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In brief

Singh et al. show that low pH and Ca?*
facilitate SARS-CoV-2 spike-driven
membrane fusion. Ca®* drives a pre- to
post-fusion conformational change of the
spike protein. SARS-CoV-2 spike variants
of concern have evolved with enhanced
dynamic calcium sensitivity, which in-
creases fusion activity and cell entry.
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SUMMARY

Mutations in the spike protein generated a highly infectious and transmissible D614G variant, which is
present in newly evolved fast-spreading variants. The D614G, Alpha, Beta, and Delta spike variants of
SARS-CoV-2 appear to expedite membrane fusion process for entry, but the mechanism of spike-mediated
fusion is unknown. Here, we reconstituted an in vitro pseudovirus-liposome fusion reaction and report that
SARS-CoV-2 wild-type spike is a dynamic Ca?* sensor, and D614G mutation enhances dynamic calcium
sensitivity of spike protein for facilitating membrane fusion. This dynamic calcium sensitivity for fusion is
found to be higher in Alpha and Beta variants and highest in Delta spike variant. We find that efficient fusion
is dependent on Ca®* concentration at low pH, and the fusion activity of spike dropped as the Ca®* level rose
beyond physiological levels. Thus, evolved spike variants may control the high fusion probability for entry by

increasing Ca®* sensing ability.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused the ongoing COVID-19 pandemic (Zhou et al.,
2020a). Despite the presence of a proofreading capability in viral
replication machinery, the RNA genome of the virus is rapidly
evolving and continually accumulating genomic mutations as it
transmits (Robson et al., 2020; Li et al., 2020). A variant with a
single-residue substitution of aspartic acid with glycine at posi-
tion 614 of the virus’s spike protein (D614G) suddenly became
the dominant strain all over the world in 2020 (Korber et al.,
2020; Volz et al., 2021; Yurkovetskiy et al., 2020). The putative
importance of the D614G spike variant has been observed owing
to its high infectivity and enhanced transmissibility in animal
models (Plante et al., 2021; Hou et al., 2020).

Following D614G, several variants of concern have emerged,
including B.1.1.7 lineage first reported in the United Kingdom
(Alpha), the B.1.351 lineage in South Africa (Beta), and the
B.1.617.2 lineage in India, also known as Delta variant (Tegally
et al., 2020; Grabowski et al., 2021; Micochova et al., 2021). All
these variants contain the D614G mutation. These new variants
are not only fast spreaders but also are more resistant to
immunity elicited by the vaccination of Wuhan strain (Wang
et al., 2021; Wibmer et al., 2021). The Delta strain has outcom-
peted all other variants of concern and became the dominant
strain worldwide within a few months after its emergence (Mlico-
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chova et al., 2021). The Delta strain has been estimated to be
twice as transmissible than previous variants of concern (Earnest
etal., 2021; Dagpunar, 2020). Therefore, it is important to under-
stand the mechanism of viral entry for increased transmissibility
to design intervention strategies.

The trimeric spike (S) glycoprotein of SARS-CoV-2’s surface
facilitates membrane fusion for host cell entry and therefore is
an important target for development of therapeutics and
vaccines. The S protein is processed by a furin-like protease
into the receptor-binding subunit S1 and the fusion subunit S2
(Wrapp et al., 2020; Walls et al., 2020). After engagement of
the receptor-binding domain (RBD) in S1 on the host cell surface
via receptors angiotensin converting enzyme 2 (ACE2) and
neuropilin-1 (NRP1) followed by a second proteolytic cleavage
within S2 (S2' site), the S protein undergoes large conformational
changes, resulting in dissociation of S1 and large-scale
structural refolding of S2 into a post-fusion structure to trigger
fusion of the virus and host cell membranes to initiate infection
(Hoffmann et al., 2020; Daly et al., 2020; Cantuti-Castelvetri
et al., 2020; Cai et al., 2020). But, how the D614G mutation
and newly evolved spike variants facilitate the spike conforma-
tional change for membrane fusion for enhanced viral infectivity
is unknown. Therefore, understanding the role of D614G
mutation and newly evolved spike variants in spike protein-medi-
ated membrane fusion for facilitating viral entry is important for
developing novel intervention strategies against COVID-19.

Cell Reports 39, 110694, April 19, 2022 © 2022 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:dkdas@iitk.ac.in
https://doi.org/10.1016/j.celrep.2022.110694
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110694&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

Here we focus on membrane fusion enhancement, mediated
by SARS-CoV-2 D614G and newly evolved spike variants and
compare their fusion efficacy. Recent work has reported that
the D614G variant shows increased infectivity by altering the re-
ceptor-binding conformation with receptor ACE2 (Yurkovetskiy
et al., 2020; Zhang et al., 2020a, 2020b). The D614G spike trimer
is reported to sample the RBD up-conformation more frequently
than the wild-type (WT) spike, but it binds more weakly to the
recombinant ACE2 than the WT. The structural study of D614G
trimers revealed the breaking of a salt bridge between D614
and a lysine residue (K854) in the fusion peptide proximal region
(FPPR), which may help in clamping the RBD in the pre-fusion
up-conformation and also prevent premature dissociation of
the G614 trimer, but it does not explain the enhance fusion
activity of spike fusion domain of D614G spike variants (Yurko-
vetskiy et al., 2020; Zhou et al., 2020b; Xiong et al., 2020; Zhang
et al., 2021). To resolve these issues, we report here the mem-
brane fusion consequences due to D614G substitution and
compare with B.1.1.7, B.1.351, and B.1.617.2 spike variants in
the context of the full-length spike protein by reconstituting the
fusion between pseudotyped SARS-CoV-2-S virions and
proteoliposomes.

A recent report has demonstrated that calcium ion channel
blockers can restrict Ebola virus entry and also inhibit SARS-
CoV-2 infectivity (Sakurai et al., 2015; Straus et al., 2020a,
2020b). Rubella virus fusion protein was first identified as a
calcium-sensitive viral fusion protein (Dubé et al., 2014). Also,
calcium plays an important role for Ebola virus glycoprotein
(GP)-mediated entry (Das et al., 2020; Nathan et al., 2020). Niclo-
samide, a potent drug molecule, has been reported to inhibit
SARS-CoV-2 spike-mediated syncytia formation by suppressing
the activity of a calcium-activated ion channel TMEM16 (Braga
et al., 2021). But, how calcium channel blockers impact SARS-
CoV-2 infectivity and what is the underlying role of Ca?* ion in
spike-mediated membrane fusion for entry is unknown.
Most importantly, the role of Ca%* in D614G spike, B.1.1.7,
B.1.351, and B.1.617.2 variants mediating membrane fusion
for enhanced viral entry is also unknown.

Here, we design a fluorescent labeling platform for in vitro
reconstitution of the SARS-CoV-2 spike protein-mediated
membrane fusion between viral and liposomal membrane to
probe the fusion dynamics of the WT spike and D614G spike var-
iants and compare withB.1.1.7,B.1.351,and B.1.617.2 spike var-
iants. ACE2 and NRP1 are the two-receptor proteins known to
directly interact with the spike trimeric protein, and serine prote-
ase TMPRSS2 primes the spike protein for fusion (Hoffmann
et al., 2020; Daly et al., 2020; Cantuti-Castelvetri et al., 2020).
We find that these proteins are essential but not enough for mem-
brane fusion. We have identified cellular Ca®* as the catalyzing
chemical factor for SARS-CoV-2 spike activation for membrane
fusion, and visualizing the mechanism of action is significant
because these three interacting molecules, ACE2, NRP1, and
TMPRSS?2, individually and independently can enhance D614G
spike-mediated membrane fusion by interacting directly with
spike trimer in the presence of calcium at low pH condition, sug-
gesting the lysosome as the point of entry for the virus. The B.1.1.7
and B.1.351 spike variants show higher membrane fusion efficacy
compared to D614G, while B.1.617.2 variant shows the highest
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calcium-dependent membrane fusion efficiency among all the
spike strains. Importantly, the concentration of Ca®* is a key factor
for membrane fusion, and fusion is non-monotonically dependent
on Ca®* concentration.

Using genetic code expansion techniques, we site specifically
incorporated fluorescent-tagged non-canonical amino acids
(ncAAs) into the FPPR of S2 domain of spike virions to probe
the effect of Ca* in fusion peptide binding into membrane. We
found that D614G spike variant is 150% more sensitive to the
physiological Ca%* concentration for fusion peptide binding to
target membrane and 100% more fusion efficient compared to
WT. Further, we incorporated two ncAAs into the S2 domain of
spike protein to probe the role of Ca?* in conformational change
of S2 domain using fluorescence resonance energy transfer
(FRET) spectroscopy. We found that the high Ca®* sensitivity
of D614G spike variants facilitates pre- to post-fusion conforma-
tional change of S2 domain, leading to the enhanced membrane
fusion efficiency compared to WT spike.

Overall, our findings (1) unravel the fundamental mechanism of
SARS-CoV-2 spike-mediated membrane fusion and fusion
enhancement mediated by D614G and evolved spike variant of
concern, (2) suggest a model in which the Ca2* concentration
and low pH is critical for ensuring the efficient spike conforma-
tional change for membrane fusion, and (3) suggest that
spatiotemporal dynamics of Ca?* are important for viral entry.

