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Abstract

The current coronavirus pandemic is exerting a tremendously detrimental impact on global health. The
Spike proteins of coronaviruses, responsible for cell receptor binding and viral internalization, possess
multiple and frequently conserved disulfide bonds raising the question about their role in these proteins.
Here, we present a detailed structural and functional investigation of the disulfide bonds of the SARS-
CoV-2 Spike receptor-binding domain (RBD). Molecular dynamics simulations of the RBD predict
increased flexibility of the surface loops when the four disulfide bonds of the domain are reduced. This
flexibility is particularly prominent for the disulfide bond-containing surface loop (residues 456—490) that
participates in the formation of the interaction surface with the Spike cell receptor ACE2. In vitro, disulfide
bond reducing agents affect the RBD secondary structure, lower its melting temperature from 52 °C to 36—
39 °C and decrease its binding affinity to ACE2 by two orders of magnitude at 37 °C. Consistent with these
in vitro findings, the reducing agents tris(2-carboxyethyl)phosphine (TCEP) and dithiothreitol (DTT) were
able to inhibit viral replication at low millimolar levels in cell-based assays. Our research demonstrates the
mechanism by which the disulfide bonds contribute to the molecular structure of the RBD of the Spike pro-
tein, allowing the RBD to execute its viral function.

© 2021 Elsevier Ltd. All rights reserved.

Introduction
The family Coronaviridae contains four genera:

Alpha-, Beta-, Gamma- and Deltacoronaviruses,
in which the Alpha- and Betacoronaviruses include

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

the human pathogens: HCoV-229E, HCoV-NL63,
HCoV-HKU1, HCoV-OC43, SARS-CoV, SARS-
CoV-2 and MERS-CoV." The first step in infection
of human cells, common to all these viruses,
involves the binding of the envelope Spike
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glycoprotein to a cell surface receptor followed by
membrane fusion and virus internalization.”* Differ-
ent coronaviruses use different surface molecules
as receptors: SARS-CoV, SARS-CoV-2 and
HCoV-NL63 use angiotensin-converting enzyme 2
(ACE2)*®%; MERS-CoV binds to dipeptidyl
peptidase-4 (DPP4) with high affinity’ and to some
sialosides with low affinity’; HCoV-229E uses
aminopeptidase N (hAPNgz; HCoV-OC43 binds 9-
O-acetylated sialic acids™; while HCoV-HKU1 is
internalized through an unknown receptor.'°

The structures of the Spike protein and its
domains have been determined for all these
human pathogens. The functional Spike protein is
a homotrimer, in which each protomer is over
1000 amino acids in length."" The Spike protomers
consist of two subunits, connected by a linker,
which in many coronaviruses is cleaved during mat-
uration. The S1 subunit is responsible for receptor
binding'# and contains the receptor-binding domain
(RBD), while the S2 subunit is responsible for mem-
brane fusion.® The structures of the Spike proteins
and their RBDs from different coronaviruses show
that these proteins possess multiple disulfide
(5—S) bonds. For example, the Spike protein of
SARS-CoV-2 contains 14 disulfide bonds in well-
defined regions,'®'* while that of MERS-CoV con-
tains 11'° and the Spike of HCoV-229E contains
13 S—S bonds.”® Such an abundance of S—S
bridges implies their important structural roles in
the formation and stabilization of the proper Spike
protein architecture. This is even more prominent
for the relatively small RBD, which has four S—S
bonds in SARS-CoV-2,'"" four in MERS-
CoV?%2! and three in HCoV-229E.%? Mutations of
these cysteine residues (Cys) resulted in either a
significant decrease in expression levels or the loss
of function.

Specifically, individual mutations of seven Cys
residues to alanines (Ala) in the SARS-CoV RBD
resulted in two out of seven mutants losing
expression and three other mutants losing the
ability to bind to ACE2. While only two mutants
retained both expression and binding ability, only
one of these mutants contained the Cys residue
that was involved in the formation of a disulfide
bond.?® The knockout of a single S—S bond in the
surface loop of the HCoV-229E RBD that interacts
with hAPN resulted in the loss of binding.** Simi-
larly, individual mutations of two conserved Cys
residues, forming a disulfide bridge in the S2
domain of SARS-CoV, resulted in a drop of mem-
brane fusion capability to 10% of the wild type, with
an even greater loss for the double mutant.** These
data suggest the critical importance of the disulfide
bridges for the Spike protein structure and function
although our understanding of the precise mecha-
nisms is limited to only general terms.

Respiratory pathways are the main point of entry
for SARS-CoV-2 with the epithelial lining fluid (ELF)
of the lungs playing a paramount role in protecting
airways from a wide range of pathogens, allergens

