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The current COVID-19 pandemic illustrates the importance
of obtaining reliable methods for the rapid detection of SARS-
CoV-2. A highly specific and sensitive diagnostic test able to
differentiate the SARS-CoV-2 virus from common human
coronaviruses is therefore needed. Coronavirus nucleoprotein
(N) localizes to the cytoplasm and the nucleolus and is required
for viral RNA synthesis. N is the most abundant coronavirus
protein, so it is of utmost importance to develop specific an-
tibodies for its detection. In this study, we developed a sand-
wich immunoassay to recognize the SARS-CoV-2 N protein.
We immunized one alpaca with recombinant SARS-CoV-2 N
and constructed a large single variable domain on heavy chain
(VHH) antibody library. After phage display selection, seven
VHHs recognizing the full N protein were identified by ELISA.
These VHHs did not recognize the nucleoproteins of the four
common human coronaviruses. Hydrogen Deuterium
eXchange–Mass Spectrometry (HDX-MS) analysis also showed
that these VHHs mainly targeted conformational epitopes in
either the C-terminal or the N-terminal domains. All VHHs
were able to recognize SARS-CoV-2 in infected cells or on
infected hamster tissues. Moreover, the VHHs could detect the
SARS variants B.1.17/alpha, B.1.351/beta, and P1/gamma. We
propose that this sandwich immunoassay could be applied to
specifically detect the SARS-CoV-2 N in human nasal swabs.

Coronaviruses are a well-defined virus family that causes
diseases in birds and mammals. To date, seven human
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coronaviruses have been identified. Common human corona-
viruses, including types 229E, NL63 (both alpha coronavi-
ruses), and OC43 and HKU1 (both beta coronaviruses) usually
cause mild to moderate widespread illnesses such as the
common cold (1). However, three severe epidemic events have
also occurred in recent years caused by SARS-CoV-1, MERS-
CoV, and SARS-CoV-2, three closely related coronaviruses.
SARS-CoV-1 emerged in China in 2002–2003 and spread
throughout this country. MERS-CoV caused an epidemic in
2012 that began in Saudi Arabia and was contained within the
Middle East and Korea (2). SARS-CoV-2 was first isolated in
December 2019 in Wuhan, China, and spread from China
resulting in the global devastating COVID-19 pandemic (3).

Coronaviruses are enveloped viruses with a positive-sense
RNA genome and a nucleocapsid of helical symmetry. Coro-
navirus nucleoproteins (N) localize to the cytoplasm and the
nucleolus, a subnuclear structure, in both virus-infected pri-
mary cells and cells transfected with plasmids that express N.
N is the most abundant coronavirus protein; it is required for
coronavirus RNA synthesis and has an RNA chaperone activity
that may be involved in template switch. N protein binds to the
viral RNA during virion assembly, leading to the helical
nucleocapsid formation (for a review, (4)).

The coronavirus Nucleoprotein is a homodimer formed by
two monomers of about 48 kDa (5). Each monomer is
composed of 2-folded domains respectively called the N-ter-
minal domain (NTD) and the C-terminal domain (CTD). They
are separated by a disordered region (called LKR), which could
regulate the functions of N upon phosphorylation (6). NTD
and CTD are both able to bind RNA (7, 8), while CTD also
serves as a dimerization domain (9). Despite many studies, the
mechanism by which the RNA genome is encapsidated by
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Nanobodies against SARS-CoV-2 nucleoprotein
N has not been fully unraveled. Indeed, the structure of full-
length N is not known probably due to the flexibility of the
LKR region. The structures of the NTD and the CTD have
only been determined by X-ray crystallography for MERS-CoV
(10, 11) and very recently for SARS-CoV-2 (12). The interac-
tion of the NTD with RNA has also been recently character-
ized by nuclear magnetic resonance (NMR) spectroscopy (13).

The current COVID-19 pandemic shows the importance of
obtaining reliable solutions for the rapid and specific detection
of SARS-CoV-2. Several solutions have been developed in re-
cord time. The reference method for diagnosis remains the RT-
PCR (Reverse Transcriptase–Polymerase Chain Reaction),
which allows the detection of SARS-CoV-2 RNA in either
nasopharyngeal, salivary or pulmonary samples. This is an
expensive method, which requires the transport of samples to
well-equipped laboratories and their handling by qualified
personnel. As the virus can only be detected in the body for a
short time (typically 7–21 days after infection) (14), diagnostic
tests should be performed as soon as the first symptoms appear
or a contact is suspected. Therefore, diagnostic tests must be
widely available and accessible, highlighting the importance of
developing an antibody-based assay. Moreover, this assay must
be specific and should not cross react with common human
coronaviruses. As N is the most abundant protein of corona-
virus (6), it is of upmost importance to develop diagnostic tests
relying on antibodies that detect this protein.

