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Abstract

The interaction between the receptor-binding domain (RBD) of the spike gly-

coprotein of SARS-CoV-2 and the peptidase domain of the human

angiotensin-converting enzyme 2 (ACE2) allows the first specific contact at the

virus–cell interface making it the main target of neutralizing antibodies. Here,

we show a unique and cost-effective protocol using Drosophila S2 cells to pro-

duce both RBD and soluble human ACE2 peptidase domain (shACE2) as ther-

mostable proteins, purified via Strep-tag with yields >40 mg L�1 in a

laboratory scale. Furthermore, we demonstrate its binding with KD values in

the lower nanomolar range (independently of Strep-tag removal) and its capa-

bility to be blocked by serum antibodies in a competition ELISA with Strep-

Tactin-HRP as a proof-of-concept. In addition, we assess the capacity of RBD

to bind native dimeric ACE2 overexpressed in human cells and its antigen

properties with specific serum antibodies. Finally, for completeness, we ana-

lyzed RBD microheterogeneity associated with glycosylation and negative

charges, with negligible effect on binding either with antibodies or shACE2.

Our system represents an accessible and reliable tool for designing in-house

surrogate virus neutralization tests (sVNTs), enabling the rapid characteriza-

tion of neutralizing humoral responses elicited against vaccines or infection,

especially in the absence of facilities to conduct virus neutralization tests.

Moreover, our biophysical and biochemical characterization of RBD and

shACE2 produced in S2 cells lays the groundwork for adapting to different var-

iants of concern (VOCs) to study humoral responses elicited against different

VOCs and vaccine formulations.
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1 | INTRODUCTION

SARS-CoV-2, identified in Wuhan (China) at the end of
2019, infects humans and causes the coronavirus disease
2019 (COVID-19; Wu et al., 2020), which has led to an
ongoing pandemic.

The SARS-CoV-2 virion displays on its surface a
trimeric glycoprotein called spike, responsible for mem-
brane fusion with the target cells after interacting
through its receptor-binding domain (RBD) with the
cellular receptor: the human angiotensin-converting
enzyme 2 (hACE2; Watanabe et al., 2020; Zhao
et al., 2020). The RBD is stabilized by four internal disul-
fides and contains a beta-stranded core that displays two
N-glycosites and an extended loop spanning the receptor-
binding motif (RBM; Lan et al., 2020). RBD interacts via
the RBM with the peptidase domain of hACE2 (Lan
et al., 2020) and is the main target of neutralizing anti-
bodies (nABs; Goldblatt et al., 2022).

The rapid spread of SARS-CoV-2 in 2020 was fol-
lowed by the fast development of effective vaccines,
which were globally distributed, showing inequalities in
access (Mathieu et al., 2021), concomitant with the emer-
gence of multiple variants of concern (VOCs) with
increased virulence, transmission, and immune escape
(Mistry et al., 2022). In addition, different vaccine plat-
forms have been shown to trigger a robust humoral
immune response that wanes after a few months, moti-
vating several countries to implement vaccine booster
immunization that improves the response (Pascuale
et al., 2022; Rammauro et al., 2022).

Vaccines distributed worldwide are based on the
ancestral Wuhan variant, which was superseded by sev-
eral VOCs; to date, the Omicron subvariants capable of
evading antibody neutralization (Hoffmann et al., 2022;
Planas et al., 2022) dominates the scene, and new “vari-
ant-based mRNA booster doses” are being evaluated
(Chalkias et al., 2022) while its benefits remain on discus-
sion (Callaway, 2022). However, as individual countries
move toward approving these booster doses, the risk of
repeating the history of inequity in vaccine access
becomes imminent. Therefore, affordable strategies are
needed to assess the multiple local contexts to minimize
these effects.

In the absence of well-defined correlates of protec-
tion, measuring nAbs is the best approach to determining
the level of protection against SARS-CoV-2 (Goldblatt
et al., 2022). The best option for determining nAbs are
the plaque reduction neutralization tests (PRNTs) and
pseudo-typed virus neutralization tests (PVNTs), which
require high-cost infrastructure and are time-consuming,
further increasing the gap in testing capacity, especially
in low-income countries. Despite limitations, surrogate

virus neutralization tests (sVNTs) have emerged as
affordable and fast alternatives for studying humoral neu-
tralizing responses (Tan et al., 2020). By its simple design
based on the blockade of RBD-ACE2 binding in multi-
well plates, sVNTs can be produced in-house and
achieved in standard laboratories, giving sovereignty in
vaccine decision-making, notably when lacking PRNTs
or PVNTs capabilities.