RESULTS

Ca?* drives the spike-mediated membrane fusion at
low pH
To determine the minimal components required to promote SARS-
CoV-2 spike-mediated membrane fusion, we first reconstituted a
fluorescence-based in vitro virus-liposome membrane fusion
assay (Figure 1A). We formed HIV-based SARS-CoV-2 pseudovi-
rions using HIV Gagpol as core and WT human-codon optimized
spike protein (Wuhan-hu-1) on the envelop. We performed site-
directed mutagenesis on the WT spike to introduce the D614G
spike variant. The D614G spike protein expression level in cell
and virion was similar to WT spike (Figure S1A). SARS-CoV-2
WT spike or D614G spike variant pseudotyped viral
membrane was labeled with a self-quenching concentration of
the lipophilic dye DiO. The labeled virions were introduced to
proteoliposomes, coated with the recombinant ACE2 (1-615aa)
(Figure 1A). No dequenching of DiO was observed at neutral pH
7 for either the WT or D614G variant (Figure 1B) (Figure S1).
Decreasing the pH to 6, 5, and 4.6 still resulted in no dequenching
of dye, indicating that the presence of ACE2 and low pH are
not enough for spike mediating membrane fusion (Figure 1B).
Inclusion of a physiological concentration of Ca?* (0.5 mM) into
the assay resulted in the DiO dequenching, indicating that
membrane fusion happens only in presence of calcium at low pH
4.6 (Figure 1B). D614G spike variant resulted in modest changes
in the extent of fusion efficacy increment in presence of ACE2.
The resultant fusion efficiency after following the fusion kinetics
for 20 min has been shown as the fusion index (Figures 1C and 1D).
Similarly, to determine the individual ability of NRP1 in spike-
mediated membrane fusion, we generated liposomes coated
with recombinant NRP1-b1 (273-427aa) and reconstituted the
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pseudovirus-proteoliposome fusion assay (Figure 1E). We found
that NRP1-b1 alone cannot facilitate fusion at any given pH
range from 7 to 4.6 (Figure 1F). Only after addition of Ca®*
(0.5 mM) was spike-mediated membrane fusion observed at
pH 5 and 4.6 (Figures 1F and S1). The fusion efficacy at pH 4.6
is higher than at pH 5 in presence of Ca®*, and D614G shows
higher fusion efficiency compared to WT spike (Figures 1G and
1H). The fusion efficiency with NRP1 is pronounced compared
to ACE2 (2-fold) as indicated in the fusion index (Figure 1H), sug-
gesting that SARS-CoV-2 spike can drive fusion with NRP1 inde-
pendently, at lysosomal pH in presence of intracellular calcium.

Next, we pursued the individual role of TMPRSS2 in spike-medi-
ated membrane fusion and reconstituted the in vitro fusion assay
between pseudovirus and recombinant TMPRSS2 (1-492aa)
functionalized liposomes (Figure 1l). Similar to the effect observed
with recombinant ACE2 and NRP1-b1, we did not observe any
fusion events at given pH range from 7 to 4.6 (Figures 1J and
S1). Only after inclusion of 0.5 mM Ca®*, fusion was observed at
pH 5 and 4.6 (Figure 1K). With TMPRSS2, D614G showed greater
fusion efficiency compared to WT spike (Figures 1K and 1L). The
individual fusion efficiency with TMPRSS2 was found to be greater
compared to ACE2 (4-fold) and NRP1 (2-fold) (Figures 1D, 1H, and
1L). The viral fusogenicity has also been performed in 293T cell
lines, expressing full-length ACE2, NRP1, and TMPRSS2, using
enzymatic-based B-lactamase assay (STAR Methods) (Cavrois
et al., 2002). D614G spike variant is found to be more fusogenic
in all conditions and fusion is completely dependent on calcium
(Figure S1B). Chelating intracellular calcium of infected cells with
BAPTA-AM completely abrogated the viral fusion activity for WT
and D614G variants, suggesting Ca®* is an indispensable factor
for fusion (Figures S1 and S2).

D614G spike variant shows higher membrane fusion
efficiency

To understand the combined effect of the receptors ACE2 and
NRP1 and protease TMPRSS2 on spike-mediated membrane

Cell Reports

fusion, we functionalized the surface of liposomes with all the
recombinant ACE2, NRP1-b1, and TMPRSS2 and monitored
the virus and liposome fusion at different pH (Figure 2A). No
fusion events were observed in the absence of calcium, and
control experiments show that spike and receptor interaction
drive the membrane fusion at low pH and in the presence of
Ca?*(Figure 2B) (Figure S2). Only after inclusion of Ca2*
(0.5 mM) is the fusion process triggered at low pH 5 and 4.6.
The fusion efficiency at pH 4.6 seems higher than that at pH 5,
indicating that low pH assists in conformational refolding of spike
for fusion. The combined effect of all the receptors and protease
in membrane fusion was modest for the WT spike but found to be
enhanced for the D614G variant spike. D614G spike fusion
efficiency was found to be double compared to the WT spike
(Figures 2C-2E). While comparing the individual role of receptors
on fusion, our data suggest that D614G mutation may facilitate
receptor engagement or make the spike more prone to triggering
for enhanced fusion reaction. A previous study reported that
D614G allows more open conformation of the RBD domain of
spike, which may facilitate ACE2 binding (Yurkovetskiy et al.,
2020; Zhang et al., 2021). Our data suggest that D614G mutation
may facilitate spike interaction with NRP1 and TMPRSS2 and
promote Ca*-driven conformational rearrangement on the
pathway to fusion. NRP1 is known to bind the furin-cleaved S1
domain of the SARS-CoV-2 spike proteins (Daly et al., 2020;
Cantuti-Castelvetri et al., 2020). Our data suggest that D614G
variants may potentiate this NRP1 interaction with S1 fragment
and increase the membrane fusion efficiency. Although our
experiments do not measure direct binding of spike and recep-
tor/co-receptor (just consequences of the binding) and receptor
engagement is only one interpretation, a D614G spike might be
more prone to triggering as a result of binding, or the mutant
spike might be more likely to engage the target membrane as
a result of the same triggering.

Since no fusion events were observed at low pH even in
the presence of all receptors and protease with any other

Figure 1. Ca®* triggers robust SARS-CoV-2 D614G spike-mediated virus-liposome lipid mixing compared to WT spike at acidic pH

(A) Pseudovirions formed with SARS-CoV-2 WT spike or D614G spike were labeled with a self-quenching lipophilic fluorophore DiO (STAR Methods). Liposomes
coated with polyhistidine-tagged hACE2 were incubated with pseudovirion followed by adjustment to the desired pH. Where indicated, 0.5 mM CaCl, was
included into the reaction mixer.

(B) Fluorescence dequenching of DiO was monitored over a 20-min period at the indicated pH and presented as the fold increase over initial fluorescence (F/Fo).
Dequenching was observed only in the presence of Ca®* with hACE2 at pH 4.6 for both the WT (blue) and D614G spike (green). Maximal dequenching was
observed for D614G (green). The data are shown as an average of four independent measurements.

(C) The degree of fusion for WT and D614G with hACE2 at pH 4.6 in presence or absence of Ca®* has been normalized to fusion efficiency in the presence of 1%
Triton X, which was set to 100% (Table S1).

(D) The fusion index is the extent of fusion at 20 min after the start of the fusion reaction and is plotted as indicated for conditions (n = 4 independent experiments; error
bar represents standard mean). The p values by two-tailed Student’s t test are indicated. p value < 0.0001 is indicated as (*), and p value < 0.00001 is indicated as (**).
(E) Pseudovirions of SARS-CoV-2 spike or D614G spike were mixed with liposomes coated with polyhistidine-tagged NRP1-b1, followed by adjustment to the
desired pH, in the presence or absence of 0.5 mM CaCl, into the reaction mixer.

(F) Fluorescence dequenching was observed only in the presence of Ca?* with NRP1-b1 at pH 5 and 4.6 for both the WT (blue) and D614G spike (green). The data
are shown as an average of four independent measurements.

(G) D614G spike shows a high degree of fusion compared to WT in the presence of Ca2* at low pH and NRP1-b1 (Table S1).

(H) The comparative fusion efficiency after 20 min of fusion reaction for WT and D614G at indicated pH and in presence or absence of Ca®* (n = 4 independent
experiments; error bar represents standard error of mean). The p values by two-tailed Student’s t test are indicated.

(l) Lipid mixing assay between SARS-CoV-2 spike or D614G spike pseudovirions and liposomes coated with polyhistidine-tagged TMPRSS2.

(J) Increment of fluorescence over initial fluorescence (F/Fg) was observed only in the presence of Ca* at pH 5 and 4.6 for both the WT (blue) and D614G spike
(green). The data are shown as an average of four independent measurements. D614G spike demonstrates higher fusion efficiency (K) and fusion index
(L) compared to WT spike (Table S1). (n = 4 independent experiments; error bar represents standard error of mean). The p values by two-tailed Student’s t
test are indicated.
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Figure 2. Ca?* drives the spike-mediated full fusion between virus and liposome, and D614G is highly fusogenic

(A) DiO-labeled pseudovirions of SARS-CoV-2 spike (WT) or D614G spike were incubated with proteoliposomes and coated with polyhistidine-tagged hACE2,
NRP1-b1, and TMPRSS2 at desired pH and 0.5 mM CaCls, as indicated.