Camelids produce two types of antibodies: (i) conventional
antibodies made of dimers of heavy and light chains and (ii) a
class of IgG devoid of light chain and made of dimers of heavy
chains only (HC-IgGs) (15). TheHC-IgGs comprise two antigen-
binding domains (referred to as VHH or nanobodies). VHHs are
the smallest available intact antigen-binding fragments with a
molecular weight of around 15 kDa. They act as fully functional
binding moieties and are readily produced in high amounts and
active form in E. coli.Besides, they exhibit unique characteristics,
such as enlarged complementarity determining regions (CDRs)
and the substitution of three or four hydrophobic framework
residues (which interact with the VL in conventional antibodies)
by more hydrophilic amino acids. Over the last decades, VHHs
have progressively raised greater interest because of their specific
properties. Indeed, they combine the high affinity and selectivity
of conventional antibodies with the advantages of small proteins:
in particular, they diffuse more readily into tissues owing to their
small size and are able to reach intracellular antigens (16–21),
which allows them to be widely used for imaging.

VHHs have been raised against numerous viruses (reviewed in
(22, 23)) includingHIV (24, 25); influenzaA (26–28); rabies virus
(26); poliovirus (29); foot andmouth disease virus (30); Rotavirus
(31), hepatitis C virus (32), and against SARS-CoV-1, MERS-
CoV, and SARS-CoV-2 spike proteins (33–37). Recently VHHs
specific of SARS-CoV-2Nucleoprotein have been described (38).
Although VHHs are monovalent, they frequently exhibit bio-
logical activities comparable to conventional bivalent antibodies
(29). For instance, VHHs are able to bind to the SARS-CoV-2
spike protein and prevent infection of cells (33, 39).

Here we report the isolation and characterization of 7 VHHs
directed against the N protein of SARS-CoV-2, which have
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been obtained by immunization of an alpaca with this nucle-
oprotein. These VHHs recognize specifically the SARS-CoV-
2 N with nanomolar affinities and do not cross-react with
common human coronaviruses. Their epitope has been map-
ped on either NTD or CTD by Hydrogen-Deuterium
eXchange–Mass Spectrometry (HDX-MS). They are able to
recognize the SARS-CoV-2 virus in infected cell cultures and
pulmonary tissues from infected hamsters. An ELISA sand-
wich assay has been set up using VHH NTD E4-3 and VHH
G9-1, allowing to detect as little as 4 ng/ml of N in solution.
This ELISA sandwich is able to detect the nucleoprotein in
human nasal swabs. These two VHHs can also detect the
SARS-CoV-2 variants B.1.1.7/alpha, B.1-351/beta, and
P1/gamma originally found in the United Kingdom, South
Africa, and Brazil, respectively.

Results

Production and characterization of the recombinant full-
length SARS-CoV-2 nucleoprotein

Recombinant full-length N was produced in E.coli (40) with
a yield of 5.8 mg/g biomass and purified to homogeneity by
affinity chromatography and gel filtration (Fig. 1A). The
measured molecular weight (48752.80 ± 1.96 Da) was consis-
tent with the expected mass of the protein (48752.13 Da),
confirming the absence of degradation (Fig. 1B). Dynamic light
scattering (DLS) experiments further showed that N is ho-
mogeneous and stable overnight at 37 �C and for at least
21 days at 4 �C (Fig. 1C). Finally, two distinct protein species
were detected by sedimentation velocity analysis: the main one
(96%) at a sedimentation coefficient of 3.6S compatible with a
dimeric organization and the minor one (5%) at 5.5S
compatible with a tetrameric organization (Fig. 1D). Alto-
gether, these data reveal that N is stable at 4 �C and mainly
forms a dimer in solution.

