UC San Diego
UC San Diego Previously Published Works

Title
SARS-CoV-2 evolved variants optimize binding to cellular glycocalyx

Permalink
https://escholarship.org/uc/item/6986n34w

Journal
Cell Reports Physical Science, 4(4)

ISSN
2666-3864

Authors

Kim, Sang Hoon
Kearns, Fiona L
Rosenfeld, Mia A

Publication Date
2023-04-01

DOI
10.1016/j.xcrp.2023.101346

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6986n34w
https://escholarship.org/uc/item/6986n34w#author
https://escholarship.org
http://www.cdlib.org/

S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell Rer_mrts ]
Physical Science @ CelPress

OPEN ACCESS

SARS-CoV-2 evolved variants optimize binding
to cellular glycocalyx

Sang Hoon Kim, Fiona L. Kearns,
Mia A. Rosenfeld, ..., Micah
Papanikolas, Rommie E. Amaro,
Ronit Freeman

ramaro@ucsd.edu (R.E.A.)
ronifree@email.unc.edu (R.F.)

Highlights

el SARS-CoV-2 spike proteins evolve
/ to have increased and remapped
positive charges

WT ‘ ' | i positive charges on Spike:

Faster, Enhanced, Stronger
Omicron

S
G
e

Omicron spike interactions with
heparan sulfate are significantly

HostCell enhanced

n Faster Binding e Stronger Ternary Complex

(2] EnhancedBlndlng\ Omicron spike stabilizes

to Glycocalyx

formation of a spike-heparan
sulfate-ACE2 ternary complex

Spike binding to heparan sulfate
and ACE2 is leveraged to rapidly
detect all variants

Kim et al. uncover how SARS-CoV-2 variants evolve to be more dependent on
heparan sulfate in viral attachment and infection. A combination of computational
and experimental techniques reveal that increased positive charge on spike
proteins leads to enhanced binding to heparan sulfate, informing the design of
rapid diagnostics for COVID.

Kim et al., Cell Reports Physical Science 4,
101346

April 19, 2023 © 2023 The Author(s).
https://doi.org/10.1016/j.xcrp.2023.101346

Gheck for
Updaies


mailto:ramaro@ucsd.edu
mailto:ronifree@email.unc.edu
https://doi.org/10.1016/j.xcrp.2023.101346
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2023.101346&domain=pdf

Cell Rel?orts )
Physical Science

SARS-CoV-2 evolved variants

¢? CellPress

OPEN ACCESS

optimize binding to cellular glycocalyx

Sang Hoon Kim,"® Fiona L. Kearns,”* Mia A. Rosenfeld,?* Lane Votapka,” Lorenzo Casalino,”

Micah Papanikolas,’ Rommie E. Amaro,”* and Ronit Freeman'#*

SUMMARY

Viral variants of concern continue to arise for SARS-CoV-2, poten-
tially impacting both methods for detection and mechanisms of ac-
tion. Here, we investigate the effect of an evolving spike positive
charge in SARS-CoV-2 variants and subsequent interactions with
heparan sulfate and the angiotensin converting enzyme 2 (ACE2)
in the glycocalyx. We show that the positively charged Omicron
variant evolved enhanced binding rates to the negatively charged
glycocalyx. Moreover, we discover that while the Omicron spike-
ACE2 affinity is comparable to that of the Delta variant, the Omicron
spike interactions with heparan sulfate are significantly enhanced,
giving rise to a ternary complex of spike-heparan sulfate-ACE2
with a large proportion of double-bound and triple-bound ACE2.
Our findings suggest that SARS-CoV-2 variants evolve to be more
dependent on heparan sulfate in viral attachment and infection.
This discovery enables us to engineer a second-generation lateral-
flow test strip that harnesses both heparin and ACE2 to reliably
detect all variants of concern, including Omicron.

INTRODUCTION

Several SARS-CoV-2 variants of concern (VOCs) have emerged over the course of the
COVID-19 pandemic, including Alpha, Beta, Gamma, Delta, and Omicron, the latter
with its own sub-lineages BA.1, BA.2, BA.3, BA.4, and BA.5."% Each of these VOCs
are characterized by key mutations throughout the genome.'™ The SARS-CoV-2
viral envelope is studded with approximately 30 homotrimer glycoproteins, called
spike proteins, which play the primary role in initiating host-cell entry via their recep-
tor binding domains (RBDs). Genomic mutations to the spike protein sequence have
been implicated in increasing infectivity and/or immune escape.”~® The Alpha, Beta,
Delta, and Omicron BA.1 genomes, for example, contain 8, 8, 9, and 34 mutations in
their spike MRNA sequences relative to the original “wild-type” (WT) 2019 strain”"?
(see Table ST for complete list of mutations considered in this work).

The high number of sequence mutations characteristic of the Omicron variant pre-
sented a concern for potential impact on initial PCR detection.'*'> Rapid antigen
detection was also impaired for Omicron variants even though these commercially
available kits detect nucleocapsid proteins that incur a lower rate of mutation.'* '
Furthermore, the newer subvariants of Omicron, particularly BA.5, could completely
escape from detection in current rapid kits.'® To overcome the reduced sensitivity of
the rapid kits, the Food and Drug Administration recommended (August 11, 2022)
repeated testing within 48 h."” Rapid antigen detection of variant spike proteins is
even more challenging considering the spike genome’s high mutation rate, often
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A HSPGs act as co-receptor in CoV-2 host-cell invasion
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Scheme 1. lllustration of SARS-CoV-2 host-cell invasion and mutations on the VOC spike proteins

(A) Scheme depicting initiation of host-cell invasion process through HS/ACE2/spike ternary complex formation via (1) SARS-CoV-2 approach to the
human host-cell, (2) SARS-CoV-2 viral binding to heparan sulfate proteoglycans (HSPGs) on the host-cell membrane, (3) conformational change of
SARS-CoV-2 spike proteins from a closed to open state, open spike demonstrating 1 receptor binding domain (RBD) in the “up” state with an exposed
RBM, i.e., a “1up” spike, and finally (4) spike/ACE2 binding mediated by the receptor binding motif (RBM).