As spike and hACE2 are membrane glycoproteins,
eukaryotic systems remain the most suitable for recombi-
nant production, and mammal cell systems are the most
frequently used. Insect cells appear as a good alternative,
overcoming some issues associated with production
times, costs, and yields, as well as scalability and risk of
contamination (Tripathi & Shrivastava, 2019) with
baculovirus-based systems being extensively used to pro-
duce soluble SARS-CoV-2 glycoproteins (Li et al., 2020;
Maffei et al., 2021; Struble et al., 2022), virus-like parti-
cles (Sullivan et al., 2022) and protein subunits vaccines
(Li et al., 2022) in Spodoptera frugiperda and Trichoplusia
ni cells. Baculovirus-free insect cell systems have been
shown to overcome some issues in production yield in
T. ni (Korn et al., 2020), while examples using Drosophila
melanogaster cells are scarce (Bagdonaite et al., 2021;
Creutznacher et al., 2022).

Here, we describe a simple pipeline to produce both
the RBD of SARS-CoV-2 and the soluble peptidase
domain of human ACE2 (shACE2) in Drosophila S2 cells
with minimal technical requirements and high produc-
tion yields. We also characterize its behavior in solution
and demonstrate its binding, revealing strengths and
weaknesses of the system for studying nAB responses eli-
cited against SARS-CoV-2.

2 | RESULTS AND DISCUSSION

2.1 | RBD and shACE2 proteins are
purified from S2 culture supernatant

The recombinant protein design and their processing
products are summarized in Figure 1a and described in
Section 4. RBD-ST and shACE2-ST were both obtained
in the culture supernatant and further purified by affinity
chromatography (AC) with average yields of 40 and
60 mg L�1, respectively (Supporting Information
Figure S1), outperforming yields obtained with similar
constructions in insect cells (Korn et al., 2020; Li
et al., 2020; Maffei et al., 2021). In addition, RBD-ST and
shACE2-ST were purified by size exclusion chromatogra-
phy (SEC) as monomeric proteins (Figure 1b,c), with
exclusion volumes corresponding to 40.2 and 87.7 kDa,
respectively (Supporting Information Figure S2A,B).
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2.2 | Strep-tag can be removed without
compromising protein stability

As our strategy involved using the Strep-tag for multiple pur-
poses, not only as a purification tag but also to obtain immo-
bilized or labeled counterparts in in vitro binding assays, it
was imperative to accomplish its removal without
compromising protein stability. Consequently, upon Strep-
tag removal, both RBDclv and shACE2clv showed an expected
average size reduction of �3 kDa (Figure 1b,c; Supporting
Information Figure S2C,D), while solubility was not affected
as seen by dynamic light scattering (DLS) (Supporting Infor-
mation Figure S3; Supporting Information Table S1).

Both RBD-ST and RBDclv showed similar thermosta-
bility by nano-differential scanning fluorimetry
(nanoDSF), with broad transitions and melting tempera-
tures (Tm) of 50.7 and 51.5�C, respectively, above those
reported with a similar construction using insect cells (Li
et al., 2020) (Figure 2a). Both showed reversible thermal
denaturation with refolding Tm values slightly below their
unfolding counterparts (50.1 and 50.4�C, respectively).
RBD unfolding transition in the presence of DTT was not
detected, probably due to early denaturation upon disul-
fide reduction (Figure 2b), which is known to have a criti-
cal role on RBD secondary structure (Grishin et al., 2022),
even affecting its binding with ACE2 (Shi et al., 2022).

On the other hand, shACE2-ST and shACE2clv

showed irreversible thermal unfolding with narrower
transitions and slightly higher Tm values (54.6 and
54.5�C, respectively), agreeing with previous reports
(Glasgow et al., 2020; Figure 2c). However, as opposed to

RBD, transitions in the presence of DTT are still detected
with both, showing a shift in Tm values > 10�C
(Figure 2d), suggesting a less preponderant role of disul-
fides in shACE2 stability as previously seen in human
cells expression systems (Grishin et al., 2022).

