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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 spike (S) protein mediates virus attachment to the cells and fusion between viral and cell mem-

CoviD-19 branes. Membrane fusion is driven by mutual interaction between the highly conserved heptad-repeat regions 1

5“510,[1 inhibitor and 2 (HR1 and HR2) of the S2 subunit of the spike. For this reason, these S2 regions are interesting therapeutic
accine

targets for COVID-19. Although HR1 and HR2 have been described as transiently exposed during the fusion
process, no significant antibody responses against these S2 regions have been reported. Here we designed
chimeric proteins that imitate highly stable HR1 helical trimers and strongly bind to HR2. The proteins have
broad inhibitory activity against WT B.1 and BA.1 viruses. Sera from COVID-19 convalescent donors showed
significant levels of reactive antibodies (IgG and IgA) against the HR1 mimetic proteins, whereas these antibody
responses were absent in sera from uninfected donors. Moreover, both inhibitory activity and antigenicity of the
proteins correlate positively with their structural stability but not with the number of amino acid changes in their
HR1 sequences, indicating a conformational and conserved nature of the involved epitopes. Our results reveal
previously undetected spike epitopes that may guide the design of new robust COVID-19 vaccines and therapies.

1. Introduction

Since SARS-CoV-2 emerged in late 2019, a huge amount of research
developed has increased dramatically our understanding of the molec-
ular basis of the disease and has provided novel strategies to fight it.
Vaccines based in immunization with the spike (S) protein, either using
mRNA or viral vectors, have been very successful to decrease viral
transmission and severity of the disease [1]. However, the immunity of
vaccinated people appears to decline after a few months from vaccina-
tion and new variants of the virus that may escape the protection of

current vaccines appear continuously [2,3]. Moreover, only a limited
number of antivirals have been approved to treat the infection, making it
essential to continue the development of new treatments and immuni-
zation strategies.

As in other coronaviruses, SARS-CoV-2 spike decorates the virus
surface and promotes its entry into the host cells. Like other Class-I
fusion proteins, the spike protein is a trimer of heterodimers
composed of S1 and S2 subunits [4,5] (Fig. 1). The S1 subunit consists of
the N-terminal domain (NTD), the receptor-binding domain (RBD) and
two C-terminal domains (CTD). Three S1 subunits cover the S2 trimer

Abbreviations: HR1, heptad repeat region 1; HR2, heptad repeat region 2; RBD, receptor binding domain; DSC, differential scanning calorimetry; ITC, isothermal
titration calorimetry; CD, circular dichroism; DLS, dynamic light scattering; SLS, static light scattering.
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and lock it in its prefusion conformation. S2 contains a fusion peptide
(FP) and two heptad-repeat regions (HR1 and HR2) that are essential to
promote membrane fusion. The S2 prefusion structure is organized
around a coiled-coil trimer formed by its central helix (CH) and the
connector domain (CD), located between the HR1 and HR2 regions. The
protein is embedded in the viral membrane by a transmembrane (TM)
segment that is followed by an internal short C-terminal tail (CT).

Cell infection by SARS-CoV-2 starts with S1 binding to the
angiotensin-converting enzyme 2 receptor (ACE2) using the receptor-
binding domain (RBD) (Fig. 1A). Then, proteolysis of the S2 subunit at
the S2’ site mediated by host proteases (TMPRSS2 in plasma membrane
or Cathepsins in the endosomes [6]) triggers a conformational transition
in which HR1 becomes extended to continue the CH trimeric coiled-coil
and produces the insertion of FP into the cell membrane [7]. Then, S1 is
shed and S2 folds on itself forming six-helix bundle (6-HB) structure
(Fig. 1B-C), in which three HR2 pack externally against the hydrophobic
grooves of a central trimeric HR1 helical bundle [5,8]. This process
brings into close proximity the viral and cell membranes promoting their
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fusion and subsequent insertion of viral content inside the cell (Fig. 1A).

Because of their importance in viral fusion, HR1 and HR2 are po-
tential targets for coronavirus treatment [8,9]. Moreover, these regions
have particularly high sequence conservation in SARS-CoV-2 [10], as
well as between different coronaviruses [9,11]. Current high-resolution
structures of the pre-fusion spike do not resolve the S2 stalk region
connecting the S head with the transmembrane region [4], although it
has been characterized as highly flexible [12], with two coiled-coil re-
gions separated by flexible hinges [13]. Interestingly, the SARS-CoV-2
spike is highly glycosylated [14,15] and HR2 contains two N-glyco-
silation sites at residues Asn1173 and Asn1194, which may protect this
highly preserved region from antibody access, although its flexibility
could make it vulnerable to other types of molecules and small
compounds.

S2-mediated fusion of SARS-CoV-2, as well as other coronaviruses, is
inhibited by peptides derived from HR2 [8,9,16,17], similarly to that
observed for gp41 mediated HIV-1 fusion [18,19]. HR1-based peptides
are much less potent inhibitors [16,17] but stabilized mimics of a

Fig. 1. Fusion mechanism of SARS-CoV-2 and Spike
structure. A) Schematic drawing of the fusion mech-
anism of the SARS-CoV-2 with the host cell mem-
brane. B) Cryo-EM pre-fusion and post-fusion
structures of the Spike ectodomain (PDB id. 6XR8
and 6XRA [5]). Two S1/S2 heterodimers in the pre-
fusion spike are represented with grey molecular
surface, whereas one of the heterodimers has been
represented with ribbons. The S1 subunit is colored
in orange. The HR1 region is colored in blue and the
rest of the S2 subunit is colored in cyan. The HR2
region in the spike stem is not resolved in the struc-
ture and is indicated with the dashed green line. The
transmembrane region and the C-terminal tail are
colored in magenta. The glycans decorating the spike
surface are represented with sticks. The dashed box
in the post-fusion structure indicates the 6-helix
bundle formed by the HR1 and HR2 regions. C)
Post-fusion core structure (PDB id. 6LXT [8])
showing the six-helix bundle complex between HR1
(blue) and HR2 (green). D) Ribbon model of the
single-chain chimeric CoVS-HR1 proteins mimicking
the S2 HR1 region. The three consecutive helices are
colored in blue, green and red, respectively. The
loops connecting the helices are colored in yellow.
Side chains of amino acids engineered to create sta-
bilizing interactions are highlighted with sticks (see
main text for details).