(B) Molecular models depicting steps 3 and 4 from (A).”’ (B(i)) Inset illustrating an apical view of the spike head highlighting the RBM's relative exposure
in closed and open spike conformations.

(C) Mutations on the VOC spike protein, introduction of positive charges due to mutation on spike protein marked as blue, negative charges as red, and
neutral as gray. Total charge of each spike protein head domain (residues 13 to 1,140, residues titrated to pH 7.4 with PROPKA?®) given in parentheses
next to the strain indicator.

necessitating re-screening of spike antibodies, a step that can cause significant lag
time behind the emergence of new variants.'®2°

Elucidating the factors affecting spike binding kinetics and stability at the host-cell
surface will help predict further mutations or gains of function, as well as aid in devel-
oping variant-specific antiviral therapies and better antigen testing platforms. As the
SARS-CoV-2 virion approaches the cell surface (Step 1 in Scheme 1A), it encounters
the glycocalyx, a dense sugary matrix extending from the epithelial cell mem-
brane.”'?? Heparan sulfate proteoglycans (HSPGs), key components of the glycoca-
lyx, are known to serve as attachment factors for many viruses and likely to make first
contact with SARS-CoV-2.77?° HSPGs contain long, intrinsically disordered protein
backbones decorated with longer (40-400 monomeric units) poly-sulfated and
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densely negatively charged glycosaminoglycans (GAGs).?

(HS) itself is biosynthesized natively in repeating dimeric units of N-acetyl-D-

Heparan sulfate

glucosamine and D-glucuronic acid; post-processing enzymes then add sulfate
groups to certain positions along an HS sequence, and epimerization enzymes
may convert some D-glucuronic acid monomers to L-iduronic acid. Neither sulfation
nor epimerization reactions go to completion, thus there exist locally controlled re-
gions of high/low sulfation/epimerization proportions further contributing to vast
degree of glycocalyx heterogeneity. HS regions with particularly high proportions
of sulfation and L-iduronic acid are referred to as “heparin-like” domains, calling
on their similarity to short-chain medicinal heparin (HEP), which is almost completely
sulfated and epimerized.*

Several studies in early 2020 first illustrated that the SARS-CoV-2 spike protein,
particularly the RBD, can bind to HS and/or HEP,?”>? and that cellular HS was
required for SARS-CoV-2 host-cell invasion.?’ With these prior results, the second
step in the viral invasion process comes into focus, as shown in Scheme 1A: Binding
of the virion to HSPGs, likely through direct spike-HS interactions as shown by us®’
and others.”-#2:27731:3442 This step may increase virion residence time at the host-
cell surface, thereby increasing the likelihood of encountering angiotensin convert-
ing enzyme 2 (ACE2), SARS-CoV-2's primary host-cell receptor.’®??** The spike
protein binds to ACE2 via a highly specialized interface within the RBD called the re-
ceptor binding motif (RBM).**~*? Each of the spike’s three RBDs (1 RBD per spike
protomer, 3 RBDs per trimer spike complex, 1 RBM per RBD, 3 RBMs per trimer spike
complex) may often occupy a “closed” or “down” conformational state wherein
these RBMs are largely shielded from recognition.>®* Thus, before spike-ACE2
binding can occur, at least one of these RBDs needs to emerge from its down/
"shielded"” state to an “up"”/“open” state, to expose its RBM (Scheme 1B(i).**"
While this step (Scheme 1B) can occur anytime along the spike conformation switch-
ing, Clausen et al. report that short-chain HEP is capable of inducing spike RBDs to
move into the up-state, suggesting that RBD opening could be induced after spike
binding to HS and/or HEP within the glycocalyx.”’ With the RBM exposed, ACE2 can
bind, further stabilizing the virion at the host-cell surface. Finally, with the spike pro-
tein immobilized by HS and/or ACE2, TMPRSS2 can cleave the spike S2' site.”*~>®
Next, the S1 domain peels off from the S2, revealing the spike’s fusion peptide,

which then penetrates the host-cell membrane and initiates membrane fusion.””~'

Recent studies have demonstrated that the Omicron SARS-CoV-2 virion relies less
on membrane fusion as catalyzed by TMPRSS2 cleavage than earlier strains, and
rather more on endocytosis. Indeed, syncytial formation—neighboring SARS-CoV-
2 infected cells fusing together, a phenomenon indicative of TMPRSS2 activity—
was reduced for Omicron-infected tissues.®”* Furthermore, infection of TMPRSS2
knock-out cells by SARS-CoV-2 was increased for Omicron relative to other
VOCs.°*%* This mechanistic change could be due to Omicron sequence mutations
near the S2’ site causing decreased recognition by TMPRSS2.4°** Furthermore,
recent research suggests that mutations in the Delta and Omicron RBMs result in
altered binding affinities to ACE2 compared with WT.°>/% Several past works
have identified that charge-charge interactions heavily stabilize the WT spike-
ACE2 interface,”" and that increasing spike charge over the course of SARS-CoV-2
evolution potentially increases electrostatic recognition of ACE2 at long range
and increases immune escape,”’ especially for Omicron, as its spike’s RBM is
more positively charged than other spikes.”” While the role of evolving positive

2!4&42,65—70

charge on spike proteins has begun to be unraveled for ACE this inves-

tigation was done in isolation from its required co-factor, HS.”' As HS is a long,
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negatively charged polysaccharide, the growing positive charge on spike virions,
especially for Omicron, is expected to impact the stability of interactions with the
HS-rich glycocalyx. In addition, since HS was previously shown to stabilize spike-
ACE2 interactions, an altered affinity to HS may in turn also affect binding to ACE2.

