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Abstract

SARS-CoV-2 virus spike (S) protein is an envelope protein responsible for binding to the
ACEZ2 receptor, driving subsequent entry into host cells. The existence of multiple disulfide
bonds in the S protein makes it potentially susceptible to reductive cleavage. Using a tri-part
split luciferase-based binding assay, we evaluated the impacts of chemical reduction on S
proteins from different virus variants and found that those from the Omicron family are highly
vulnerable to reduction. Through manipulation of different Omicron mutations, we found that
alterations in the receptor binding module (RBM) are the major determinants of this vulnerability.
Specifically we discovered that Omicron mutations facilitate the cleavage of C480-C488 and
C379-C432 disulfides, which consequently impairs binding activity and protein stability. The
vulnerability of Omicron S proteins suggests a mechanism that can be harnessed to treat
specific SARS-CoV-2 strains.
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Introduction

Since the beginning of the COVID19 pandemic, the SARS-CoV-2 virus has continued to
evolve at a rapid pace. Numerous variants have been identified, including several variants of
concern (VOCs): Alpha, Beta, Gamma, Delta and Omicron. The Omicron variant (B.1.1.529),
characterized by improved transmissibility(Baker et al. 2022), but usually mild symptoms and less
severe outcomes(Lewnard et al. 2022), was first identified in Botswana and South Africa in
November of 2021(Viana et al. 2022). In a short period of time, it has evolved into numerous

subvariants, among which BA.2, BA.4, BA.5 and their further derivatives have become the
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dominant strains in the world at the time of the writing of this report. In these variants, mutations
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occur in different areas of the genome and consequently may have varied impacts on virus

11  biology as well as associated clinical outcomes. The mutations in spike (S) protein draw special
12 attention due to the key roles of S protein in virus entry into host cells. Specifically, they affect its
13 affinity to the ACE2(Cai et al. 2021) receptor, subsequently change virus transmissibility(Cai et al.
14 2021), and make a major contribution to immune evasion(Alter et al. 2021; Chen et al. 2021; Gobeil
15  etal 2021; Reynolds et al. 2022). Strikingly, an Omicron family S protein harbors more than 30

16  mutations(Viana et al. 2022), which may account for the fact that Omicron variants spread more
17  easily than previous variants. More importantly, these mutations create resistance to antibodies
18 raised by vaccination as well as most therapeutic antibodies(Cao et al. 2022; Carrefio et al. 2022;
19 Cele et al. 2022; Dejnirattisai et al. 2022; Iketani et al. 2022; Liu et al. 2022; Planas et al. 2022).

20 The S protein is an envelope protein which forms a homotrimer with its receptor binding

21  domain (RBD) located at the top of the complex. The receptor binding motif (RBM), located at
22  the tip of RBD, composes the surface directly contacting the ACE2 molecule(Lan et al. 2020;

23 Shang et al. 2020). In the ectodomain of S protein, there are 30 cysteine residues. Structure

24 studies(Cai et al. 2020; Walls et al. 2020; Wrapp et al. 2020) and mass spectrometry(zZhang et al. 2022)
25 demonstrated that these cysteine residues form specific paired disulfide bonds (Expanded View
26 Fig 1A). Interestingly, at least as known from the literature, no mutation in these cysteine

27  residues has been observed in any variants (Fig EV1B), strongly supporting essentiality in virus
28  biology. When considered alongside the capability of disulfide bonds to be reversibly reduced to
29 free thiols, it seems probable that the S protein is potentially subject to redox regulation. Indeed,
30 previous research suggested that changes in thiol/disulfide balance may affect the virus/host

31 cellinteraction in some viruses such as HIV(Fenouillet et al. 2007). Despite the fact that SARS-
32  CoV S protein is relatively insensitive to redox change(Lavillette et al. 2006), recent studies

33  showed that treatment of SARS-CoV-2 S protein with reducing compounds attenuated its
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activity toward ACE2-binding(Mancek-Keber et al. 2021; Alonzi et al. 2022; Grishin et al. 2022; Khanna
et al. 2022; Murae et al. 2022). However, most of these studies were based on the original Wuhan
SARS-CoV-2 wild type (WT) strain or early variants. Whether the recent evolution of S protein
affects its redox characteristics needs to be monitored, to help us fully understand the biology of
SARS-CoV-2 and develop new methods of treatment and prevention.

In this study, we used a tri-part Nanoluciferase (tNLuc) based method called Neu-SATIN* to
measure the S/ACE?2 interaction. We confirmed that S protein is susceptible to chemical
reduction and found that different variants have varied sensitivities to reduction. Interestingly,
Omicron variants BA.1, BA.2 and BA.4/5 exhibited remarkable vulnerability. We further found
that the mutations in RBM are the major determinant to vulnerability of Omicron S proteins
11  through facilitating cleavage of C480-C488 and C379-C425 disulfides. The cleavage leads to

12 impairment in ACE2 binding and protein stability. Our observations suggest that the vulnerability
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13 of Omicron S protein can be harnessed for new approaches of COVID19 treatment and

14  prevention.