and harmful chemicals. In contrast to most
extracellular environments (e.g. blood serum)
possessing oxidizing conditions, ELF has a high
reducing potential (—200 mV), similar to the
intracellular environment.?> Experimental evidence
of the sensitivity of coronaviruses to reducing condi-
tions is very limited. For the murine leukemia virus,
pseudotyped with the Spike protein from SARS-
CoV, 3 mM dithiothreitol (DTT) (but not 0.5 mM)
could inhibit the entry of the pseudovirus. This result
led to the conclusion that SARS-CoV is ciuite insen-
sitive towards disulfide-reducing agents.“® A brief in
silico molecular modeling study suggested that
reduction of only ACE2 disulfide bonds or ACE2
disulfide bonds and SARS-CoV-2 RBD disulfide
bonds has a large negative impact on the binding
energy, while the reduction of only RBD disulfide
bonds does not.?” A recent experimental publication
showed that thiol-reducing agents can inhibit infec-
tion with vesicular stomatitis virus infection, Eseudo-
typed with the SARS-CoV-2 Spike protein.*®
Although it is well known that disulfide bonds
stabilize  protein  architecture, the actual
contribution to protein stability and the sensitivity
to thiol-reducing agents depends on many factors
and is a priori difficult to predict.*® Here, we provide
the mechanistic explanation for the critical role of
the disulfide bonds in the structure and function of
the SARS-CoV-2 Spike RBD by extensive biophys-
ical investigation of RBD and SARS-CoV-2 viral
assays. As predicted by our molecular dynamics
simulations, the structure of the RBD becomes
more flexible when it is not constrained by four
S—S bonds. In particular, the surface loop (residues
456-490) participating in binding to ACE2 under-
goes a very fast conformational opening after the
S—S bond between Cys480 and Cys488 is
reduced. Experimentally, this flexibility is evident
by the ability of DTT and tris(2-carboxyethyl)
phosphine (TCEP) to affect the secondary structure
of the RBD and the ability of DTT, TCEP, N-Acetyl-
L-cysteine (NAC) and reduced glutathione (GSH) to
decrease the RBD melting temperature (T,,,). DTT
and TCEP could decrease the T,, to as low as
36—-39 °C. As a consequence of increased flexibility
and partial unfolding in the presence of DTT or
TCEP at human body temperature, the binding con-
stant of the RBD to ACE2 of 120 nM increases by
100-200 times. Finally, viral propagation in cell-
based assays can be inhibited by TCEP and DTT,
consistent with the ability to weaken or completely
abrogate the Spike RBD — ACE2 interaction.

Results

Disulfide bonds are predicted to rigidify the
structure of the RBD domain

Many simulations of the Spike protein were
conducted to date including an impressive
worldwide effort for a 1.2-millisecond simulation of
the full-length protein.* Nevertheless, the majority
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of these simulations start from experimental struc-
tures possessing intact S—S bonds. A recent mod-
eling study, exploring the role of the disulfide bonds
in the RBD domain, performed by Hati and col-
leagues, uses relatively short trajectories of only
20 ns.?’ To understand whether disulfide bonds
are important in the stabilization of the structure of
RBD, we performed six independent molecular
dynamics simulations of the RBD domain in water
of 2 s each at 37 °C using GROMACS software.®"
The RBD domain (residues 319-541) has four
disulfide bonds: C480-C488 is located in the loop
interacting with the ACE2 receptor, while the three
other S—S bonds, C379-C432, C336-C361 and
C391-C525, are located on the opposite side of
the RBD domain and do not participate in ACE2
binding. We started with three RBD models, first
with all four disulfide bonds intact (“RBD”), second
with the single disulfide bond between C480-C488
reduced “RBD (—1 SS)” and third with all S—S
bonds reduced “RBD (—4 SS)”. Two simulations
of 2 us were performed for each model.

Throughout all simulations, the RBD domain
retained its overall fold, although structural
changes, measured with the root mean square
deviation (RMSD) of C, atoms, behaved
differently in each of the three models (Figure 1
(A)). While the RBD with four intact S—S bonds
remained similar to the starting structure (RMSD
of 1.0-2.5 A for two independent simulations), the
structures of RBD (—1 SS) and RBD (—4 SS)
underwent much larger changes with RMSD
increasing to 3.5-6.0 A. The analysis of the root
mean square fluctuation (RMSF) values for the
residues of the domain revealed the regions of
increased flexibility (Figure 1(B)). These are the
regions immediately adjacent to the S—S bonds
and include primarily the surface loop, comprising
residues 454-492, which directly interacts with
ACE2, the N- and the C-termini of the domain as
well as protein elements around residues 370 and
390 (Figure 1(B-D)).

The most prominent difference is that the ACE2-
binding loop remains relatively stable in its
“closed” conformation, as seen in the crystal
structure, when the disulfide bond C480-C488 is
present, but undergoes a structural transition into
a series of “open” conformations, not compatible
with ACE2 binding, when the disulfide is absent
(Figure 2).

Additional differences are seen for the second
trajectory of RBD (—4 SS), where the last 10 C-
terminal residues and the first 6 N-terminal
residues of the domain adopt a completely
random conformation, while the regions around
the residues 370 and 390 change their position by
up to 7.5 A. Because of these motions, the
second simulation of RBD (—4 SS) has elevated
RMSD values (Figure 1(A and D)).

To increase the sampling of conformational
space, we have also conducted one 2 us

simulation for each of the three RBD models at
elevated temperature (77 °C), which provided
additional insight into the ACE2-binding loop
conformational equilibrium (Figure S1). Increasing
the temperature of simulations is a well-known
approach  towards efficient  conformational
sampling used for example in replica exchange
molecular dynamics.®*** In these simulations, we
see an opening of the ACE2-binding loop in all three
trajectories. However, while for RBD (-1 SS) and
RBD (—4 SS) the opening happens right at the
beginning of the simulations, for RBD with the
C480-C488 bond present the loop holds its confor-
mation for at least 1 ps. This result provides addi-
tional proof that the disulfide bond plays an
important role in stabilizing the loop in ACE2-
binding conformation.