(B) Fluorescence dequenching was observed only in the presence of Ca* at pH 5 and 4.6 for both the WT (blue) and D614G spike (green) in presence of all re-
ceptors (Table S1). The data are shown as an average of four independent measurements.

(C) Normalized fusion efficiency shows D614G spike virion is 2-fold fusogenic compared to the WT spike.

(D) Comparative fusion efficacy after 20 min of the fusion reaction for D614G and WT spike in presence of all receptors, at indicated pH and calcium. (n = 4
independent experiments; error bar represents standard error of mean). The p values by two-tailed Student’s t test are indicated. p value < 0.0001 is indicated as
(*), and p value < 0.00001 is indicated as (**).

(E) Individual receptor’s role in fusion efficacy between D614G and WT in presence of low pH and 0.5 mM CaCl,. (n = 4 independent experiments; error bar rep-
resents standard error of mean).

(F) FRET-based assay for probing the full fusion and inner leaflet fusion between the viral and liposomal membrane. NBD-PE (donor) and Rho-PE (acceptor) lipids
were included along with other lipids in the liposome (STAR Methods). Virus and proteoliposomes were incubated at desired pH and 0.5 mM CaCl,, as indicated.
Inner leaflet fusion is being reported only from the dequenching of the donor dye present in the inner leaflet (STAR Methods). The full fusion and inner leaflet fusion
kinetics were followed for 20 min for D614G virion (G) and WT spike virion (H) (Table S2). The data are shown as an average of three independent measurements.
The comparative inner leaflet fusion efficiency in presence individual receptor ACE2, NRP1-b1, and TMPRSS2 with D614G spike virion (I) and WT spike virion (J) at
pH 4.6 and 0.5 mM CaCl, (Table S2). The data are shown as an average of three independent measurements.

(K) D614G spike variant has higher inner layer fusion efficacy in any circumstance. (n = 3 independent experiments; error bar represents standard error of mean).
The p values by two-tailed Student’s t test are indicated.

intracellular metal ions such as Mg?*, Fe®*, or Zn?* (Figure S3)or  developed a FRET-based fusion assay and compared the fusion
in the presence of Ca®* chelator EDTA (Figure S2), we concluded  efficiency between WT spike and D614G variant (Figure 2F). We
that Ca2* is an indispensable factor for SARS-CoV-2 entry. prepared liposomes with donor fluorophore-labeled lipid (NBD-

To confirm that the lipid mixing taking place between the viral PE) and acceptor fluorophore-labeled lipid (rhodamine-PE),
membrane and liposomal membrane is a full fusion event, we and we coated the liposome with the recombinant ACE2,
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Figure 3. Dynamic Ca?* concentration-dependent stimulation of D614G spike-mediated fusion

Calcium concentration-dependent fusion efficiency of WT spike virions (A) and D614G virions (B) in presence of proteoliposomes having all the receptors.
Maximum fusion efficiency observed at 500 uM Ca2*, where further increment of Ca2* concentration decreases the fusion (Table S3). D614G spike shows pro-
nounced calcium concentration-dependent fusion efficiency, and its fusion efficacy is almost double at 500 uM Ca®* (Table S3).

(C) Fusion efficacy at varying Ca2* concentration for D614G spike and WT spike reflects the high Ca?* sensitivity for D614G. (n = 4 independent experiments; error

bar represents standard error of mean).

(D) Pre-triggering the WT spike virions with 500 uM Ca®* and pH 4.6 abrogates the fusion efficiency (blue); pre-triggering with 500 uM Ca* with neutral pH lowers
the fusion efficiency (orange); pre-triggering with only low pH 4.6 does not have a significant impact on fusion efficiency (brown).
(E) Pre-triggering the D614G spike virions with low pH 4.6 (red), with 500 uM Ca>* with neutral pH (cyan), and with 500 uM Ca* with low pH 4.6 (green) shows the

role of calcium in pre-triggering the spike for inactivation.

(F) The fusion efficiency changes due to pre-triggering with Ca®* at indicated conditions are plotted for D614G (green) and WT spike (red). (n = 3 independent

experiments; error bar represents standard error of mean).

NRP1-b1, and TMPRSS2 proteins. Fusion reaction was evident
for both the WT spike and D614G from seeing the increment of
donor (NBD) fluorescence due to low FRET on account of fusion
in the presence of low pH and calcium (Figures 2G and 2H).
Fusion between the inner leaflet lipid membrane of virus and lipo-
some is the signature of full fusion. We set out to probe the inner
lipid layer fusion between the viral and liposomal membrane,
where 800 uM sodium dithionite was included to quench the
donor NBD dye, present on the outer leaflet of the liposomes,
so the dequenching signature obtained would report the inner
layer fusion (Figure 2F) (STAR Methods). Indeed, inner leaflet
fusion was observed, and this demonstrates that full fusion is
taking place to an extent. Consistent with the data of our DiO-
based lipid mixing assay, D614G exhibited enhanced calcium-
dependent full fusion and inner layer fusion in the presence of
all receptors and TMPRSS2 (Figures 2G and 2H) (Figure S3).
We compared the inner layer fusion efficacy in the presence of
individual receptors at pH 4.6 with Ca* and found that it corrob-
orated with lipid mixing data (Figures 21-2K). These data confirm
that the total membrane fusion, involving both the outer and the
inner lipid layer fusion, is dependent on Ca%* (0.5 mM) and low
pH, and D614G maintained high efficacy in inner lipid layer mem-
brane fusion compared to WT (Figure 2K).

D614G spike protein is a superior dynamic CaZ* sensor
to WT spike

To comprehend the nature of Ca®* sensitivity of the WT spike
and D614G spike, we performed the pseudovirus-liposome
fusion assay at varying degree of calcium concentration, ranging
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from 0.1 to 10 mM. Strikingly, we found that with increments
of Ca?* concentration from 100 uM, the fusion efficiency in-
creases and becomes maximum at 500 uM Ca* concentration;
further increment of Ca®* concentration decreases the fusion
efficiency, and ultimately, fusion efficiency becomes almost
marginal beyond 1 mM calcium (Figures 3A and 3B). This
suggests that the spike protein is sensitive to the Ca®* concen-
tration of 500 uM, which is the physiological level of calcium at
endo-/lysosomal compartment, indicating the virus entry via
endo-/lysosomal route. D614G spike variant shows 2-fold
more membrane fusion efficiency compared to WT at 500 uM
Ca?* concentration (Figure 3C). This suggests that the D614G
variant has evolved to detect calcium with high sensitivity and
function as a superior dynamic Ca2* sensor to perform fusion re-
action more efficiently compared to WT. Our data suggest that
500 uM Ca®* concentration is optimum for efficient fusion, spike
protein has dynamic calcium sensitivity, and D614G mutation
enhances this dynamic calcium sensitivity for rapid fusion.

Pre-triggering spike with Ca2* inactivates fusion

To ensure that Ca?* can also pre-trigger the spike protein
conformation to post-fusion state before membrane fusion, we
designed a set of pre-triggering experiments. We incubated
the pseudovirions (WT or D614G) with physiological Ca®*
concentration of 500 pM for 10 min prior to inclusion of recep-
tor-coated liposome for fusion. We observed that pre-incubating
the virus with Ca2* at pH 4.6 completely abolishes the fusion
(Figures 3D and 3E). Whereas pre-incubating the virus at only
low pH does not affect fusion activity, addition of 500 pM Ca®*
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sensitivity in Alpha, Beta, and Delta spike variants for membrane fusion

Calcium concentration-dependent fusion was observed for the B.1.1.7 (Alpha) variant (A), B.1. 351 (Beta) variant (B), and B.1.617.2 (Delta) spike variant (C) in DiO-
based lipid mixing assay (STAR Methods). All these fusion reactions were carried out at pH 4.6 with the indicated calcium concentrations. All three strains showed
highest fusion efficiency at 500 uM Ca®* concentration (A, B, C). Data are shown as an average of three independent measurements, and error bar represents the

standard deviation.

(D) Comparative fusion efficacy for five different strains at different calcium concentration shows that the Delta variant has the highest fusion efficacy, and the
nonmonotonic nature of calcium concentration-dependence fusion is conserved across all strains. Error bars shown as standard error of mean.

restored the fusion with the same efficiency as observed for
normal circumstances (Figures 3D and 3E). We find that
500 uM Ca®* can even pre-trigger the spike to a significant
extent even at neutral pH, and it lowers the fusion efficiency (Fig-
ure 3F). These data suggest that Ca®* acts as double-edge
sword: it can promote fusion and can inactivate fusion by pre-
triggering the spike conformation, so spatial location of the virus
and temporal dynamics of calcium are important for viral
membrane fusion.