15

16 Results

17  Different SARS-CoV-2 S protein variants present varied vulnerability to reduction

18 To evaluate the impact of chemical reduction on S protein function, we measured S/ACE2
19  binding after treating S protein with reducing compounds. Traditionally S/ACEZ2 binding affinity is
20 measured with biophysical methods such as surface plasmon resonance (SPR), however these
21  types of measurement are typically costly and require highly specialized equipment. We

22  therefore used a simpler and more cost-effective approach, adapted from two tNLuc-based

23 assays, Serological Assay based on Tri-part Nanoluciferase (SATiN)(Yao et al. 2021) and

24 Neutralization SATIN (Neu-SATIN)(Kim et al. 2022), previously developed by our group for

25 measurement of antibodies against SARS-CoV-2 in human samples. In this approach, artificially
26  trimerized S ectodomain protein or RBD protein is genetically tagged with the 310 tag of tNLuc.
27  Similarly, ACE2 protein is attached to the p9 tag. STACE2 binding brings 9 and 10 into

28  proximity and can be detected by addition of the third tNLuc component A11S, which results in
29  reconstitution of a functional luciferase that produces measurable luminescence signal in the

30 presence of the NLuc substrate furimazine (Fig 1A).

31 We first investigated if two commonly used strong reducing agents, tris-(2-

32 carboxyethyl)phosphine (TCEP) and dithiothreitol (DTT), affect the binding ability of different S
33  variants. Specifically, S proteins derived from parental strain (WT), Alpha, Beta, Gamma, Delta
34  and Omicron (BA.1, BA.2 and BA.4/5) SARS-CoV-2 were incubated with varied amounts of
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TCEP or DTT (8 uM to 2 mM) followed by incubation with 9-ACE2 and luminescence
measurement. BA.4 and BA.5 are interchangeably designated as BA.4/5 since S proteins in
these two variants bear the same mutations. The results show that binding affinity to ACE2 of
WT S protein was inhibited by both TCEP (Fig 1B) and DTT (Fig 1C) at a sub millimolar level,
verifying previous observations that S protein can be inhibited by reduction. Among the earlier
VOCs, Alpha and Gamma showed similar sensitivity to WT S protein. In contrast, Beta and
Delta S proteins exhibited significantly enhanced sensitivity. For example, the Beta IC50 values
of TCEP and DTT treatments are respectively 0.5 and 0.56 log unit lower than the
corresponding values of WT S protein. Strikingly, all Omicron S proteins acquired even more
marked sensitivity to reduction (Fig 1D, E). BA.1 exhibited the most significant shift of IC50, with
0.8 for TCEP and 0.68 for DTT log unit lower than WT S protein, followed by BA.2 and then by
BA.4/5. Thus, we conclude that sensitivity to chemical reduction can be affected by different
mutations in variant S proteins. Given that strong effects were observed on various Omicron
variants and they are currently the dominant strains in the world, we decided to focus our further
investigation on the BA.1, BA.2 and BA.4/5 S proteins.

TCEP and DTT are strong reducing agents, usually not suitable for administration to the
human body for medicinal purposes. We thereby tested a panel of relatively mild antioxidants
which have been approved by the FDA for usage in treatment of various diseases: reduced
glutathione (GSH), N-acetylcysteine (NAC), N-acetylcysteine amide (NACA), bucillamine,
cysteamine and WR1065 (Fig EV2). We observed that GSH and NAC did not exhibit any effects
on WT S protein when administered at concentrations below 10 mM (Fig EV2A,B). In contrast,
they inhibited BA.1, BA.2 and BA.4/5 S proteins with IC50 below 10 mM (Fig EV2A,B). NACA,
bucillamine, cysteamine and WR1065 did have effects on WT S protein with IC50s in a range of
1-10 mM (Fig EV2C-F). Among them, bucillamine showed the most potent effect (IC50 = 1 mM)
(Fig EV2D). Consistent with the observations for TCEP and DTT, effects were significantly
enhanced in Omicron variants, usually in the order of BA.1 > BA.2 > BA.4/5. In the case of
NACA (Fig EV2C) which showed the best distinguishing between WT and Omicron variants,
IC50 values of BA.1, BA.2 and BA.4/5 are respectively 0.42, 0.52 and 0.33 log units lower than
WT. More strikingly, bucillamine showed 0.82, 0.70 and 0.40 log unit differences for BA.1, BA.2
and BA.4/5, respectively, from WT S protein, with IC50s of 149 uM, 198 uM and 402 uM,
respectively, suggesting that bucillamine is a potent inhibitor (Fig EV2D). Thus, all these results
support that Omicron variant S proteins are more vulnerable to chemical reduction.