Selection and characterization of VHHs recognizing N

An alpaca was immunized with the recombinant N protein
and a library containing 5.85 × 107 different VHHs was con-
structed from cDNA encoding VHH domains isolated from
lymphocytes. VHHs were selected by phage display through
three panning cycles against N, each with different buffer and
washing conditions. In total, 400 individual clones were
assayed by ELISA to test whether they could bind N. Five
specific VHHs were thus obtained, called D12-3, E7-2, E10-3,
G9-1, H3-3, respectively.

All of these VHHs recognized the CTD domain of N (see
below). Therefore another panning was performed with NTD
as bait, by using the same library and the same panning pro-
cedure. Two NTD-specific VHHs were thus isolated, called
NTD E4-3 and NTD B6-1.

C-terminal strep-tagged VHHs were obtained by subcloning
their genes into the pASK vector. The VHH production yields
ranged from 0.1 mg/l to 1 mg/l of culture after Strep-Tactin
affinity chromatography from periplasmic extracts. Quality
control was performed showing that VHHs were not aggre-
gated and had the expected molecular mass.



Figure 1. Characterization of the Nucleoprotein. A shows the SDS-PAGE gel with lanes 5–12 representing the eluted fractions containing the purified
SARS-CoV-2 N and lanes 13–18 are separated contaminants; B represents the intact mass measurement. The measured molecular weight
(48752.80 ± 1.96 Da) is consistent with the expected average mass calculated from the full-length SARS-CoV-2 N primary sequence (48752.13 Da,
Δm = +0.67 Da (+13.7 ppm)), thereby confirming the structural integrity of the protein; C shows one main homogeneous population by DLS with a hy-
drodynamic radius of 6 nm. No aggregates are detectable at 37 �C; D represents the AUC measurement where 96% of the sample is under a dimeric form.

Nanobodies against SARS-CoV-2 nucleoprotein
The VHH binding activities were first analyzed by ELISA on
the recombinant N. All the VHHs strongly bound to immo-
bilized N (Fig. 2A), the highest signal was observed for E7-2
and the lowest for NTD B6-1. Surface plasmon resonance
(SPR) studies showed that the VHHs bound to N with affinities
in the nanomolar range (Table 1 and Fig. 2B). The measured
KDs correlate with the ELISA results, with VHH E7-2 having
the highest affinity (0.206 nM) and NTD B6-1 the lowest
(46.5 nM).

An ELISA was then performed on infected and uninfected
cell extracts (Fig. 2C), showing that all the VHHs recognized
the N present in infected cell extracts. The different color bars
represent the concentration of VHH for which the maximal
OD difference between infected and uninfected extracts was
obtained. VHHs can be classified in different groups: E7-2
shows the best signal at a concentration as low as 4 ng/ml;
followed by VHH H3-3 at 0.25 μg/ml, VHHs G9-1 and NTD-
E4-3 at 1 μg/ml, and finally E10-3, D12-3, and NTD-B6-1 at
4 μg/ml.

The specificity of the VHHs for SARS-CoV-2 N was
assessed in an ELISA, by comparing their binding to the
seasonal human coronaviruses (OC43, HKU1, 229E, and
NL63), with that to SARS-CoV-1 and SARS-CoV-2, using the
SARS-CoV-2 spike protein as a negative control. We did not
observe any binding to the N of seasonal coronaviruses. VHHs
NTD-E4-3, D12-3, and E10-3 recognized SARS-CoV-2
N better than SARS-CoV-1 N. Nevertheless VHH E7-2
interacted with the N of seasonal coronavirus as well as with
the spike protein but to a lesser extent than for SARS-CoV-1
and SARS-CoV-2. This non-specific binding might be
explained by a local denaturation of N when coated on ELISA
plates.
Identification of the SARS-CoV-2 N antigenic regions recognized
by each VHH

SPR experiments were first performed to determine if the
VHHs recognized overlapping or distinct epitopes on N.
VHHs E7-2, G9-1, and H3-3 recognized overlapping epitopes
while NTD B6-1 and NTD E4-3 recognized a different epitope.

HDX-MS was used to locate more precisely the binding
sites of each VHH on N. The quench and pepsin conditions
J. Biol. Chem. (2022) 298(1) 101290 3
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Figure 2. Analysis of the binding of the different VHHs to the SARS-CoV-2 Nucleoprotein. A, binding of the different VHHs to SARS-CoV-2 recombinant
Nucleoprotein determined by ELISA. N was coated at 1 μg/ml and VHHs at different concentrations were then added. B, real-time monitoring of the VHH/N
interaction by SPR. The determined kinetic parameters of the VHHS are provided in Table 1. C, binding of the VHHs by ELISA on cell extracts. The VHH
concentration leading to maximal difference obtained between infected and uninfected cell extracts are indicated by gray variations.