Our simulation results agree that without ACE2
the loop may be present in its open conformation,
as seen in the cryo-EM structures of the unbound
Spike trimer'®"'* where this loop is disordered. How-
ever, the presence of the S—S bond may help in
loop stabilization upon binding to the receptor, as
seen in the crystal structure of RBD complexed to
ACE2.""""9 Reciprocally, C480-C488 bond reduc-
tion causes increased loop fluctuations, as sug-
gested by molecular dynamics, which may render
the adoption of the correct bound conformation less
energetically favorable.

Disulfide-reducing agents destabilize the
Spike RBD structure

Since our molecular dynamics results suggest
increased flexibility in the RBD domain upon the
reduction of disulfide bonds, we investigated
whether reagents capable of reducing S—S bonds
would introduce structural changes in RBD and
ACE2. To this end, we incubated the RBD and
ACE2 in the presence of DTT, trans-4,5-
dihydroxy-1,2-dithiane (oxidized DTT) or TCEP for
1 hour at 37 °C and measured their circular
dichroism (CD) spectra at 37 °C. Oxidized DTT
served as a control compound, being identical to
DTT, except for the two thiol groups forming an
intramolecular S—S bond. The compounds were
added at a final concentration of 2.5 mM, the
highest concentration possible without causing a
significant increase in the UV light absorption.®

Incubation of the RBD at 37 °C did not change its
CD spectrum as compared to an RBD sample kept
at room temperature (RT) (Figure 3(A)), suggesting
that the RBD is stable at human body temperature.
However, the addition of DTT and TCEP but not
oxidized DTT caused a significant change in the
CD spectrum of the RBD (Figure 3(A)), indicating
changes in the secondary structure composition,
induced by disulfide bond reduction. These
changes persisted when the samples were cooled
and analyzed at RT following the preincubation at
37 °C (Figure S2). The same experiments
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Figure 1. Results of six molecular dynamics simulations of the Spike RBD domain at 37 °C. (A) Root mean square
deviation (RMSD) of the C* atomic coordinates (nm) vs. time (ps). The data for the RBD with 4 S—S bonds intact is
colored blue; the RBD without C480-C488 bond — RBD (—1 SS) — green; the RBD with all four bonds reduced — RBD
(—4 SS) — red. Two curves are shown for each model, corresponding to two independent simulations. The results
show higher RMSD values for simulations with S—S bonds reduced; (B) Root mean square fluctuation (RMSF, nm) of
C” atoms of the RBD residues. Coloring identical to A. The high RMSF values show the parts of the RBD structure
that undergo increased molecular flexibility upon reduction of the S—S bonds; (C) Ribbon representation of the
experimental structure of Spike RBD — ACE2. RBD is colored blue with the four S—S bonds shown as wires and
colored in shades of yellow. A part of ACE2, contacting RBD, is shown as a wheat-colored ribbon. (D) A snapshot
from the RBD (—4 SS) simulation, superimposed on the experimental structure of RBD — ACE2 complex and shown
instead of the experimental RBD structure. The model was colored by RMSD with a blue-red gradient. Blue
corresponds to small structural deviations while red indicates the highest levels of structural change. The cysteine
side chains are shown as wires, colored in shades of yellow.

conducted for ACE2 (Figure 3(B)) showed that the
addition of DTT or TCEP followed by
preincubation and data acquisiton at 37 °C
caused no significant spectral changes, indicating
that the ACE2 structure is insensitive to
exogenous reducing agents in our experimental
conditions. Indeed, ACE2 has only three S—S
bonds for a domain of ~600 residues long and
none of these bonds are located in the proximity
to the RBD binding site.

Having demonstrated these spectral changes in
the presence of DTT or TCEP, we next
investigated whether reducing compounds affect

the melting temperature (T,,,) of the RBD. Indeed,
the presence of four S—S bonds in the relatively
small RBD domain of 320 residues should provide
a significant contribution to its stability. We
conducted a melting experiment of the RBD in the
presence of 2.5 mM DTT, oxidized DTT and
TCEP in which CD spectra were acquired as a
function of increasing temperature. The RBD
exhibited a T, of 52.1 °C (Table 1), which did not
change in the presence of 2.5 mM oxidized DTT
(53.3 °C). However, a significantly lower T,
was measured in the presence of 2.5 mM DTT
(39.6 °C) and 2.5 mM TCEP (36.3 °C).
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Figure 2. RMSD and snapshots of the conformation of the RBD ACE2-binding surface loop, residues 454—492,
along six molecular dynamics trajectories at 37 °C. (A) Root mean square deviation (RMSD) of the C* atomic
coordinates (nm) vs. time (ps). The data for the RBD with 4 S—S bonds is colored blue; the RBD without C480-C488
bond — RBD (—1 SS) — green; the RBD with all four bonds reduced — RBD (—4 SS) — red. Two curves are shown for
each model, corresponding to two independent simulations. The RMSD values show that models with the reduced
C480-C488 bond have higher levels of structural deviation in the ACE2-binding surface loop 454—492; (B) (leff) The
loop-focused view of the crystal structure of the Spike RBD — ACE2 complex in ribbon representation. Only a part of
the structure is shown. The Spike RBD domain is colored olive, while ACE2 is colored wheat. The C480-C488 S—S
bond is shown as a wire with cyan carbon and yellow sulfur atoms. (right) Snapshots of molecular dynamics
simulations, showing the conformations of the ACE2 — binding loop. The conformations from the RBD simulations are
shown in shades of blue, RBD (—1 SS) — shades of green and RBD (—4 SS) — shades of red and are superimposed
on the experimental structure.
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Figure 3. Comparison of circular dichroism spectra of (A) RBD and (B) ACE2. Both the RBD and ACE2 were
preincubated for 1 hour at 37 °C in the presence of disulfide-reducing agents at 2.5 mM concentration. Spectra were
acquired at 37 °C immediately after preincubation. The spectrum of the RBD and ACE2, never exposed to elevated
temperatures and acquired at room temperature (RT), is provided for reference.