2.3 | RBD and shACE2 binding functions
resembles their natural counterparts

Protein binding was measured by isothermal titration cal-
orimetry (ITC) using two independent experimental
setups (Figure 3a). Both experiments were analyzed inde-
pendently, confirming 1:1 binding stoichiometry and giv-
ing very similar thermodynamic parameters with a
strong enthalpic contribution reminiscent of hydrophilic
molecular contacts (Lan et al., 2020), further confirming
that binding is not affected upon Strep-tag removal
(Supporting Information Table S2). Measured KD values
range between 17.1 and 27.0 nM, in complete agreement
with those obtained in similar conditions using proteins
expressed in human cells (Prévost et al., 2021).

We also evaluated binding by surface performance res-
onance (SPR), injecting RBDclv over captured
shACE2-ST. Experimental datasets obtained with variable
levels of immobilized shACE2-ST gave an
average KD = 8.29 ± 0.69 nM (Figure 3b; Supporting
Information Table S3), consistent with proteins expressed
in human (Liu et al., 2021) and insect cells (Lan
et al., 2020). Additionally, we demonstrated that RBD-ST
binds full-length cell-associated hACE2 in a dose-
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FIGURE 1 Expression and purification of RBD and shACE2 recombinant proteins. (a) Scheme showing virus–cell interface with the

spike and ACE2 monomers in red and blue tones, respectively (left) and plasmids constructions with its respective processed recombinant

products using the same color code (right). The names identifying each protein appear alongside each processing product (in black text) and

are the same used throughout this work. (b) Preparative SEC (left) and Coomassie-stained SDS-PAGE (right) of purified RBD-ST and RBDclv.

(c) Preparative SEC (left) and Coomassie-stained SDS-PAGE analysis (right) of purified shACE2-ST and shACE2clv. SDS-PAGE lanes are

identified as AC (fractions eluted from affinity chromatography), SEC (size exclusion chromatography), and M (molecular weight marker).
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dependent way, as seen by flow cytometry (Figure 3c), and
that RBDclv is specifically recognized by human sera from
naturally infected individuals (Figure 3d) as seen before
(Amanat et al., 2020; Rammauro et al., 2022). Finally, we
demonstrate with competition ELISA that reactive serum
samples can block the interaction between immobilized
RBDclv and soluble shACE2-ST, providing proof-of-concept
for its usage in sVNTs developed in-house (Figure 3e).

2.4 | RBD shows microheterogeneity
related with glycans and negative-charges

MALDI-TOF/TOF analysis of RBD-ST allowed us to
identify three out of four total disulfide bonds
(Figure 4a). The ion corresponding to the intra-peptide
bridge (C480–C488) was detected in MS-spectrum
(m/z = x), while the inter-peptide crosslinked cysteines
(C379–C432 and C391–C525) were further corroborated by
MS/MS analysis (Supporting Information Figure S4). The
C538, which forms a disulfide with a spike's domain
absent in our construction, was only detected as a
reduced or cysteinylated residue (Supporting Information
Figure S5). Peptides containing C336 and C361 (which
form a disulfide on the viral spike protein) were only
identified after reduction/alkylation, with the peptide
329–346 containing different combinations of pauciman-
nosidic and high mannose glycans at N331 and N343

(Figure 4b; Supporting Information Figure S6).
We compared RBDclv and its N-deglycosylated prod-

uct (degRBDclv) with two-dimensional electrophoresis

(2D-SDS-PAGE), showing several spots with a variable
isoelectric point (pI) below its theoretical value (pI = 8.5)
(Supporting Information Figure S7,A,B). Treatment with
PNGaseF evidenced a size reduction, accompanied by a
relative increase in the intensity of more acidic species
(probably because of asparagine deamidation) but still
showing microheterogeneity due to negative charges.

We confirmed this microheterogeneity using ionic
exchange chromatography (IEX) and obtaining several
fractions of RBDclv (hereinafter identified from a to f ),
which eluted differentially in a salt concentration gradi-
ent (Figure 4c). In addition, we N-deglycosylated all
RBDclv-IEX fractions evidencing the same electrophoretic
shift in SDS-PAGE, thus suggesting that N-glycan compo-
sition is homogeneously distributed along IEX fractions
and not strictly associated with charges micro-
heterogeneity (Supporting Information Figure S7,C,D).