Omicron mutations in RBM are major determinants for the vulnerability to reduction
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Omicron variants contain more than 30 mutations in their S proteins (Expanded View Fig 1A)
compared to the original wild type (Wuhan) strain. We thereby sought to identify which
mutations play causal roles in the vulnerability to reduction. Because they are distributed in
different regions of the S protein, we first investigated which Omicron domain produces the most
significant sensitivity using WT-Omicron subvariant (BA.1) S protein chimeras. An ‘S1-Omi’
construct, composed of an Omicron S1 fragment and a WT S2 fragment, displayed TCEP
inhibitory kinetics massively shifted from that of WT S protein, reaching a position close to the
Omicron curve (Fig 2A). This shift suggests that the alterations in S1 provide the major
contribution to vulnerability. However, although the contributions by S2 mutations might be
minor, they cannot be fully excluded since the S1-Omi curve did not reach inhibition fully equal
to that of the Omicron S protein. In contrast, the inhibition kinetics of ‘NTD-Omi’, a WT S protein
with replacement of the NTD Domain for that of Omicron, showed a similar profile to WT S
protein, indicating that the alterations in NTD do not appear to be involved in sensitivity. The
behavior of these two chimera constructs provided proof that changes in regions between NTD
and S2 play important roles, leading us to focus on the RBD. Failing to produce a recombinant
S protein with Omicron mutations only in the RBD, we instead created the ‘RBM-Omi’ construct
with Omicron RBM in the WT backbone. Strikingly, its inhibition profile resembled that of the
‘S1-Omi’ construct (Fig 2A), suggesting that the Omicron mutations in RBM are the major
determinants to the reduction vulnerability of Omicron S protein.

We further corroborated our findings through investigating the inhibition kinetics of TCEP
with respect to RBD/ACE2 binding. Using RBD instead of the whole ectodomain of S protein
allowed us to exclude any effects caused by other regions. Similar to the investigation of full S
protein, RBD was pretreated with TCEP followed by the measurement of binding to ACE2. The
TCEP inhibition profile of WT RBD showed a slight shift from that of WT S protein but
maintained a similar baseline at high TCEP concentrations (Fig 2B), demonstrating its relative
resistance to reduction. In contrast, the inhibition profile of RBD protein with only Omicron (BA.1)
mutations in the RBM (‘RBM-Omi’ construct) displayed a massive shift from that of WT RBD,
even further from Omicron S protein (Fig 2B), confirming the major role of the RBM in Omicron
induced vulnerability to reduction. Interestingly, full Omicron RBD displayed an almost identical
inhibition profile as the ‘RBM-Omi’ construct (Fig 2B), indicating that other mutations in RBD are
at most limitedly involved in the regulation. We also asked if the involvement of Omicron RBM
mutations is common in different Omicron variants. This question was answered by testing the
RBM mutants in RBD proteins derived from BA.1 (same as RBM-Omi in Fig 2), BA.2 and BA.4/5
(Fig EV3). All of them demonstrated enhanced sensitivities to TCEP compared to WT protein
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but to different extents, consistent with the results obtained using their full-length S protein
forms (Fig 1D).

Next, we sought to further narrow down the involved mutations within the RBM. The
Omicron (BA.1) RBM harbors 10 substitution mutations (Fig 3A) compared to the S protein of
the original wild type (Wuhan) strain, which we grouped into three clusters in the linear RBM
sequence, cluster A (N440K, G446S), cluster B (S477N, T478K, E484A) and cluster C (Q493K,
G496S, Q498R, N501Y, Y505H). Their roles were examined through both loss-of-function and
gain-of-function construct design approaches (Fig EV4). We first prepared several loss-of-
function mutants on either Omicron S protein backbone or RBM-Omi construct (RBD protein
with Omicron RBM), in which an individual RBM cluster was reverted to its WT sequence
(‘reverse mutant’). S protein with cluster C reverted was not included due to a failure in
producing the protein. Compared to the WT, the cluster B reverse mutants (Omi-B) acquired a
partial recovery of resistance to reduction in both full S protein and RBD protein contexts (Fig
3B,C). Reverse mutants of cluster A (Omi-A) or C (Omi-C) had no significant effect in RBD
protein constructs (Fig 3C); Omi-A produced a moderate change in full S protein construct (Fig
3B). These observations suggest that cluster B plays a more important role than clusters A and
C but is not sufficient to bring full vulnerability to reduction. This conclusion was further
confirmed by gain-of-function mutants, specifically WT S proteins or RBD proteins harboring
Omicron mutations in an individual RBM cluster. Notably, Omicron mutations in cluster C (C-
Omi) either had no effect in S protein (Fig 3D) or produced the least sensitivity to TCEP in RBD
protein (Fig 3E). Mutations in cluster A (A-Omi) and B (B-Omi) produced similar significant
sensitivity to TCEP but did not reach to the levels of Omicron S protein or Omicron RBD protein.
Putting these results together, we conclude that the importance of these clusters in determining
the vulnerability to reduction can be listed in an order as B>A>C, however, all of them are

required for full sensitivity.