HR1
HR2

post-fusion
structure
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trimeric helical bundle based on the HIV-1 gp41 HR1 that target HR2
have shown potent inhibitory activity of HIV-1 fusion [20-22] and also
inhibit human coronaviruses [23]. Moreover, a 5-helix construct based
on the S2 6-HB structure but lacking one HR2 region has been reported
very recently to inhibit several SARS-CoV-2 variants [24]. Also, trimers
of S2 HR1 polypeptides stabilized by conjugation to a foldon sequence
(HR1IMFd) show broad coronavirus inhibitory activity [25]. All this
evidence indicates that both HR1 and HR2 are exposed during corona-
virus fusion and susceptible to inhibition, as it has been reported for
HIV-1. Vaccination with stabilized gp41 HR1 trimers can elicit
neutralizing antibodies against HIV-1 [26] and HIV-1 infected patients
elicit neutralizing antibodies that target exposed HR1 epitopes [27,28].
Moreover, human mAbs directed against HR1 and HR2 regions of SARS-
CoV show broad neutralizing activity [29]. Given the similarities be-
tween the class-I proteins mediating viral fusion mechanisms, it is
conceivable that similar antibody responses may be elicited during
SARS-CoV-2 infection. However, this type of antibody responses has so
far passed unnoticed.

Antibody responses produced by SARS-CoV-2 infection are mostly
induced against the nucleocapsid protein and the spike protein and,
within this, against the S1 subunit [30,31]. Neutralizing Ab responses in
COVID-19 convalescent patients are mainly directed to the RBD but
mutations in emerging SARS-CoV-2 variants drastically reduce their
neutralization potential [3,32,33]. Neutralizing responses targeting S2
are scarcer than those against S1 but they are more interesting [34]
because S2 is more conserved than S1. Moreover, S2-targetting
neutralizing antibody responses that cross-react with other related
coronaviruses have been reported, even in uninfected individuals [35].
This type of memory B cell immunity may confer durable broad coro-
navirus protection [36].

Epitope mapping has so far detected only a few immunogenic linear
epitopes in S2 [37] mostly located at sequence region 765-835,
comprising the FP and the S2 cleavage site, and residues 1140-1160 at
the S2 stem region immediately upstream of HR2. Both epitopes have
been described as neutralizing [38,39]. There is however a lack of highly
immunogenic epitopes within HR1 and HR2 described in the literature.
A possible reason is that HR1 and HR2 are highly protected from the
immune system due to their importance in the conformational changes
driving membrane fusion. It is also possible that conformational vari-
ability of these regions could make their sensitive epitopes to be only
transiently exposed and poorly immunogenic. Nonetheless, immune
responses to conformational epitopes may have gone unnoticed in
epitope mapping studies using linear peptides.

We previously designed HR1 mimetic proteins targeting HIV gp41
[22,40-44]. These chimeric proteins consist in single polypeptide chains
that stably and spontaneously fold as trimeric helical bundles with helix-
loop-helix-loop-helix topology. These proteins imitate accurately an
exposed HR1 groove and tightly bind to gp41 HR2 peptides with iden-
tical HR1-HR2 interactions to the post-fusion gp41 structure [42,43].
Moreover, the proteins have a potent and broad inhibitory activity
against a variety of HIV-1 strains [22,40,42,44,45]. Because of the
structural similarities between the post-fusion structures of gp41 and S2,
we hypothesized that similar single-chain chimeric proteins could be
designed to mimic an exposed SARS-CoV-2 HR1 and that these proteins
could also have antiviral activity.

2. Materials and methods
2.1. Molecular modeling

Modeling was carried out using SwissPDBviewer [46] and YASARA
structure [47]. As template, we used the published X-ray crystal struc-
ture of the six-helical bundle formed by HR1 and HR2 in the S2 post-
fusion structure (PDB id. 6LXT [8]; Fig. 1C). To model an antiparallel
trimer of helices, the HR2 chains were deleted from the model and one of
the HR1 helices (Spike residues 914-988) was turned around and
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aligned with the original one. Due to the antiparallel orientation of the
reversed helix, the side chain CA-CB bonds have different spatial
orientation compared the native parallel one. This could produce
improper side chain packing with the other helices in the coiled-coil
structure. To compensate this, the helix alignment was made super-
imposing the CB atoms of the core residue side chains. To preserve the
correct core coiled-coil packing, the amino acid sequence of the
upturned helix was also reversed. Then, side chain clashes were
removed by energy minimization. Four-residue loops were manually
built to connect each pair of helix termini to create a helix-loop-helix-
loop-helix topology. The chimeric proteins were generically named
CoVS-HR1 (Figs. 1D and 2). The amino acid composition of the loops
was selected using the built model with RossetaDesign web server (htt
p://rosettadesign.med.unc.edu [48]).