Next, to probe the role of Ca?* in viral fusion inside the cell,
we treated cells with a chelator of intracellular calcium,
BAPTA-AM (25 uM), which abrogates both the SARS-CoV-2
spike (WT) and D614G variants’ fusion and entry (Figure S1).
We also performed viral fusogenecity in the presence of
two potent calcium ion channel blockers, tetrandrine and
verapamil, which are known to inhibit the function of two-
pore calcium ion channels, TPC1 and TPC2 (Sakurai et al.,
2015; Das et al., 2020). We found that both small
molecules decrease the viral fusiogenicity for WT spike and
D614G (Figure S4). Live cell confocal imaging data show the
co-localization of pseudovirion in lysosomal compartment
and co-localization of pseudovirion with TPC2 ion channel
during entry (Figure S4). Collectively, our data suggest that
calcium channel blocker inactivates the TPC2 and may
cause Ca’* accumulation inside the lysosome, which leads
to Ca%*-dependent pre-triggering of the spike protein
conformation at low pH and fusion inactivation, as seen in
our pre-triggering experiments (Figures 3D-3F).

Dynamic Ca%*
variants

To probe the role of Ca®* in membrane fusion activities in the newly
evolved spike variants, we performed the pseudovirion-liposome
membrane fusion assay with B.1.1.7 and B.1.351 spike variants of
concern (Figures 4A and 4B). For Alpha spike variant, we found
that fusion efficiency completely depends on the calcium concen-
tration and low pH. We performed a fusion reaction at varying de-
grees of calcium concentration, ranging from 0.1 to 10 mM. The
B.1.1.7 spike fusion efficiency was ~15% at Ca* concentration
of 100 uM, and the fusion efficiency successively increases to
~20% at 250 uM calcium concentration and becomes maximum
(~60%) at 500 pM Ca>* concentration (Figure 4A). Further incre-
ment of Ca* concentration to 750 pM and 1 mM decreases the
fusion efficiency to ~25% and ~10%, respectively, and ultimately,
fusion efficiency becomes almost marginal beyond 1 mM calcium
(Figure 4A). The fusion activity of B.1.1.7 shows three times more
fusion activity than Wuhan-hu-1 strain and 50% more fusion activ-
ity compared with the D614G spike. This could be due to
enhanced binding of RBD of B.1.1.7 with ACE2 due to N501Y mu-
tation, which enhances receptor recognition and fusion, or simply
due to enhanced triggering, consistent with previous data (Wang
etal.,, 2021; Zhu et al., 2021).

Like Alpha variant, we found that fusion efficiency of Beta spike
variant also completely depends on the calcium concentration
and low pH (Figure 4B). For B.1.351 spike variant, the fusion activ-
ity changes at varying degree of calcium concentration (0.1-
10 mM). The B.1.351 spike fusion efficiency was ~15% at Ca®*

sensitivity with Alpha and Beta spike

Cell Reports 39, 110694, April 19, 2022 7




¢ CellPress

concentration of 100 uM, and the fusion increases modestly to
~17% at 250 uM calcium concentration and becomes maximum
(~50%) at 500 uM Ca>* concentration. Further increment of Ca®*
concentration to 750 uM decreases the fusion efficiency to ~10%,
and ultimately, fusion efficiency becomes almost marginal at Ca®*
concentration of 1 mM and beyond (Figure 4B). We found that
Beta fusion activity is ~15% lower compared to the Alpha strain,
which could be due to the lower affinity of ACE2 for B1.351 than
B.1.1.7 spike variant, due to additional mutation on B.1.351 variant
(K417N and E484K), consistent with a previous report (Gobeil
et al., 2021). Both the Alpha and Beta spike variants evolved to
be more sensitive to calcium concentration dynamics and show
higher fusion activity compared to D614G and Wuhan strain, sug-
gesting that B.1.1.7 and B.1.351 spikes facilitate calcium-based
triggering for higher fusion activity.

Delta variant shows highest ca?* sensitivity for fusion
The Delta variant, B.1.617.2, has outcompeted other variants of
concern to be the globally dominant strain (Micochova et al.,
2021; Earnest et al., 2021; Dagpunar, 2020). To determine the
role of Ca®* in B.1.617.2 membrane fusion activity for enhanced
infectivity, we performed the fusion experiments at different
calcium concentration (0.1-10 mM). Like other spike strains of
variants of concern, Delta variant’s fusion activity showed a
nonmonotonic nature of Ca?* concentration dependence (Fig-
ure 4C). We found fusion efficiency of ~90% with Delta spike
strains at Ca®* concentration of 500 uM, which is the highest
compared with other spike variants of concern (Figure 4C). Delta
showed 50% and 80% more fusion activity compared to Alpha
and Beta spike strains, respectively. Delta showed two and
four times more fusogenicity compared to D614G and Wuhan
strain, respectively (Figure 4D).

Interestingly, at low calcium concentration (100 and 250 pM)
and at high concentration of calcium (750 uM or 1 mM), the
difference in fusion activity among spike strains is modest, and
all strains show similar fusion efficiency (Figures 4D and S5).
Therefore, calcium concentration has a leveling effect in fusion
activity, suggesting that optimal calcium concentration
(~500 pM) is indispensable for the spike variant-dependent
fusion efficiency. This suggests that the Delta variant has
evolved to detect calcium with high sensitivity and function as
a superior Ca®* sensor to perform fusion reaction more efficiently
compared with other spike strains.

Ca?* accelerates fusion peptide insertion of spike S2
domain

The calcium effect on fusion activity could be due to the whole
spike domain. Nonetheless, to determine the role of Ca?*infusion
peptide activation of SARS-CoV-2 spike protein, we developed a
fluorescence anisotropy assay to track the mobility of fusion
peptide (Figure 5A). Anisotropy can determine the free state to
bound state conformation change of fusion peptide during
interaction with target membrane. In the context of WT spike
and D614G spike, we attached Cy3 fluorophore at position 836
at the N terminus of S2, proximal to the fusion peptide, using
genetic expansion code techniques (Figure S6) (Das et al.,
2018; Nikic et al., 2016). To facilitate fluorophore attachment,
we incorporated one ncAA at positions 836 through amber stop
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codon suppression (S*; Figure S6). We then produced pseudovi-
rions with the HIV core and SARS-CoV-2 S* for WT as well as
D614G S* variants. The tagged S* was then labeled with Cy3-tet-
razine by Diels-Alder cycloaddition (STAR Methods). We chose
this site to track the conformational changes in fusion peptide
in S2 domain during translocation to the target membrane for
fusion by following the anisotropy of the labeled fluorophore in
real time. We find that addition of 500 uM Ca?* led to a sudden in-
crease in anisotropy, suggesting that calcium directly promotes
the fusion peptide insertion to the membrane (Figure 5B). The
anisotropy magnitude for D614G is significantly high, suggesting
that D614G mutation facilitates fusion peptide binding to the
target membrane, or alternatively the mutation allows simply
greater triggering compared to WT. To understand the dynamic
nature of Ca®* sensitivity in fusion peptide membrane binding,
we performed anisotropy measurements at different calcium
concentrations for WT and D614G and found that only at
500 uM Ca?* does the anisotropy increase to the maximum value,
suggesting the key role of calcium concentration sensitivity on
fusion peptide insertion into the membrane (Figures 5C and
5D). D614G showed 150% more efficiency for membrane binding
compared to the WT spike (Figure 5E), which leads to the
enhanced fusion and entry. We compared the structural features
of FPPR regions between WT and D614G at pre-fusion state, and
we found that D614G spike S2 fusion peptide domain is compact,
and the orientation of D830 and D839 is close enough for coordi-
nating Ca®*, whereas the amino acid orientation in WT spike S2
fusion peptide domain is far less susceptible to coordinate Ca%*
(Figure 5F). The Ca®* binding affinity of fusion peptide potentially
makes the D614G fusion peptide more prone to triggering
compared to WT spike (Figure 5G).

Ca?* enhances pre- to post-fusion conformational
change of spike S2 domain

To understand the role of Ca?* on spike (S) conformation, in the
presence of low pH and the recombinant receptors ACE2 and
NRP1 and protease TMPRSS2, we developed a FRET-based
assay that reports on the conformational changes of S protein
from pre-fusion to the post-fusion state due to membrane fusion
(Figure 6A), as previously developed for visualizing influenza hem-
agglutinin and Ebola GP conformational dynamics (Das et al.,
2018, 2020). In the context of spike, we attached one
fluorophore at position 836 at the N terminus of S2 at FPPR,
and we attached the second fluorophore at position 1,035,
adjacent to the membrane proximal region of S2 (Figure 6B).
We chose these sites to track the predicted conformational
changes in S2 during membrane fusion that lead to displacement
of the N terminus and the fusion peptide with respect to the base
of S2. Structural data suggest a significant increase in the
distance (ca. 130 A) between the fluorophores after transition
from the pre-fusion to the post-fusion conformation, which we
anticipated would result in high FRET to low FRET efficiency (Fig-
ure 6B). To facilitate fluorophore attachment, we incorporated
two ncAAs at positions 836 and 1,035 through amber stop codon
suppression (S**; Figure S6). We then formed pseudovirions with
the HIV core and a SARS-CoV-2 S** for WT as well as for D614G
S**. The tagged S** was then labeled with Cy3 and Cy5 by Diel-
s-Alder cycloaddition (STAR Methods). Compared to WT S and
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Figure 5. Ca®* promotes the spike’s fusion peptide for membrane penetration with high efficacy compared to WT

(A) Fluorescence anisotropy assay design for probing fusion peptide binding to target membrane by incubating pseudovirions having SARS-CoV2-S* or SARS-
CoV2-D614G-S* with the proteoliposome with ACE2/NRP1/TMPRSS2 during triggering with Ca®* and low pH 4.6 (STAR Methods).