C480/C488 and C379/C432 disulfides in Omicron S protein are susceptible to reduction

To determine how Omicron mutations cause vulnerability, we sought to identify which
disulfide bonds in the RBD are subject to chemical reduction-mediated cleavage. Because we
have concluded that mutations in the RBM play major roles, we focused the investigation on the
RBD using RBD protein constructs.

There are nine cysteine residues in the RBD, forming 5 disulfide bonds (Fig 3A). Among
them, the C480-C488 disulfide is at the tip of RBD, flanked by cluster B Omicron mutations,
while disulfide C379-C432 is in the middle of RBD. In contrast, disulfides C336-C361 and C391-
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C525 are at the bottom of the RBD structure. Also located at the bottom is C538, forming a
disulfide bond with C590 outside of the RBD and therefore not included in the RBD construct.
Thus, the redox state of C538 was left unexplored in this study.

We used an approach of chemical labelling coupled with mass spectrometry (MS) to identify
the reduced cysteines (Fig 4A). WT and Omicron RBD proteins were pretreated with TCEP at a
concentration (0.1 mM) that inhibits >80% activity of Omicron RBD but only has marginal effect
on WT RBD. Control samples were mock treated. This was followed by alkylation with
iodoacetamide (IAM), which adds a carbamidomethyl group to the free thiol group of reduced
cysteine. After trypsin digestion, the identities and quantities of cysteine-modified peptides were
resolved by MS (Fig 4A) with the reduced cysteines detected by alkylation. In total, nine distinct
alkylated cysteine containing peptides were identified in all samples, covering eight different
cysteines (Fig 4B). Since some cysteine residues (C361, C432 and C480/C488) are surrounded
with mutated amino acids in Omicron peptides, each of them appears in two different peptides
in WT and Omicron samples. Excluding C538, seven out of eight total target cysteine residues
were analyzed in this experiment. In the WT RBD samples (Fig 4B), the alkylation signals were
usually low or with some even below the detection limit: no reduction of C379, C480 and C488
was observed at basal state, fully consistent with previous work(Shi et al. 2022).Upon TCEP
treatment, most of the cysteines did not show increase in reduction, indicating that disulfides in
WT RBD are usually relatively inert in response to chemical reduction. In contrast, alkylation
signals of many cysteine residues in the Omicron sample maintained a relatively high basal
level (Fig 4B). This might suggest that disulfides in the Omicron RBD are less stable, consistent
with the general thermodynamically less stable state of the Omicron RBD structure found in a
previous study(Yin et al. 2022). Interestingly, TCEP treatment led to reduction on at least six
Omicron cysteine residues. Among them, C432, C379 and C480/C488 showed respectively 8.3,
2.6 and 2.3 fold change relative to untreated cysteines, providing proofs that C379-C432 and
C480-C488 disulfides are subject to cleavage. It should be noted that C432 or C480-C488
peptides are distinct in WT and Omicron samples and should not be directly compared.
Nonetheless, the fact that they could not be detected in TCEP treated WT samples still
suggests that they are relatively inert to reduction in WT RBD, confirming a previous
observation by Shi et al(Shi et al. 2022). Therefore, C379-C432 and C480-C488 disulfides are
highly susceptible to reduction in the Omicron RBD.

The impacts of disulfide cleavage in Omicron RBD

To test how disulfide cleavage affects functionality of S protein, we created Omicron RBD

proteins with C336S/C361S, C379S/C432S, C391S/C525S or C480S/C488S mutations to

8
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mimic breakage of disulfide bonds. We first measured the stability of these mutants. Expression
constructs of these mutants and a plasmid expressing secreted Cypridina noctiluca
luciferase(Wu et al. 2007) were transfected into HEK 293 cells. After 20 hours, the quantity of
RBD protein in culture media was measured using the HiBiT system(Dixon et al. 2016) targeting
the B10/HIBIT tag attached to the RBD protein, normalized by Cypridina luciferase reading (Fig
5A). Indeed, all CS mutants displayed loss of expression to varied extent, suggesting all the
corresponding disulfide bonds are involved in stabilizing the protein structure. Disulfide bonds
C379-C432, C391-C525 and C480-C488 may play more important roles given that the

corresponding mutants showed about a 90% loss compared to Omicron RBD protein levels.
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The impacts of disulfide cleavage on RBD binding to ACE2 were also investigated using the
11  cysteine substitution mutants by profiling their binding kinetics with varied concentrations of

