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Accumulating evidence indicates a potential role for bacterial lipopolysaccharide (LPS) in the overactivation of the immune
response during SARS-CoV-2 infection. LPS is recognized by Toll-like receptor 4, mediating proinflammatory effects. We previously
reported that LPS directly interacts with SARS-CoV-2 spike (S) protein and enhances proinflammatory activities. Using native gel
electrophoresis and hydrogen-deuterium exchange mass spectrometry, we showed that LPS binds to multiple hydrophobic pockets
spanning both the S1 and S2 subunits of the S protein. Molecular simulations validated by a microscale thermophoresis binding
assay revealed that LPS binds to the S2 pocket with a lower affinity compared to S1, suggesting a role as an intermediate in LPS
transfer. Congruently, nuclear factor-kappa B (NF-kB) activation in monocytic THP-1 cells is strongly boosted by S2. Using NF-xB
reporter mice followed by bioimaging, a boosting effect was observed for both S1 and S2, with the former potentially facilitated by
proteolysis. The Omicron S variant binds to LPS, but with reduced affinity and LPS boosting in vitro and in vivo. Taken together, the

data provide a molecular mechanism by which S protein augments LPS-mediated hyperinflammation.
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Introduction

Pulmonary and systemic hyperinflammation are some of the
prominent hallmarks of severe COVID-19 disease. These dys-
regulated inflammatory reactions trigger the onset of sepsis
and acute respiratory distress syndrome (ARDS), both of which
have been documented in nearly all deceased patients (Guan
et al., 2020; Zhou et al., 2020). Sepsis and ARDS are initiated
by a full-blown activation of the immune response, typically
via pattern recognition receptors such as the Toll-like recep-
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tors, leading to a cytokine storm that causes excessive and
damaging inflammatory effects (Rittirsch et al., 2008). Patients
with metabolic syndrome are at a higher risk to develop severe
COVID-19 disease involving sepsis and ARDS (Cai et al., 2020a;
Zhou et al., 2020). Interestingly, metabolic syndrome is associ-
ated with a high blood level of bacterial lipopolysaccharide (LPS)
due to gut dysbiosis and translocation of bacterial components
into the systemic circulation (Awoyemi et al., 2018). LPS is
the main component of the outer membrane of Gram-negative
bacteria and is recognized by Toll-like receptor 4 (TLR4) (Poltorak
et al., 1998) in complex with its lipid-binding co-receptor MD-2
(Kim et al., 2007). LPS contains lipid A, which consists of six
acyl tails connected to a phosphorylated diglucosamine head-
group covalently connected to a heterogeneous polysaccha-
ride chain. LPS also binds to an intermediary receptor, CD14
(Hailman et al., 1996). LPS transfer through this series of
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proteins is a potent trigger of the inflammatory response in
sepsis (Medzhitov and Janeway, 2000). A clinical report on
severely ill COVID-19 patients with pneumonia demonstrated
significantly elevated levels of bacterial LPS (Sirivongrangson
et al., 2020). Non-survivor COVID-19 patients also presented
increased systemic levels of LPS and soluble CD14 during hos-
pitalization compared to survivors, indicating a link between
elevated LPS level and death (Teixeira et al., 2021). We pre-
viously showed that SARS-CoV-2 spike (S) protein can bind to
LPS, with a similar affinity to CD14, and boost proinflammatory
activity (Petruk et al., 2020), thus providing a potential link be-
tween high-risk COVID-19 patients and observed symptoms like
ARDS and sepsis. Nevertheless, the detailed molecular mech-
anisms of interaction between the S protein and LPS are still
unclear.

The S protein is a class | viral fusion protein trimer on the sur-
face of SARS-CoV-2 (Ke et al., 2020). The protein is made of two
subunits: the S1 subunit thatis involved in receptor binding and
the S2 subunit that facilitates membrane fusion. The structure
of S protein ectodomain (ECD) has been resolved in both open
and closed conformations using cryogenic electron microscopy
(cryo-EM) (Cai et al., 2020b; Walls et al., 2020). Importantly,
accumulating structural evidence from cryo-EM has revealed
that S protein is able to bind to various non-polar molecules
such as linoleic acid (Toelzer et al., 2020), polysorbate (Bangaru
et al., 2020), and haem metabolites (Rosa et al., 2021) by
employing hydrophobic cryptic pockets in the N-terminal do-
main (NTD) and the receptor binding domain (RBD). A neutron
reflectometry study showed that the SARS-CoV-2 S protein sig-
nificantly degrades lipid bilayers by extracting lipids from the
membrane, suggesting a strong association of the protein with
lipid molecules (Luchini etal., 2021). Using computational dock-
ing and molecular dynamics (MD) simulations, we predicted
that LPS may bind to an inter-protomeric groove near the S1/S2
cleavage site (Petruk et al., 2020). This groove has a group
of partially exposed hydrophobic residues that could accom-
modate the LPS lipid tails, primarily found on the S2 subunit
(hence designated as the ‘S2 pocket’). It is not known, however,
whether LPS can bind to the NTD and RBD pockets.

In this study, we established LPS interactions with both S1 and
S2 subunits by blue native polyacrylamide gel electrophoresis
(BN-PAGE) and mapped LPS binding to the S2 pocket as well
as the NTD and RBD pockets by amide hydrogen—deuterium
exchange mass spectrometry (HDXMS). Calculation of poten-
tials of mean force (PMFs) within a MD simulation framework,
supported by microscale thermophoresis (MST) binding exper-
iments, indicates that LPS binds with strong affinities to the
RBD and NTD pockets on the S1 subunit, while the S2 pocket
represents a weaker binding site compared to CD14, suggest-
ing its potential role as an intermediate in the LPS receptor
transfer cascade (Huber et al., 2018). Furthermore, monocytic
THP-1 cell assays show boosting of nuclear factor-kappa B
(NF-kB) activation by LPS in the presence of the S2 subunit, but
not with the S1 subunit. NF-kB reporter mice show enhanced
inflammatory response with both S1 and S2 subunits of the

S protein. Finally, the boosting effect on LPS is conserved in
Omicron S protein in vitro and in vivo, albeit at a moder-
ately reduced level. Moreover, the Omicron variant shows a
reduced affinity to the LPS-binding site on the RBD, as shown
by MST, tryptophan fluorescence quenching assays, and MD
simulations. Collectively, a molecular mechanism of how the
SARS-CoV-2 S protein augments LPS-mediated hyperinflamma-
tion emerges, whereby the S protein acts as an additional LPS
delivery system to its receptors.