To enhance the stability of the antiparallel trimeric bundle and
reduce exposed hydrophobicity, several surface-exposed residues at e
and g positions of the coiled-coil heptad repeats were replaced by
charged or polar amino acids to engineer proper salt bridges and
hydrogen bonds between the antiparallel helix and the other two heli-
ces. Additional mutations at solvent exposed positions were made to
increase net positive charge. No mutations were carried out to modify
the hydrophobic groove between the two parallel HR1 helices to pre-
serve the HR2 binding potential. The engineered residue positions were
rationally selected by visual analysis of the model. Two variants code-
named L3A and L3B were engineered using different sets of amino
acid substitutions (Fig. 2). The choice of amino acid substitutions was
made rationally for L3A, whereas for L3B amino acid substitutions were
selected with the aid of RossetaDesign. A third variant, code-named L3C,
was engineered from the L3B variant by substitution of glycine residues
(Fig. 2, Table S1) in the middle of a-helical regions for polar side chains,
which were also selected with RossetaDesign. Finally, all the models
were subjected to energy minimization. The amino acid sequences are
collected in Table S1.

2.2. Protein production and HR2 peptides

The DNA encoding the protein sequences were synthesized and
cloned into pET303 expression vectors by Thermo Fisher Scientific
(Waltham, MA, USA), including a N-terminal methionine and a C-ter-
minal polyhistidine tag with sequence GGGGSHHHHHH. The proteins
were overexpressed in E. coli bacteria (BL21(DE3)) and purified
following a two-step chromatography protocol, adapted from the
method described previously [22]. Specific details of the protein pro-
duction protocol are described in the Supplementary Material. Protein
purity (>95 %) was assessed by SDS-PAGE and the identity of each
protein was confirmed by mass spectrometry.

Synthetic peptide V39E derived from the S2 HR2 sequence was ac-
quired from Genecust (Luxembourg), with a purity >95 %. The peptide
(residues 1164-1202) was C-terminally tagged with a SGGY sequence to
confer UV absorption at 280 nm, as well as N-acetylated and C-ami-
dated. Protein and peptide concentrations were measured by UV ab-
sorption measurements at 280 nm with extinction coefficients calculated
according to their respective amino acid sequences with the Expasy
ProtParam server (https://web.expasy.org/protparam/) [49].

2.3. Circular dichroism (CD)

CD measurements were performed with a Jasco J-715 spec-
tropolarimeter (Tokyo, Japan) equipped with a temperature-controlled
cell holder. Typical protein concentration was 15 pM. Measurements
of the far-UV CD spectra (260-200 nm) were made with a 1 mm path
length quartz cuvette. Spectra were recorded at a scan rate of 100 nm/
min, 1 nm step resolution, 1 s response and 1 nm bandwidth. The
resulting spectrum was usually the average of 5 scans. Each spectrum
was corrected by baseline subtraction using the blank spectrum obtained
with the buffer and finally the CD signal was normalized to molar


http://rosettadesign.med.unc.edu
http://rosettadesign.med.unc.edu
https://web.expasy.org/protparam/

M. Cano-Munoz et al.

A)

d

L3A

d

Stutter Stutter

a d a d d a d a a d a d d

7 7 7 4

7 7 7 1

’ ’ ’ / ’
SNVLYENQKLIRNQFNSAEGKIQDELSSTASALGKLEDEVNQNEQRLNTLVKQLSSNFGAIESKLNDILSRLDKA
/ N, K

N,
\\
N,

N\,
\\
N\,

G
S

/]
7

N,
N
N

a

7 N A N h
GNVLYENQKLIANQFNSAEGKIQDSLSSTKSALGKLQDVVNQNKQALNTLEKQLSSNFRAISSVLNDIESRLQKVé

d
DVLYENQKLIANEFNSAIGKIQDSLSSTASALGKLQDKVNQONAQKLNTLVKQLSSNFGAISSKLNDILSRLDKG
1 ! 7 4 7

International Journal of Biological Macromolecules 222 (2022) 2467-2478

Fig. 2. Sequence and topology of CoVS-HR1 pro-
teins. A) and C) Sequence and topology of L3A
variant (A) L3B (C) indicating the engineered amino
acid substitutions (highlighted with colors) and the
stabilizing interactions (with blue dashed lines). The
‘a’ and ‘d’ characters on top of the first sequence
stretch indicate the corresponding positions in a
heptad repeat. Two stutters in the canonical repeats
are indicated. B) and D) Helix-wheel diagrams cor-
responding to three different sections of the coiled-
coils in L3A (B) and L3B (D) (indicated with
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in each molecule.
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ellipticity ([6], in deg-cmz-dmol’l). Thermal unfolding was monitored
by measuring the CD signal at 222 nm as a function of temperature using
a scan rate of 2 °C-min .

2.4. Molecular size characterization

The apparent hydrodynamic radii of the proteins were measured
using dynamic light scattering (DLS) in a DynaPro MS-X DLS instrument
(Wyatt, Santa Barbara, CA). Dynamics v6 software (Wyatt Technology
Corporation, Santa Barbara, CA) was used in data collection and pro-
cessing to obtain the hydrodynamic radii distributions. The expected
hydrodynamic radius for the monomers was estimated about 3.3 nm
with Hydropro software using the computer models of the proteins [50].
Sets of DLS data were measured at 25 °C with an average number of 50
acquisitions and an acquisition time of 10 s.

Static scattering intensities were measured in a DynaPro MS-X DLS
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instrument (Wyatt, Santa Barbara, CA) or a Malvern pV instrument
(Malvern Panalytical, Malvern, UK) at 25 °C, in 50 mM sodium phos-
phate buffer pH 7.4, at different concentrations of protein in a range of
0.2-4.5 mg-mL L. The intensities were analyzed using the Debye plot as
represented by Eq. (1),

K'C/Rgo = l/MerzAz() (1)
valid for particles significantly smaller than the wavelength of the
incident radiation, where K is an optical constant of the instrument, c is
the particle mass concentration, Ryg is the Rayleigh ratio of scattered to
incident light intensity, M,, is the weight-averaged molar mass, A, is the
2nd virial coefficient that is representative of inter-particle interaction
strength. My, can be determined from the inverse of the intercept.
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2.5. Differential scanning calorimetry

DSC experiments were carried out in a MicroCal PEAQ-DSC micro-
calorimeter equipped with autosampler (Malvern Panalytical, Malvern,
UK). Scans were run from 5 to 130 °C at a scan rate of 90 °C-h~ L. Protein
concentration was typically 30 pM. Instrumental baselines were recor-
ded before each experiment with both cells filled with buffer and sub-
tracted from the experimental thermograms of the protein samples.
Consecutive reheating runs were carried out to determine the revers-
ibility of the thermal denaturation. The excess heat capacity (AC,)
relative to the buffer was calculated from the experimental DSC ther-
mograms using Origin software (OriginLab, Northampton, MA).