To broaden our concentration ranges and to
explore more disulfide bond reducers, we used a
thermal shift assay in which protein unfolding
causes a significant increase in the fluorescence
of Sypro® orange dye.>* We determined the
RBD T,, values in the presence of DTT, oxidized
DTT and TCEP in the concentration range of
0.31-5 mM and monothiols NAC and GSH in
the range of 0.62-10 mM (Table 1). While all

compounds, except oxidized DTT, caused an
observable decrease in the T, value of RBD,
DTT and TCEP were most potent. NAC and
GSH had a lesser impact than 0.31 mM DTT or
TCEP even when added in 10 mM concentrations.
High concentrations of TCEP (2.5 mM and 5 mM)
precluded accurate T, determination as at these
concentrations melting curves lost their typical
sigmoidal shape.
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Table 1 Melting temperatures (T,,) of the RBD in the presence of disulfide-reducing agents at different concentrations.

Temperatures are expressed in Celsius (C) degrees.

Method Thermal shift assay Circular dichroism
No compound 47.0 52.1
Concentration 5mM 2.5 mM 1.25 mM 0.62 mM 0.31 mM 2.5 mM

TCEP ND' ND' 35.0 36.7 37.9 36.3

DTT 37.0 38.5 39.2 39.5 40.5 39.6

Oxidized DTT 46.6 46.4 46.5 46.6 46.3 53.3
Concentration 10 mM 5mM 2.5 mM 1.25 mM 0.62 mM

NAC 415 42.7 44.0 44.9 455

GSH 41.5 42.4 43.4 441 44.8

1 ND, the melting curve profile did not allow for value determination.

The standard deviation is less than 5% for all values.

Disulfide-reducing agents decrease the Spike
RBD — ACE2 binding affinity

Since the presence of reducing agents causes
the RBD domain to be less stable, we
hypothesized that these compounds should
negatively affect the binding affinity of the RBD to
its receptor ACE2. We used microscale
thermophoresis (MST) to determine the extent to
which 2.5 mM DTT, oxidized DTT or TCEP, as
well as 10 mM NAC and GSH, would affect the
binding. The RBD and ACE2 were preincubated
for 1 hr at 37 °C in the presence of the reducing
agents, after which time the proteins were mixed
to yield a constant 20 nM concentration of
fluorescently-labeled RBD and a variable
concentration of ACE2 in the range of 1 nM-50 p
M. MST was conducted at 37 °C.

The measured affinity of the RBD for ACE2 was
120 nM (Table 2, Figure 4), which was not
significantly affected by oxidized DTT (170 nM).
However, the addition of 2.5 mM TCEP or DTT
caused a 100—200 times decrease in the affinity to
13.3 uM and 21.9 uM, respectively. NAC and GSH
also decreased the affinity of the binding between
ACE2 and RBD, although the change was not
statistically significant even at 10 mM concentration.

Disulfide-reducing agents prevent coronavirus
infectivity in cell-based assays

To evaluate whether the reduction in binding
affinity and partial melting of the RBD would impact

Table 2 The affinity of the RBD — ACE2 interaction in the
presence of disulfide-reducing agents at 37 °C deter-
mined from microscale thermophoresis (MST).

Affinity (uM)

No compound 0.12 +£ 0.05
2.5 mM TCEP 13.3 + 4.0*
2.5 mM DTT 21.9 + 13.6*
2.5 mM DTT oxidized 0.17 + 0.08
10 mM NAC 0.57 + 0.40
10 mM GSH 0.60 + 0.38

" Significant at p < 0.05.

viral infectivity, we tested disulfide-reducing agents
in cell-based assays. We contrasted DTT and
TCEP, which caused a prominent change in the
RBD architecture to NAC and GSH, which had a
milder effect, and additionally included an
approved drug carboxymethyl-cysteine lacking an
active SH-group as a negative control. Viral
infectivity assays were conducted by infecting
Vero’'76 cells with SARS-CoV-2 and determining
the virus titer 48 hr later by the tissue culture 50%
infectious dose (TCIDsp) assay. Both cells and the
virus were preincubated separately for 1 hr with the
compounds. Following thereafter cellular media
was discarded and the virus solution containing
compounds was added to the cells for 1 hr for
infection. Next, the virus was washed away and the
cells were incubated for another 48 hr in fresh
media in the absence of the compounds, allowing