Results
LPS and lipid A bind to SARS-CoV-2S1 and S2

To test binding of LPS or lipid A with the S protein subunits
S1 and S2, we used BN-PAGE and western botting, using His-
tag-specific antibodies (Petruk et al., 2020). Intact S protein mi-
grated at a molecular mass of ~480 kDa (Figure 1A, left; Petruk
et al., 2020). The S1 and S2 subunits migrated at molecular
masses of around 242 and 146 kDa, respectively. The S1 and S2
band intensity decreased with increasing doses of LPS, denoting
an interaction between the proteins and LPS, as illustrated by
histograms (Figure 1A, right). We observed that changes in mi-
gration were more pronounced for S2 compared to S1. Next, we
evaluated the binding of S1 and S2 to lipid A. S protein was in-
cluded for comparison (Figure 1B). We found that both subunits
bound to lipid A, as shown by a decrease of band intensities
corresponding to S1 and S2 at 242 and 146 kDa, respectively.
Simultaneously, we observed formation of a high-molecular-
weight complex in the stacking gel. Interestingly, lipid A binding
to S2 was already significant at 100 pg/ml of lipid A. Sodium
dodecylsulfate—PAGE analysis of S, S1, and S2 under dena-
turing conditions showed homogenous bands (Supplementary
Figure S1A). BN-PAGE analysis showed that lipid A binding to
S, S1, and S2 resulted in formation of higher molecular mass
bands compared with the monomer. This is not unexpected,
particularly for the S2 subunit, which has been reported to
assume a post-fusion trimer structure that is more stable and
rigid, both in the absence or presence of ACE2 (Cai et al.,
2020b). To explore whether interactions between S2 and LPS
were dependent on the pre- and/or post-fusion conformations
of S2, we used a mutant-S2 subunit having targeted amino acids
substituted with proline residues (F817P, A892P, A899P, A942P,
K986P, and V987P) to block fusogenic structural rearrangements
in S2 (Zhangetal., 2021). Afterincubation with increasing doses
of LPS, the proline-substituted S2 mutant (hereafter referred
to as S2 P-mutant) was analysed on BN-PAGE (Supplementary
Figure S1B) followed by western blotting analysis. As with S2
(Figure 1A), we observed bands of different molecular weights
in addition to a more pronounced monomer band of 146 kDa.
Furthermore, in the presence of LPS, almost no visible S2 protein
was observed, even at lower concentrations (e.g. 100 pg/ml),
suggesting a stronger binding of LPS to S2 in its pre-fusion
conformation. In addition, we did not observe any bands at
higher molecular weights in the top stacking gel, as seen with
S2:lipid A (Figure 1B).

Page 2 of 14

20z Aenuer og uo 1senb Aq 10t1.9/9/8G00BIW/6/Y 1 /B101E/qOWI/0d"dNO"0ILLBPEOE//:SARY W) PAPEOUMOQ



Samsudin et al., J. Mol. Cell Biol. (2022), 14(9), mjac058

A
kpa S protein S1 subunit S2 subunit
. ek
=1048 ek 1
*
1
2720 r
=480 *
]
=242 150 ek
kkkk
o eee., 0
=146 o ek
§1ou—
=66 5
£
2 50+
'S
=20
U_
0 100 250 500
Protein + + + + + + + + + + + + LPS (ug/ml)
LPS (ug/ml) 0 100 250 500 O 100 250 500 O 100 250 500 Bl Sprotein B S1subunit B S2 subunit
B
kDa S protein S1 subunit S2 subunit rex
' Fedede
=1048
*k l
=720
kkdkdk
=480 *kkk
150 T
2242
I
=146 m & 100
g
=66 e
o
E 50
=20 0-
0 100 250 500
Protein + + + 4+ + + + o+ + + + + Lipid A (ug/ml)
Lipid A{ug/ml) O 100 250 500 O 100 250 500 O 100 250 500 BN Sprotein BE S1subunit B S2 subunit

Figure 1 Analysis of binding of S1 and S2 subunits to LPS and lipid A. (A and B) SARS-CoV-2 S protein or its subunits, S1 and S2, was
incubated with 0-500 pg/ml LPS (A) or lipid A (B), separated using BN-PAGE, and detected by western blotting. One representative image of
three independent experiments is shown (n = 3). The intensity of the bands at 480, 242, and 146 kDa, corresponding to molecular mass of
monomeric SARS-CoV-2 S protein, S1, and S2 subunits, respectively, was quantified using Image Lab software 6.1 from Bio-Rad.