(B) The change in anisotropy value in fusion peptide with time during membrane fusion in presence of Ca?* and in absence of calcium at low pH 4.6 for WT and
D614G spikes. The data are shown as an average of three independent measurements.

(C and D) Fluorescence anisotropy measurements were performed at different Ca>* concentrations, as indicated, for both WT and D614G spikes. The point at
which calcium was added (150 s) is indicated. The drastic anisotropy change indicates the binding of the fusion peptide with the membrane due to calcium stim-
ulation, occurring only at 500 uM Ca?*. The data are shown as an average of three independent measurements.

(E) The effect of Ca?* concentration in anisotropy reflects the fusion peptide binding efficiency with the membrane. At 500 uM Ca?*, the fusion peptide binding to
membrane is maximum for both the WT and D614G, but D614G spike fusion peptide shows 150% more binding efficiency compared to WT. (n = 3 independent
experiments; error bar represents standard error of mean).

(F) Amino acid sequences of the fusion loop for SARS-2S are indicated; the fusion loop is comprised of FP1 and FP2, and the acidic amino acids are highlighted
(red) as the plausible Ca®* binding site. Structural features of pre-fusion trimeric spike SARS-CoV-2 WT (PDB: 6XR8) and SARS-CoV-2 D614G spike (PDB: 7KRQ)
and the close-up view of fusion peptide domain (S286-8%) for SARS-CoV-2 WT spike and SARS-CoV-2 D614G spike showing the conformational difference in
the loop and different orientation of side chain of D810 and D839 amino acids.

(G) Mechanistic model of fusion peptide translocation into membrane, where D614G spike variant can penetrate more into the target membrane due to efficient
Ca?* binding, compared to WT spike.

D614G-S, S*-Cy3/Cy5 and D614G-S**-Cy3/Cy5 maintained WT and D614G variants (Figure 6C). Addition of Ca?* of 500 uM
approximately 90% and 92% functionality in virus fusogenicity, led to a major change in FRET emission spectra. The Ca®* stim-
respectively (Figures S6E and S6F). These indicate that ulation decreases the acceptor intensity and increases the donor
S**-Cy3/Cy5 maintains a near-native global pre-fusion conforma- intensity, and it showed a predominantly low-FRET state for both
tion reflective of WT spike. We first took the FRET emission the WT spike and D614G spike (Figure 6C). This indicates that
spectra of spike-labeled pseudovirus in presence of proteolipo-  calcium destabilizes the pre-fusion conformation and promotes
some at low pH only, conditions predicted to favor the pre-fusion  conformations in which the S2 domain N terminus has moved
conformation of spike (Figure 6C). Emission spectra showed high  to positions distal to the trimer axis and forms low-FRET post-
acceptor intensity, so it represents the predominant high-FRET  fusion conformation. To understand the calcium concentration
state, indicating the pre-fusion conformation of the spike protein  sensitivity in conformational change, we performed FRET
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Figure 6. Ca?* promotes the spike protein trimer’s structural change from pre-fusion to post-fusion conformation with high efficiency during

fusion

(A) Fluorescence resonance energy transfer (FRET) assay design for probing spike (S) protein conformation change from pre-fusion to post-fusion state by
incubating pseudovirions having SARS-CoV2-S** or SARS-CoV2-D614G-S** with the proteoliposome with ACE2/NRP1/TMPRSS2 during triggering with Ca®*

and low pH 4.6 (STAR Methods).

(B) Structural model of pre-fusion spike trimer (PDB: 6XR8) and post-fusion spike trimer (PDB: 6XRA) showing the change in distance separation between the
donor and acceptor fluorophores due to fusion-relevant conformational change.
(C) FRET emission spectra for WT spike and D614G spike in presence and absence of Ca®* at pH 4.6. Only low pH prefers the high-FRET pre-fusion state, as
observed from high acceptor intensity, and addition of Ca®* triggers the conformational change to low-FRET post-fusion state, as indicated from the high donor
intensity. The data are shown as an average of four independent measurements.
(D and E) The FRET emission spectra as a measure of conformational change was measured at different Ca2* concentration for WT (D) and D614G spike (E). The

data are shown as an average of three independent measurements.

(F) Quantification of the occupancies in the high-FRET pre-fusion and low-FRET post-fusion conformations at different at different Ca®* concentration for WT
spike (blue) and D614G spike (green) in the presence of liposomes, which was determined from FRET emission spectra. For D614G spike, with increment of
the Ca2* concentration, the population for pre-fusion conformation decreases and the population for post-fusion conformation increases more compared to
WT spike. The maximum post-fusion conformation for D614G was found at 500 um Ca®* concentration. (n = 3 independent experiments; error bar represents

standard error of mean).

(G) Mechanistic model of Ca2*-driven activation of spike protein (shown as a protomer for simplicity) conformational change for membrane fusion.

measurements at different calcium concentrations for WT spike
and D614G (Figures 6D and 6E). Remarkably, we find that only
at physiological level 500 pM Ca®* that both the WT and D614G
spikes attain the low-FRET post-fusion state (Figures 6D and
6E), consistent with fusion efficiency data and suggesting the
importance of calcium concentration for major conformational
change of S2 from pre-fusion to post-fusion state. We quantified
the high-FRET pre-fusion spike conformation and low-FRET
post-fusion spike conformation state at varying Ca®* concentra-
tions for both WT and D614G spikes, and we found that only at
~500 uM Ca2* concentration, the population for post-fusion state
is maximum. This further confirms the Ca®* concentration facili-
tates S2 conformational change for fusion. D614G showed signif-
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icantly more post-fusion low-FRET population compared to WT
spike (Figure 6F), which suggests that high Ca®* sensitivity of
D614G potentiates the pre- to post-fusion conformational change
for enhanced fusion efficacy.

DISCUSSION

Our study demonstrated that SARS-CoV-2 spike is a dynamic
calcium sensor, and D614G mutation and evolved spike
strains B.1.1.7, B.1.351, and B.1.617.2 elicit enhanced dynamic
calcium sensitivity leading to fast and efficient membrane fusion
for entry. Our study provides an experimental observation of
Ca?*-mediated SARS-CoV-2 spike fusion peptide insertion into
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target membrane in the context of full-length spike protein and
the structural rearrangement of spike fusion domain from pre-
fusion state to post-fusion conformational state. While the exact
site of Ca®* binding to spike will be the topic of future study, our
study suggests the possible interaction of Ca?* with the fusion
peptide in S2 domain. Sequence analysis of SARS-CoV-2 spike,
as well as other viruses SARS-CoV-1-S, MERS-CoV-S, and
Ebola GP, indicates universally conserved residues for binding
Ca?* in the fusion peptide region (E819, D820, N824, D830,
D839, D843, D848) (Das et al., 2020; Lai et al., 2017; Straus
et al., 2020a, 2020b). Coordinating Ca?* potentially neutralizes
the negative charge of these residues, triggering efficient release
of the fusion peptide from the hydrophobic cleft. This charge
neutralization potentially facilitates fusion peptide insertion into
the target membrane, as described for the calcium-sensitive
synaptotagmin, which promotes synaptic vesicle fusion (Stein
et al., 2007; Sudhof and Rothman, 2009).

Our results also rationalize the importance of TPC channels in
SARS-CoV-2 entry, as previously observed for EBOV entry, and
the inhibitory actions of calcium channel blockers (Sakurai et al.,
2015; Zhang et al., 2020a, 2020b; Straus et al., 2020a, 2020b).
Our results suggest that calcium channel blockers accumulate
the endo-/lysosomal Ca®* concentration, which may lead to
premature activation of spike protein prior to fusion to target
membrane (Fan et al., 2017). Therefore, the exposure of spike
to Ca®* must be synchronized with receptor binding and low
pH to promote efficient membrane fusion (Figure 6G). Without
this synchronicity, the spike may be prematurely triggered,
resulting in loss of infectivity of SARS-CoV-2.

Remarkably, the WT spike, D614G, and evolved spike variants
are sensitive to Ca®* concentration of 500 uM for fusion, and
further increment of Ca®* concentration does not promote the
fusion. Since the extracellular calcium concentration is in the
1-2 mM range, the spikes have evolved to only function at
500 pM Ca?*, which is the physiological Ca®* concentration at
late endo-/lysosome (Christensen et al., 2002; Burkard et al.,
2014). The Ca?* concentration is relatively high in the extracel-
lular space (~mM), but the concentration drops to <10 uM in
early endosomes, due to the presence of pH-dependent Ca®*
channels (Gerasimenko et al., 1998; Saito et al., 2007). The
Ca?* concentration then begins to increase to ~0.4-0.5 mM in
the late endo-/lysosome (Christensen et al., 2002). Also,
D614G variant is found to be more sensitive than the WT in pres-
ence of two-pore channel (TPC) blocker tetrandrine (Figure S4).
Whereas the effect of verapamil is similar for both the WT and
D614G, tetrandrine is especially more potent than verapamil in
blocking this TPC channel. Therefore, this difference could be
due to different potency of these blockers and the high calcium
sensitivity of the D614G spike.