2.6. Isothermal titration calorimetry

ITC measurements were carried out in a Microcal VP-ITC calorimeter
(Malvern Panalytical, Malvern, UK). The proteins were titrated with 25
injections of 5 pL peptide solution at 480 s intervals. Protein concen-
tration in the cell was around 10 pM, unless stated otherwise, while the
peptide concentration in the syringe was typically 200-400 pM. The
experiments were carried out in 50 mM phosphate buffer (pH 7.4) at
25 °C. The experimental thermograms were baseline corrected and the
peaks were integrated to determine the heats produced by each ligand
injection. Residual heats due to unspecific binding or ligand dilution
were estimated from the final peaks of the titrations. Each heat was
normalized per mole of injected ligand. The resulting binding isotherms
were fitted using a binding model of n independent and equivalent sites,
allowing the determination of the binding constant, Ky, the binding
enthalpy, AHyp, and the binding stoichiometry, n. The standard Gibbs
energy and entropy of binding were calculated according to Eq. (2).

AG, = —RT-InK, = AH, —T-AS, (2)

2.7. Protein crystallization

Freshly purified CoVS-HR1 protein was dialyzed against 10 mM Tris
pH 7.5 buffer and concentrated to ~9 mg-mL~'. The V39E peptide was
weighted and dissolved in deionized water. The pH was adjusted to pH
7.5, the solution was centrifuged at 14,000 rpm in a microfuge for 30
min at 4 °C and its concentration was measured by UV absorption at 280
nm. Then, the necessary volume to achieve the desired peptide quantity
was transferred to a clean microtube and lyophilized. Complex solutions
(1:2 protein:peptide ratio) were prepared by dissolving the lyophilized
peptide prepared previously with the appropriate volume of protein
solution. After 15-20 min equilibration, the solution was again centri-
fuged at 14,000 rpm for 30 min.

Screening for initial crystallization conditions was performed by the
sitting-drop vapor-diffusion method using commercially available
crystal screening kits Structure 1 and 2 Eco Screen from Molecular Di-
mensions (Suffolk, UK). Droplets consisting of 2 pL. complex solution and
2 pL reservoir solution were equilibrated at 298 K against 200 pL
reservoir solution in 48-well MRC Maxi Optimization plates (Cambridge,
UK). Several favorable conditions were initially identified and were
optimized to obtain crystals. The best diffracting crystals were obtained
in 0.1 M sodium HEPES pH 7.5, 20 % (w/v) PEG4000, 10 % (v/v)
isopropanol.

2.8. Diffraction data collection, structure solution and refinement

For data collection, crystals were flash-cooled in liquid nitrogen.
Data sets were collected at 100 K at the beamline XALOC at the ALBA
synchrotron (Barcelona, Spain), using a wavelength of 0.97926 A [51].
Diffraction data were indexed and integrated with the AutoPROC
toolbox [52]. Data scaling was performed using the program Aimless
[53] from the CCP4 suite [54]. Data collection statistics are collected in
Table S2. Solution and refinement of the structures were performed
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using the PHENIX suite [55]. Molecular-replacement phasing using
PHASER [56] was performed with the coordinates of the crystallo-
graphic structure of post fusion core of 2019-nCoV S2 subunit (PDB
entry 6LXT [8]). Manual model building was performed using COOT
[57,58]. Refinement was performed using phenix.refine in PHENIX
[59]. The quality of the structures was checked using MOLPROBITY
[60] and PDB_REDO [61]. Structural refinement statistics are collected
in Table S2. All residues are in the allowed region of the Ramachandran
plot. The complex coordinates were deposited at the Protein Data Bank
under the accession code 7ZR2.

2.9. S protein binding assays

CoVS-HR1 proteins ability to bind soluble trimeric Spike (S) proteins
was determined by ELISA. Briefly, 96-well ELISA plates (Maxisorp,
Nunc) were coated at 4 °C overnight with recombinant trimeric SARS-
CoV-2 Spike protein (ProSci Inc., Poway, CA, Catalog Number 10-075,
Spike sequence GInl4 - GInl1208, Protein Accession Number:
QHD43416.1) in 0.1 M bicarbonate buffer (pH 9.6). This recombinant
protein corresponds to the uncleaved Spike ectodomain truncated after
HR2, so devoid of the TM and CT regions. After saturation with 2 % BSA,
0.05 % Tween in PBS for 1 h at 25 °C, 0.3-8.0 nM of CoVS-HR1 mole-
cules (100 pL diluted in 1 % BSA 0.05 % Tween solution) were added
and incubated for 2 h at room temperature. The plate was then washed
five times and CoVS-HR1 binding was detected with 100 pL anti-6x
Histag antibody conjugated to horseradish peroxidase (HRP) (Abcam,
Cambridge, UK) at 1/10,000 dilution incubated for 1 h at room tem-
perature. Antibody binding was then revealed with tetramethylbenzi-
dine (TMB) substrate buffer, the reaction was stopped with 1 M H;SO4
and optical density was read at 450 nm with a Molecular Device Plate
Reader equipped with SoftMax Pro 6 program. Background binding was
measured in plates without Spike protein and subtracted from the data.
The percentage of binding was calculated using the readings with wells
coated with His-tagged Spike incubated with PBS buffer instead of CoVS-
HR1 molecules as control for 100 % binding. Half maximal binding
effective concentration (ECsp) was calculated by fitting the data using a
Hill’s sigmoidal function.