HDXMS reveals multiple lipid A/LPS-binding sites on
SARS-CoV-2 S protein

To map the binding sites of lipid A and LPS on S protein,
we compared HDXMS of S protein saturated with either lipid
molecules. Our HDXMS analysis included pepsin fragment pep-
tides (217 peptidesin free S protein state) covering ~82% of the
S protein sequence in the free and bound states (Supplementary
Figure S2). HDXMS has previously been used to probe dynamics
of the S protein (Raghuvamsi et al., 2021; Costello et al., 2022)

and LPS (Fiorentino et al., 2021). Previous studies have shown
that deuterium exchange in the fast time scales, i.e. <60 min,
predominantly provides a readout of solvent accessibility com-
pared to hydrogen-bonding propensity (Ramirez-Sarmiento and
Komives, 2018; Markwick et al., 2019). To map the binding sites
of lipid A and LPS with S protein, we carried out deuterium
exchange (labelling times t = 1 min and 10 min). Comparative
deuterium exchange analysis and statistical significance tests
on the differences in deuterium exchange values revealed the
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Figure 2 Lipid A binding hotspots on S protein revealed by HDXMS. (A) Woods plots showing differences in deuterium exchange (ADU, Y-axis)
between S protein:lipid A state and free S protein state at deuterium labelling times of 1 and 10 min. The length of the lines represents the
length of each pepsin-proteolyzed peptide listed along the X-axis from N- to C-termini. Peptides showing significant differences (Cl > 99%)
are highlighted as per colour key. (B) Chemical structure of E. coli lipid A molecule. (C and D) Differences in deuterium exchange between
S protein:lipid A and free S protein states at labelling times of 1 min and 10 min are mapped onto the respective S protein domain structures
NTD (i), RBD (ii), and S2 domain (iii) and full-length S protein structure (residues 14-1208). Only the peptides showing significant deuterium
exchange differences are mapped onto the structure. Deuterium exchange difference (%) values are mapped onto the structures as per the
colour key. White and grey regions on the structure represent those with no significant change or sequence coverage in the presence of

lipid A.

binding hotspots of LPS/lipid A on S protein and the respective
effect on dynamics. Peptides showing significant differences
(confidence intervals (Cl) > 99%, Supplementary Table S1) were
mapped onto the structure of S protein. HDXMS analysis re-
vealed multiple non-contiguous surface loci spanning several
domains—RBD, NTD, and S2 domain (Figure 2A-D; Supple-
mentary Figure S3)—showing decreased deuterium exchange in
the lipid A/LPS bound states. Interestingly, protected peptides
spanning the NTD (residues 94-101, 192-199, and 221-229)
and RBD (residues 331-346 and 495-512) overlay pockets were
predicted to be optimal for binding to lipid A (Figure 2Ci and ii).
These lipid-binding pockets were reported in previous cryo-
EM studies wherein densities corresponding to a polysorbate
detergent or lipid tails were identified (Bangaru et al., 2020;
Toelzer et al., 2020). Antiparallel B-strands form a sandwich
structure, a convenient binding site for aliphatic tails of lipid
A. In the case of the RBD, the lipid A-binding pocket consists

of a short a-helical region called the ‘gating helix’ along with
antiparallel B-strands. Furthermore, several peptides spanning
the NTD (residues 291-298), subdomain (residues 553-576),
S2 subunit (residues 835-878), and HR1 domain (residues
947-978) showed protection from deuterium exchange in the
presence of lipid A (Figure 2Ciii). These peptides are at the inter-
protomer interface of the trimeric S protein, forming a hydropho-
bic pocket, which coincides with our previously computationally
predicted LPS interaction site (Petruk et al., 2020). Interest-
ingly, this region is located close to the functionally significant
S1/S2 cleavage site, which plays a critical role in viral entry
(Figure 2D).

Overall, lipid A- and LPS-bound S proteins showed compa-
rable deuterium exchange profiles with equivalent peptides
binding to lipid A and LPS (Figure 2; Supplementary Figure
S3). Protection from deuterium exchange was observed in pep-
tides spanning NTD (residues 94-101, 170-176, 200-212, and
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221-2209) at difference in deuterium exchange of 1 or 10 min in
the presence of LPS (Supplementary Figure S3A, Bi and ii). Pep-
tides spanning the RBD (residues 331-346 and 496-512) and
S2-binding pockets (residues 859-869 and 946-978) showed
protection at 1 and 10 min labelling times (Supplementary Fig-
ure S3Bii and iii), similar to the lipid A:S protein state. Peptide
1178-1187 spanning the HR2 region also showed protection in
the presence of both lipid A and LPS at 1 and 10 min labelling
times, which is consistent with recent computational predictions
and an NMR study (Chiliveri et al., 2021; Zuzic et al., 2022),
suggesting the potential for binding of hydrophobic molecules
such as lipids. Increases in deuterium exchange observed in
peptides spanning the NTD (residues 170-176), RBD (residues
453-470),and S2 domain (residues 970-985,1019-1025, and
1051-1063) indicate local destabilization of binding pockets to
accommodate the considerably larger and more heterogeneous
LPS molecule compared to lipid A. An interesting similarity be-
tween lipid A- and LPS-bound S protein is seen with the protec-
tion from deuterium exchange at the receptor-binding motif of
the RBD, a crucial component involved in ACE2 receptor interac-
tions. In both lipid—S protein complexes, no peptides showed
EX1 deuterium exchange kinetics (Supplementary Figures S2C
and S5).

HDXMS at a longer labelling time (t = 100 min) showed
increases in deuterium exchange throughout the S protein
in the presence of lipid A or LPS (Supplementary Table S1
and Figure S4). Increases in deuterium exchange at the NTD
(Supplementary Table S1) and RBD (Supplementary Table S1)
pockets may result from widening or destabilization of the lo-
cal secondary structure to accommodate more of the bulky,
multiply-acylated lipid A component of LPS, in accordance with
our simulation data described below. In the S2-binding pocket,
increases in deuterium exchange observed at the central he-
lical bundle and flanking peptides (residues 600-613, 929—
981, and 853-859) in lipid A- and LPS-bound S protein were
indicative of disruption of inter-protomer contacts of the S pro-
tein (Supplementary Table S1 and Figure S3), potentially exac-
erbated by accommodation of more than one lipid molecule,
also supported by our simulations below. Long-range effects of
binding to these two pockets have also been characterized by
cryo-EM studies, whereby the binding of haem metabolites to
the NTD results in allosteric changes of antibody epitopes (Rosa
et al., 2021), while linoleic acid binding to the RBD shifts the
conformational equilibrium of the S protein to favour the down
state (Toelzer et al., 2020).