Nanobodies against SARS-CoV-2 nucleoprotein
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Table 1
Kinetic parameters of the interaction between the SARS-CoV-2
nucleoprotein and the different VHHs

VHH Kd (nM) kon (105 M−1 s−1) koff (10
−4 s−1)

D12-3 5.78 ± 1.15 13.8 ± 3.1 77.2 ± 2.1
E7-2 0.206 ± 0.073 7.05 ± 2.04 1.81 ± 0.56
E10-3 24.1 ± 4.0 1.49 ± 0.26 35.5 ± 7.0
G9-1 2.40 ± 0.38 5.96 ± 1.27 14.0 ± 1.4
H3-3 0.902 ± 0.119 10.0 ± 0.9 9.00 ± 1.09
NTD B6-1 46.5 ± 2.6 4.24 ± 0.57 201 ± 29
NTD E4-3 23.8 ± 2.1 5.97 ± 0.94 140 ± 11

Nanobodies against SARS-CoV-2 nucleoprotein
were first optimized to generate a peptide map with high
sequence coverage and peptide redundancy. A total of
51 unique peptides covering 94.4 % of the N sequence were
selected and brought to the HDX-MS analysis.

Epitope mapping was performed by comparing the deute-
rium exchange profiles of N in its apo- and VHH-bound states.
The relative fractional uptake difference plots obtained for
each VHH are presented in Figure 3. A positive uptake dif-
ference value indicates a VHH-induced protective effect on the
exchangeable amide hydrogens. As reported in Figure 3B,
VHHs G9-1, D12-3, E10-3, E7-2, and H3-3 all targeted the
CTD domain and reduced the solvent accessibility of similar
peptides encompassing regions 268-291 and 316-330. Inspec-
tion of the different overlapping peptides revealed that the
main reductions of solvent accessibility occurred in segments
268-273 and 323-330 for D12-3, E10-3, and G9-1 and in
segments 268-291 and 316-322 for H3-3. All these VHHs
therefore share a common binding interface made of two distal
regions in the CTD primary structure (i.e., conformational
epitopes).

The two VHHs selected against NTD, namely NTD B6-1
and NTD E4-3, interacted with distinct and nonoverlapping
epitopes. As shown in Figure 3B, VHH NTD B6-1 targeted a
linear epitope containing residues 137–156 only. The binding
of VHH NTD E4-3 on the other hand affected the solvent
accessibility of two regions encompassing residues 110–156 of
the NTD domain and residues 225–245 of the intrinsically
disordered LKR linker (Fig. 3B). These two regions contained
several overlapping peptides with similar back-exchange values
(Table S1) allowing to confine the effect of NTD E4-3 to
segments 111–133 and 231–245 only. This finding was un-
expected since VHH NTD E4-3 was selected using recombi-
nant NTD as a bait. In the absence of crystal structure of full-
length SARS-CoV-2 N, the variations observed in LKR may
result either from: (1) a direct masking effect imposed by the
VHH; in this scenario NTD E4-3 targets a conformational
epitope containing a dominant sequential element located in
the NTD domain; or (2) from steric hindrance and/or allo-
steric changes induced upon E4-3 binding; in this scenario, the
NTD E4-3 epitope is linear and only formed by segment
111–133.

To better visualize and compare the position of each
epitope, HDX-MS results were mapped onto the crystal
structures of SARS-CoV-2 NTD and CTD (Fig. 4). As shown
in Figure 4B, the HDX-MS defined epitopes recognized by G9-
1, D12-3, E10-3, E7-2, and H3-3 in the CTD domain are
conformational and contained the long and solvent exposed
loop connecting helices α2 to α3 (region 268–291). The only
differences were observed within region 316–339. Whereas
E7-2 affected the entire 316–330 region (α5-β1-β2), the main
changes in solvent accessibility were restricted to segment
323–330 (β1-β2) for D12-3, E10-3, and G9-1 and to segment
316–322 (α5-β1) for H3-3. Our results also revealed that VHH
NTD B6-1 targeted a linear epitope formed by the long and
solvent exposed C-terminal NTD loop (Fig. 4C). Finally, in the
absence of full-length N structure, the type of epitope targeted
by VHH E4-3 remains ambiguous. Nevertheless, our results
reveal that the E4-3 epitope is made of the long NTD loop
connecting β5 to β6 (Fig. 4C).

