCCAGATTATCACCACCGA
CAACACCTTCGTGAGTGGCAATTGTGACGTGGTCATCGGAATCG
TGAACAACACAGTGTACGACCCTCTGCAACCTGAGCTGGACTCT
TTTAAGGAAGAGCTGGACAAGTACTTTAAAAACCACACCAGCCC
CGATGTGGACCTGGGCGACATCAGTGGCATTAACGCCAGCGTGG
TGAACATCCAAAAGGAAATCGACAGACTGAACGAGGTGGCCAA
GAACCTGAACGAGTCCCTGATCGACCTGCAGGAGCTCGGCAAAT
ACGAGCAGGGTGGCAGGTGGACCTGAGACGGCAT

Sequences highlighted in red contain BsmBI and Aarl recognition sequences as well as the
appropriate 5’ and 3’ 4 nt overhangs needed for proper Golden Gate assembly. Simply
replace/alter the spike coding sequences in black when designing and ordering gene blocks.

For the assembly of a new Part, the cognate Part-DO vector is required. For example, the
assembly of a Part-2 gene block containing a N501Y mutation will require the Part 2 DO vector.
These Part + DO vector assemblies should be conducted using the following Golden Gate
reaction conditions in PCR strip tubes:
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Golden Gate assembly mix (single part):

e 0.25 L of T7 DNA Ligase (NEB M0318S)

e 0.25 pL of Aarl (Thermo Fisher ER1582)

e 1L Aarl Oligo (1:5 dilution of stock in NFW) (Thermo Fisher)

e 1puL T4 DNA Ligase Buffer (NEB B0202A)

e 1 L of the modified Part (10 ng for gene block, 20 ng if in YTKO001 plasmid)
e 1 pL of Part DO plasmid (30 ng)

e 55 pL of NFW (nuclease free water)

10 pL total reaction volume

Thermocycling (single part):

e 25cycles

o 37 °C for 1 minute (digestion)

o 16 °C for 2 minutes (ligation)
e 1cycle

o 37 °C for 30 minutes (final digestion)

o 80 °C for 20 minutes (heat inactivation)
e 4°Chold

The Golden Gate cloning framework used for Spike Display allows for the assembly of complex
spike variants, containing multiple mutations in different Parts. For example, the alpha variant of
concern (VOC), also known as B.1.1.7 contains mutations across all five Parts of the spike
coding sequence. To assemble this variant, the Part 1-5 DO vector can be used with customized
gene blocks for each of the 5 Parts (see below). These 5 Parts can then be assembled into the Part
1-5 DO vector in a single Golden Gate reaction.

Variant gene blocks B.1.1.7 spike variant

Part 1 (AH\.’ 69-70, AYW»H) Agl’l A?ﬂ

Part 2 (N501Y) R

Part 3 (A570D,P681H,T7161) . L — —
FacTRne Part 4 (S9824) i e\ Cledvage Part 1-5 DO Ligation
Part 5 (D1118H) —

Some spike variants may contain mutations in some Parts but not others. For these assemblies,
Part vectors are also available that encode the 6P-D614G spike coding sequences assembled into
the YTKOO1 entry vector (see below). These plasmids can be directly used in the multipart
Golden Gate assemblies as they also contain Aarl cut sites and the same 4 nt overhangs.

f=m
we— e
f=s - =
=53
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Part vectors

Part-1a Part-1b Part-1

Golden Gate assembly mix (multi-part):

e 0.25 L of T7 DNA Ligase (NEB M0318S)

e 0.25 pL of Aarl (Thermo Fisher ER1582)

e 1 pL Aarl Oligo (1:5 dilution of stock in NFW) (Thermo Fisher)

e 1 pL T4 DNA Ligase Buffer (NEB B0202A)

e 1 L of each modified Part (10 ng for gene block, 20 ng if in YTKO001 plasmid)
e 1 pL of Part DO plasmid (30 ng)

e 1.5 pL of NFW (nuclease free water)

10 pL total reaction volume

Thermocycling (multi-part):

e 50 cycles

o 37 °C for 2 minutes (digestion)
o 16 °C for 4 minutes (ligation)

e 1cycle

o 37 °C for 60 minutes (final digestion)
o 80 °C for 20 minutes (heat inactivation)

e 4°Chold

Transformations:

Thaw out 50 pL of Zymo DH10p Mix & Go Competent Cells (prepared using Zymo
T3019) for each plasmid transformation, on ice.