- control
DTT oxidized
- DTT
- NAC
-~ GSH
- TCEP

20|

10|

Delta Fnorm (%o)
o

-10

-20

0.0001  0.001 0.01 0.1 1 10 100
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Figure 4. Affinity determination of the RBD — ACE2
interaction in the presence of disulfide-reducing com-
pounds at 37 °C by microscale thermophoresis (MST).
The graph shows the change in baseline-corrected
normalized fluorescence (delta Fnorm (%c)) of labeled
RBD as a function of ACE2 concentration. The graph
shows a sigmoidal binding curve with a plateau at high
ACEZ2 concentrations for the negative control, oxidized
DTT, NAC and GSH. For DTT and TCEP the plateau at
high ACE2 concentrations is absent, indicating weaker
binding.
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the virus to replicate, after which the viral titers in cell
media were determined. In parallel, cell viability was
determined using two assays — MTS and resazurin

assays, and confirmed by phase-contrast
microscopy.
A DTT

100

60

virus titer
(TCIDso/ml)
2
L

2
(
1 2
-y
o
(%) Anngera 192

cell viability (%
3

[DTT]I mM

C GSH

virus titer
(TCIDg5q/ml)
(%) Aqein (1o

[GSH] mM
E carboxymethyl-cysteine
108 =120
[ ] [ ] e
107 [
g 100
6
10 O
== 105 T =
2E i =
=) Y
"’;" QS 104 52 e <60 T
2 o oo & =
H E 103 £ s L :
g 60 T 40 °\°
102 % 40|
° 20

0.1 1 10 100

[carboxymethyl-cysteine] mM

Two independent experiments were performed
and the results of the first experiment are
presented in Figure 5, while of the second one —
Figure S4. The two experiments showed largely
the same results. Cell viability was unaffected by a
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Figure 5. Virus titer and cell viability as a function of the concentration of (A) DTT, (B) TCEP, (C) GSH, (D) NAC and
(E) carboxymethyl-cysteine. The figure shows data from a representative experiment. The viral titer, expressed as a
TCIDso/ml (left Y-axis) of SARS-CoV-2 and the viability of Vero’76 cell (% of the viability of untreated cell control) (right
Y-axis), determined by the MTS assay, are plotted as the function of compound concentration (mM) (X-axis). The
insets show the viability of Vero’76 cell, determined by the resazurin assay. Virus titers are colored in blue, while the
viability data is colored in red for the MTS assay and purple for the resazurin assay. Because X-axis is logarithmic,
viral titers and cell viability at 0 mM compound concentration are represented at 0.05 mM concentration for DTT and
TCEP and at 0.2 mM concentration for GSH, NAC and carboxymethyl-cysteine.
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2-hour exposure to the compounds and it was only
at the highest concentration of TCEP (20 mM), DTT
(20 mM), GSH (160 mM) and NAC (160 mM) where
a slight decrease in cell viability was noted. The
negative control carboxymethyl-cysteine had no
effect on cell viability.

Viral propagation, however, was affected by the
same compounds that most affected the structure
of the RBD in vitro. TCEP and DTT inhibited viral
replication in the low mM range, while GSH and
NAC had a negligible effect on viral titers if any
even at 10-times higher concentrations. The
negative control carboxymethyl-cysteine had no
effect on viral propagation.

DTT caused a sharp decline in viral titers of one
order of magnitude or more between 1.25-2.5 mM
in the first and between 0.62-1.25 mM in the
second experiment. Averaging the results from
both experiments yielded the ECgy of 1.2 mM
(0.58—2.2 mM confidence interval). Similarly,
TCEP inhibited viral replication between 2.5-5 mM
in the first and 1.25-2.5 mM in the second
experiment, yielding ECgy of 2.7 mM (1.24-
54 mM confidence interval). At these
concentrations of DTT and TCEP, cell viability
remained at 100% as confirmed by two viability
assays (Figure 5, S4) and phase-contrast
microscopy (Figure S5).

To determine to which extent the observed
antiviral effect may be related to disulfide bond
reduction in other SARS-CoV-2 proteins apart
from Spike, we inspected available structures of
SARS-CoV-2 proteins in the Protein Data Bank,
presently covering a large percentage of the viral
proteome. Structures of many protein products of
the Orfl1ab polyprotein are currently available and
all of them have their Cys residues reduced.***°
Apart from Spike, only one additional protein —
ORFS8 — is rich in disulfide bonds,*® however, a nat-
ural mutation leading to the loss of its expression
does not abolish viral infectivity neither in cellular
assays nor in the human population.*' Thus, we
considered that Spike is the most likely target of
the disulfide-reducing agents.

Discussion

In this paper we show that disulfide bonds play a
critical role in maintaining the proper structure of the
RBD, allowing for a high-affinity interaction with its
cellular receptor ACE2. As expected, DTT and
TCEP were much more potent in comparison to
NAC and GSH, as the redox 6potential of
monothiols is generally weaker.*™*° It is well-
known that both the dithiol DTT and the phosphine
TCEP are capable of two-electron reduction of
disulfide bonds without the involvement of any other
species. DTT and TCEP have similar redox poten-
tials (—330 mV and —290 mV, respectively) and
form relatively unreactive oxidized products — a

six-membered dithiane ring and a phosphine oxide,
respectively.*”*® The monothiols NAC and GSH, on
the other hand, require the presence of two such
thiol-containing molecules to reduce disulfide bonds
and thus are expected to be inherently less
effective.