RBDclv-IEX fractions and their deglycosylated coun-
terparts were sequentially reduced/alkylated and sub-
jected to nano-HPLC MS/MS analysis. As seen with
MALDI-TOF/TOF, the unmodified sequence of the pep-
tide 329–346 was not identified in any case (Supporting
Information Table S4), suggesting that it is heavily modi-
fied. In parallel, we identified this peptide in all
degRBDclv-IEX fractions containing deamidated aspara-
gine residues (Supporting Information Table S5). Scans
corresponding to doubly-deamidated peptide 329–346
represented 91%, while deamidation in a single aspara-
gine corresponded to 0.2% and 8.8% for N331 and N343,
respectively (Supporting Information Table S6). These
results show that N-glycan occupancy in predicted sites is
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high, with N331 less occupied than N343, as seen before
with RBD expressed in human and insect cells
(Bagdonaite et al., 2021; Sanda et al., 2021).

Regarding mono-glycosylated peptide 329–346, we
identified paucimannosidic and high-mannose glycans
only on N343 (Supporting Information Table S7), probably
because of the higher occupancy mentioned above. In
contrast, double glycosylated peptides were not detected,
probably due to their poorer ionization efficiency and
high hydrophilicity, which impedes their binding to
reversed-phase columns (Kozlik et al., 2017). Based on
this, we propose that such mono-glycosylated peptides
constitute an infrequent fraction of glycopeptides, but
one that may help us elucidate which moieties are most

abundant in RBD expressed in S2 cells without ruling out
the existence of motifs with higher content in mannose.

As for O-glycosylation, Tn and Core 1-type glycans
were also identified in degRBDclv using nano-HPLC
MS/MS. The most frequent O-glycosites were identified
on threonine residues belonging to N-glycosylation
sequons (T333 and T345), almost exclusively when the pre-
cedent N was not deamidated. This suggests that
O-glycosylation only occurs at these positions in the
absence of N-glycans, supporting the hypothesis that
O-glycans could be masking unusually unoccupied
N-glycosites on RBD expressed in S2 cells (Bagdonaite
et al., 2021). In parallel, Core 1-type glycans were identi-
fied at T323 and S325 (with twice the frequency of Tn), as
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reported in human (Eldrid et al., 2021; Shajahan
et al., 2020; Watanabe et al., 2020) and insect cells
(Bagdonaite et al., 2021). Other O-glycosites were also
identified with very low frequencies on RBD (Supporting
Information Table S8). Our glycan characterization of
RBD expressed in S2 insect cells is in full agreement with
Bagdonaite et al. (2021), who used its proprietary system
with different accessory sequences.

We looked for post-translational modifications
(PTMs) that could explain negative charge micro-
heterogeneity in RBD. Since sialylation (the most fre-
quent source of negative charge micro-heterogeneity in
glycoproteins) is rare in insect cells (Harrison &
Jarvis, 2006), we excluded it from the analyses. In this
regard, we found spontaneous deamidation of asparagine
residues in all RBDclv-IEX fractions (Supporting Informa-
tion Figure S8A), with peptide #10 (spanning about half
of the RBM sequence) as the most frequently deamidated
peptide (Supporting Information Figure S8B). However,

as deamidation frequency was not correlated with
charges, we could not solely attribute micro-
heterogeneity to its occurrence. In addition, Tris adducts
on deamidated asparagine (and glutamine) residues
(which could be further modifying deamidated aspara-
gine residues [Kabadi et al., 2016] and affecting its detec-
tion) remained as a very marginal fraction (0.1%–1.3%)
(Supporting Information Figure S8A; Supporting Infor-
mation Table S9). Asparagine deamidation to aspartate
(or iso-aspartate) entails changes in overall charge (and
protein backbone) and has been associated with aging in
betacoronaviruses spike protein, with RBM described as a
deamidation hotspot (Lorenzo et al., 2021). Our results
suggest that deamidation in the RBM of RBD expressed
in S2 cells is responsible for the presence of negative
charges; however, despite our efforts, we were unable to
identify a set of modifications that exclusively explain
micro-heterogeneity by negative charges in RBD, and
additional studies are needed to fill this gap.
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FPNITNLCPFGEVFNATR