2.10. Virus inhibition assays

One-day prior infection, Vero 76 cells were plated on a 96 well plate
at 12,500 cells/well. 50 pL of serial 4-fold dilutions of CoVS-HR1 pro-
teins (2-fold concentrated) and 50 pL. WT SARS-CoV-2 viruses (B1 UK
D614G or BA.1 Omicron genotypes) at Multiplicities Of Infection (MOI)
of 80 were added to the cells. After 2 days of culture, cells were fixed
with methanol for 20 min, washed with PBS and stained with anti-
Nucleocapside Antibody (Genetex, Irvine, CA, GTX135357) at 1/200
dilution in permwash (B&D) for 45 min at room temperature. Ab was
revealed by incubation with a donkey anti-Rabbit monoclonal Ab (Alexa
647; A31573, Invitrogen, Waltham, MA) diluted at 1/200 in PBS 5 %
FCS for 45 min at room temperature. In parallel, total alive cells were
detected by Sytox green (S7020, Invitrogen, Waltham, MA) staining
allowing the quantification of any cytotoxicity produced by the proteins.
Total cells (Sytox green positive) and infected cells (nucleocapside
positive) were counted using SpectraMax MiniMax Imaging Cytometer
(Molecular Devices LLC, San Jose, CA). The percentage of infected cells
in each well was calculated by comparing the number of infected cells
with the total number of living cells. Thereafter, the percentage of in-
hibition was calculated from the reduction in the percentage of infected
cells in wells treated with inhibitor relative to the percentage of infected
cells in control wells not treated with inhibitor using the formula:

100 — %infected cells (treated)

%lInhibition = 100
orotton %infected cells (control untreated)

3)

The 50 % inhibitory concentration (ICsg) was defined as the protein
concentration leading to a 50 % reduction in the percentage of infected
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cells. IC5y was estimated by fitting the data using a Hill’s sigmoidal

function.

2.11. Detection of antibody responses in patients’ sera

CoVS-HR1 antigenicity against sera of infected patients was deter-

International Journal of Biological Macromolecules 222 (2022) 2467-2478

mined by ELISA. Sera samples were collected 3 months after recovery
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Fig. 3. Biophysical characterization of CoVS-HR1 mimetic proteins. A) Far-UV circular dichroism (CD) spectra showing highly a-helical structures for the three
protein variants. The spectra were recorded at 25 °C, 15 pM protein concentration and pH 7.4 and were normalized per mole of protein for proper comparison.
Addition of HR2-derived V39E peptide increases slightly the a-helical structure content due to its binding to the proteins in a partially helical conformation. B)
Particle size analysis by light scattering. Upper panel shows the Debye plot made from scattering intensity measurements as a function of the protein concentration.
The intercepts indicate the mean-weighted molar masses. The expected molar masses of the protein monomers are 26.4 kDa (L3A), 26.5 kDa (L3B) and 27.1 kDa
(L3C). Lower panel shows the hydrodynamic radius distributions measured by dynamic light scattering. The expected hydrodynamic radius for the monomers was
estimated about 3.3 nm. C) Thermal stability analysis by differential scanning calorimetry (DSC). The denaturation peaks indicate high thermal stability for the three
protein variants. The thermograms measured in presence of V39E peptide show endothermic pre-transitions due to the dissociation of the peptide from the complex.
D) Isothermal titration calorimetry (ITC) analysis of the binding of the HR2-derived V39E peptide to the different CoVS-HR1 proteins. The upper panels show the
experimental thermograms with negative heats of binding. The lower panels show the normalized binding isotherms fitted using a model of independent binding
sites. The binding stoichiometry is 1:1. E) Thermodynamic magnitudes of binding of the HR2 peptide to each protein variant calculated from the ITC data (Table 1).

[6] - (10° deg-cm?-dmol™)

B)

C)

from COVID-19 infection.

All patients and healthy donors gave their
written informed consent (COVID-HUS ethics committee approved,
reference CE: 2020-34). 96-Well ELISA plates (Maxisorp, Nunc) were
coated at 4 °C overnight with 0.5 pM CoVS-HR1 proteins or recombinant
RBD (Interchim, Montlucon, France) in 0.1 M bicarbonate buffer (pH
9.6). After blocking with 5 % non-fat powdered milk in PBS for 1 h at
25 °C, 1/1000 diluted sera of patients collected after 3 months of

Error bars correspond to 95 % confidence intervals of the parameters estimated from the fits in panel D.

2472

L L
80 100 120

Temperature (°C)

L3B L3C

Protein variant



M. Cano-Munoz et al.

infection (100 pL diluted in 1 % BSA 0.05 % Tween solution) were added
and incubated for 30 min at room temperature. The plate was then
washed five times and CoVS-HR1 binding antibodies (IgG or IgA) were
detected with 100 pL goat anti-human (IgG or IgA) antibody conjugated
to horseradish peroxidase (HRP) (Abcam, Cambridge, UK) at 1/5000
dilution incubated for 1 h at room temperature. Antibody binding was
then revealed with tetramethylbenzidine (TMB) substrate buffer, the
reaction was stopped with 1 M HSO4 and optical density was read at
450 nm with a Molecular Device Plate Reader equipped with SoftMax
Pro 6 program. Background binding was measured in plates without
CoVS-HR1 proteins and subtracted from the data. As positive control
His-tagged RBD was used to detect the anti-RBD antibodies present in
the patients sera. Control sera from healthy patients were also assayed.
Data was analyzed using Origin software (OriginLab, Northampton,
MA).