Our results suggest a holistic model of spike-mediated mem-
brane fusion with essential role of Ca®*, receptors, and low pH (Fig-
ure 6G). Thus, in addition to the enhanced Ca%* sensitivity, evolved
spike protein strains seem to have Ca®*-dependent enhanced
nonmonotonic activity for conformational change of spike and
fusion. A simple use of mM Ca?* will not activate membrane-fusion
activity of spike, and somewhat long incubation of virus with
500 pM Ca®* at low pH inactivates the spike by pre-triggering.
Our work suggests that the evolved spike proteins modulate the
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probability of fusion in response to the Ca?* levels at lysosomal
compartment, and their high dynamic Ca®* sensitivity contributes
to increased membrane fusion, leading to high infectivity.

Still, the membrane fusion may be possible at the plasma
membrane, but the fusion rate is very slow. No fusion was
observed in our reconstituted assay at neutral pH condition
within the window of the first 20 min. Thus, low pH and calcium
catalyze the spike-mediated membrane fusion reaction. Virus
entry could happen either by plasma membrane or via late endo-
some pathway, but kinetics for fusion in the endo-/lysosomes
path is much faster than the plasma membrane. A previous study
has also reported coronavirus cellular entry occurs through the
endo-/lysosomal pathway in a proteolysis-dependent manner,
but the role of calcium was not delineated (Burkard et al.,
2014). Our data suggest that fusion takes place through the
endo-/lysosomal pathway, since the calcium ion concentration
in the endosomes is around 500 puM, and the pH in the late
endosomes is 4.6, making lysosome the favorable place for
SARS-CoV-2 fusion and entry.

In summary, the enhanced infectivity of the Delta spike
compared to Alpha, Beta, and D614G viruses largely results
from the increased affinity of the spike protein to Ca2*. The better
exposure of RBD may facilitate the binding with all receptors, but
for triggering the membrane fusion, spike fusion domain requires
Ca?* binding, and mutation in evolved spike strains increases the
Ca?* sensitivity to trigger fusion. The Delta and other evolved
spike strains have gained fitness in the new host by acquiring
increased calcium sensitivity for greater stability and infectivity
than the parental form, indicating that high Ca®* sensitivity
correlates with the increased infectivity and transmissibility of
the Delta strain, which has led to a greater amount of
COVID-19 infection. The ability to target the Ca®* binding site
in spike may provide a better route for COVID-19 therapies.

Limitations of the study

Even though we have pursued a multidisciplinary approach to
systematically probe the spike-mediated fusion reaction, a num-
ber of limitations remain. One of them is that the exact calcium
binding residues in spike protein are not defined. In this work,
we have focused on the fusion loop of S2 domain participation
in the Ca®*-based spike conformational triggering, but the S1
domain may also play a role in Ca®*-based triggering. Another
limitation is that liposome-containing receptors and protease
have been used for the fusion study as a proxy of cell systems
due to the technical challenge for following fusion using cell sys-
tems spectroscopically. Finally, this work has shown dynamic
calcium sensitivity for different spike variants mediated fusion
at reconstituted assay. Future study will reveal how calcium dy-
namics inside a living cell regulate virus fusion.
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Sino Biological
Invitrogen
Invitrogen

Cat# 40592-T62; RRID: AB_2857935
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Phenol Red-free DMEM
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Invitrogen
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Invitrogen
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Cat# D1556

Cat# 9036195
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Cat #Y001165
Cat# V4629
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Cat# 17531801

Critical commercial assays

Qb5 Site-Directed mutagenesis kit NEB Cat# E0554S
LiveBLAzer FRET-B/G Loading Kit with CCF4-AM Invitrogen Cat# K1085
Experimental models: Cell lines

HEK293T/17 ATCC Cat# CRL-11268
FreeStyle 293F Thermo Fisher Cat# R79007

Recombinant DNA

Plasmid encoding HIV-1 Gag-Pol
Plasmid encoding VSV-G
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Tufts University (Coffin laboratory)

N/A
N/A
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Plasmid encoding SARS-CoV-2 wild type Spike GenScript N/A
Plasmid encoding SARS-CoV-2 D614G Spike This paper N/A
Plasmid encoding SARS-CoV-2 B.1.1.7 Spike David Ho N/A
Plasmid encoding SARS-CoV-2 B.1.351 Spike David Ho N/A
Plasmid encoding SARS-CoV-2 B.1.617.2 Spike Stefan Pohimann N/A
Plasmid encoding full-length ACE2 Stefan Pohimann N/A
Plasmid encoding ACE2 ectodomain This paper N/A
Plasmid encoding full-length TMPRSS2 Stefan Pohlmann N/A
Plasmid encoding TMPRSS2 ectodomain This paper N/A
Plasmid encoding full-length NRP1 Boris Simonetti N/A
Plasmid encoding NRP1-b1 Brett Collins N/A
SARS-CoV-2 WT 836 TAG (g¥) This paper N/A
SARS-CoV-2 D614G 836 TACG (5) This paper N/A
SARS-CoV-2 WT 836TAG/1035TAG (g This paper N/A
SARS-CoV-2 D64G 836TAG/1035TAG () This paper N/A
Plasmid encoding eRF1 with E55D mutation Edward Lemke N/A
Plasmid encoding TPC1-GFP Youxing Jiang N/A
Plasmid encoding TPC2-GFP Youxing Jiang N/A

Plasmid encoding SARS-CoV-2 Membrane protein AddGene Cat# 141386
Plasmid encoding SARS-CoV-2 Nucleocapsid protein AddGene Cat# 141391
Plasmid encoding SARS-CoV-2 Envelope protein AddGene Cat# 141385

Plasmids encoding NESPyIRSAF/tRNAPyI
Plasmid encoding BlaM-Vpr

Nikic¢ et al., 2016

Cavrois et al., 2002

N/A
AddGene, Cat# 21950

Software and algorithms

Zen 3.4 (Blue Edition) Carl Zeiss N/A
MATLAB Mathworks N/A
Felix Gx HORIBA Scientific N/A
ImageJ NIH N/A
PyMol Schrodinger N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the Lead Contact, Dibyendu Kumar Das (dkdas@

iitk.ac.in).

Materials availability

All the reagents and plasmids generated in this study will be shared upon request to the lead contact.

Data and code availability

o Data generated in this study will be shared upon request to the lead contact.

® This paper does not report original code.

® Any additional information to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T/17 cells were obtained from ATCC and were maintained in DMEM (GIBCO) supplemented with 10% fetal bovine serum
(GIBCO) and 100 U/mL penicillin-streptomycin (GIBCO). HEK293T/17 cell lines were maintained at 37°C, 5% CO,. Freestyle 293-
F cells were from ThermoFisher and were maintained as per the manufacturer’s guidelines. Freestyle 293-F cell lines were maintained
at 37°C, 8% CO..
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METHOD DETAILS

Pseudotyping SARS-CoV-2 spike variants onto the HIV-1 core

HEK293T/17 cells were transfected with plasmids encoding HIV-1 GagPol and either wild type SARS-CoV-2 spike (Wuhan) or SARS-
CoV-2 D614G/B.1.1.7/B.1.351/B.1.617.2 spike variant. HEK293T/17 cells were maintained in DMEM (GIBCO), supplemented with
10% FBS (GIBCO), 2mM L-glutamine (GIBCO) and 100U/mL penicillin/streptomycin (GIBCO) at 37°C, with 5% CO,. Cells were
co-transfected with lipofectamine (Invitrogen) at 60-75% confluency. Viruses were harvested at 72 h post-transfection and were
filtered through a 0.45um filter to remove cell debris. The filtered viruses were then concentrated in a 10% sucrose cushion by
centrifugation at 25,000xg for 2 h. Expression of the pseudoviral particles was checked by Western blot as being positive for spike
and HIV-1 p24 expression (Figure S1A).

VLP production with SARS-CoV-2 spike variants

S-MEN coronavirus like particles were produced with SARS-CoV-2 spikes incorporated in the surface of viral particle. To generate
S-MEN particles, plasmids encoding pCMV-S (Wuhan/D614G/B.1.1.7/B.1.351/B.1.617.2 variant), pLVX-M (SARS-CoV-2 membrane
protein plasmid), an pLVX-E (SARS-CoV-2 envelope protein plasmid, and pLVX-N (SARS-CoV-2 nucleocapsid expressing plasmid)
were transfected at a ratio of 5:5:5:5 into HEK293T/17 cell. pLVX plasmids are gifts from Nevan Krogan, UCSF. S-MEN particles
carrying S proteins were harvested 48 h post-transfection, filtered through syringe filter with 0.45 mm pore size, and sedimented
through a 10% sucrose cushion at 25,000 rpm for 2 h. The virus pellets were then re-suspended in 50 mM pH 7.5 HEPES buffer
supplied with PBS buffer.