Here, we probe the interactions between HS, ACE2, and the spike proteins of WT,
Alpha, Beta, Delta, and Omicron SARS-CoV-2 variants. We propose how the posi-
tively charged Omicron spike may unlock a critical HS/ACE2 synergy. By harnessing
the power of the primary and secondary cell receptors in the glycocalyx, we show
how the performance of HEP-anchored test strips can co-evolve with the SARS-
CoV-2 genome for robust and rapid sensing of Omicron. Finally, given that our syn-
thetic glycocalyx test strips represent a minimal model for the cell surface, we discuss
the potential implications our results may have on understanding SARS-CoV-2 infec-
tion dynamics at large.

RESULTS AND DISCUSSION

Spike mutations increase binding affinity to ACE2 and heparin

Previous work has demonstrated mixed results with respect to relative binding affin-
ities between ACE2 and different spike protein sequences. Some groups report the
Omicron spike protein binds to ACE2 with highest affinity, while others report there is
no significant difference in binding affinity between all variants.®>~’° Herein, we have
used bio-layer interferometry (BLI), enzyme-linked immunosorbent assays (ELISA),
and molecular dynamics (MD) simulations to estimate relative binding affinities be-
tween WT, Alpha, Beta, Delta, and Omicron BA.1 spike proteins to ACE2. BLI results
indicate similar binding affinities within nanomolar range for all protein complexes,
with Beta and Delta having the highest affinity, followed by Omicron BA.1, WT,
and finally Alpha (Figures 1A and S1). ELISA results show a clearer trend: Delta and
Omicron spikes similarly show higher affinity to ACE2 than all other spike proteins
(Figure 1B). Our BLI and ELISA results were consistent with previous reports showing

affinities of Delta and Omicron similarly increased compared with WT.#%:¢¢:67.70

We also performed MD simulations of WT, Delta, and Omicron RBDs bound to ACE2
(supplemental experimental procedures). From these simulations we see interactions
at the RBD/ACE2 interface that may explain increased binding affinity of Omicron
spike relative to WT. Barros et al. discuss the relative contact frequencies of three
subregions within the RBM to ACE2: the L3 loop, the central beta-strands, and the
right-hand loops (Figure S2).” They demonstrate that contacts formed between
the central beta-strands and ACE2 are the strongest and maintain almost completely
during their 3 replicas of 1 us each of conformational sampling, whereas contacts
formed between the L3 loop and right-hand loops to ACE2 are weaker, measured
by decreased contacting frequency. From our MD simulations, we see the Omicron
RBM (Figure S2), with 10 total mutations, both strengthens interactions to ACE2
within the central beta-strands (addition of salt bridge between Q493R to ACE2's
E35) but also increases stabilization within the weaker right-handed loops through
an aromatic interaction (N501Y pi-stacking with ACE2’s Y41), and a tight hydrogen
bonding network (Y505H tightly supporting a hydrogen bond between RBD’s Y495
and ACE2's K353). These interactions, as also elucidated by Han et al.,’? potentially
explain the strengthening of affinity between Omicron spike and ACE2 relative to
the WT.

Next, we investigated the binding affinity between the variant spike proteins and HEP.
BLI and ELISA results illustrate a significant increase in affinity between HEP and

4 Cell Reports Physical Science 4, 101346, April 19, 2023
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Figure 1. ACE2 and heparin binding affinity to VOC spike trimer
(A) Binding affinities of VOC spikes to dimeric ACE2 measured by BLI; Kp values were calculated w

ith steady-state analysis.

(B) Degree of bound complex formation for VOC spikes to dimeric ACE2 as measured by ELISA. TMB (3,3',5,5'-tetramethylbenzidine) was used as a

chromogen for ELISA.

(C) Binding affinities of VOC spikes to HEP measured by BLI; Kp values calculated with steady-state analysis.
(D) Degree of bound complex formation for VOC spikes to HEP as measured by ELISA. Three independent tests were performed (n > 3), and standard

deviation from mean value was represented as an error bar in the graph. p values < 0.05 (*), 0.01 (**), and 0.001 (***) were determined using a one-way

ANOVA with Tukey's post hoc test.

Omicron spike over Delta and other VOC spikes (Figures 1C, 1D, and S3). To probe dif-
ferences in spike affinity to HEP at the molecular scale, we conducted extensive
ensemble-based docking studies with AutoDock Vina’*’* to predict HEP binding
modes to WT, Delta, and Omicron spikes in closed and open conformational states
(supplemental experimental procedures). From ~28,800 binding modes, we identified
a total of 19 HEP binding “hotspots,” four of which were highly buried within the spike
and 15 were located on the spike surface, thus accessible to long-chain HEP binding as
would be seen within the glycocalyx (see Scheme S1, supplemental experimental pro-
cedures, and Figure S9 for complete descriptions of surface vs. buried sites). Relative
affinities and populations of HEP binding modes at each of these sites were similar
across the three spike variants (Figures S4-S11). In past work, we predicted three sites
of high importance for interaction between the spike protein and HS: an RBD cleft site,
an RBD patch site, and the furin cleavage site (FCS).** Current ensemble-based docking
simulations have confirmed the presence of these sites on WT and variant spikes and
indicate there are no significant differences in binding affinities or number of binding
modes in these sites between spike variants (Figures S4-511 and supplemental exper-
imental procedures). To determine the degree to which induced-fit effects within the
RBD cleft, RBD patch, FCS, and potential binding at the RBM could impact affinity,
we then conducted targeted flexible protein-flexible ligand docking studies with HEP
and HS tetramers at each of these sites across WT, Delta, and Omicron variants with
Schrédinger’s Induced Fit Docking protocol (Scheme S2 and supplemental experi-
mental procedures).”*”’? Again, there were no significant differences between average
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Figure 2. Dynamic electrostatic potential maps of spike trimer and Brownian dynamics simulation of HEP, HS, and ACE2 to spike trimer

(A) Dynamically averaged electrostatic potential maps collected from 50 ns of MD simulations for (i) WT, (ii) Delta, and (i) Omicron spike proteins. The
protein surfaces are colored according to average electrostatic potential at each site, ranging from —1 kgT/e (red) to +1 kgT/e (blue). Total charge of
each spike protein head domain (residues 13 to 1,140, residues titrated to pH 7.4 with PROPKA?®) given in parentheses next to the strain indicator;
considering including a glycoprofile consistent with Casalino et al.” and Watanabe et al.,”" WT, Delta, and Omicron spike proteins have total charges of
—11, +4, and +10, respectively (14 sialic acids).