12 ACEZ2 under the condition of equal amounts of RBD mutant proteins were used (Fig 5B).

13 C391S/C525S mutant presented a profile almost matching Omicron RBD, indicating that the

14  conformational change caused by cleavage of C391-C525 disulfide does not affect ACE2

15  binding. In contrast, ACE2 binding activity were both eliminated in C379S/C432S and

16 C480S/C488S mutants, suggesting the key roles of C379-C432 and C480/C488 disulfides in

17  maintaining Omicron RBD in a structure competent for ACE2 binding. Consistently, the

18 importance of C480-C488 disulfide was also observed in WT RBD in a previous study using a
19  C488A mutant(Murae et al. 2022). Interestingly, although C336S/C361S mutation caused a

20  significant defect in RBD stability comparable to C379S/C432S and C480S/C488S mutants (Fig
21 5A), it only led to about 50% reduction in its binding activity (Fig 5B), suggesting that the

22 correspondent conformational change contributes more to damage to protein stability than to
23 loss of activity. Combining the MS results with functionality data together, we conclude that

24 Omicron mutations make C379-C432 and C480-C488 disulfides susceptible to decreases in

25  environmental redox potential. Their reduction induced cleavage then leads to decreases in

26  both the activity and stability of Omicron S protein.

27

28 Discussion

29 In this study, we found that Omicron S proteins are highly vulnerable to chemical reduction.
30 To clarify the mechanism, we first defined the causal relationship of Omicron mutations and this
31  vulnerability. Using a range of WT/Omicron chimera S proteins, we found that Omicron

32  alteration in the RBM is the major determinant of the vulnerability. Specifically, the mutations

33  surrounding C480-C488 disulfide provide a major contribution, although other RBM mutations

34  are also required to produce full vulnerability. Next, we explored exactly which disulfides are

9
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susceptible to reduction in the Omicron variants. Using MS analysis, we first confirmed that
disulfides C480-C488 and C379-C432 are relatively inert in WT RBD, consistent with results
described in a previous report(Shi et al. 2022). The relative inertness was preserved in WT S
protein even when treated with a low TCEP concentration. However, the same amount of TCEP
induced markedly increased cleavage of C480-C488 and C379-C432 disulfides in Omicron
variants, providing proof of their high sensitivity to reduction. The question of how exactly these
Omicron mutations lead to vulnerability, however, still needs to be clarified. While our work in
this report did not dive into a detailed mechanistic study in this regard, there are useful clues
both in our results and in published data. For example, the local Omicron RBD structure seems
to be thermodynamically less stable(Yin et al. 2022) although the overall structure of Omicron
trimer S protein is in a more compact conformation(Cui et al. 2022; Gobeil et al. 2022). Thus, local
mobility may make disulfides entropically less stable and more accessible to reducing agents.
Additionally, the E484A and T478K mutations cause a negative to positive shift in the
electrostatic micromilieu of the C480-C488 disulfide, a change which may also affect the redox
potential(Jensen et al. 2009; Bechtel and Weerapana 2017). These hypotheses both merit further
examination in the future to establish their potential validity.

A fundamental question relevant to the Omicron vulnerability is what the consequences are
of disulfide cleavage. Like many viruses, cysteine residues in the ectodomain of SARS-CoV-2 S
protein form disulfides (cystines), which are maintained by the relatively oxidizing extracellular
milieu and infection-induced oxidative stress(Suhail et al. 2020). These disulfides are supposed to
play key roles in functions such as proper folding, protein stability and binding activity toward
ACE2, which are supported by molecular dynamics studies based on simulation of full disulfide
cleavage in WT RBD(Fossum et al. 2022; Grishin et al. 2022). Considering simultaneous reduction
of all four disulfides rarely occurs in the nature, it might be more relevant to characterize
individual disulfides. However, different computational studies of single disulfide cleavage
showed controversial results(Grishin et al. 2022; Shi et al. 2022). Thus, experimental approaches
could provide more reliable proof. Here, we created mutants of paired cysteine-to-serine
substitution to mimic reduction of each disulfide in the Omicron (BA.1) RBD protein. We
conclude that C480-C488 and C379-C432 disulfides play key roles in S protein functionality
since disruption of either disulfide severely impaired both protein stability and binding activity.
As C480 and C488 are in the RBM, we reason that the disulfide may support a local surface
geometry competent for ACE2 binding. The detailed role of C379-C432 at the atomic level
needs further investigation although a previous computational study has provided some hints

that its cleavage can cause massive structure change(Shi et al. 2022). In contrast to our results

10
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with C480-C488 and C379-C432, we found that disruption of C391-C525 had very limited effect,
while disruption of C336-C361 severely destabilized the protein but only mildly attenuated its
binding activity. Given the long-range distance between the RBM and these two disulfides, we
rationalize that the effects of conformational changes caused by C336-C361 or C391-C525
cleavage may not be transferred to the RBM region even though they can bring about some
global changes. It should be noted that previous investigations were performed in the context of
full WT S proteins. Here we study the importance of C480-C488 and C379-C432 in Omicron S
protein. Whether the intactness of these two disulfides is equally important in WT and Omicron
S proteins merits more elaboration.