Virus infectivity assay

The fusogenicity of the pseudotyped virions was tested by a -lactamase (BlaM)-based enzymatic assay (LiveBlazer FRET B/G kit,
Invitrogen) (Cavrois et al., 2002). The pseudoviruses were formed as described above, but with an additional plasmid encoding BlaM,
fused to the HIV-1 Vpr protein. Viruses were collected and concentrated as described above and resuspended in phenol red-free
DMEM (GIBCO), supplemented with 10% FBS (GIBCO), 2mM L-glutamine (GIBCO) and 100U/mL penicillin/streptomycin
(GIBCO). HEK293T/17 cells, transfected individually with full-length ACE2, NRP1 and TMPRSS2 expression plasmids or in
combination with all ACE2/NRP1/TMPRSS2 were seeded in 96 well plates and incubated in ice for few minutes. The virions were
then used for infecting HEK293T/17 cells. Spinoculation was done at 3700 rpm at 4°C. Unbound viruses were removed by washing
with HBSS (GIBCO) and resuspending the cells in fresh phenol red-free DMEM. The plate was then incubated at 37°C for 90 min to
permit viral entry. Cells were then loaded with the substrate, CCF4-AM fluorophore, in presence of probenecid at a final concentration
of 2.5mM. The plate was incubated overnight at 11°C. The cleavage of CCF4-AM by BlaM was detected using a plate reader (Biotek).
Virus particle with D614G spike shows approximately double fusiogenicity compared to WT spike (Figure S1B). Alternatively, to probe
the role of calcium in viral entry, HEK293T/17 cells were treated with intracellular calcium chelator BAPTA-AM before virus infection.
Sequestering intracellular Ca®* completely abrogate the viral entry for both the WT and D614G spike pseudovirions (Figure S1B). The
fusogenicity of the virus was calculated as a ratio of blue to green emission. VSV-G was used as a positive control and viruses with
only HIV-Gagpol were used as negative control.

Expression and purification of recombinant hACE2, NRP1-b1 and hTMPRSS2

Human ACE2 (1-615aa) with C-terminal polyhistidine and human TMPRSS2 (1-492aa) with C-terminal polyhistidine were expressed
in FreeStyle 293F cells (ThermoFisher) with polyethyleneimine (PEI; Sigma-Aldrich). Six days post transfection, the supernatant con-
taining the secreted protein was harvested and syringe-filtered using a 0.45um filter. The filtered supernatant was then incubated with
Ni-Sepharose beads (GE healthcare) for 2 h for binding. The beads bound with hACE2 or hTMPRSS2 were then washed and the pro-
tein was eluted with 20 mM Tris, 250 mM imidazole, 300 mM NaCl, and buffer were exchanged into 20 mM Tris- HCI, 100 mM NaCl,
2 mM b-mercaptoethanol and 15% glycerol, followed by concentration with Vivaspin 6 spin filters (Sartorius). The purified hACE2 and
hTMPRSS2 were stored at —80°C until use.

NRP1-b1(273-427aa) with N terminal polyhistidine was expressed in BL21Star™-(DE3) cells (Invitrogen). Cells were grown at
37°C, and once the cells reached an O.D. value of 0.6, induction was done with 750uM isopropyl B-b-1-thiogalactopyranoside
(IPTG) (Sigma). After induction, cells were grown at 22°C for 16 h, following which, they were harvested, centrifuged, lysed and pu-
rified using Ni-Sepharose fast flow beads as per stander means described above.

Liposome preparation

Liposomes were prepared in a 4:4:0.5:0.1:2 ratio of 1,2, dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar Lipids),
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC; Avanti Polar Lipids), phosphatidylserine (PS; Avanti Polar Lipids), Ni-NTA
DGS lipid (Avanti Polar Lipids) and cholesterol (Avanti Polar Lipids), as per previously described protocol (Das et al., 2020). Briefly,
the lipids were mixed in chloroform, which was evaporated under a stream of argon gas. The dried lipid film was resuspended in HNE
buffer (5mM HEPES, 145mM NaCl; pH 7.5), which was followed by five freeze-thaw cycles. Liposomes were obtained by extruding
the homogenized aqueous lipid suspension through a polycarbonate membrane filter with pore sizes of 100nm. In order to coat the
liposomes with proteins, liposomes were incubated with Histidine-tagged protein(s) of interest at 37°C for at least 1 h in rotation.
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Recombinant hACE2, NRP1-b1 and hTMPRSS2, when coated together with the liposome were used in a stoichiometry of 1:1:1 in
excess of liposome.

Liposomes for FRET-based fusion assay were prepared in a 4:4:0.5:0.1:2:0.1:0.1 ratio of 1,2,dioleoyl-sn-glycero-3-phosphocho-
line (DOPC; Avanti Polar Lipids), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC; Avanti Polar Lipids), phosphatidylserine
(PS; Avanti Polar Lipids), Ni-NTA DGS lipid (Avanti Polar Lipids), cholesterol (Avanti Polar Lipids), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod PE; Avanti Polar Lipids) and 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD PE; Avanti Polar Lipids). The procedure for liposome preparation for FRET was
same as described above. Polyhistidine tagged recombinant hACE2, NRP1-b1 and hTMPRSS2, were incubated together with the
liposome were used in a stoichiometry of 1:1:1.

Virus-liposome lipid mixing assay

The viral membrane of virions with either WT spike or D614G spike were incubated with 20uM DiO for 2 h at room temperature. The
labeled virions were then purified on a 6%-30% Opti-Prep (Sigma-Aldrich) gradient ultracentrifugation at 35,000 rpm for 1 h. The
fractions having the labeled virus were collected and used for the virus-liposome fusion assay. DiO-labelled virions with either
WT spike or D614G spike were combined with proteo-liposomes coated with either hACE2-ectodomain or NRP1-b1 or
hTMPRSS2-ectodomain or all the receptor together and incubated for 5 min to enable virus and liposome binding at pH 7. Buffer
solution was added by stopped-flow manner to adjust desired pH conditions and DiO fluorescence was followed in time-based
manner. To measure the role of Ca®* on fusion, CaCl, was added to the respective pH solution at the desired concentration. For
time-based measurement of DiO fluorescence, DiO was excited at 488 nm and fluorescence was detected at 515 nm at every
second’s intervals for 20 min in a QuantaMaster fluorescenc spetrometer 8450 (Horiba). All the fusion experiments were performed
at 37C by rapid peltier temperature-controlled sample holder. Data was acquired with the software provided by the manufacturer. All
dequenching data acquired related to fusion were fitted to the exponential function A (1- exp-(kt")) (Tables S1-S4).

FRET-based virus and liposome fusion assay

Virus-liposome membrane fusion was monitored by using liposomes having the lipid conjugated FRET pair Rhodamine (RHO)
and Nitrobenzoxadiazole (NBD) (Hernandez et al., 2012). Virions having wither WT spike or D614G spike were mixed with NBD/
RHO-labeled liposomes, coated with recombinant hACE2, NRP1-b1 and hTMPRSS2, maintaining equal stoichiometry (1:1:1). Lipo-
some fusion reactions were performed and measured in a Quantamaster spectrometer (Model-QM8450) equipped with a magnetic
stirrer and a temperature controller (Horiba). Data was acquired with the FelixGx software provided by the manufacturer. Excitation
and emission wavelengths were 460 nm and 538 nm, respectively, and all the reactions were performed at 37°C. The reactions were
started by mixing virions and proteo-liposomes (20-25 pL each) in buffer solution with desired pH in presence of CaCl, (0.5mM) and
after monitoring the fusion for 20 min the reaction was terminated by adding Triton X-100 (Sigma, 0.01% (v/v)). Full fusion was
measured as a function of NBD dequenching signal due to fusion. Dequenching signals were normalized to the maximum
fluorescence produced by detergent solubilization and fusion curves were plotted as a percentage of the fusion efficiency,
considering the maximum fusion efficiency with 0.01% Triton X-100 as 100%.

The following expression denotes the percentage of fusion efficiency:

(Fe~Fo)jp_ _f, * 100

Here, F.. denotes the maximum fluorescence intensity obtained by detergent solubilization. All donor dequenching data acquired
related to fusion were fitted to the exponential function A(1- exp-(kt")) (Tables S2 and S3).

Determination of inner leaflet mixing of virus and liposome

Inner leaflet fusion, or inner fusion is defined as fusion being reported only from the dequenching of the dye present in the inner leaflet.
In order to quench all the dye molecules present on the outer leaflet, NBD/Rho-PE-coated liposomes coated with the proteins (ACE2,
NRP1 or/and TMPRSS2) incubated for 5 min with 800uM sodium dithionite at room temperature, after which unlabelled pseudovi-
rions were added, followed by addition of the triggering solution and measurement of the fusion activity in terms of dequenching of
the dye.

To monitor the inner lipid membrane fusion between the virion and liposome, sodium dithionite was used at a concentration of 800
uM to quench the NBD fluorescence present at the outer leaflet of the NBD-PE/RHO-PE labeled liposomes (Hernandez et al., 2012).
Liposomes were incubated with dithionite for 30 min, and following dithionite reduction, virions having either WT spike or D614G
spike were mixed, and inner leaflet lipid-mixing were measured exactly as described for total lipid-mixing earlier. All measurements
were carried out at 37°C.