(B) Rate constant (kon) to b-surface calculated between heparin and heparan sulfate tetramer to WT, Delta, and Omicron spike proteins (each titrated to
pH 7.4) with a corresponding scheme demonstrating system diffusion to the b-surface.
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Figure 2. Continued

(C) Rate constant (ko) to b-surface calculated between and the ACE2 ectodomain (residues 18 to 734, pH 7.4) with a corresponding scheme
demonstrating system diffusion to the b-surface. For (B) and (C), when calculating rate constants (ko) to the b-surface, receptor molecules are modeled
as spheres defined by a b-radius, and total charge. The ko, is calculated analytically according to the Smoluchowski equation (details in supplemental
experimental procedures). Bars are colored according to a red to blue color scale normalized to VOC spike total charge with 14 sialylated glycans: WT
(=11)inred, Delta (+4) in light blue, and Omicron (+10) in blue.”®% It should be noted that error bars are not necessary for data presented in Figures 2B
and 2C, as these values represent exact analytical solutions to the Smoluchowski equation.

predicted binding energies for HEP or HS tetramers at each of these sites, across the
three spike variants, even with global (MD enabled ensemble docking) and local (Schro-
dinger IFD) protein flexibility incorporated (Figure S12). This likely indicates thatonce an
HS/HEP fragment finds a site on the spike surface, itis flexible enough to accommodate
sequence mutations and maintain affinity at the surface. These docking results suggest
that the increased binding affinity between HEP and SARS-CoV-2 Delta and Omicron
spikes relative to WT, as observed with BLI and ELISA, most likely do not originate
from site-specific changes.

Increased positive charge on Spike protein enhances rate of binding to ACE2
and Heparin

As previously noted by us**%°

and others,*"42:¢7

the spike protein is becoming more
positively charged with each emerging VOC spike sequence (Scheme 1C). The total
formal charge of the trimeric WT spike head domain (residues 13 to 1,140) atpH 7.4
is +3, Alpha is +6, Beta +15, Delta +18, and Omicron BA.1 +24. Several glycans on
the spike ectodomain are also shown to be sialylated. Although a complete differen-
tiation of glycan sialylation rate per spike sequence is far beyond the scope of this
work, it is important to estimate the relative contribution of sialic acids to total spike
head domain charge. Assuming a glycoprofile consistent with models from Casalino
et al.>® (14 sialic acid residues on 57 head domain glycans) and described by Wata-
nabe et al.,®’ the total formal charge of the trimeric WT spike head domain with gly-
cans is —11, Alpha is —8, Beta +1, Delta +4, and Omicron BA.1 +10 (Scheme 1C,
Table S1). From this accounting of charge, it is evident that the spike protein head
domains are increasing in total charge. In addition, to identify where positive and
negative charges are most concentrated on the spike surface, we calculated dynam-
ically averaged electrostatic potential maps of the WT, Delta, and Omicron
(Figures 2A, S13, and supplemental experimental procedures). Interestingly, while
the total spike charge is increasing, we also observed a clear redistribution of posi-
tive and negative charge across the spike surface between VOCs. Particularly, the
Omicron spike surface exhibits a distinct redistribution of charges with a dramatic
positively charged “bullseye” at its apex (Figure 2A(iii)). While the bullseye pattern
is only clear in the closed state, the remapping of charge across the variant timeline
is also demonstrated for Tup spike conformations (Figure S13). Increasing total
charge of the spike protein, along with redistribution of charges on the spike surface
have the potential to impact HS/HEP binding to spike within the glycocalyx.

To investigate the effects of spike total charge on HEP binding, we used Brownian
dynamics (BD)®3%? simulations with Browndye83'82 to calculate rate constants (kop)
to a "b-surface,” wherein the center of mass of a receptor molecule of interest de-
fines the center of a sphere with a "b-radius” (Figure 2B). The receptor and ligand
molecules, each containing partial atomic charges, approach one another from infin-
ite space. In such a model, a ko, between two molecules attaining an intermolecular
distance less than the b-radius is largely driven by charge-charge interactions and
can thus be solved numerically using the Smoluchowski equation.®* These results
provide insight into long-range electrostatic interactions between molecules. We

observe a dramaticincrease in ko, to the b-surface between an HEP tetramer (charge
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—8) and WT, Delta, and Omicron spike proteins, 2 x 10"°M™'s™", 8 x 10'°M~"s™",
1 % 10" M™'s™", respectively, (Figure 2B and supplemental experimental proced-
ures). A similar trend is observed for the ko, to the b-surface between a model HS
tetramer (charge —4) and WT, Delta, and Omicron spikes (Figure 2B). In addition,
seeing as the ko, to the b-surface calculated for HS to WT was higher than that for
HEP to WT, we predict that HS, owing to its decreased sulfation and charge, is likely
to find and bind more quickly to WT spike surface than fully sulfated HEP domains.
These results indicate that optimized long-range electrostatic interactions via spike
mutations could dramatically impact the rate of SARS-CoV-2 viral approach to the
glycocalyx (Step 1 in Scheme 1). Together with our docking results, which predicted
very little difference between VOC spikes in HEP binding affinities at HEP binding
hotspots, the BD results illustrate that increased affinities between HEP and Delta/
Omicron spikes relative to WT, as seen by BLI and ELISA, may be due to kinetic se-
lection allowing for increased encounters rather than site-specific differences in
binding affinity. Furthermore, due to drastic difference in ko, to b-surface for WT
spike between HEP and HS tetrameric models (Figure 2B)—a trend that is nonexis-
tent, if not reversed, for Delta and Omicron spike proteins—we predict that WT spike
proteins have the potential to demonstrate increased selectivity for the less densely
sulfated/charged heparin-like domains, while Delta and Omicron spike proteins
would demonstrate little to no selectivity, or moderately increased selectivity for
more densely sulfated/charged heparin-like domains.