S protein binding sites have different affinities for LPS

Our previous study showed that LPS binding to the S2 pocket
involved residues from both S1 and S2 subunits (Petruk et al.,
2020). To determine whether LPS binding to this site requires
both S1 and S2, we performed MD simulations of LPS bound to
this site without S1. LPS remained stably bound to the isolated
S2, as assessed by measurement of the root mean square devi-
ation (RMSD) of the lipid with respect to its initial conformation,
which remained low and comparable to the RMSD observed

during simulations of the whole S ECD (Supplementary Figure
S8). This suggests that the key residues for LPS binding in this
pocket are those found on S2. For comparison, simulations of
LPS bound to this binding site in a truncated system containing
only S1 showed LPS detachment from the binding site, and
consequently, significantly higher RMSD values. This indicates
that LPS bindingto S1 observed in our BN-PAGE experiment does
not involve the S2 pocket, but rather involves the pockets in the
NTD and RBD only.

To characterize the dynamics of LPS binding to the NTD and
RBD, we performed unbiased MD simulations whereby a lipid A
molecule was placed nearby the NTD and RBD facing the hy-
drophobic pockets. In all simulations, the lipid tails sponta-
neously inserted into the binding sites. The hydrophobic pock-
ets expanded to accommodate the lipid tails, especially on the
RBD in which the pocket volume became significantly larger
in simulations upon complexation with lipid A (Supplementary
Figure S9). Solvent accessible surface area (SASA) of individual
lipid tails showed that the NTD pocket can accommodate up to
five tails, whereas the flexible RBD site can accommodate as
many as all six lipid tails of lipid A (Figure 3A and B) upon pocket
expansion. Congruently, the binding of lipid A to RBD resulted
in a lower percentage of its lipid tail atoms being exposed to
solvent compared to binding to NTD, suggesting the potential for
stronger binding (Figure 3Cand D). Structural clustering analysis
suggested that NTD can accommodate a limited length of each
of the lipid tails (~5 carbon atoms distal from the glucosamine
units), whereas the RBD can accommodate the entirety of the
tails (Figure 3E and F).

To estimate lipid A affinities to all three identified binding
sites, we performed PMF calculations. Adequate sampling was
achieved as indicated by Supplementary Figure S10. The PMFs
suggested that lipid A binds most strongly to the RBD pocket,
with a free energy estimated to be ~125 kJ/mol (Figure 4A).
Intriguingly, this is comparable to the value previously calcu-
lated for CD14 (Huber et al., 2018), which serves as a conduit
for LPS in the TLR4 pathway. This result is thus consistent with
our previous MST experiment showing similar Kp values for LPS
interaction with S protein and CD14 (Petruk et al., 2020). The
NTD pocket exhibited a slightly lower binding affinity with an
estimated free energy of ~95 kJ/mol (Figure 4B). This agrees
with our unbiased simulations showing that lipid A binding to
NTD involves a reduced portion of the lipid tails compared to
the RBD (Figure 3E and F). Finally, the S2 pocket represented
the weakest lipid A-binding site with a free energy value of
~50 kJ/mol (Figure 4C). The percentage of lipid tail exposure to
water in each of the umbrella sampling windows showed a less
dramatic increase in solvent exposure during lipid dissociation
forthe S2 pocket in contrast with the RBD (Supplementary Figure
S11). Nevertheless, the free energy value is still significant, indi-
cating that a free lipid A molecule would favourably bind to this
site. However, in the presence of proteins with higher affinities
to lipid A, such as CD14, the lipid A molecule-bound equilibrium
would presumably shift, suggesting that the S2 pocket could
play a role as an intermediary in the TLR4 cascade.
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Figure 3 Spontaneous binding of lipid A to NTD and RBD pockets. (A and B) One lipid A molecule was placed nearby the polysorbate-binding
site on NTD or the linoleic acid-binding site on RBD and three independent replicas of 1000 ns MD simulations were performed. The number
of lipid tails buried was calculated based on the SASA of individual lipid tails. A cut-off of 0.5 nm? was used to categorise the lipid tail as
buried. (C and D) Percentage of lipid tail atoms exposed to solvent defined as those found within 0.4 nm of any water molecule. Thick lines
show average over repeat simulations and shaded areas indicate SD. (E and F) Cluster analysis was performed with an RMSD cut-off of 0.4 nm.
The central structures of the top clusters are shown. Lipid A in orange, stick representation; NTD and RBD in cyan, cartoon representation.
Enlarged images show hydrophobic residues on NTD and RBD that interact with the lipid tails.

To verify the predicted affinities, we performed MST and deter-
mined the Kp values for LPS binding to S1 and S2 independently
(Figure 4D). The Kp obtained for S1 was in the same range as for
the S protein, 50.0 £ 20.0 and 46.7 £+ 19.7 nM, respectively.
The low Kp value is in good agreement with our PMF calculations
showing the presence of high-affinity binding pockets in the NTD
and RBD. Conversely, the Kp obtained for S2 was 3.6 + 1.6 uM,
which supports the weaker-affinity binding site predicted by our
PMF calculation.

Our BN-PAGE experiment showed that LPS alters the migration
of S2 more prominently compared to S1 (Figure 3), particularly
for the prefusion stabilized construct (Supplementary Figure
S7B), suggesting a more pronounced interaction with S2. It must
be stressed, however, that the concentration of LPS used in
these experiments was well above the K values determined by

MST (10-50 uM), and therefore, the BN-PAGE analysis reported
binding to LPS in a saturated system. Due to the large size of
the S2 pocket and the partially exposed lipid tails of bound
LPS, we hypothesized that more than one LPS molecule could
occupy the binding site through lipid-lipid interactions, which
would explain the marked changes in migration pattern of S2 in
the presence of LPS. To test this hypothesis, we performed an
unbiased MD simulation with three additional lipid A molecules
placed outside the S2 pocket. Within 300 ns, all three lipid A
molecules spontaneously entered the S2 pocket and formed a
small lipid A aggregate within the binding site and remained sta-
bly bound for the remainder of the simulation (Supplementary
Figure $12). The S2 pocket could therefore act as a pool for
small LPS aggregates and may be able to serve a role in forward
transfer along the TLR4 relay.
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S protein is 46.7 £ 19.7 nM, for S1 subunit 50.0 £ 20.0 nM, and for S2 3.6 & 1.6 pM. Data are shown as mean =+ SD (n = 6).