3. Results
3.1. Design and production of SARS-CoV-2 HR1 mimetic proteins

We designed several single-chain proteins imitating the coiled-coil
structure of the SARS-CoV-2 HRI1 trimer using a similar strategy as
previously employed with HIV-1 gp41 [22]. The chimeric proteins,
subsequently named CoVS-HR1, were designed as antiparallel helical
bundles with a helix-loop-helix-loop-helix topology (Fig. 1D), in which
the second helix was reversed in both sequence and spatial orientation.
The helices were tethered with manually built four-residue loops. Then,
three different variants (code-named L3A, L3B and L3C) were created
carrying out different sets of amino acid substitutions in order to sta-
bilize their trimeric coiled-coil structure (Fig. 2). L3A and L3B carried
different amino acid substitutions and L3C was derived from L3B by
substitution of glycine residues in the middle of a-helices for polar side
chains with higher helical propensity (Fig. 2C; see also Materials and
methods and Table S1 for details).

The CoVS-HR1 proteins were produced in recombinant form by
overexpression in E. coli with high yields and could be easily purified by
two-step standard chromatographic methods. All the proteins were
highly soluble in different standard buffers (>10 mg-mL™! in 50 mM
sodium phosphate pH 7.4) and acquired spontaneously the predicted
a-helical structure according to their circular dichroism (CD) spectra
(Fig. 3A). The percentage of a-helix, estimated from the mean-residue
ellipticity at 222 nm [62], varied with pH (Fig. S1A-C). Highest
a-helix content occurred at intermediate pH and was consistent with 90
% helical residues as estimated from the models. Thermal scans moni-
tored by CD showed high temperature unfolding transitions with sec-
ondary structure loss (Fig. S1D-F), except for L3C at pH 6 and pH 7.4,
which shows melting temperatures above 100 °C.

The proteins showed an apparent hydrodynamic radius (Ry) with
small variations depending on the pH and in close agreement with a
monomeric state (Ry, is estimated in 3.3 nm using the protein models)
under most conditions according to DLS measurements (Figs. 3B and
S2). Debye plots using SLS measurements at pH 7.4 yielded M,, values
corresponding to monomers for L3A and L3C, whereas L3B showed an
apparent M,y between the monomer and the dimer (Fig. 3B), suggesting
a slight tendency to self-association. L3B showed more asymmetric hy-
drodynamic radius distributions with minor contributions of larger
particles (Fig. S2E). L3A also showed slightly higher hydrodynamic
radius at high concentrations (Fig. S2D). However, these deviations
from the monomeric state only occur at relatively high protein con-
centrations of low biological relevance.

The three proteins were very stable against thermal denaturation
monitored by differential scanning calorimetry (DSC), showing melting
temperatures above 80 °C at pH 7.4 (Fig. 3C). Maximum stability was
observed at pH 6 and 7.4 and decreased at acid and basic pH (Fig. S3).
L3B and L3C showed larger and sharper denaturation peaks than L3A,
indicating more stable and cooperative structures in the two former
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variants. Among them, L3C was more thermostable than L3B by about
13 °C, as a result of higher a-helical propensity of its sequence produced
by substitution of glycine residues. The unfolding transitions at pH 7.4
were irreversible as observed in second consecutive DSC scans with the
same samples (Fig. S4).

3.2. Binding of CoVS-HR1 proteins to the S2 HR2 region

Binding of the CoVS-HR1 proteins to the HR2-derived peptide V39E
(spike sequence 1164-1202) slightly increased the a-helix structure, as
observed in the CD spectra (Fig. 3A). In presence of the HR2 peptide, the
denaturation peaks of the three proteins in the DSC thermograms were
significantly modified, showing the appearance of clear shoulders on the
low-temperature side of the unfolding transitions, as a result of endo-
thermic peptide dissociation preceding the unfolding of the proteins
(Fig. 3C). Titration of the proteins with the V39E peptide by isothermal
titration calorimetry (ITC) showed sigmoidal binding isotherms with 1:1
binding stoichiometry, dissociation constants in the low nM range and
considerably negative binding enthalpy (Fig. 3D and Table 1). Inter-
estingly, although the binding affinities to the HR2 peptide varied only
slightly for the three protein variants (Table 1), the favorable binding
enthalpy decreased in magnitude in the order L3A > L3B > L3C,
whereas the binding entropy changed from negative to positive with the
same order, indicating a strong enthalpy-entropy compensation
(Fig. 3E). This suggests that complex formation involves an entropy cost
contribution due to considerable conformational tightening of the HR1
helical bundle, as previously observed for homologous HIV-1 gp41-HR1
mimetic proteins [40,43]. This entropy penalty decreases, however, as a
result of a higher intrinsic stability of the HR1 helical bundle in the most
stable variant L3C and the binding becomes entropically favored.

To investigate the structural details of the interaction between the
CoVS-HR1 proteins and their HR2 target we produced crystals of the L3B
and L3C proteins in complex with the V39E peptide. Crystals of good
quality for X-ray diffraction could only be obtained for the L3B-V39E
complex. Crystals of the free proteins and the L3C-V39E complex did
not allow obtaining good quality datasets for structural resolution.
Diffraction data were collected to 1.45 A resolution (Table S2) allowing
a very detailed structure characterization (Fig. 4). The structure of the
L3B protein is highly similar to the designed model (Figs. 1 and 4A). The
conformation of the V39E peptide in the complex and the interactions at
the protein-peptide interface were virtually identical to those observed
between HR1 and HR2 in the post-fusion S2 structure [8] (Fig. 4B-C).
The high resolution of the structure allowed the visualization of fine
details of the HR1-HR2 interface (Fig. S5). The interaction is the result of
a large number of hydrophobic HR2 residues that insert their side chains
along the narrow HR1 crevice, flanked by a considerable number of
hydrogen bonds and electrostatic interactions, some of them involving
interfacial water molecules. Moreover, the HR1 coiled-coil contains
several water-filled internal cavities that establish hydrogen-bond net-
works with HR1 buried polar residues (Fig. S6).