FPNITNLCPFGEVFNATR

329- -346

329- -346

329- -346

FIGURE 4 RBD micro-heterogeneity. (a) The RBD amino acidic sequence is shown with gray numbers indicating the spike position of

N- and C-terminal residues (cleavage and Strep-tag sequences were omitted for clarity). Disulfide bonds are shown as Cysteines (c) linked by

connectors identified with a unique color code for each pair and colored labels showing the Cysteine's positions. Peptides identified by

MALDI-TOF/TOF in non-reducing conditions are identified in light gray, with the identified crosslinked peptides underlined using the same

color code for each disulfide and paired cysteines. Sequences marked with dark gray boxes highlight those peptides exclusively identified in

reduced/alkylated RBD-ST. The disulfide represented with a dashed green line was identified as an intra-peptide bond, those identified with

continuous light blue and orange connectors were identified as crosslinked peptides (Supporting Information Figure S4), and the disulfide

identified with dotted lines (pale magenta) could not be directly identified by MALDI-TOF/TOF analysis. The unpaired C538 is shown in red

with an asterisk. Predicted N-glycosylation sites are shown with a yellow Y above the asparagine residues (N331 and N343), and the

corresponding glycopeptide (between 329 and 346) is underlined with a light-gray wavy line. (b) Glycopeptide 329–346 was identified by

MALDI-TOF/TOF with N-glycan modifications at N331 and N343. (Supporting Information Figure S6). (c) Preparative ion exchange

chromatography (IEX) of RBDclv showing differentially charged species named from a-f above each peak.
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2.5 | Micro-heterogeneity does not affect
RBD functionality

Spike glycosylation shields its surface, keeping it away
from the immune system, and even promotes conforma-
tional movements that expose RBM to hACE2 (Casalino
et al., 2020; Zhao et al., 2020). However, this effect is less
noticeable when the RBD is expressed as a single domain
(Gstöttner et al., 2021). We used SPR to compare specific
recognition by a set of sera from vaccinated individuals
with RBD-ST and degRBD-ST, not evidencing significant
differences in binding (Figure 5a; Supporting Information
Figure S9).

We also evaluated by SPR the effect of glycosylation
on RBD-shACE2 interaction, simultaneously injecting
shACE2clv (or degshACE2clv) over RBD-ST and degRBD-
ST, captured in two parallel surfaces. Throughout this
work, we avoided shACE2clv as an analyte in SPR
experiments since affinity was underestimated, proba-
bly due to non-specific interactions with the sensorchip
surface. However, in this case, it allowed us to detect
differences in binding accurately (if any) using virtually
the same analyte injection, thus avoiding protein quan-
tification biases. Furthermore, despite showing differ-
ences with ITC and SPR (using RBDclv as an analyte),
binding affinities remained invariable despite deglyco-
sylation of captured RBD-ST (Figure 5b,c; Supporting
Information Table S10), thus showing that
N-glycosylation does not affect its binding, as previously
shown (Sun et al., 2020).

To complete our RBD characterization, we focused
on the effect of negative charge micro-heterogeneity on
its binding with shACE2 and specific serum
antibodies.

First, we did SPR experiments injecting RBDclv-IEX
fractions over captured shACE2-ST, evidencing higher
affinities with respect to control experiments using pre-
IEX RBDclv (mainly due to higher association rate con-
stants, kon; Figure 6a–c; Supporting Information
Table S11). Since dissociation rate constant (koff) fitting is
independent of the analyte concentration and consider-
ing that IEX implies an extra purification step
(Figure 6d), we suggest slight differences in affinities are
related to protein purification/quantification. Overall,
our results demonstrate that micro-heterogeneity of RBD
due to negative charges has no detrimental effect on its
binding with shACE2.

Finally, we immobilized RBDclv-IEX fractions in
multi-well ELISA plates and analyzed their antigenicity
with a variable set of SARS-CoV-2 positive sera. Despite
not ruling out differences in response due to protein sta-
bility upon immobilization, our results demonstrate that
all RBDclv-IEX fractions show antigenicity with compara-
ble results (Figure 6e).