Considering that ACE2's dimeric ectodomain has a total charge at pH 7.4 of —42
(total formal charge with glycans at pH 7.4, —54)"’ rates to ACE2, driven by long-
range electrostatic interactions, may also be affected by increasing spike protein
charge. Therefore, we also calculated rate constants (kons) to b-surfaces between
the ACE2 ectodomain and WT, Delta, and Omicron spike proteins (supplemental
experimental procedures). Interestingly, we see six orders of magnitude increase
in kon between WT and Delta spikes to ACE2, followed by a one order of magnitude
increase in ko, between Delta and Omicron spikes to ACE2 (Figure 2C). As with the
HS/HEP results, the increasing total charge of spike proteins may strengthen long-
range electrostatic interactions to negatively charged ACE2. In addition, recall
that binding affinities between SARS-CoV-2 VOC spikes and ACE2 are increasing
(decreasing Kp), but only moderately (Figures 1A and 1B). In sum, these BD results
for HEP, HS, and ACEZ2 all point to kinetic fitness for interactions between the spike
protein and negatively charged HEP/HS/ACE2 within the glycocalyx as a potential
underlying evolutionary pressure driving SARS-CoV-2 spike sequence adaptation.
Furthermore, the interactions of spike with other charged glycoprotein species
and glycans within the glycocalyx such as neurophilin, CD147, GRP78, and sialic
acids, could potentially be altered with the change in the charge on spike.

Remapping of positive charge distribution on Omicron surface maximizes
heparin/ACE2 synergy

As can be seen from the dynamically averaged electrostatic potential maps in
Figures 2A(i-iii) and S13, spike sequence mutations increase the total spike charge
as well as redistribute surface patches of positive and negative charge. As a result,
the site of first contact between HS/HEP and spike surface, i.e., a nucleation site
for HS/HEP long-chain binding to the spike surface, could be altered on a per-
VOC basis. To probe these changes, we again used BD simulations to investigate
the rate of HS and HEP tetramer association, this time specifically to the RBM,
RBD cleft, RBD patch, and the FCS sites (supplemental experimental procedures).
We find that HEP tetramers associate differentially to spike surface sites due to
mutations at each site (Figures 3A and 3B). Upon approaching a WT spike protein,
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Figure 3. Site-specific Brownian dynamics simulation and comparison of ternary complex formation between VOCs spike trimer
(A and B) Spike structures illustrating receptor binding domain (RBD) cleft, RBD patch, furin cleavage site (FCS), and the receptor binding motif (RBM) as
designated sites targeted with BD simulations and (B) corresponding BD results shown as second-order rate constants between HEP and identified RBD

cleft, RBD patch, FCS, and RBM sites.

(C) Degree of bound ternary complex formation for VOC spikes to HEP and ACE2 as measured by ELISA. Three independent tests were performed (n >
3), and standard deviation from mean value is represented as an error bar in the graph. p values < 0.05 (*), 0.01 (**) and 0.001 (***) were determined using

a one-way ANOVA with Tukey's post hoc test.

our kinetic experiments indicate that HEP tetramers are most likely to associate with
the RBD cleft site first, followed by the RBM, the RBD patch, and finally the FCS.
However, upon approaching a Delta spike protein, HEP tetramers are most likely
to find the RBM first, followed closely by the RBD cleft, and finally the FCS, with
no observed transitions into the RBD patch. Similarly, when encountering Omicron
spike proteins, HEP tetramers are most likely to first find and bind the RBM, followed
by the FCS, with no observed transitions to the RBD cleft or patch sites. ESP maps of
the Omicron RBM reveal that it is strongly positively charged, which likely supports
the kinetic advantage for binding HEP at this site (Figure S13C(i)). These results indi-
cate that redistribution of positive charges, especially for Omicron spikes, might
cause a competition between HEP and ACE2 binding on the RBM site of the spike
protein. However, at the cell surface, ternary complex formation among HS, spike,
and ACE2 is potentially required for stabilization of the spike-ACE2 interface.?’
Thus, we conducted ternary complex ELISA to identify whether HEP and ACE2
compete with one another for spike binding on a per-VOC basis (Figure 3C). While
this ternary complex ELISA relies on both spike-HEP and spike-ACE2 binding, it
could be hindered by decreased affinity at either interface. Strikingly, we observed
a significant increase in the affinity of the Omicron spike-HEP-ACE2 ternary complex
over all other variants, including Delta. It should be noted that when comparing Fig-
ure 3C with Figures 1B and 1D, the trend in ternary complex formation affinities com-
pares more similarly to that seen in spike-HEP binary complex formation (Figure 1D)
than spike-ACE2 complex formation (Figure 1B). Furthermore, the relatively similar
affinities for Delta and Omicron spike proteins to ACE2 binding does not translate to
a similar affinity in ternary complex formation for these two spike variants. These
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Figure 4. Synergistic formation of ternary spike/HS/ACE2 complexes visualized with mass photometry

(A) Mass photometry results comparing the WT, Delta, Omicron spikes binding to ACE2 and heparan sulfate (HS). (i) Mass distribution of WT, Delta, and
Omicron spikes (mass range highlighted in gray), (i) mass distribution of the dimeric ACE2 (mass range highlighted in red), (iii) mass distribution of spike
protein + ACE2, and (iv) mass distribution of spike + HS + ACE2. To mimic the viral entry mechanism, HS was incubated with spike proteins first then
followed by addition of ACE2. Possible ternary complexes are grouped in A (green), B (yellow), C (orange) based on their expected mass ranges. The
molar ratio used in this study was spike:HS:ACE2 = 1:1:0.5.