Altogether, these experiments revealed that VHHs G9-1,
D12-3, E10-3, E7-2, and H3-3 specifically targeted and
shared a common binding site on CTD, whereas VHHs E4-3
and B6-1 both recognized distinct and nonoverlapping epi-
topes on the NTD domain.

Recognition of infected cells by Immunofluorescence

FRhK4 cells were infected with the SARS-CoV-2 virus. After
24 h, the subconfluent layer of cells was fixed and per-
meabilized. A control with rabbit polyclonal antibodies against
SARS-CoV-2 N labeled with an anti-rabbit Alexa Fluor 488
allowed us to evaluate that around 50% of cells were infected.
Biotinylated VHHs were used at a concentration of 1 μg/ml and
labeled with streptavidin Alexa-Fluor 488. All the fluorescent
VHHs labeled the infected cells, as shown in Figure 5, whereas
no labeling was observed on uninfected cells (data not shown),
suggesting that they all recognized the SARS-CoV-2 virus in
situ. The exposition for imaging needed to be adjusted for each
VHH. These variabilities in sensitivity are consistent with the
difference of affinities observed between the VHHs.

Recognition of SARS-CoV-2 virus in infected hamster tissues

Syrian hamsters were infected with the SARS-CoV-2 virus
(41). The lungs were recovered and fixed and unstained sections
were incubated with 2 μg/ml of each VHH. A control was
performed with uninfected hamster lungs. A strong labeling of
virus present in bronchoalveolar epithelium was observed with
the different biotinylated VHHs used (E7-2, G9-1, H3-3, NTD
B6-1, and NTD E4-3), representative of the different epitopes
targeted (Fig. 6). However, significant variations of labeling
intensity were observed between the different VHHs. Even if we
cannot exclude that these could be due to the differences in
affinity of the VHHs or to the accessibility of their epitopes, the
most likely explanation is that the number of infected cells
varied somewhat between different sections of lung tissue. Each
VHH was indeed incubated within a different section of the
lung, and although all sections were adjacent in the tissue, the
size of the foci of infection varied from one section to another.

Detection of nucleoprotein in solution by sandwich ELISA

A sandwich ELISA was set up to detect in solution the full-
length SARS-CoV-2 N. The three best VHHs against CTD
(E7-2, G9-1, and H3-3) were used in combination with the two
J. Biol. Chem. (2022) 298(1) 101290 5



Figure 3. Identification of the VHH binding sites by HDX-MS. A, general organization of full-length SARS-CoV-2 N showing the position of the 2-folded
NTD and CTD structural domains and the three intrinsically disordered regions (N-arm, LKR, and C-tail). B, differential fractional uptake plots showing the
relative variations in deuterium incorporation imposed by the binding of each VHH to full-length SARS-CoV-2 N. The differences in uptake between the apo-
and VHH-bound states were calculated for each peptide and time point and plotted as a function of peptide position. A positive uptake difference is
indicative of a VHH-induced protective effect on the exchangeable amide hydrogens. Peptides displaying statistically significant uptake differences (Wald
test, p < 0.01) are highlighted in gray. Peptides 340–353 (panel VHH E10-3), 337–353 (panel VHH E7-2), and 111–156 (panel VHH E4-3) were removed from
the statistical analysis due to either poor fitting quality to the Mixed Effect Model or poor MS signal.

Nanobodies against SARS-CoV-2 nucleoprotein
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Figure 4. Comparison of the VHH epitopes mapped by HDX-MS. A, linear representation (left) of full-length SARS-CoV-2 N with NTD in gray and CTD in
light blue. The cartoon representations of the NTD domain (pdb # 7CDZ) and the CTD dimer (pdb # 7CE0) are shown on the right panel, with one CTD
monomer colored light blue and the other colored black. The RNA-binding residues identified by NMR are also reported on the linear (left, blue bars) and the
cartoon representations of the NTD domain (right, blue spheres). B and C, comparison of the epitopes identified in the CTD (B) and the NTD (C) domains by
HDX-MS. Red and orange patches correspond to regions were major and minor reductions in solvent accessibility were observed upon VHH binding.
HDX-MS results are mapped onto the cartoon and surface representations of the NTD and CTD domains.