3 | CONCLUSIONS

Our work is among the first to describe a cost-effective
single pipeline to produce soluble versions of the SARS-
CoV-2 RBD and the peptidase domain of human ACE2
using Drosophila S2 cells. We show they are produced
with high yields, as stable and functional proteins con-
taining or not Strep-tag. Furthermore, we found that
RBD shows micro-heterogeneity due to glycosylation and
variable negative charges. However, its effect on binding
with ACE2 and specific antibodies is negligible,
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FIGURE 5 Effect of RBD N-glycosylation on binding with

serum antibodies and shACE2. (a) SPR binding analysis of serum

antibodies from 16 vaccinated individuals (identified with numbers

1–16) with captured RBD-ST (green bars) and degRBD-ST (orange

bars). SPR response was calculated as the average SPR signal

between 1 and 1.5 min of dissociation. (b) SPR binding analysis

between shACE2clv injected on captured RBD-ST (left) and degRBD-

ST (right). (c) SPR binding analysis between degshACE2 clv injected

on captured RBD-ST (left) and degRBD-ST (right). All SPR

experiments were conducted in parallel using the same analyte

injection. KD values shown in each panel were obtained after fitting

to a Langmuir 1:1 model (red traces).
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positioning our system as a reliable alternative to
approach the virus–cell interface in vitro.

Since our work is restricted to RBD from the ancestral
Wuhan variant, additional studies should be done with
other VOCs in the future. Moreover, shACE2 PTMs asso-
ciated with S2 cells should also be studied to characterize
our system fully. Finally, as we cannot thoroughly
explain the origin of charges micro-heterogeneity in
RBD, we encourage researchers to assess other expression

systems and native viral proteins or immunogen formula-
tions, looking for charges micro-heterogeneity and its
effect on RBD function.

Given the results obtained in this paper, we propose
RBD/shACE2 expressed in S2 cells to be used in sVNT,
which can be applied in the context of limited access to
BSL3, granting sovereignty in decisions making on the
administration of new SARS-CoV-2 booster doses, facing
each country's particular situation. Additionally, our

RBDclv
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(d) (e)

(b)(a)
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FIGURE 6 Effect of negative charges micro-heterogeneity of RBD on binding with shACE2 and serum antibodies. (a) SPR binding

analysis of captured shACE2-ST with RBDclv-IEX fractions and (b) control RBDclv (pre-IEX). Poorly resolved e and f fractions were pooled

and named e/f. All sensorgrams were fitted to a 1:1 Langmuir model (red traces) with the respective KD values in each panel.

(c) Comparison between kinetic parameters obtained by SPR in A and B, with dotted gray lines delimitating iso-affinity zones.

(d) Coomassie-stained SDS-PAGE analysis of RBDclv-IEX fractions after buffer exchange, protein concentration, and quantification.

(e) Violin-plot of an ELISA achieved with a set of SARS-CoV-2 positive sera from infected individuals, using different RBDclv-IEX fractions

as antigens. For clarity, individual serum samples were arbitrarily stratified and classified with a three-color code, according to absorbance

results obtained with RBDclv-IEX d fraction (<1.5 are shown in red, between 1.5 and 2.5 are shown in yellow, and >2.5 are shown in green).
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biophysical and biochemical characterization of proteins
expressed in S2 cells strongly supports their suitability for
the aforementioned applications.

4 | MATERIALS AND METHODS

4.1 | DNA constructs

DNA sequences coding for amino acids 319–541 of SARS-
CoV-2 (Wuhan) spike glycoprotein (GenBank: MN9089
47.3) and 18–615 of hACE2 (GenBank: BAB40370.1), both
fused to a C-terminal enterokinase cleavage site followed by
a Twin-Strep-tag® (IBA) and a STOP codon, were optimized
for Drosophila codon usage and synthesized by Genscript.
Synthetic genes were cloned into a pMT/V5-His expression
vector (Invitrogen) immediately after the BiP sequence as
previously described (Krey et al., 2010; Figure 1a).

4.2 | Protein production

S2 stable cell lines expressing RBD-ST and shACE2-ST
were obtained as described before (Rammauro
et al., 2022) by co-transfection with the respective expres-
sion vector and pCoPuro selection plasmid using Effec-
tene reagent (QIAGEN). Transfected cells were selected at
28�C in Insect Xpress medium (LONZA) added with 6 μg/
mL puromycin. Stable S2 cell lines were grown in glass
flasks at 28�C with 110 rpm agitation in standard orbital
shaker and induced at 5 � 106 cells/mL with 5 μM CdCl2.
After 4 days of induction, cells were harvested by centrifu-
gation at 150g for 5 min, and both proteins were purified
from the culture supernatant by AC. For this, the super-
natant was centrifuged at 6.000g, filtered through 0.22 μm
and loaded in a 5 mL Strep-Tactin®XT 4Flow® columns
(IBA), following the manufacturer's recommendations.