The three protein variants also bound strongly to recombinant

Table 1
Thermodynamic parameters of binding between CoVS-HR1 proteins and HR2
V39E peptide measured by ITC.

Protein n Kp (1107 Kqg AH (kJ T-AS, (k]  AGy, (kJ

variant M (nM) mol 1) mol™1) mol™1)

L3A 1.09 3.0+ 34+ —52.0 + —94+ —42.3 +
0.5" 5 0.7 1.1 0.4

L3B 1.00 3.2+ 32+ —30.0 + +12.8 + —42.8 +
0.5 5 0.3 0.7 0.4

L3C 1.18 47+ 21 + —14.0 + +29.8 + —43.8 £
1.4 6 0.3 1.0 0.7

@ Errors in the parameters are estimated as 95 % confidence intervals in the
parameters obtained from the fittings using a binding model of n independent
and equivalent sites.
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Fig. 4. Crystal structure of the CoVS-HR1-L3B pro-
tein in complex with the HR2 V39E peptide. A) Rib-
bon representation showing the backbone topology
and secondary structure of the complex. The L3B
protein is colored in yellow and the V39E peptide in
color gradation from blue to green according to he-
lical structure. B) Molecular surface of the L3B pro-
tein colored according to the electrostatic potential
with red indicating negative, white neutral and blue
positive. The V39E peptide is represented with a
yellow ribbon. The side chains of the peptide and
interfacial water molecules that interact with the
protein have been highlighted with sticks colored in
CPK scheme. The protein-peptide interaction is
highly hydrophobic along the binding crevice,
flanked by polar and electrostatic interactions at
along the edges. Interfacial hydrogen bonds are rep-
resented with green dashed lines. C) Structure
alignment between the CoVS-HR1-V39E complex
(blue and yellow) and the HR1-HR2 post-fusion
complex structure (green and red) (PDB id. 6LXT
[8]). Alignment was made using the MUSTANG al-
gorithm [72] implemented in YASARA software with
142 matching residues corresponding to the two
parallel HR1 helices (helix 1 and 3) of the CoVS-HR1
protein and the HR2 V39E peptide. RMSD between
the two structures was 1.0 A.
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Fig. 5. SARS-CoV-2 inhibition by interaction of CoVS-HR1 proteins with HR2. A) Strong binding of the CoVS-HR1 proteins to recombinant trimeric spike. ELISA
plates were coated with trimeric spike and tested with 0.3-8.0 nM CoVS-HR1 proteins or with homologous HIV-1 gp41-HR1 mimetic proteins [40,43]. Binding was
detected with anti-6x His-tag antibody conjugated to horseradish peroxidase. Binding of gp41-HR1 mimetic proteins was negligible. B) Similar ELISA experiment
was performed in presence of HR2 V39E peptide in a 2:1 peptide:protein ratio. Binding was strongly inhibited for all proteins. C, D) Inhibition of SARS-CoV-2 virus
infection by the CoVS-HR1 proteins. Vero 76 cells were infected by primary viruses (B1 D614G genotype, panel C, and Omicron BA.1, panel D) in the presence of
CoVS-HR1 proteins at different concentrations. The percentage of inhibition was calculated by reduction in the percentage of infected cells treated with the inhibitory
proteins compared to untreated control cells. Data correspond to mean + standard deviations of 4 independent experiments. Continuous lines correspond to non-
linear regression curves using a sigmoidal Hill’s function.

2474



M. Cano-Munoz et al.

trimeric spike in ELISA assays (Fig. 5A). ECso values were 0.4 nM for
L3A, 0.25 nM for L3B and 0.25 nM for L3C. At the respective ECsg
values, their binding to the trimeric spike was competitively inhibited by
addition of the V39E peptide (Fig. 5B) indicating that the binding was
specific of the HR2 target region. Moreover, other chimeric proteins that
mimic HIV-1 gp41 HR1 [42,45] did not show significant binding. Re-
sidual binding in presence of competing V39E peptide varied in the
order L3C > L3B > L3A, consistently with their relative stabilities.

3.3. Inhibition of SARS-CoV-2 infection

Because the CoVS-HR1 proteins could establish strong interactions
with the HR2 region that are structurally similar to those driving
membrane fusion, we tested their capacity to inhibit cell infection by
SARS-CoV-2. Vero 76 cells were infected with SARS-CoV-2 primary vi-
ruses (B1 D614G and BA.1 Omicron genotypes) in presence and absence
of CoVS-HR1 proteins (Fig. 5C-D). The three proteins showed inhibitory
activity against both viruses without producing toxicity in the cells, as
observed by measuring the effect of the proteins on the total number of
living cells in the assays (Fig. S7). The average ICsg values estimated for
L3C from several independent experiments was 0.6 & 0.1 pM against B1
D614G viruses and 1.1 + 0.1 uM for BA.1 Omicron. The ICsq values of
the L3A and L3B proteins were considerably higher and ranged between
4 pM and >10 pM. These results indicated that the proteins recognize
the conserved HR2 target sequence in the two strains and thereby block
the conformational transition of S2 that promotes membrane fusion and
infection. Strikingly, despite a similar binding affinity for the HR2
peptide, L3C showed much higher inhibitory activity for both virus
variants than L3A and L3B. This highlights the importance of confor-
mational stability of the HR1 helical bundle in these designs.