Previously the effects of reduction have been demonstrated in both cellular models(Mancek-
Keber et al. 2021; Alonzi et al. 2022; Grishin et al. 2022; Khanna et al. 2022; Murae et al. 2022) and
mouse models(Khanna et al. 2022). Here, we verified the same phenomenon using an in vitro
method and elaborated on the involved mechanism. All these studies suggested that this
sensitivity can be potentially harnessed for fighting COVID-19. However, most of previous
studies were based on WT S protein and the observed effects were limited, judging by the fact
that high concentrations of reducing compounds were required. Thus, the true effects of
corresponding clinical interference need to be verified. Notably, two reducing agents,
bucillamine (https://clinicaltrials.gov/ct2/show/NCT04504734) and cysteamine
(https://clinicaltrials.gov/ct2/show/NCT05212662), are under clinical trials and the results are
awaiting release. With the dominance of Omicron variants, it becomes important to evaluate
their sensitivity to chemical reduction. Our study clearly demonstrated a significant vulnerability
of Omicron variant compared to WT, which was also mentioned by two previous studies(Alonzi
et al. 2022; Khanna et al. 2022). Thus, more potent effects in the Omicron variant can potentially
be achieved with the same concentration of reducing agent. Our mechanistic study further
provided a rationale for reduction-based treatment for Omicron-induced disease. It should be
noted that the lowest effective concentration of the reducing agents is above 100 uM, which is
difficult to reach in the human body if delivered through oral or intravenous administration. Thus,
direct delivery to respiratory tract through aerosol nebulization may be a better approach. In
addition, whether the vulnerability is involved in the life cycle of Omicron virus in human body
and in the clinical outcome of human infection also requires investigation in the future.

Our study demonstrated that the Omicron mutations around the C480-C488 disulfide,
S477N, T478K and E484A, play important roles in causing the observed vulnerability. Based on
the fact that these are signature mutations that are preserved in all Omicron subvariants, we

rationalize that the vulnerability likely exists in all Omicron variants. Here we confirmed in BA.1,

11


https://doi.org/10.1101/2023.01.06.522977

O 00 N o U b W N B

W W W W W N N N NNNNNNNRPR R P R P R R R R
5 W N P O O OKOW N O UL B W N P O W 00 N O U M W N P O

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.06.522977; this version posted January 6, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

BA.2, BA.4 and BA.5 variants, however, considering the rapid rate of evolution of SARS-CoV-2,
verification in more recent Omicron variants is merited.

Here, we reported a marked vulnerability to chemical reduction in Omicron S proteins. The
involved mechanism may lay as a foundation for treatment and prevention of Omicron related

infections.

Materials and Methods
Chemicals

Chemicals used in this study are listed as follow. TCEP: BioShop TCE101; DTT: BioShop
DTTO001; Reduced glutathione: BioShop GTHO001; N-Acetyl-L-cysteine: Sigma-Aldrich A9165; N-
acetylcysteine amide: Selleckchem 38520-57-9; Bucillamine: Toronto Research Chemicals
B689375; Cysteamine: Sigma-Aldrich M9768; WR1065 Sigma-Aldrich W2020; lodoacetamide:
BioShop 10D500.
Plasmids and recombinant proteins

Plasmids and recombinant proteins were prepared as previously described(Yao et al. 2021;
Kim et al. 2022). Mutations were created using Gibson assembly (NEB E2611).
Effects of reducing compounds on S/ACE2 binding

S or RBD protein was diluted in buffer A (Tris pH7.5 20 mM, Triton X-100 0.1%, EDTA 2 mM,
NaCl 100 mM and fatty acid free BSA 0.05%) with final concentration of 5 nM and was
incubated with reducing compounds at different concentrations at 37°C for 30 minutes for DTT
or TCEP or 60 minutes for GSH, NAC, NACA, bucillaime, cysteaime and WR1065.
Subsequently 4 pl of the treated sample was mixed with 36 ul of buffer B (Tris pH7.5 20 mM,
Tween 20 0.1%, EDTA 2 mM, NaCl 15 mM, BSA (fatty acid free) 0.05%) supplemented with
furimazine 25 yM, ACE2 0.5 yM and A11S 0.2 uM, followed by incubation at room temperature
for 60 minutes. Luminescence was read using a microplate luminesce reader. IC50s were
obtained by fitting the data into a normalized inhibition kinetics with variable slope using
GraphPad 9.5.0.
Identification of reduced cysteine by Mass spectrometry analysis