Strep-tag was removed by incubating overnight with
Enterokinase-His (Genscript) (20 U mg�1), followed by
overnight dialysis in 0.1 M Tris-Cl pH 8.0, 0.15 M NaCl,
incubation with Ni-Sepharose® (Cytiva) for 2 h and
finally subjected to a second AC step in 0.1 M Tris-Cl pH
8.0, 0.15 M NaCl, 1 mM EDTA (storage buffer).

Finally, recombinant proteins were subjected to SEC
in storage buffer, using Superdex 75 and 200 columns
(Cytiva) for RBD-ST/RBDclv and shACE2-ST/shACE2clv,
respectively.

4.3 | Protein analysis in solution

Purified proteins were submitted to 12% SDS-PAGE (with
0.1 M DTT when required) and further analyzed by

standard Coomassie staining or western blot using Strep-
Tactin-HRP (IBA) according to the manufacturer's rec-
ommendations. In addition, two-dimensional electropho-
resis was carried out as before (Lima et al., 2011) using
100 μg of RBDclv and degRBDclv.

The hydrodynamic radius (RH) was analyzed by DLS
in a Zetasizer Nano S (Malvern). Measurements were
done in quintuplicate using quartz cuvettes at 25�C.

The thermostability of recombinant proteins was
assessed by nanoDSF in a Prometheus NT.48 (Nanot
emper). Unfolding and refolding Tm values were
obtained upon sequential heating and cooling at 1�C/
min between 20 and 90�C. When required, samples were
incubated in 8000-fold excess of DTT (21–68 mM) for 1 h
at 25�C.

4.4 | N-deglycosylation

N-deglycosylation was achieved under native conditions
by incubating 200 μg of recombinant protein with 1000 U
of PNGaseF (NEB) at 25�C overnight or under denatur-
ant conditions at 37�C for 1 h following the recommenda-
tions of the manufacturer.

4.5 | Ion exchange chromatography

Purified proteins were buffer exchanged to 50 mM Tris
pH 8.0, 10 mM NaCl using PD-10 desalting columns
(Cytiva), loaded onto a Mono Q™ 5/50 column (Cytiva)
equilibrated in the same buffer for ion exchange chroma-
tography (IEX). Then, they eluted with 50 mM Tris
pH 8.0, 500 mM NaCl in a 40 CVs gradient.

4.6 | Mass spectrometry analyses

4.6.1 | Sample preparation

Sample preparation for MS was achieved with soluble
proteins or bands from Coomassie-stained SDS-PAGE.
When required, an initial reduction/alkylation step
was conducted, as previously reported (Rivera
et al., 2020). Sample preparation from SDS-PAGE
bands for MALDI-TOF/TOF was done as before
(Rossello et al., 2017), while for proteins in solution,
tryptic peptides were obtained and desalted using C18
OMIX tips (Agilent). For MALDI-TOF/TOF, elution
was performed on a plate, and for LC–MS/MS, eluates
were vacuum-dried and resuspended in 0.1% formic
acid as previously described (Olivero-Deibe
et al., 2021).
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4.6.2 | MALDI-TOF/TOF

Tryptic peptides were analyzed using a 4800 MALDI-
TOF/TOF (Abi Sciex). Spectra were acquired in reflector
mode, and MS/MS analysis was performed for selected
ions. Proteins were identified by database searching
NCBI (20160821) using MASCOT search engine (Matrix
Science http://www.matrixscience.com) and the follow-
ing parameters: monoisotopic mass tolerance, 0.03 Da;
fragment mass tolerance, 0.5 Da; methionine oxidation as
variable modifications, and cysteine carbamidomethyla-
tion as fixed modification (when corresponds). In addi-
tion, unassigned intense signals were fragmented for
manual interpretation of N-glycosylation.