(B) Fraction of ternary complex with or without HS for WT, Delta, and Omicron obtained by mass photometry. To calculate the fraction of these
complexes, count numbers from each group (A, B, C) in Figure 4A were obtained. At least three independent experiments were performed, and error
bars were calculated by the standard deviation of all experiments. Significance was calculated via multiple t test (unpaired) with Holm-Sidak method (a:
0.05) was performed.

results indicate that remapping of positive charges, especially for Omicron, did not
hinder the binding of HEP and ACE2 on spike protein. Instead, HEP and ACE2 can
co-bind to the spike protein (Figure S13D shows the how Tup SARS-CoV-2 spike
can accommodate ACE2 and HEP).

As HS has been reported to induce the open conformation of spike protein and
enhance ACE2 binding, we further investigated the synergistic formation of ternary
spike/HS/ACE2 complexes with mass photometry (MP). We then compared the ef-
fect of HS on formation of ternary complexes for WT, Delta, and Omicron spike pro-
teins in the presence of dimeric ACE2, by measuring the mass distributions (Figures 4
and S14-516 for repetition of MP results, supplemental experimental procedures).

The mass of each trimeric spike protein was measured to be around 560 kDa, and the
mass of dimeric ACE2 was 240 kDa. Given that spike likely first encounters the
extended tendrils of HS on approach to the human host-cell, we sequentially added
first HS and then ACE2 to spike protein samples to mimic conditions at the cell
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surface. Co-incubation of spike with just ACE2 generated mass peaks for WT, Delta,
and Omicron spike around 800 kDa, followed by signal density in higher mass ranges
indicating that spike and ACE2 are interacting to form complexes at varying stoichio-
metric ratios (Figure 4A(iii)). Interestingly, while incubating spike and ACE2 with HS
yielded very little differences in MP spectra for WT and Delta spikes compared with
no-HS conditions, Omicron showed a significant increased population around
1,200 kDa under these testing conditions (Figure 4A (iv)), suggesting it plays a
role in stabilizing a ternary spike-HS-ACE2. To assign possible stoichiometries to
the emerging 1,200-kDa complex, we must understand the structural requirements
for such assembly. Spike protein binding to ACE2 requires at least one spike RBD to
be in the up conformation and a successful binding event between the two proteins
is canonically considered as occurring between one ACE2 and one Tup spike. How-
ever, a spike protein with three RBDs in the up-state could accommodate binding of
up to three ACE2 dimers and one ACE2 dimer could itself accommodate binding of
up to two spike proteins.*’** In addition, while dimeric ACE2 was used in this work,
without the presence of B°AT-1—BPAT-1 is a sodium-dependent neutral amino acid
transporter commonly found co-expressed and complexed with ACE2 in the gastro-
intestinal tract, B’AT-1 is often used to stabilize ACE2 during structural elucidation”®
and its corresponding stabilization of the ACE2 interfacial neck domain—ACE2 in
solution could exhibit more flexibility and adopt dual RBD binding modes as
described by Xiao et al.?® While all such complexes are likely biologically relevant,
the degree to which, and by what mechanism(s), spike and ACE2 form such
complexes of “intermediate” stoichiometry is an open question. Thus, to parse
our current mass photometry results, we have enumerated several configurations
of spike-ACE2 complexes (illustration within Figure 4A) and divided such complexes
into three groups based on their expected mass range: A (650-900 kDa), B
(?00-1,300 kDa), C (1,300-2,000 kDa). To compare the change in ternary complex
distribution with or without HS, the fraction of each group (denoted as A, B, C)
was calculated for each spike protein (Table S4-S6 for tables denoting fractions
per group for Omicron, Delta, and WT spike proteins). As shown in Figure 4B,
although the addition of HS slightly increased the population of group A type com-
plexes for WT and Delta spikes. There was no significant change in degree of com-
plex formation for type A along with type B and C for WT and Delta spikes. However,
Omicron spikes showed significantly increased proportions of type B complexes in
the presence of HS (Figure 4B). Considering that HS may stabilize spike RBDs in their
up conformation, as reported by Clausen et al.,”" binding of multiple HS fragments
to the Omicron spike could serve to recruit additional nearby ACE2s for binding,
thereby increasing the population of group B type complexes (spike:ACE2 = 1:2,
1:3). In addition, an increased proportion of group B could also stem from one
dimeric ACE2 binding two trimeric spike proteins, an interaction that could easily
be facilitated by long chains of HS either binding one or both spike proteins.
ACE2 bridging multiple spike proteins is likely an important factor governing
complex formation at the cell surface, and HS has the potential to “hold” or cluster
multiple spikes near ACE2 in preparation for multiplex binding.