LPS binding to S protein subunits boosts proinflammatory
responses

We have previously shown that S protein, when combined
with ultralow-threshold levels of LPS, boosts NF-kB activation
in monocytic THP-1 cells and proinflammatory cytokine release
in human blood (Petruk et al., 2020). Since both S1 and S2
subunits bind to LPS, we next explored whether these S protein
subunits could enhance proinflammatory responses as well.
Therefore, we first incubated THP-1 cells with increasing con-
centrations of LPS (0—1 ng/ml) and a constant amount (5 nM)
of S1 or S2. After 20 h, the levels of NF-kB were measured. The
results reported in Figure 5A (left) showed that the S2 alone
stimulates NF-kB production. This observation prompted us to
investigate whether the preparation could be contaminated by
LPS, which has been reported for various commercial S protein
preparations (Ouyang et al., 2021). Indeed, we found that the
endotoxin levels were 3.5 and 1401.1 fg/pg in S1 and S2,
respectively. It is of note that the level of LPS observed in the
S2 preparation did not yield any detectable proinflammatory
response in THP-1 cells per se; 1 and 10 pg/ml LPS yielded no
NF-kB activation (n = 3, P = 0.9982 and 0.9998, respectively).
Nevertheless, taking this confounding endogenous LPS contam-
ination into account, the results demonstrated that exogenously
added LPS at ultra-low levels indeed induced a boosting of

NF-kB. Surprisingly, no boosting effect was observed for S1,
eitheralone orin combination with LPS. Nevertheless, the proin-
flammatory effect of LPS was not even supressed by the addition
of S1. No tested condition was cytotoxic, excluding low cell
response to stimuli due to death (Figure 5A, right). To verify
that S2 had a stronger proinflammatory effect because of LPS
contamination, we performed the experiments on THP-1 cells in
the presence of polymyxin B, a well-established neutralizer of
LPS (Avedissian et al., 2019). Figure 5B shows that the addition
of polymyxin B suppresses the NF-kB activation by either S2
alone or S2 mixed with LPS, indicating an LPS-mediated effect
by the S2 preparation. As expected, no visible alteration in
NF-kB levels was observed in the case of THP-1 cells treated
with the S1 subunit alone or with LPS and/or polymyxin B. The
results with the S2 preparation prompted us to investigate the
behaviourofthe prefusion stabilized construct, i.e. S2 P-mutant.
The LPS level in this variant was 5.7 fg/ug protein, comparable
to the levels observed in S protein and S1 subunit. Correspond-
ingly, the prefusion stabilized S2 construct showed less intrinsic
proinflammatory activity per se but retained a significant ability
to boost the responses to ultra-low levels of LPS (Supplementary
Figure S13). Hence, the stabilized S2 retains the inflammation-
boosting activity previously demonstrated for the whole S pro-
tein (Petruk et al., 2020).
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Figure 5 S2 subunit boosts the proinflammatory response to LPS. (A) NF-kB activation (left) and cell viability (right) were measured in THP-1-
XBlue-CD14 cells stimulated with increasing doses (0—1 ng/ml) of LPS and a constant amount (5 nM) of S1 and S2. Lysed cells were used
as negative control for cell viability. Data are presented as mean + SD of four independent experiments performed in triplicate (n = 4).
***xP < (0.0001, determined using two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test. (B) THP-1-XBlue-CD14 cells
were treated with 5 nM S1 or S2, alone or in combination with 0.25 ng/ml LPS and/or 100 pg/ml polymyxin B. After 20 h incubation, NF-kB
activation (left) and cell viability (right) were measured. Lysed cells were used as negative control for cell viability. Data are presented as
mean =+ SD of four independent experiments all performed in triplicate (n = 4). ****P < 0.0001, determined using ordinary one-way ANOVA

with Tukey’s multiple comparisons test.

Using mice reporting NF-«kB activation, we previously showed
that neither 2 ug LPS nor 5 pg SARS-CoV-2 S protein alone could
induce a significant proinflammatory response; however, when
combined together, a marked boosting of inflammation was ob-
served (Petruk et al., 2020; Puthia et al., 2022). Using a similar
setup, we investigated the proinflammatory responsesto S1 and
S2 and the subcutaneously administrated LPS. S1 alone did
not yield any measurable NF-kB activation (Figure 6A). S1 com-

bined with 2 pg LPS resulted in a significant proinflammatory
response. S2 alone yielded a proinflammatory response per se,
which was not unexpected given the detected LPS content in this
preparation (Supplementary Figure S14). Like the in vitro results
(Figure 5), addition of polymyxin B to the S2 preparation reduced
the proinflammatory response, indicating that LPS was causing
the NF-kB activation (Supplementary Figure S14). Analogously
to the in vitro data, the prefusion stabilized S2 form showed a
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Figure 6 LPS binding to S protein subunits boosts in vivo proinflammatory responses in NF-kB reporter mice. (A and B) LPS alone or in
combination with S1 (A) or S2 (B) was subcutaneously deposited on the left and right sides on the back of transgenic BALB/c Tg(NF-kB-RE-
luc)-Xen reporter mice. /n vivo imaging of NF-kB reporter gene expression was performed using the IVIS Spectrum system. Representative
images show bioluminescence at 1, 3, and 6 h after subcutaneous deposition and bar charts show bioluminescence emitted from these
reporter mice. Areas of subcutaneous deposition and region of interest for data analysis are depicted as dotted circles. Data are presented
as mean &+ SEM (n = 4). P-values were determined using one-way ANOVA with Dunnett posttest. *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001; ns, not significant.

significant boosting effect on LPS responses (Figure 6B). Taken
together, the results showed that S1 has a boosting effect on
LPS-induced inflammation. Indirectly, the results also showed
that S2’s inherent proinflammatory effect was due to minute
LPS-contaminants, resulting in a boosted NF-kB response to the
combination. The proline-stabilized S2 construct, which con-
tained less contaminating LPS, exhibited a low proinflammatory
activity alone, but significantly boosted the response to 2 pg
LPS.