Transfer 4 L from each unique assembly to the respective 1.5 mL Eppendorf tube
containing 50 pL of competent cells. Flick tubes gently to mix contents and briefly spin
down.

Incubate mixtures on ice for 10 minutes on ice or a 4 °C block.

Add 150 pL of superior broth (AthenaES 0105) to each tube and perform outgrowth for 1
hour at 37 °C while shaking (tubes on their side for optimal growth/recovery).
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e Outgrown cells were plated dropwise on Nunc OmniTrays (5 pL per spot) (Thermo
Fisher 140156), containing LB-agar + carbenicillin at 100 ug mL-1. Each plate can fit 96,
5 yL drops. Plates were kept at room temperature until the drops dried and were then
transferred to a 37 °C incubator for growth overnight (12-16 hours).

e Colonies should be screened with blue light to discriminate between fluorescent
(green/gfp) and non-fluorescent colonies. Colonies still containing the sfGFP-DO and not
the desired Part(s) will retain green fluorescence and should not be picked.

e Colonies can be picked into 1 mL of SB media with Carbenicillin (100 pug/mL) in
Axygen deep well grow blocks and grown overnight at 37 °C while shaking.

e Once grown, liquid cultures should be pelleted at 3000 g for 10 minutes and miniprepped
using the Promega Wizard SV 96 Plasmid DNA Purification Kit (Promega A2250).

e All plasmid assemblies should sequence verified.

Troubleshooting:

e No colonies on the plate:

o QC competent cells by transforming a Part or Part-DO vector alone. High
transformation efficiency commercial competent cells can also be used.

o Ensure that the correct antibiotics are used for the LB-Agar plate. Part plasmids
are Chloramphenicol resistant. Part-DO plasmids are Ampicillin/Carbenicillin
resistant.

o Plate more of the transformed/outgrown cells to compensate for inefficient
assemblies.

o Ensure that the T7 DNA Ligase and T4 DNA Ligase buffer are fresh and have not
undergone excessive freeze thaw cycles.

e All colonies are green:

o Check the concentrations of each Part and Part-DO vector to ensure that correct
input concentrations are used for the Golden Gate assembly. These reactions are
sensitive to the molar ratio of each DNA component.

o QC the restriction endonuclease being used with the Part and Part-DO vectors.
Run cleaved products on a gel to ensure the separation of insert and backbone. If
this reaction fails, either the endonuclease is inactive or the plasmids preparations
have impurities, inhibiting the digestion reactions.

o If using Aarl, ensure that the Aarl oligo is being added to the reaction. Unlike
other endonucleases Aarl requires this trigger oligo for efficient cleavage activity.

e Incomplete multi-part assemblies:

o On occasion, promiscuous cleavage/ligation events will occur during multi-part
assemblies causing the dropout of individual Parts. For inefficient multi-part
assemblies screen 4 or more colonies and sequences across the entire spike coding
sequence.
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Protocol 1B: Transient expression of Spike Display in human cell culture

Culturing and seeding cells:

e HEK?293T cells should be cultured in:

o DMEM (Gibco 11995065) containing phenol red, 4 mM L-glutamine, 110 mg L-1
sodium pyruvate, 4.5 g L-1 D-glucose

o 10% FBS (Gibco 26140079)
o 2% Pen/Strep (Thermo Fisher 15070063)

e Cells lines should be tested for mycoplasma contamination before use. The Mycoplasma
Detection Kit (SouthernBiotech 13100-01) is highly recommended.

e Cells should be maintained in a humidified atmosphere of 5% CO, and 37 °C.

e Passage cells every 2-3 days into 10 cm polystyrene coated plates (VWR 10062-880)
upon reaching high density.

e Approximately 24 hours before transfection, cells should be seeded into 6-well or 12-well
polystyrene coated plates (VWR 10861-696, 10861-698) at a density of 0.3 x 10° cells
mL* or 0.1 x 10° cells mL™?, respectively.