£
a
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3.4. CoVS-HRI1 proteins detect antibody responses against SARS-CoV-2
infection

Since the CoVS-HR1 proteins faithfully mimic a fully functional HR1
structure of S2, we asked whether these chimeric proteins could also
reproduce immunogenic epitopes in S2 with relevance during SARS-
CoV-2 infection. Thus, we tested the IgG and IgA reactivity against the
CoVS-HR1 proteins in sera from convalescent patients collected three
months after the onset of COVID-19. At that time, most patients’ sera
showed a sustained SARS-CoV-2-specific IgG response against both RBD
(Fig. 6A) and nucleocapside protein and also displayed significant
neutralizing activity [63]. Interestingly, we also detected significant IgG
responses against the three protein variants. These responses were not
detectable in the sera from uninfected donors, indicating a development
of SARS-CoV-2-specific immune responses against HR1. Although the
mean Ab response against L3C was slightly lower than against RBD,
some patients displayed high levels of anti-L3C Abs, similar or higher
than the anti-RBD Abs levels. Moreover, the mean IgG binding to the
three protein variants clearly correlated positively with their relative
conformational stability and inhibitory activity, with the most stable
protein L3C showing the highest IgG binding, which strongly suggests
that these epitopes are of conformational nature. This may explain why
no immunogenic HR1 epitopes had been detected so far by peptide-
based epitope scans.

Interestingly, the IgA reactivity in the sera against the L3C variant
was even higher than against RBD (Fig. 6B). These results clearly indi-
cate that the CoVS-HR1 mimetic proteins are antigenic and imitate
functionally relevant HR1 epitopes in S2 that elicit strong Ab responses
during the course of the infection. Furthermore, the respective antibody
response directed against L3C and RBD was extremely different between
IgG and IgA (Fig. 6C) further suggesting an intrinsically different B cell
maturation process against these two antigens.

The high IgA titers against HR1 are intriguing. Interestingly,
although IgG are about five times more abundant in serum than IgA,

Fig. 6. Antigenicity of the CoVS-HR1 proteins
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several studies showed higher neutralizing activities for IgA purified
from sera of infected individuals compared to their IgG counterparts
[64,65]. Whether IgA against HR1 display neutralizing function will
need further investigation.

4. Discussion

Peptides derived from S2 HR1 region had been previously dismissed
as potential fusion inhibitors [66] due to their intrinsic instability and
high propensity to aggregate, similarly to that observed for gp41 HR1 in
HIV-1. However, the stabilization of the HRI1 trimeric coiled-coil
structure has resulted in potent anti-HIV fusion inhibitors targeting
HR2 [20,22]. We demonstrated here that a similar strategy also works
for SARS-CoV-2 and, likely, for other related coronaviruses. A trimeric
HR1 trimer design based of HIV-1 gp41l-derived sequences has also
shown a moderate but significant pan-coronavirus activity, suggesting
relatively low specificity requisites for significant inhibition [23]. Our
mimetic proteins specifically based on the SARS-CoV-2 S2 HR1 sequence
constitute a novel approach to design this type of HR1-based fusion
inhibitors targeting the highly conserved HR2 region. This approach is
further supported by recent reports of a trimer of S2 HR1 polypeptides
stabilized by conjugation to a foldon sequence [25], and a S2 postfusion-
based 5-helix construct [24], both showing potent and broad inhibitory
activities. Our strategy consisted however in engineering a single-chain
polypeptide that can fold autonomously to mimic a highly stable HR1
surface, without any chemical modification or addition of external tri-
merization motifs. This makes these proteins very easy to produce and
handle, strongly facilitating their development as potential drugs or
vaccines.

Recent results pointed to an Omicron spike evolving beyond immune
evasion towards a more compact architecture with a well-regulated
fusion machinery, altered dynamics and easy to release fusion peptide
[67]. Noteworthy, the CoVS-HR1 proteins showed similar inhibitory
potency for BA.1 Omicron compared to the ancestral B.1 virus. Since the
Omicron variant does not have any mutation at the HR2, it is likely that
this preserved region is similarly exposed for both variants. On the other
hand, BA.1 Omicron has three mutations at HR1, namely Q954H, N969K
and L981F. Inspection of the equivalent amino acids in the L3B-V39E
complex structure suggests that these amino acid substitutions, due to
their conservative nature, should not have a strong impact on the HR1-
HR2 interaction (Fig. S8), as also shown elsewhere [68]. Targeting these
highly conserved fusion domains is therefore of strong therapeutic
interest.

HR1 becomes transiently exposed after spike activation, since HR2
peptides are potent fusion inhibitors [66]. Nonetheless, it was previ-
ously unknown whether or not this exposure was sufficient to elicit a
robust Ab response during infection. In fact, no significant Ab responses
against HR1 had been reported so far. The strong Ab binding activity
against the L3C CoVS-HR1 protein in the sera of convalescent patients
indicates that HR1 epitopes are in fact immunogenic during the course
of the disease, suggesting a frequent and stable epitope exposure. Also,
the highest Ab response measured for L3C compared to the other two
variants may be attributed to an improved Ab affinity for more stable
HR1 epitopes displayed by L3C. This result, together with the fact that
L3C contains the highest number of amino acid substitutions of the three
variants, strongly suggests that the detected Ab responses are directed
against HR1 conformational epitopes. This might be the reason why no
neutralizing antibodies targeting HR1 have been reported because most
studies use epitope mapping using linear peptides. Whether these HR1-
targetting antibodies are neutralizing or not remains to be confirmed in
future studies.

Elicitation of cryptic or transient conformational epitopes is a chal-
lenge for vaccine design. Protein structural scaffolds have been previ-
ously used to transplant complex epitopes that improve immunogenic
responses [69-71]. A desirable property of these designs is a high
structural stability that strongly correlates with antibody binding and
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with strong antigenicity. Here we show that our single-chain chimeric
proteins can accurately mimic immunologically relevant and highly
stable HR1 epitopes. The structural stability of these epitopes are clearly
correlated with their inhibitory activity of cell infection by interacting
with HR2, as well as with their antigenicity against antibodies devel-
oped during COVID-19 disease. These results make the CoVS-HR1 pro-
teins potential candidates as novel potent therapeutics or new vaccine
compositions against COVID-19.
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