Intriguingly, S1 displays a boosting effect on LPS-induced
inflammation in vivo but not in vitro, suggesting additional
mechanisms in the former. We hypothesize that one potential
reason for this in vitro—in vivo difference is the interactions with
proteases secreted in the tissue during inflammation, such as
neutrophil elastase (NE) that could modify the structure of the
S1 subunit and alter its affinity to LPS. To test this hypothesis,
we incubated THP-1 cells with the digested or undigested S1

subunit in the absence and presence of LPS. Indeed, S1 mixed
with LPS and then digested with NE for 15 min was able to
increase NF-kB production compared to the mixtures without NE
and pre-digested S1 (Supplementary Figure S15). This supports
our hypothesis that LPS binding to the high-affinity sites in S1
in vivo is compromised by proteolysis during inflammation re-
sulting in an onward transfer to LPS receptors. The proteolytic
sites of these enzymes and how they weaken LPS binding, how-
ever, would require further studies.

Omicron S protein binds to LPS and boosts proinflammatory
responses

The Omicron S protein has 37 mutations, which lead to
considerable escape from antibody neutralization (Cao et al.,
2021). None of these mutations occur in the putative LPS-
binding sites described in this study. To determine whether LPS
binding is preserved in Omicron S protein, we first performed
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BN-PAGE experiments. Similar to the Wuhan strain, the S pro-
tein band intensity decreased with increasing doses of LPS
(Supplementary Figure S16A), indicating interactions between
Omicron S protein and LPS. We then investigated the boosting
effects of Omicron S protein on LPS-mediated proinflamma-
tory responses in THP-1 cells. Both the Wuhan and Omicron
S proteins enhanced NF-kB production compared to LPS alone
(Supplementary Figure S16B). At all LPS concentrations, the
degree of boosting by Omicron S protein was lower than that
of the original S protein. We then performed in vivo biocimaging
of NF-kB reporter mice injected subcutaneously with Omicron
and Wuhan S proteins on a background of the ultra-low LPS
levels as used above and in previous publications (Petruk et al.,
2020; Puthia et al., 2022). The proinflammatory response of
LPS was boosted by Omicron S protein compared to that in
the mice injected with LPS alone after an incubation period of
3 h (Supplementary Figure S16C). Congruent with the in vitro
results, the boosting effect was reduced compared to that of the
Wuhan strain (Supplementary Figure S16D).

To understand the underlying molecular mechanism of the
reduced proinflammatory boosting effect, we first performed
MST and determined the Kp values of LPS binding to Omicron S
protein (Supplementary Figure S17A). Intriguingly, the Kp value
was much higher than that for the Wuhan S protein and compa-
rable to that for the original S2 (Figure 4D), suggesting the loss
of the high-affinity binding sites. As S1 contains the high-affinity
binding sites, we then performed MST for the Omicron S1, and
indeed, the Kp value obtained was much higher than that for the
Wuhan counterpart (Supplementary Figure S17C). Tryptophan
fluorescence quenching assay showed compatible results with
MST data, i.e. higher doses of LPS are needed to reach the
quenching of intrinsic fluorescence in Omicron S protein than in
Wuhan S protein. Fluorescence data of S1 were also compatible
with the MST data (Supplementary Figure S17D), as indicated
by a lower Kp for the Wuhan variant, but the maximum intrin-
sic fluorescence intensities for the two subunits were similar,
suggesting the same effect of LPS upon the three-dimensional
structure of the proteins. MST analysis also showed that the Kp
value for lipid A binding to Omicron S1 protein was significantly
higher than that for Wuhan S1 protein (Supplementary Figure
S17E).

The RBD pocket on S1 represents the highest-affinity LPS-
binding site (Figure 4A); we thus performed unbiased MD
simulations of lipid A bound to Omicron RBD. Lipid A re-
mained stably bound and interacted with equivalent hydropho-
bic residues as found in Wuhan S protein. However, the gat-
ing helix—a short a-helix that shifts to allow entry of the lipid
molecule—spontaneously unfolded in simulations of Omicron
RBD (Supplementary Figure S17F). While the sequence of the
helix itself is conserved in the Omicron variant, three serine
residues immediately downstream of the helix (5371, S373, and
S375) are mutated to non-polar residues. These serine residues
interacted with the hydroxyl moieties of the lipid headgroup in
the original RBD simulations. In the Omicron RBD simulations,
these interactions were lost, and the mutated residues moved

away from the lipid headgroup, resulting in an unfolding of
the nearby gating helix. To investigate the effect of this helix
unfolding on the free energy of binding, we performed PMF
calculations. We obtained a free energy value of ~50 kJ/mol
(Supplementary Figure S17G), which was much lower than that
for the Wuhan RBD and comparable to that for the S2 pocket, in
agreement with the MST experiments. The reduced free energy
is caused by an increase in lipid tail exposure to solvent due to
the unfolded gating helix. Taken together, the Omicron S protein
retains its LPS-binding capability and the associated proinflam-
matory boosting effect, albeit at a reduced level, possibly due to
the loss of the high-affinity binding site on the RBD.