Transfection:

e Upon reaching 60-80% confluence, cells are ready for transfection.
e For each Spike Display expression vector, we recommend transfecting 2-3 biological
replicates (2-3 separate wells of seeded cells).
e For each sample/plasmid set up a sterile Eppendorf tube with Opti-MEM (Gibco
51985091).
o 100 pL/tube for 12-well plates
o 200 pL/tube for 6-well plates
e Add endotoxin free plasmid DNA to each tube.
o 1 pg/tube for 12-well plates
o 2 pgltube for 6-well plates
e Inaseparate Eppendorf tube create a master mix containing:
o 100 pL or 200 pL of Opti-MEM per sample, for 12- and 6-well plates respectively
o 3 uL of Lipofectamine 3000 (Thermo Fisher L3000015) per ug of plasmid DNA
o Recommendation: include 10% excess of each reagent to compensate for solution
loss during pipetting.
e Add the Opti-MEM/Lipofectamine master mix to each tube containing plasmid DNA +
Opti-MEM
o 100 pL/tube for 12-well plates
o 200 pL/tube for 6-well plates
¢ Incubate reactions in the hood, for 20 minutes. Shorter or longer incubations are
detrimental to transfection efficiencies.
e Add each transfection mix (plasmid DNA + Lipofectamine + Opti-MEM) to the
appropriate wells containing seeded cells (60-80% confluence) in a drop-wise fashion.
e Return plate(s) to the 37 °C incubator and wait 48 hrs before collecting cells. This will
give the spike proteins sufficient time to be post translationally modified, trafficked, and
displayed on the cell surface.
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Protocol 1C: HEK292T immunostaining and flow cytometry

Collecting cells:

HEK293T cells with surface-displayed spike should be collected 48 hours post-
transfection

First, wash once with PBS (volume equivalent to the media in each well).

Next, resuspend in PBS by gentle pipetting until all the cells have been dislodged from
the cell surface and are essentially monodispersed (no clusters). HEK293Ts tend to stick
and aggregate.

Transfer resuspended cells from each well to a sterile Eppendorf tube (1 tube per
sample).

Use 20 uL of the resuspended cells to determine cell density. An automated cell counter
(Logos Biosystems L40002) was used for this study.

Cells should then be spun down at 200 g for 1 minute.

After decanting the supernatant resuspend the cells with chilled PBS-BSA (1% BSA
(Sigma-Aldrich A3294), 1x PBS, 2 mM EDTA pH 7.4) to a density of ~3 x 108 cells
mLL. Lower cell densities can be used if necessary.

Cells can be kept in PBS-BSA for several hours if chilled (4 °C). However, for best
immunostaining and flow cytometry results, assay cells immediately after collection.

Immunostaining cells:

Flow cytometry assays can be prepared in Axygen Deep well grow blocks (P-2ML-SQ-
C-S).

Each well contains a predetermined concentration of primary antibody or chimeric cell
receptor (ACE2-Fc) diluted in PBS-BSA (500 uL) and 50 pL (1.5 x 10°) of cells.
Mixtures should be incubated at room temperature and shaken at 950 rpm for 1 hour.
This will provide sufficient time for antibodies or soluble proteins to bind the displayed
spike antigen.

Cells are then pelleted by spinning the plate for 2 minutes at 500 g in a swinging bucket
rotor.