Many toxins and pathogens rely on the proper
redox state of their S—S bonds or sulfhydryl
groups for host cell entry. Similar to the SARS-
CoV-2 Spike protein, the entry of hepatitis C virus
depends on the S—S bond-rich E2 envelope
protein and can be blocked by 1 mM DTT.*° Addi-
tionally, the oxidized status of E2 thiol groups is
important for evading the production of neutralizing
antibodies.*® Botulinum neurotoxin B is a complex
of 2 chains, connected by a single S—S bond. The
reduction of this bond by TCEP prior to the neuro-
toxin internalization prevents the penetration of the
active catalgtic chain and saves the cells from
intoxication.”°

The opposite is also true for other toxins and
pathogens - disulfide bond reduction and
exposure of sulfhydryl groups promotes the
internalization of HIV-1,°" rotavirus,”®> Newcastle
disease virus®® and diphtheria toxin.**

Knowing the sensitivity of the Spike protein
towards reducing environments, it would be
expected that the ELF of lungs, which possesses
reductive properties®>>°>°° would antagonize coron-
aviral entry. The levels of glutathione in ELF are
approximately 50—-100 times higher than those in
blood serum (200—400 uM in ELF versus 2-8 uM
in serum)°~°" and approach those in the intracellu-
lar environment.”® Additionally, ELF contains high
levels of ascorbic acid and redox-active enzymes,
such as superoxide dismutase, catalase, glu-
tathione reductase, glutathione peroxidase, etc.*®
to strengthen its reductive potential.

The first work in this direction used SARS-CoV
pseudovirus and demonstrated its relative
insensitivity towards DTT,?® suggesting molecular
adaptations of the Spike protein towards tolerating
reducing conditions of ELF. Our results for SARS-
CoV-2 also show that it is in the low mM range that
the potent disulfide reducers show their effect. As
we improve our knowledge regarding the adapta-
tion of pathogenic strategies towards the redox
state of the environment, pathogen sensitivities
could be uncovered and potentially used for medic-
inal purposes. Such work is gaining momentum.
Recently, it was shown that N-acetyl cysteine amide
(NACA) could inhibit a SARS-CoV-2 pseudovirus
infection and the formation of multinucleated cells.?®
A recent manuscript submitted to BioRxiv revealed
a promising impact of some approved thiol-
containing drugs on SARS-CoV-2 infectivity and
cell entry.”” The effect of inhibition of viral entry by
cysteamine was confirmed in yet another
manuscript.”® One more BioRxiv manuscript
explored the idea of an SH-group warhead attached
to a delivery polar moiety, which guides the drug
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molecule to a cryptic pocket in the RBD architecture
and positions the SH group in the proximity to a
disulfide bond.®"

Materials and Methods

Molecular dynamics

Molecular dynamics simulations of the Spike RBD
domain were conducted with Gromacs 2019.°" For
the force field, AMBER99S-ILDN®? was chosen with
TIP3P water.®>%* The cut-off for Van der Waals and
short-range electrostatic interactions was 1.0 nm.
Long-range electrostatics were calculated using
the Particle Mesh Ewald (PME) approach®®°® with
a grid spacing of 0.12 nm x 0.12 nm x 0.085 nm.
Temperature coupling was done by the v-rescale
algorithm®’ to maintain the system temperature of
310°K or 350°K, while the pressure coupling was
isotropic and maintained by the Parinello-Rahman
algorithm®® % at 1 atm. Rigid bonds between hydro-
gens and heavy atoms allowed for a 2-fs leap-frog
integrator.

The RBD domain was taken from the ACE2 —
Spike RBD protein complex structure PDB ID
6LZG."” The RBD structure is comprised of resi-
dues 333-527. The sugar moieties were erased
from the PDB files. Standard protonation states at
pH 7.0 were used, while the only His519 in the
RBD structure was protonated at N°. Three inde-
pendent simulations were made: (1) RBD with all
4 S—S bonds present as in the X-ray structure (con-
trol); (2) RBD with 3 S—S bonds present, while the
S—S bond between Cys480 and Cys488 was trea-
ted as reduced; and (3) RBD with all 4 S—S bonds
reduced. The modeling was conducted in a rhombic
dodecahedral box in which the proteins were sur-
rounded by a 10 nm thick layer of water. The system
consisted of around 44,000 atoms total, 13,700
water molecules and 2 CI" atoms. The systems
were energy-minimized by 1000 steps of the steep-
est descent method. Minimized systems were sub-
jected to further equilibrium simulations, first for 1 ns
with all protein atoms restrained, followed by 10 ns
with only backbone atoms restrained. The produc-
tion simulations were conducted for 2 us, saving
the coordinates every 1 ns. Each of the three mod-
els was simulated twice for 2 pus per trajectory at
310°K and once at 350°K.

The starting models, topology files, molecular
dynamics parameter files and trajectories,
compressed to show 10 ns steps, were uploaded
to Mendeley Data (https://doi.org/10.17632/
vemxmp9t3t.1)

Preparation of compounds

The stock solutions of DL-dithiothreitol (DTT)
(Bioshop, DTT002), tris(2-carboxyethyl)phosphine
(TCEP) (Bioshop; TCE101), glutathione reduced
(GSH) (Bioshop GTHO001), N-acetyl-cysteine
(NAC) (Sigma-Aldrich;  A7250) and  S-

carboxymethyl-L-cysteine (Sigma-Aldrich; C7757)
were titrated to pH 7.5 and filter sterilized through
a 0.2 uM filter. trans-4,5-Dihydroxy-1,2-dithiane
(oxidized DTT) (Sigma-Aldrich; D3511) was
dissolved in common buffers (10 mM Phosphate
pH 7.5, PBS) in concentrations up to 100 mM.

Protein expression and purification

ACE2 19-615 untagged and Spike RBD 320-541,
bearing the C-terminal TEV-Hisg tag, were cloned
into pCEP4 vector, with the N-terminal hemagglu-
tinin signal sequence (KTIIALSYIFCLVFA). The
constructs of ACE2 and Spike protein of SARS-
CoV-2 were PCR amplified from pCEP4-myc-ACE2,
which was a gift from Erik Procko (Addgene plasmid
#141185;  htip://n2t.net/addgene:141185;  RRID:
Addgene_141185) and pcDNAS.1-SARS2-Spike,
which was a gift from Fang Li (Addgene plasmid
#145032; http://n2t.net/addgene:145032;
RRID:Addgene_145032).