To summarize all results presented thus-far: (1) binding affinity between SARS-CoV-2
VOC spikes to ACE2 are moderately increasing over the variant timeline, (2) site-spe-
cific affinities between SARS-CoV-2 VOC spikes to HEP dimers and tetramers have
not changed significantly over the variant timeline, but (3) binding affinity between
spike VOCs and long-chain HEP has increased over the variant timeline, (4)
increasing total spike charge over the variant timeline may be increasing rates of
HEP/HS/ACE2 to spike surfaces, (5) charge redistribution on the spike surface
over the variant timeline may be altering HEP/HS nucleation sites in the context of
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long-chain binding interactions, and finally (6) Omicron has a particular ability to un-
lock a key HS/ACE2 synergy by increasing proportions of 1:2 and 1:3 spike:ACE2
complexes. At the cell surface, an individual spike glycoprotein will likely encounter
both HS and ACE2. In what order, and by what mechanism(s) does the spike glyco-
protein interact with and exploit the native functions of HS and ACE2 to enter the
human host-cell, and how do mutations to the spike sequence affect this mechanism
remain outstanding questions. As illustrated in Scheme 1, for a spike-ACE2 binding
event to occur, the spike’s RBM needs to be sufficiently exposed, which only occurs
when at least one of the spike protein’s RBDs moves from a “down”/“shielded" state
to the "up”/"exposed” state. Clausen et al. report that short-chain HEP can increase
proportions of ACE2s bound to the spike protein, suggesting HEP can facilitate RBD
opening and ACE2 binding. Based on our results, we hypothesize that as the total
formal charge of the spike protein increases so does the spike's fitness for moving
through and interacting with the negatively charged glycocalyx and ACE2 as shown
in BLI, ELISA, and BD results. Moreover, as the spike approaches the glycocalyx,
certain sites (i.e., the RBM and FCS) on VOC spikes may find and bind to HS more
quickly than to others due to redistribution of charges on the spike surface. For
example, in the case of the Omicron spike protein, given the rate constant for
HEP binding is fastest to exposed RBMs, HS/HEP could increase the local concentra-
tion of Tup, 2up, and 3up Omicron spike proteins directly at the cell surface. While
bound to the Omicron spike protein, HS would thereby stabilize spike in an attack-
ready conformation while ACE2 arrives on the cell surface below. ACE2 could even-
tually displace HS from the RBM, which could in turn shift to one of the many other
GAG-hotspots on the spike surface, including the FCS. In this fashion, the Omicron
spike protein’s RBM could be capitalizing on HS/HEP's capacity for kinetic selection,
thereby increasing the localized concentration of ACE2-ready binding partners at
the cell surface. Taken together, we suggest a mechanism by which SARS-CoV-2
variants evolve to better bind the co-receptor glycocalyx HS, which indirectly
enhances its chances to bind and the stability of its interactions with the primary
receptor, ACE2.

GlycoGrip test strips mimic host-cell surface to effectively detect evolved
variants

As discussed in the introduction, maintaining robust testing via rapid antigen and
PCR detection platforms becomes a challenge during an actively progressing public
health crisis such as the COVID-19 pandemic. Recently, we showed that the interac-
tion between the host-cell surface glycopolymers and the spike glycoprotein can be
exploited to detect SARS-CoV-2 in a rapid sandwich-style lateral-flow strip assay
(LFSA).> Our sensor termed GlycoGrip, was inspired by the interactions between
SARS-CoV-2 virions and the glycocalyx. GlycoGrip uses long-chain heparin (HEP)
to capture, and Au-nanoparticle conjugated anti-spike antibodies to signal for the
presence of SARS-CoV-2 spike proteins. In our first generation of GlycoGrip, also
known as GlycoGrip 1.0, we used an N-terminal domain (NTD)-based anti-spike anti-
body to signal for the presence of WT, Alpha, Beta, and Delta spike proteins. In the
current work, we leveraged our findings of a favorable tertiary complex formation
between the Omicron spike protein, HS, and ACE2 to explore the potential of
combining HEP as the capture agent, with ACE2 as the signaling probe: after all,
if the virus utilizes these receptors to infect, GlycoGrip2.0 will leverage them to
detect, (Figure 5A (i,ii).

For both generations of GlycoGrip, when a sample contains spike protein, a double-

banded signal will appear on the lateral-flow strip: one band at the test line indi-
cating ternary complex formation between HEP, spike, and the signaling probe,
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Figure 5. Analytical performance of GlycoGrip2.0

(A (i)) Image of a GlycoGrip prototype with callout image depicting a spike protein bound to both HEP (the GlycoGrip capture agent) and ACE2 (the
signaling probe). (A (ii)) Schematic illustrating GlycoGrip's capture and signaling of SARS-CoV-2 virions.

(B and C) Comparison of the GlycoGrip1.0 and GlycoGrip2.0 to VOCs with two different signaling probes (NTD Ab and ACE2; NTD Ab was previously
used in GlycoGrip1.0), and (C) correlation between relative GlycoGrip1.0signal intensity vs. change in spike charge; charge change calculated as VOC
spike charge — WT spike charge, relative signal intensities plotted as ratio with respect to WT (same data as shown in B [NTD]).

(D) Correlation between relative GlycoGrip2.0 signal intensity vs. change in spike charge; charge change calculated as VOC spike charge—WT spike
charge, relative signal intensities plotted as ratio with respect to WT (same data as shown in B [ACE2]).

(E) Selectivity of the GlycoGrip2.0 to relevant proteins including MERS, CoV1 spike, HIV envelope protein (gp140), human serum albumin (HSA), and
human saliva.

(F) Dose-dependency results of Omicron detection using GlycoGrip2.0 with signal enhancement in human saliva condition. The limit of the detection
was calculated by the blank + 3x (standard deviation of blank). At least three independent tests were performed (n > 3) for GlycoGrip, and standard
deviation from mean value was represented as an error bar in the graph.

and one band at the control line indicating binary complex formation between the
signaling probe and an anti-signaling probe antibody. We compared GlycoGrip1.0
and GlycoGrip2.0 against all VOC spike proteins (Figure 5B). We observed that,
while GlycoGrip1.0 still signaled well for Omicron spike, signal intensity dropped
significantly relative to Delta. However, the trend observed for WT, Alpha, Beta,
and Delta spikes on GlycoGrip 1.0 was similar to that reported previously.”” Notably,
GlycoGrip2.0 elicited the strongest signal for Omicron spikes compared with Glyco-
Grip1.0. Moreover, we observed a clear trend: signal intensity on our GlycoGrip2.0
increases along with the variant timeline (Figure 5B) in a manner strikingly similar to
the increase in total spike charge. Plotting this change in spike charge (i.e., total
charge changes relative to WT spike) against relative signal intensity on our recon-
figured GlycoGrip2.0, we see these two quantities correlate with one another:
R?=0.7792 (Figure 5E) while there was no clear trend for GlycoGrip1.0 (Figure 5C):
R? =0.2199. This correlation is striking given that, with HEP as the capture agent and
ACE2 as the signaling probe, GlycoGrip2.0 can be seen as a simplified model for the
cell-surface environment. These results indicate that, in contrast to antibody-based
detection, our cell-surface mimetic sensor easily and effectively adapts to viral mu-
tations, suggesting a novel paradigm shift in designing LFSA platforms to sensing
viral antigens with high mutation rates.