To compare total and inner leaflet lipid-mixing traces, the measured inner leaflet lipid-mixing (F;,) was normalized to the maximum
fluorescence obtained by detergent solubilization of the total lipid-mixing trace (Fmax) according to the expression:

(Fin — Fmo)/Fmax _ FinO + 100

Where, Fjo is the inner leaflet fluorescence at initial time (tg).
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Non-canonical amino acid incorporation into SARS-CoV-2 WT spike and D614G spike

We incorporated two TCO* ncAAs into the S2 domain of SARS-CoV-2 WT spike and D614G spike through amber stop codon
suppression, as previously done for influenza HA and Ebola GP (Das et al., 2018, 2020). To this end, we introduced TAG codons
at position 836 of S2 near the fusion peptide proximal residue (FPPR), and at position 1035 by site-directed mutagenesis. Translation
proceeds through the UAG codons on the mRNA only in the presence of an orthogonal tRNA (tRNAPY), which recognizes the UAG
codon, and a corresponding aminoacyl-tRNA synthetase (NESPyIRS*F). NESPyIRSAF aminoacylates the suppressor tRNA with
TCO*, facilitating its incorporation at specific locations into S, forming S**. The efficiency of amber suppression is limited due to
competition of the eukaryotic release factor 1 (eRF1) with tRNAPY', Expression of the dominant negative eRF1 E55D mutant increased
amber suppression efficiency.

The formation of SARS-CoV-2 spike pseudotyped virion was first evaluated by transfecting HEK293T cells with plasmids encoding
the Spike, TAG-mutated S and NESPyIRS""/tRNAPY, eRF1 E55D, and HIV-1 Gag-Pol. The growth medium was supplemented with
0.5 mM TCO* ncAA (SiChem). At 72 h post-transfection the virus was harvested, concentrated by centrifugation and evaluated by
fusion assay (Figure S6). Similarly SARS-CoV-2 D614G spike pseudotyped virion was first evaluated by transfecting HEK293T cells
with plasmids encoding the D614G Spike, TAG-mutated D614G-S and NESPyIRS*F/tRNAPY, eRF1 E55D, and HIV-1 Gag-Pol.

Fluorescent labeling of SARS-CoV-2 S* and SARS-CoV-2 S**

For anisotropy and FRET measurements, virions were formed with on average a single S* or S** protomer among the distribution of
wild-type S, as has been done previously for smFRET imaging studies of influenza hemagglutinin, Ebola GP and HIV-1 Env (Das et al.,
2018, 2020; Munro et al., 2014). For anisotropy measurements, HEK293T/17 cells were transfected with a 1:5 ratio of plasmids
encoding SARS-CoV-2S* and wild-type SARS-CoV-2S, and plasmids encoding HIV-1 Gag-Pol, NESPyIRS**tRNAPY', and eRF1
(E55D), and grown in the presence of 0.5 mM TCO* ncAA. Virus was harvested, concentrated by centrifugation, and resuspended
in phosphate buffer pH 7.5. Virions were then labeled by incubation with 2 mM 3-(p-benzylamino)-1,2,4,5-tetrazine-Cy3 for
10 min at 37°C. Labeled virions were purified from unbound dye using 6-30% OptiPrep gradient by ultracentrifugation at
35,000 rpm for 1 h in 50 mM Tris pH 7.4, 100 mM NaCl. The gradient was fractionated, and the fractions containing virus were
identified by p24 Western blot. Similarly, Cy3 labeled D614G-S* virions were produced. The purified fluorescently labeled virus
was stored at —80°C until use in anisotropy experiments.

For FRET measurements, HEK293T/17 cells were transfected with a 1:5 ratio of plasmids encoding SARS CoV-25** and wild-type
SARS-CoV-2S, and plasmids encoding HIV-1 Gag-Pol, NESPyIRSAFARNAPY, and eRF1 (E55D), and grown in the presence of 0.5 mM
TCO* ncAA. After harvesting, concentrating by centrifugation, and resuspending in phosphate buffer pH 7.5. Virions were then
labeled by incubation with 2 mM 3-(p-benzylamino)-1,2,4,5-tetrazine-Cy3 and 2 mM 3-(p-benzylamino)-1,2,4,5-tetrazine-Cy5 for
10 min at 37°C. Cy3/Cy5 labeled D614G-S** virions were produced following similar procedure. The purified labeled virus was stored
at —80°C until use in FRET experiments.

Since, our sample is not a soluble protein but rather a labeled virion, precise determination of labeling efficiency is not readily
accomplished. The standard method does not apply since there is no way to convert the absorbance of a virion to the concentration
of the envelope glycoprotein specifically. The best we can say is that the reported efficiencies of copper-free click labeling to the
TCO* amino acid are in the range of 90% using 1.5uM fluorophore-tetrazine incubated for 10 min at 37°C temperature (Niki¢
et al., 2016; Das et al., 2020). In our labeling reactions, since we were not limited by the toxicity of the fluorophore, virions containing
S* or S** were labeled using 2mM fluorophore-tetrazine for 10min at 37C. We are therefore confident that our labeling efficiency is at
least as high as previously reported numbers; no labeling was observed in the absence of S* or S**.

We performed fusiogenicity measurements with pseudovirions containing either 100% wild-type Spike, 100% S*-Cy3, or 100%
S**-Cy3/Cy5. The WT-S*-Cy3 and WT-S**-Cy3/Cy5 has been found to be 92% and 90% fusogenic relative to WT-S respectively
and D614G-S*-Cy3 and D614G-S**-Cy3/Cy5 is 95% and 92% fusogenic relative to D614G spike respectively (Figure S6).

Fluorescence anisotropy for spike membrane insertion

Fluorescence anisotropy from a fluorophore measures the polarization of emission when the fluorophore is excited with polarized
light. When the rate of the rotational diffusion of the fluorophore is similar to emission rate, anisotropy values change according to
diffusional properties, such as an increase in viscosity. Anisotropy value can reflect whether a fluorophore is in free state or in a bound
state. When a fluorophore is chemically linked to a protein, fluorescence anisotropy reveals the local conformational motion of the
labeled residue and can be used to probe for changes such as binding with lipid membrane or complex formation (Lakowicz,
1999). Cy3-tetrazine-labelled at 836" position of WT-S* or D614G-S* virions were used to follow the fusion peptide conformational
motion by anisotropy measurements to determine whether the fusion peptide of the spike is getting inserted into the liposome during
membrane fusion reaction.

Anisotropy measurements were carried out in a QuantaMaster spectrometer (Model QM8450, Horiba) with in-built polarizers. Data
was collected with the FelixGx software with the integration time set at 3 s. Excitation and emission wavelengths were set to 532 nm
and 570 nm and G factors were measured for every set of experiments. Virions having either Cy3 labeled WT-spike or D614G spike
(fluorophore lebelling described above) were mixed with proteo-liposomes having all the receptors (HACE2/NRP1/hTMPRSS2) and
incubated with buffer at pH4.6 for 5 min so that virus can bind the liposome, followed by anisotropy measurement was started. After
150 s of initiation of the recording, CaCl, solution was added in stopped-flow manner and the drastic change in anisotropy was

e5 Cell Reports 39, 110694, April 19, 2022



Cell Reports ¢? CellP’ress

OPEN ACCESS

observed, reflecting the membrane insertion of fusion peptide (Figures 4C and 4D). Anisotropy experiments were performed at wide
range of calcium concentration (100uM to 10mM). All experiments were performed in at 37°C.

FRET for spike conformational change determination

FRET measurements were performed in order to monitor the SARS CoV-2 spike protein conformational change from pre-fusion state
to post-fusion state due to membrane fusion, as done previously for influenza HA and Ebola GP (Das et al., 2018, 2020). Virions with
either wild-type spike or D614G spike having Q836TCO* and G1035TCO* were labeled with tetrazine-Cy3 (donor) and tetrazine-Cy5
(acceptor), as described above. Donor fluorescence was measured with QuantaMaster (QM-8450, Horiba) with an excitation
wavelength of 532 nm and emission was collected from wavelength 550 nm-700 nm. Virions and proteo-liposomes containing all
the receptors ACE2/NRP1/TMPRSS2 were incubated, and low pH and CaCl, were added in stopped flow manner and donor
fluorescence was measured. FRET efficiency was determined by comparing donor fluorescence in presence of acceptor and
with respect to only donor, present in spike protein of virions. High fluorescence resonance energy transfer (High-FRET) causes lower
emission intensity in donor and increase in acceptor emission intensity and low FRET increases donor emission intensity and de-
creases acceptor intensity (Figures 5D and 5E). FRET experiments were performed at wide range of calcium concentration
(100uM to 10mM) at pH 4.6. All experiments were performed in at 37°C.

Live-cell confocal imaging

Live cell microscopy were performed on a LSM780 confocal microscope (Carl Zeiss) with a 63X/1.4 NA oil based objectives. Live cells
were imaged on a heated stage maintaining the 37C temperature and 5% CO.. Laser excitation wavelength of 488nm was used for
imaging GFP-labelled TPC1/TPC2, 532nm laser was used for imaging DiD labeled pseudivirions and 647 nm wavelength laser was
used for imaging LysoTracker red labeled lysosomes. Zen software (Carl Zeiss) were used for all image acquisition and analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical data throughout our study were performed using Student’s t-test and are described in the respective figure legends. p

values were determined by two-tailed student t test. The p value < 0.0001 were indicated as (*) and p value < 0.00001 were indicated
as (**) throughout our study. The experiments were not randomized and investigators were not blinded for outcome assessment.
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