WT or Omicron RBD protein (5 gM in 20 pl) was mixed with 20 ul buffer A containing TCEP
(0.2 mM) or blank and incubated at 37°C for 30 minutes. IAM solution (25 mM 10 pl) was then
added and incubated in dark at room temperature for 30 minutes. Next, DTT (60 mM in 10 pl)
solution was added and incubated in dark at room temperature for 60 minutes. Mass
spectrometry analysis was performed as described. Briefly, the protein was further digested by

trypsin over night. The digested samples were dried and re-suspended in 200uL 80%
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acetonitrile/2% formic. The peptides were injected into C18 nano-column on an EASY-nLC
(Proxeon) coupled with an Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). A
ninety-minute gradient was used for separation at a flow rate of 300nL/minutes. Sixteen MS/MS
collision induced dissociation (CID) data-dependent scans were acquired simultaneously with
one full scan mass spectra with 60000 resolution and 1E6 AGC. MaxQuant (version 2.0.3.0)
was used to search Uniprot/SwissProt human protein database with 20,600 human proteins
modified to contain BSA and trypsin, and with variable modification of methionine oxidation,

protein N-terminal acetylation and cysteine carbamidomethylation as variable modificatios and

O 00 N o uu b W N B

cysteine carbamidomethylation as a fixed modifications. Up to 1% false discovery rate was used

[EEN
o

for both peptides and proteins.

11  Stability assay

12 Plasmids of Cypridina noctiluca luciferase and Omicron RBD or its mutants were co-

13 transfected (9:1) into HEK293 cells using X-tremeGENE 9 (Millipore-Sigma XTG9-RO). After 16
14  hours, RBD proteins in culture media were measured in Nano-Glo buffer (Promega N1110)

15  supplemented with Nanoluciferase substrate and 11S protein according to the manual.

16  Cypridina luciferase vargulin was measured by mixing 5 yl medium with 20 ul phosphate buffer
17  saline supplemented with vargulin 3 uM followed by luminescence reading. The amount of RBD
18  proteins were normalized with Cypridina luciferase activity.

19 RBD/ACE2 affinity assay

20 To measure the affinity of Omicron RBD cysteine-to-serine mutants to ACE2, varied

21 concentrations of ACE2 was mixed with the mutant RBD protein (final concentration 0.8 nM) in
22 buffer A. An aliquot of the mixture (10 pl) of the mixture was mixed with 30 ul of buffer B

23 supplemented with furimazine 25 yM and A11S 0.2 pM. Luminescence was read after 2-hour
24  incubation at room temperature.
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Legend
Figure 1. Different SARS-CoV-2 variant S proteins demonstrate varied vulnerabilities to
chemical reduction.

A Schematic diagram of the tNLuc-based S/ACE2 binding assay.

B-E S proteins derived from early VOCs (Alpha, Beta, Gamma and Delta) (B,C) or Omicron
variants (BA.1, BA.2 and BA4/5) (D,E) were treated with TCEP (B,D) or DTT (C,E) in various
concentrations as indicated, followed by tNLuc-based S/ACE2 binding assay. The readings
were normalized using corresponding S proteins with mock treatment.

Data information: Results are presented as mean + SEM of four independent experiments with
two technical replicates in each experiment. Data were fitted into the inhibition kinetics model
with normalized response and variable slope. Obtained kinetics are presented in average
curves. IC50 values derived from each experiment are shown inset. P-values were calculated
using a two-tailed t-test.

Figure 2. Omicron mutations in RBM are the major determinant in vulnerability to
chemical reduction.

A The impacts of omicron mutations were examined in WT/Omicron S protein chimeras. WT (S:
WT), Omicron (S: Omicron), chimera of Omicron S1 and WT S2 (S: S1-Omi), chimera with
Omicron NTD and WT backbone (S: NTD-Omi) or chimera with Omicron RBM and WT
backbone (S: RBM-Omi) S proteins were pretreated with the indicated concentrations of TCEP
followed by ACE2 binding assay.

B Binding effects were further examined in RBD proteins. WT S protein (S: WT), Omicron S
protein (S: Omicron), WT RBD (RBD: WT), Omicron RBD (RBD: Omi) or chimeric RBD with
Omicron RBM on WT backbone (RBD: RBM-Omi) were pretreated with the indicated
concentrations of TCEP followed by ACE2 binding assay.

Data information: Readings were normalized with corresponding protein contructs with mock
treatment. Results are presented as mean + SEM of four independent experiments with two
technical replicates in each experiment. SEMs are represented as error envelopes.