Finally, we investigated the selectivity and sensitivity of our GlycoGrip2.0 specifically
for detection of Omicron spike proteins. To determine the selectivity, we interro-
gated our sensor with related coronavirus (MERS, CoV1) and HIV (gp140) envelope
proteins along with relevant complex proteins such as human serum albumin (HSA).
To illustrate GlycoGrip's feasibility when used against complex biologically relevant
media, we also tested our sensor against a non-infected human saliva sample to
check the false-positive signal from the complex biological samples. As shown in
Figure 5E, GlycoGrip2.0 selectively captures and signals for Omicron spike proteins
while not binding to related viral proteins, HSA, or other saliva matrix elements.
Finally, Omicron was detectable as low as 40 ng/reaction (1.6 ng/mL, 25 ulL, Fig-
ure S17) with ACE2, and 78 ng/reaction with NTD Abs. We then adopted a silver
staining method to further enhance detection 4-fold for Omicron spikes: down to
10 ng/reaction (0.4 ng/mL, Figure S18). Last, we validated our sensor performance
in human saliva samples. Human saliva contains various glycoproteins, including
neutrophil elastase and histone H2A, which could interfere with the binding of either
ACE2 or HEP to the spike protein.?” The limit of detection in saliva was estimated to
be 20 ng/reaction (Figure 5F), which was comparable to detection in buffer condi-
tions, demonstrating the power of our sensor to detect the virus in complex fluids
(see Table S7 for comparison of GlycoGrip2.0 analytical performance with reported
LFSA sensors). These results indicate GlycoGrip is selective for SARS-CoV-2 spike
proteins, signals strongly in the presence of Omicron spikes, and is rapidly
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adaptable and deployable within the context of the ever-evolving COVID-
19 public health crisis. Furthermore, as SARS-CoV-2 continues to adapt to niche
evolutionary pressures within glycocalyx, GlycoGrip’s detection capacities will likely
maintain and even strengthen without the need to change any of the sensor
components.

As the COVID-19 pandemic now progresses into its third year, public health experts
continue to scan the epidemic-horizon for new variants. Delineating the environ-
mental and immunological pressures driving SARS-CoV-2 genomic adaptation can
help predict the likely range of future mutations, and the potential impacts of those
mutations on infection, re-infection, hospitalization, and mortality rates. In this work,
we revealed that increased total charge on the spike proteins of SARS-CoV-2 vari-
ants, due to the progressive addition of positively charged mutations, strengthens
long-range electrostatic interactions with the negatively charged host-cell surface.
Furthermore, we showed that the redistribution of positive and negative charges
on evolving spike protein variants, particularly for Omicron, which adopts a striking
"bullseye”-like patch of positive charge near the RBM, selectively enhances the rate
and strength of HS binding to exposed RBMs. We thus hypothesize that Omicron
SARS-CoV-2 kinetically increases the local concentration of ACE2-binding-ready
spikes at the cell surface and unlocks a key synergy between HS and ACE2. We
believe this remapping of positive charge on the SARS-CoV-2 spike protein is an
evolutionary driver for the optimization of electrostatic interactions of spike proteins
with both HS and ACE2, thereby increasing the rate of viral entry. With these conclu-
sions in hand, one could predict that emerging variants will exhibit additional charge
redistribution to further fine-tune these interactions and in turn increase SARS-CoV-2
infectivity.

Finally, we leveraged our findings of a favorable tertiary complex formation among
the Omicron spike protein, HS, and ACE2 to develop the GlycoGrip2.0 sensor. We
demonstrated GlycoGrip's ability to “co-evolve” alongside the SARS-CoV-2
genome and we improved its detection of all VOCs (Video S1). By harnessing the pri-
mary (ACE2) and secondary (HS) cellular receptors in one sensor, GlycoGrip2.0
essentially serves as a minimal model of the glycocalyx environment, which may
be a useful platform for viral surveillance. This highlights the advantage of glycoca-
lyx-inspired sensing in a rapidly adapting public health crisis, as it is quickly reconfig-
urable and employable against evolving variants. As the COVID-19 pandemic is still
ongoing, due to continuous evolution of the virus, glycocalyx-inspired LFSAs are
likely to be a great benefit for global health monitoring power, not only for SARS-
CoV-2 but for other rapidly mutating viral antigens.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Ronit Freeman (ronifree@e-mail.unc.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability

The authors declare that all data supporting the findings of this study are available
within this article and its supplemental information files. Any additional information
reported in this paper is available from the lead contact on request. All structures
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relating to simulations described herein will also be made freely available to down-
load on the AmaroLab Web site. The following files are available at https://
amarolab.ucsd.edu/covid19.php: structures (psf/pdb formats) of all docking results
described herein; APBS input files for all computational calculations done herein
including docking and electrostatic potential and binding energy calculations; BD
input files for all Brownian dynamics simulations conducted herein. Any questions
or additional information needed to access these files will be handled by the lead
contact on request.

Experimental methods

All methods including MD and BD simulations, docking studies, ESP calculations,
BLI, and ELISA details can be found in the Supplemental Experimental
Information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101346.
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