Discussion

There is growing evidence that bacterial LPS plays a central
role in severe COVID-19 complications (Kruglikov et al., 2020;
Petruk et al., 2020; Sirivongrangson et al., 2020; Camell et al.,
2021; Hoel et al., 2021; Kruglikov and Scherer, 2021; Teixeira
et al., 2021). Overstimulation of the TLR4 pathway by LPS trig-
gers a hyperinflammatory state that can lead to sepsis and
ARDS. In this study, we showed that LPS binds to SARS-CoV-2
S protein at various sites resulting in amplified proinflammatory
responses. Inthe TLR4 pathway, LPS is transferred from the outer
membrane of Gram-negative bacteria through a series of re-
ceptors to the TLR4:MD-2 complex, which initiates downstream
signal activation (Ryu et al., 2017). An affinity gradient exists
between LPS and these receptors to favour a one-way transfer
(Huber et al., 2018). Here, we characterize the LPS interaction
sites on S protein and their respective affinities to LPS and
propose how the S protein fits into the LPS transfer cascade
by acting as an additional delivery mediator to the host LPS
receptors (Figure 7).

Previous studies suggested that SARS-CoV-2 S protein binds
to TLR4 directly and activates related immune responses
(Aboudounya et al., 2021; Zhao et al., 2021). Our experiment
with polymyxin B, an LPS-depleting agent, however, suggests
that those results could be caused by LPS contamination. In the
presence of polymyxin B, the inflammatory-boosting effect by S2
was eliminated, indicating that LPS is categorically essential and
the S protein alone is not able to activate the TLR4 pathway.
Additionally, a recent study showed that specific blocking of
LPS by the peptide TCP-25 completely abrogates S protein—LPS-
induced lung inflammation in an experimental mouse model
(Puthia et al., 2022). Moreover, our findings that the intrinsic
proinflammatory activity of the two different S2 preparations is
correlated to the presence of minute LPS contaminants elegantly
confirmed the LPS dependence of the observed inflammation.
Indeed, two recent studies showed that commercially produced
S protein preparations contain varying concentrations of LPS,
which correlate with their abilities to induce cytokine expression
in blood cells (Ouyang et al., 2021; Cinquegrani et al., 2022).
Similarto ourresults, the cytokine production by these S protein
reagents was abrogated by polymyxin B. This further corrob-
orates our proposed mechanism whereby the S protein is an
intermediary ratherthan a direct causality of hyperinflammation.

Page 10 of 14

20z Aenuer og uo 1senb Aq 10t1.9/9/8G00BIW/6/Y 1 /B101E/qOWI/0d"dNO"0ILLBPEOE//:SARY W) PAPEOUMOQ



Samsudin et al., J. Mol. Cell Biol. (2022), 14(9), mjac058

Proteases

TLR&MD-2

Inflammatory
reactions

Figure 7 Proposed model for S protein boosting effect on LPS-mediated proinflammatory response. In the presence of S protein, LPS micelles
disaggregate due to binding to sites on the S1 and S2 subunits, facilitating downstream LPS transferto CD14. Subsequently, LPSis transferred
to the TLR4:MD-2 complex, which triggers proinflammatory reactions. Thus, the S protein acts as an intermediate in the LPS receptor transfer
cascade. Proteases, lipids, and metabolites may modulate the LPS interaction with binding sites in S1.

Around 8 million sequences of SARS-CoV-2 genome have been
deposited on the Global Initiative on Sharing All Influenza Data
(GISAID) platform (Elbe and Buckland-Merrett, 2017) and almost
allof the residues on the S protein have been detected to mutate
at least once since its discovery. We calculated the percentage
of occurrence of amino acid changes from hydrophobic to non-
hydrophobic residues for the LPS-binding residues and found a
value of well below 0.01% for all positions in the three binding
pockets (Supplementary Figure S18A). The LPS-binding residues
are therefore highly conserved in emerging SARS-CoV-2 variants
and unlikely to mutate in the future. Hence, these sites could be
attractive targets for development of therapeutics. When com-
pared to sequences from other related beta-coronaviruses, most
of these residues are also conserved (Supplementary Figure
S18B), suggesting a potentially universal LPS-binding capabil-
ity. We previously showed that SARS-CoV S protein interacts with
LPS similarly to SARS-CoV-2 (Petruk et al., 2020); further studies
would be required to determine LPS interactions with S proteins
from other coronaviruses.

LPS binding to the NTD and RBD is interesting due to their
instrumental role in immune evasion of SARS-CoV-2. Haem
metabolites binding to the NTD yields profound conforma-
tional changes that inhibit neutralizing antibodies (Rosa et al.,
2021). As LPS binds to the same pocket, it is possible that
it could also alter the conformation of the antigenic supersite

(McCallum et al., 2021b). Linoleic acid binding to the RBD
bridges two adjacent RBDs (Toelzer et al., 2020), hence favour-
ing the down state, which reduces accessibility to antibody
epitopes. Similarly, the charged headgroup of LPS protrudes
out of the binding pocket and could potentially interact with
a neighbouring RBD and shift the open—closed equilibrium of
the S protein. Various mutations found on the NTD and RBD
of SARS-CoV-2 variants accelerate community transmission and
vaccine breakthrough (McCallum et al., 2021a). None of these
mutations appear in any of the LPS-binding pockets, implying
that the S proteins from these variants are competent to bind to
LPS. Indeed, analyses of the Omicron S protein showed that the
boosting of LPS responses is preserved (Supplementary Figure
S16). The overall LPS binding, as determined using BN-PAGE un-
der conditions where S protein is saturated with LPS, is retained
in the Omicron variant. However, the affinity of Omicron S protein
to LPS is reduced. The Kp obtained by MST for Omicron S protein
is similar to the Kp for the Wuhan S2 subunit, a finding compati-
ble with the S2 site’s role in LPS binding and proinflammatory
boosting. We also observed a moderate decrease in the LPS
boosting effect compared to the Wuhan strain in vitro and in vivo.
This observation is indeed interesting as the Omicron variant
produces less severe COVID-19 symptoms (Shuai et al., 2022).
Intriguingly, a differential effect of LPS on maximal intrinsic
fluorescence was particularly observed between the Wuhan and
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Omicron S proteins, while the difference is less marked between
the corresponding S1 subunits, suggesting different exposure
patterns of tryptophan residues in S and S1, respectively.