Figure 3. Detailed analysis of the importance of Omicron RBM mutations in the
vulnerability to chemical reduction.

A 3D and linear structure of the Omicron RBD. Cystines are highlighted in red and represented
as red spheres. Mutations are also represented as spheres and shown in different colors based
on their grouping into three clusters.
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B-C Analysis of loss-of-function mutants. In B, WT and Omicron S proteins and S proteins of the
Omicron backbone with cluster A or B mutations reverted to WT sequence (S: Omi_A or S:
Omi_B) were analysed. In ¢, WT RBD protein, WT RBD carrying Omicron RBM (RBD: RBM-
Omi), and WT RBD protein carrying Omicron RBM with clusters A, B or C reverted back to WT
sequence (RBD: RBM-Omi_A, RBD: RBM-Omi_B or RBD: RBM-Omi_C) were analysed.
Protein constructs are listed in Fig EV4.

D-E Analysis of gain-of-function mutants. In D, WT and Omicron S proteins, and S proteins of
WT backbone with an RBM cluster mutated to its Omicron sequence (S: A-Omi, S: B-Omi or S:
C-Omi) were analyzed. In E, WT RBD protein and Omicron RBD protein (RBD: Omi), alongside
RDB proteins with WT backbone and an RBM cluster mutated to its Omicron sequence (RBD:
A-Omi, RBD: B-Omi or RBD: C-Omi) were analyzed. Proteins in B-E were pretreated with the
indicated concentrations of TCEP followed by ACE2 binding assay. Protein constructs are listed
in Fig EV4.

Data information: Readings were normalized with corresponding S or RBD proteins with mock
treatment. Results are presented as mean + SEM of four independent experiments with two
technical replicates in each experiment. SEMs are represented as error envelopes.

Figure 4. Mass spectrometry analysis of reduced cysteines in RBD.
A Strategy of the MS analysis.

B WT or Omicron RBD proteins were treated with 0.1 mM TCEP or mock treated and analyzed
as described in A. The intensities of peptides containing alkylated cysteines derived from RBD
proteins are presented as a dot plot. The data are normalized to the intensities of nontreated
Omicron RBD sample. Black dots stand for common peptides appearing in both WT and
Omicron RBD; blue dots stand for WT-specific peptides; green dots stand for Omicron specific
peptides.

Figure 5. Impacts of disulfide cleavage in Omicron RBD.

A Disulfide cleavage was mimicked by paired cysteine-to-serine mutation. Protein stability of the
mutants was measured as the abundance of each protein in culture medium of the cells
transiently expressing the protein. The results are normalized using co-expressed Cypridina
luciferase.

B The binding activity of each cysteine-to-serine mutant was measured using a tNLuc-based
assay with different concentrations of ACE2. The results are presented as mean £ SEM of three
independent experiments with two technical replicates in each experiment.
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Expanded View Figure 1. Disulfide bonds in SARS-CoV-2 spike protein. A Schematic
representation of cysteine residues and disulfides located in different parts of the S protein. B
Spatial location of disulfides in Omicron S protein. One protomer is presented as a blue cartoon
model with cysteines highlighted as red spheres and mutation sites as yellow spheres. It should
be noted that no mutation at cysteine residues has been identified in any variant, as exemplified
here in Omicron S protein.
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Expanded View Figure 2. Effects of FDA-approved antioxidants on Omicron S proteins. S
proteins derived from WT virus or Omicron variants (BA.1, BA.2 and BA4/5) were treated with
different FDA-approved antioxidants in various concentrations as indicated, followed by tNLuc-
based S/ACE2 binding assay. The readings were normalized using corresponding S proteins
with mock treatment. Results of four independent experiments with two technical replicates in
each experiment for each S protein are presented as mean + SEM. Data were fitted into the
inhibition kinetics model with normalized response and variable slope. Obtained kinetics were
presented in average curves. IC50 values derived from each experiment are shown inset. P-
values were calculated using a two-tailed t-test.
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Expanded View Figure 3. Verification of the important role of RBM mutations in vulnerability to
reduction across different Omicron variants. Together with WT and Omicron/BA.1 RBD proteins
(RBD: RBM-BA.1), RBD proteins with the RBM mutated to match different Omicron variants
(RBD: RBM-BA.2, RBD: RBM-BA.4/5) were pretreated with the indicated concentrations of
TCEP followed by ACE2 binding assay. Readings were normalized with corresponding RBD
proteins with mock treatment. Results are presented as mean £+ SEM of four independent
experiments with two technical replicates in each experiment. SEMs are represented as error
envelopes.
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Expanded View Figure 4. Schematic representation of S or RBD mutants used in Figure 3.
WT sequences are highlighted in grey and Omicron sequences are in red.
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