Wash cells by carefully decanting the supernatant and adding 500 pL of PBS-BSA to
each well. Spin cells again at 500 g for two minutes and repeat wash.

500 pL of a secondary antibody solution (5 uM Alexa Fluor® 488 anti-mouse
(SouthernBiotech 1031-30) and 10 uM Alexa Fluor® 647 anti-human (SouthernBiotech
2048-31) in PBS-BSA) was added to each well.

Incubate the plate in the dark, at 4 °C while shaking at 950 g for 25 minutes. Longer
incubation times will result in the gradual dissociation of the primary antibodies. For
antibodies or soluble cell receptors with weak binding affinities, consider primary labels
to improve fluorescent signal while analyzing via flow cytometry.

Wash the wells again, twice with PBS-BSA, and then resuspended in 300 uL of PBS-
BSA before running on the SA3800 Spectral Analyzer (SONY).
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Flow cytometry:

HEK293T cells were used to establish forward scatter-area (FSC-A) and side scatter-area (SSC-
A) gating (see below). Singlet discrimination was then established with forward scatter-height
(FSC-H) vs forward scatter-area (FSC-A) and side scatter-height (SSC-H) vs side scatter-area
(SSC-A) gates. A minimum of 10,000 singlet events were acquired for each assayed sample.
Variations of these gates and cell counts can be used for each assay if need. However, using a
template for consistent gating and data analysis is recommended.

Side Scatter - Height

Side Scatter - Area
Forward Scatter - Height
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These singlet HEK293T cells are further analyzed in two fluorescent channels, Alexa Fluor 488
(AF-488) and Alexa Fluor 647 (AF-647), using manufacturer-recommended excitation and
detection settings.

Spectral unmixing should be applied to all data to reduce the effect of spectral spillover and
autofluorescence on downstream calculations. The protocol for spectral unmixing and the
creation of fluorescent compensation matrixes will vary depending on the flow cytometer and the
software used to analyze the data.

See below for a graphical representation of the antibodies used (left) and the resulting flow
cytometry data measuring ACE2 binding of 6P-D614G and B.1.1.7 spike variants (right). Single
cells from the gating workflow described above were analyzed using two fluorescent channels,
Alexa Fluor-488 and Alexa Fluor-647 for measuring spike expression and antigenicity,
respectively.
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A similar graphical representation is shown for a different antibody (4A8), which interacts with
the SARS-CoV-2 spike proteins N-terminal domain (NTD) (see below). Unlike ACE2, 4A8’s
binding profile (AF-647 signal) differs greatly between the WT (6P-D614G) and B.1.1.7 spike
variants.
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Data analysis:

Median height (H) measurements for the AF-488 and AF-647 channels should be recorded for
each sample. Anti-FLAG (AF-488 channel) signal is used to measure spike expression. Spike
variant (x) expression relative to WT (6P-D614G) can be calculated using the following
equation:

Normalized expression = Log,(Median: 488_H, /Median: 488_Hgp pe14c

Anti-FLAG signal is also used as an internal normalization control to correct for changes in
transfection efficiency and spike expression when measuring antibody or ACE2 binding.
Normalized binding measurements for spike variants (x) expression relative to WT (6P-D614G)
can be calculated using the following equation:

Median: 647_H,/Median: 488_H,

N lized binding = L
ormatize maing OgZ(Median: 647_H6P_D614G/Median: 488—H6P_D614-G

For antibody titration curves, median height (H) measurements for AF-647 are divided by the
respective AF-488 signal for each sample. This provides a normalized binding measurement
relative to each sample's expression signal (Anti-FLAG; AF-488). All titrations were conducted
using biological triplicate (three separate transfections). All titration points for each curve were
then divided by the max value in the set, thus normalizing the curve to a range between 0 and 1
normalized binding units. These values can then fit with a Sigmoidal, 4PL function where X is
concentration (least squares fit).

All flow cytometry data for this study was analyzed using FlowJo v9.
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