The evolutionary origin of LPS-binding capacity by the SARS-
CoV-2 S protein remains an enigma. From a structural stand-
point, the presence of partially exposed hydrophobic patches
that allow for LPS binding is counterintuitive. Some of the
residues in the S2 pocket that interact with LPS acyl tails form
the central core of the S protein post-fusion structure (Cai et al.,
2020b). These residues become more exposed to solvent upon
S1 shedding, suggesting that they may be a part of the ‘spring-
loaded’ S2 core that drives the pre- to post-fusion conforma-
tional transition. The LPS-binding site could therefore arise as a
side effect of the inclusion of these metastable features required
for viral infection.

The LPS-binding sites could also have emerged to promote
direct bacteria—virus interaction. Interkingdom synergy between
bacteria and viruses at the host—pathogen interface plays mon-
umental roles in various co-infections (Neu and Mainou, 2020).
It is possible that SARS-CoV-2 has evolved to bind to Gram-
negative bacteriavia S protein—LPS interactions to modulate cer-
tain aspects of its viral life cycle. If so, it may be speculated that
the occurrence of the Omicron variant having a preserved, albeit
reduced interaction with LPS and possibly bacteria reflects an
evolutionary adaptation of SARS-CoV-2 to the human system,
dominated by interactions with receptors such as ACE2. How-
ever, the exact role of these interactions would require further
studies.

In conclusion, we report in detail the molecular mechanism
of interaction between the SARS-CoV-2 S protein and bacte-
rial LPS, suggestive of how this interaction leads to enhanced
TLR4-mediated inflammatory responses. Our study also pro-
vides novel therapeutic avenues for drug development against
hyperinflammation observed in severe COVID-19 cases.

Materials and methods
S protein expression and purification

S protein expression and purification for use in HDXMS exper-
iments were carried out as described previously (Raghuvamsi
et al.,, 2021). For BN-PAGE, MST, tryptophan fluorescence
quenching, THP-1 cell assay, and in vivo experiments,
SARS-CoV-2 S, S1, S2 (wild-type and P-mutant), as well as
Omicron SARS-CoV-2 S and S1 produced by ACROBiosystems
(USA) were used. Further details are included in Supplementary
Methods.

BN-PAGE

SARS-CoV-2 S1, S2, S2 P-mutant, as well as Omicron SARS-
CoV-2 S (2 pg) were incubated with increasing doses of
Escherichia coli LPS or lipid A (0.1-0.5 mg/ml) for 30 min at
37°C in 20 pl as final volume. Samples were subsequently
mixed with loading buffer and analysed as described in Sup-
plementary Methods. All experiments were performed at least
3 times.

HDXMS

Deuterium labelling was performed on free S protein as well
as S protein incubated with E. coli LPS or lipid A molecules
solubilized in PBS at pH 7.4. All reactions were performed at
37°C in PBS buffer reconstituted in 99% D,0 attaining at final
concentration of 90% for 1, 10, or 100 min before quenching as
described in Supplementary Methods. Approximately 100 pmol
of quenched reaction mixture was then subjected to pepsin
digestion and subsequent mass spectrometry as described in
Supplementary Methods. Deuteros 2.0 software was used to
perform statistical analysis to identify Cl and generate Woods
plots (Lau et al., 2021).

MST

SARS-CoV-2 S, S1, S2 as well as Omicron S and S1 (40 pg)
were labelled and 5 pl of 20 nM labelled proteins were incubated
with 5 pl of increasing concentrations of LPS or lipid A (0.007—
250 pM) in 10 mM Tris at pH 7.4. MST analysis was then per-
formed as described in Supplementary Methods. Results shown
are mean values + standard deviation (SD) of six measurements.

Quenching of intrinsic fluorescence

The intrinsic fluorescence of 0.15 uM SARS-CoV-2 S protein
(Wuhan and Omicron) and 0.30 pM S1 (Wuhan and Omicron),
titrated with increasing concentrations of LPS (0-4 pM), was
analyzed by recording protein emission fluorescence spectra
at 300-450 nm following excitation at 280 nm. Fluorescence
spectra were recorded as described in Supplementary Methods
and the results are shown as mean values + SD of three mea-
surements.

MD simulations

E. colilipid Awas placed 3 nm away from the NTD, RBD (Wuhan
and Omicron), and S2 pockets of the S protein and allowed
to spontaneously bind to the pockets in unbiased all-atom MD
simulations. Three replicates of 1 pus (NTD and RBD) or 500 ns
(S2) simulations were performed using parameters described
in Supplementary Methods. To estimate the binding affinity of
lipid A to each binding pocket, we performed PMF calculations.
Cluster analysis was performed on unbiased simulations and
the central structure of the top cluster was used as the starting
coordinates for a steered MD simulation. Umbrella sampling MD
simulations were subsequently run using protocols described in
Supplementary Methods.

NF-kB activation assay

THP-1-XBlue-CD14 reporter cells were treated with 5 nM SARS-
CoV-2 S, S1, S2, S2 P-mutant, as well as Omicron SARS-
CoV-2 Sin the presence of increasing doses of LPS (0-1 ng/ml).
The cells were incubated at 37°C for 20 h and subsequently the
NF-kB activation was analysed as described in Supplementary
Methods. Data shown are mean values + SD from at least three
independent experiments performed in triplicate.
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Mouse inflammation model and in vivo imaging

BALB/c Tg(NF-kB-RE-luc)-Xen reporter mice were subcuta-
neously injected with a preparation of 5 pg SARS-CoV-2 S, S1,
S2 as well Omicron SARS-CoV-2 S and S1 mixed with 2 ug LPS.
Mice were subsequently imaged at 1, 3, and 6 h after the subcu-
taneous deposition as described in Supplementary Methods.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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