4.6.3 | LC–MS/MS analysis

Tryptic peptides were subjected to LC–MS/MS as before
(Olivero-Deibe et al., 2021) using a gradient from 0% to
35% of mobile phase B over 90 min, and mass analysis
was performed in a data-dependent mode using a top
12 method (Rivera et al., 2020). Database searches were
performed using a D. melanogaster target-decoy database
containing RBD sequence from Uniprot (June 2020)
using PatternLab V (Santos et al., 2022). Searching
parameters are listed in Supporting Information tables,
and peptide spectrum matches were filtered to reach
FDR ≤1% at the protein level.

4.6.4 | Isothermal titration calorimetry

ITC was done on a VP-ITC (Malvern Panalytical) by
titrating 10 μM shACE2-ST or shACE2clv with 150 μM
RBDclv or RBD-ST, respectively, in storage buffer at 25�C.
Data analysis and fitting to a hetero-association model
were done as before (Medeiros et al., 2020).

4.6.5 | Surface plasmon resonance

SPR experiments were done at 25�C and flowrate of
10 μL/min using a Biacore 3000, with 0.01 M HEPES
pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% (v/v) P20 as
running buffer, and CM5 sensorchips (Cytiva) previously
coated with Twin-Strep-tag® Capture Kit (IBA), accord-
ing to recommendations of the manufacturer. All sensor-
grams were double-referenced and analyzed with
BIAevaluation software v4.1.

Binding analyses were done by capturing shACE2-ST
(at densities between 44 and 88 RUs) and injecting
RBDclv in triplicates at 2-fold increasing concentrations
from 3 to 192 nM. In addition, the glycosylation effect on

binding was assayed by capturing RBD-ST
(or degRBD-ST) at densities of 35 and 25 RUs, respec-
tively, and injecting shACE2clv (or degshACE2clv) at 2-fold
increasing concentrations from 12.5 to 50 nM.

The effect of RBD deglycosylation on binding with
serum antibodies was assessed by SPR analysis as before
(Rammauro et al., 2022), capturing RBD-ST and degRBD-
ST at final densities of 46 and 52 RUs in two parallel sur-
faces and injecting 1:50 dilutions of sera from individuals
who received a three doses heterologous vaccination
scheme (two doses of CoronaVac + booster with
BNT162b).

The effect of RBD negative charges micro-
heterogeneity on binding with shACE2-ST was evaluated
by capturing ligand densities of 50 RUs and injecting
RBDclv-IEX fractions (b, c, d, and e/f) at concentrations
of 5, 10, 25, and 50 nM. Control experiments with pre-
IEX RBDclv were done identically with additional
100 and 200 nM injections.

4.6.6 | Cell-surface binding assay

Assays were done as previously described (Pallesen
et al., 2017) with adaptations. Briefly, 1 x 105 HEK293T
and HEK293T-hACE2 (NR-52511, BEI Resources,
NIAID, NIH) cells were incubated on ice for 1 h with dif-
ferent amounts of RBD-ST (0.15–100 ng) and subse-
quently stained with 1:400 Strep-Tactin-Dye 649 (IBA).
Cells were immediately acquired using an Accuri C6
(BD Biosciences) and analyzed with FlowJo software
(Tree Star Inc.). Unstained cells were used as a control of
the fluorescence background.

4.6.7 | ELISA

ELISA was done as previously described (Rammauro
et al., 2022) using plates coated with 200 ng of RBDclv or
RBDclv-IEX fractions and incubated with 1:100 dilutions
of negative (pre-pandemic), positive (SARS-CoV-2 infec-
tion confirmed by PCR), or vaccinated (two doses of
CoronaVac + booster with BNT162b) human sera. Com-
petition ELISA was done with plates coated with variable
amounts of RBDclv (0.0, 0.5, 1.0, and 2.0 micrograms per
well) and incubated for 1 h at RT with a pre-mix of vari-
able concentrations of shACE2-ST (0, 6, 12, and 24 μg/
mL) and human sera diluted 1:20 in PBS. After washing
with PBS + 0.2% Tween 20, plates were incubated with
Strep-Tactin-HRP (IBA) diluted 1:1.000 and developed
with TMB liquid substrate (Sigma).

This study was approved by the ethical institutional
review board (MSP_956220-CEI_001–2021). Informed
consent was obtained from all participants.
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