The proteins were expressed in Expi293F cells
(Thermo Fisher Scientific) according to the
manufacturer’'s protocol. The cells, grown in Gibco
Expi293 Expression Medium at 37 °C at 125 rpm,
humidified atmosphere and 8% CO, to a density
of 3 x 10° cells/ml, were transfected with 1 pg of
plasmid DNA per 1 ml of cell culture and
Expifectamine® 293 or FectoPro® transfection
reagents. Transfection enhancers were added the
next day. The media was harvested 4 days after
transfection, cleared by centrifugation at 20,000xg
for 1 hour at +4 °C, filtered through a 0.22 um
filter and applied for further purification.

For the purification of ACE2 19-615, the media
was applied on HiTrap® Q HP anion exchanger,
5 ml volume (GE Healthcare), preequilibrated with
10 column volumes (CV) of 20 mM Tris—HCI, pH
7.5. After the sample application, the column was
washed with 10 CV of 20 mM Tris-HCI, pH 7.5.
ACE2 was eluted with 20 mM Tris—HCI, pH 7.5
and NaCl gradient 0—0.5 M over 10 CV.

For the purification of RBD, the media was first
dialyzed against 20 mM MES, pH 6.1, then
applied on HiTrap® SP HP cation exchanger, 5 ml
volume (GE Healthcare), preequilibrated with 10
CV of 20 mM MES, pH 6.1. After sample
application, the column was washed with 10 CV of
20 mM MES, pH 6.1. The RBD was eluted with
20 mM MES, pH 6.1 and NaCl gradient 0-0.5 M
over 10 CV.

ACE2 and RBD fractions, eluted from ion
exchange, were concentrated and applied on gel-
filtration, conducted on a Superdex 75 16/600
column in 10 mM phosphate buffer, pH 7.5,
50 mM NaCl. The final protein purity was >95%
(Figure S3).

Circular Dichroism (CD)

Proteins were dialyzed overnight against 10 mM
phosphate, pH 7.5 and diluted to 0.2 mg/ml. The
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CD spectra were collected by Chirascan CD
spectrophotometer (Applied Photophysics, UK) in
the range of 195-260 nm in a quartz glass cuvette
at either room temperature (RT) or 37 °C, using 1-
nm step size and an acquisition time of 3 s/nm.
Data were collected over two accumulations,
averaged, smoothed, the background was
subtracted. The raw data in millidegrees were
converted into molar circular dichroism (Ag).

For spectra acquisition at RT, the proteins were
first preincubated with compounds at 2.5 mM final
concentration for 1 hr at 37 °C, then cooled down
to RT. For spectra acquisition at 37 °C, the
proteins were preincubated with the compounds at
2.5 mM final concentration for 1 hr at 37 °C and
spectra were acquired at 37 °C. RBD with no
added compound was also measured at RT
without preincubation at 37 °C for reference.

For the thermal denaturation experiments, the
proteins were melted in the temperature range of
20-70 °C at a rate of 1 °C/min in the presence or
absence of the compounds at 2.5 mM final
concentration. The CD spectra were acquired
every 1 °C between 195 and 250 nm with an
acquisition time of 1 s/nm. The changes in a CD
spectrum as a function of temperature were
analyzed with Global3 software (Applied
Photophysics) to yield the T, of transitions
between protein species observed by CD. The
results represent an average of two independent
experiments.

Thermal shift assays

The RBD was assayed at a final concentration of
0.5 mg/ml in 10 mM phosphate, 50 mM NaCl, pH
7.5. Sypro® orange protein fluorescent stain
(Thermo Fisher; S6650) was added at a 1:1000 v/
v ratio. DTT, oxidized DTT and TCEP were added
to yield final concentrations in the range of 0.312—
5.0 mM, while NAC and GSH were assayed in the
concentration range of 0.625-10.0 mM. Melting
was performed in an Applied Biosystems StepOne
Plus Real-Time PCR ampilifier in the temperature
range of 20.0-60.0 °C in steps of 1 °C/min.
Fluorescence measurements were taken at every
step. The inflection point of a sigmoidal melting
curve, calculated in StepOne software, was used
as a measure of the melting temperature (T,,).
The results represent an average of two
independent experiments.

Binding analysis

The affinity constants of ACE2 and RBD were
analyzed by microscale thermophoresis, using a
Monolith instrument (NanoTemper Technologies
GmbH). First, the RBD was labeled with the RED-
NHS 2nd generation Monolith Protein Labeling Kit
according to the manufacturers instructions
(Nanotemper; MO-L011). The fluorescent group
was conjugated to the RBD through primary
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amines, while ACE2 was unlabeled. The RBD and
ACE2 solutions were separately preincubated for
1 hr at 37 °C with or without compounds added at
the following final concentrations: 2.5 mM DTT,
oxidized DTT and TCEP; 10 mM NAC and GSH.
Then, the RBD was mixed with ACE2 in 20 nM
RBD: 1 nM—50 uM ACE2 ratios in binding buffer
10 mM phosphate, pH 7.5, 500 mM NaCl, 0.1%
pluronic acid. The binding experiments were
conducted at 37 °C according to the Monolith’s
instruction manual. The results were analyzed in
MO.Control and MO.Affinity Analysis software
(NanoTemper Technologies GmbH). The results
represent an average of at least two independent
experiments.

Coronavirus infectivity

The ability of SARS-CoV-2 to infect and
propagate in eukaryotic cells was determined in
the containment level 3 (CL3) facility available at
the Vaccine and Infectious Disease Organization,
(VIDO, Saskatoon, SK, Canada). Overall, four
disulfide-reducing compounds were tested with 2-
fold serial-dilutions at the following final
concentrations for DTT and TCEP: 0.15 mM,
0.31 mM, 0.625 mM, 1.25 mM, 2.5 mM, 5 mM,
10 mM and 20 mM; for GSH and NAC: 0.625 mM,
1.25 mM, 2.5 mM, 5 mM, 10 mM, 20 mM, 40 mM,
80 mM and 160 mM. One control compound — S-
carboxymethyl-L-cysteine — was included in the
series at 0.625 mM, 1.25 mM, 2.5 mM, 5 mM,
10 mM, 20 mM, 40 mM, 80 mM and 160 mM final
concentrations. Each compound was tested in two
independent experiments for its effect on viral
infectivity and cell viability.

Vero’76 cells were purchased from the American
Type Culture Collection (ATCC; #CRL-1587) and
grown to a confluence of 80—90% in Dulbecco’s
Modified Eagle Medium (DMEM) (Sigma-Aldrich;
D5796) supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher; 16000-044) and 1X
Penicillin-Streptomycin (Pen-Strep) (Gibco;
15140148). To evaluate the antiviral potency of
these compounds, Vero'76 cells were seeded in
DMEM with 10% FBS and 1X Pen-Strep in 96-
well flat-bottom tissue culture plates (Millipore
Sigma; CLS3595). The SARS-CoV-2/BetaCoV/Ca
nada/ON/VIDO-01/2020 virus (Sequence available
at GISAID: EPI_ISL_425177) was diluted in
DMEM supplemented with 2% FBS and 1X Pen-
Strep to obtain a multiplicity of infection (m.o.i.) of
0.1 (2000 TCIDsg/well). The compounds were
serially-diluted in DMEM supplemented with 2%
FBS and 1X Pen-Strep, then added individually to
both the cells (cells-compound) and the virus
(virus-compound) to reach the above-mentioned
final concentrations and preincubated for 1 hour at
37 °C. After 1 hour, the compounds were removed
from the Vero’76 cells (cells-compound) and the
pre-incubated virus-compound mixture was added
to the cells and incubated for 1 hour at 37 °C to
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allow for viral infection in the presence of the
serially-diluted compounds. After 1 hour, the virus-
compound mixture was removed and replaced
with fresh media containing no compounds. The
cells were incubated for 48 hours, after which the
viral supernatants were harvested and titrated by
the tissue culture 50% infectious dose (TCIDsp)
assay, in quadruplicate.

To titrate the viral supernatants and determine
when viral entry and replication was not blocked
by disulfide-reducing compounds, evident by
cytopathic effects (CPE), the TCIDs, assay was
performed. To this end, Vero'76 cells were
infected with viral supernatants that were serially
diluted 10-fold for 1 hour at 37 °C. After 1 hour,
the virus inoculum was removed and the
maintenance medium was added composed of
DMEM supplemented with 2% FBS, 1X Pen-Strep
and 1 pg/mL L-[(toluene-4-sulphonamido)-2-phe
nyl] ethyl chloromethyl ketone (TPCK)-trypsin
(Sigma-Aldrich). The CPE was observed by visual
microscopy at 3 and 5 days post-infection (d.p.i.)
for the SARS-CoV-2-induced phenotype, evident
by cell death, clustering and rounding of cells. The
TCIDgq titers were determined by the Reed and
Muench algorithm.

In parallel, the serially-diluted compounds were
added to uninfected control cells, allowed to
remain for two hours, after which the compounds
were carefully washed away and replaced by
fresh media, as described above. Cell viability was
determined 48-hours post-exposure. Two cell
viability assays were used — CellTiter 96 Aqueous
One Solution Assay (Promega; G3580), which
yields colored formazan product when
metabolically active cells reduce the MTS
tetrazolium (Owen’s reagent), and resazurin
(Alamar Blue, Sigma-Aldrich; R7017) assay, which
yields fluorescent resorufin upon reaction with
dehydrogenase enzymes of metabolically active
cells. Both assays were conducted according to
manufacturers’ protocols.”° Briefly, for the CellTiter
Aqueous assay, the cells were incubated with the
MTS tetrazolium reagent for 2 hours at 37 °C to
allow the development of the color and the absor-
bance values were determined at 490 nm. For resa-
zurin, the growth media was removed and
substituted by 100 pl of fresh media, containing
88 uM resazurin. Cells were incubated for 2 hours
and the fluorescence was measured at an excita-
tion of 530 nm and emission of 590 nm. The assays
were conducted in triplicates in each independent
experiment.

Statistical analysis

TCIDgo viral titers were plotted against the
concentration of compounds. The effective
concentration ECgyy was determined as the
concentration of compound that reduces the viral
titer by 90% when compared to untreated
infected control. Both cell viability and viral titer
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results were plotted and ECgy values were
calculated in GraphPad Prism 9 software, using
the non-linear  four-parameter regression
analysis, along with a 95% confidence interval
(95% Cil).
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