Nanobodies against SARS-CoV-2 nucleoprotein
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Figure 5. Immunofluorescence labeling of SARS-CoV-2 virus in infected cells. Representative staining with biotinylated VHHs at 1 μg/ml of subconfluent
layer of FRhK4 infected cells. A rabbit antibody against the SARS-CoV-2 N was used as a control of the infection.

Nanobodies against SARS-CoV-2 nucleoprotein
anti-NTD VHHs (NTD-B6-1 and NTD-E4-3) to determine
which was the optimal couple for the detection of N. VHH
G9-1 and NTD-E4-3 gave respectively the best signals among
anti-CTD and the anti-NTD VHHs. As little as 4 ng/ml of
SARS-CoV-2 N could be detected. The sandwich E4-3/G9-1
ELISA was specific of SARS-CoV-2 N because no detection
of seasonal human coronaviruses N was observed (data not
shown).

The VHHs were also able to detect inactivated and per-
meabilized SARS-CoV-2 virus. The same ranking was
observed: NTD-E4-3 in combination with the CTD G9-1 was
the best couple to detect the SARS-CoV-2 N in native
conditions.

SARS-CoV-2 replicates mainly in the human upper respi-
ratory tract (42, 43). Therefore, human nasopharyngeal swabs
from healthy controls and COVID-19 patients were tested
using the sandwich E4-3/G9-1 ELISA. The results from the
sandwich ELISA were compared with an available commercial
immunochromatographic assay. The immunochromato-
graphic assay can detect as little as 1 ng/ml of N.
8 J. Biol. Chem. (2022) 298(1) 101290
Quantification of N by ELISA was made possible by using a
calibration curve. Five samples were considered as negative by
PCR (#1, #2, #3, #6, #79) and 12 positive (#4, #5, #7, #12, #14,
#22, #30, #45, #47, #58, #60, #64, #67). We observed a good
correlation between the two techniques (Table 2). N could not
be detected in samples #1, #2, and #3 either by the immuno-
chromatographic assay or by ELISA. However, N was detected
in sample #6 (healthy control, PCR neg) using the immuno-
chromatographic assay but not by the VHH ELISA. On the
other hand, the ELISA detected N in sample #79 even if it was
considered as negative by PCR (39 days postinfection). As for
PCR-positive samples, N could not be detected in samples #14,
#22, and #30 by ELISA or the immunochromatographic assay.
For sample #60, a band was detected by the immunochro-
matographic assay but not by the ELISA.
Detection of SARS-CoV-2 variants of concern

Several variants have emerged recently B.1.1.7/alpha,
B.1.351/beta, and P1/gamma and have spread in multiple



Figure 6. Immunofluorescence labeling of SARS-CoV-2 virus in the lung of infected Syrian Hamster. Representative staining of lung slices with
biotinylated VHHs at 1/500.Scales bar: 50 μm. Left panel, uninfected control; right panel, infected hamster

Table 2
Comparison of the detection of nucleoprotein in human nasal swabs
by an immunochromatographic assay and a sandwich ELISA

Samples Immunochromatographic assay Sandwich ELISA (ng/ml)

#1 − 0
#2 − 0
#3 − 5
#4 + 45
#5 + 39
#6 +/− 0
#7 + 15
#12 + 24
#14 − 0
#22 − 0
#30 − 0
#45 + 0
#47 + 34
#58 + 117
#60 + 0
#64 + 16
#67 + 29
#79 + 38

Nanobodies against SARS-CoV-2 nucleoprotein
countries due to increased transmission (44, 45). These vari-
ants of concern harbor mutations in the spike but also in the N
protein, which could affect their detection in antibody-based
tests. Therefore, we analyzed the binding of VHH G9-1 and
VHH NTD E4-3 on these variants.

We tested the ability of VHHs NTD E4-3 and G9-1 to detect
the N protein on fixed tissues. Mice were infected with the
B.1.351 and P1 variants as described in (46). Sections of
formalin-fixed lungs were incubated with 2 μg/ml of bio-
tinylated VHHs NTD E4-3 and G9-1. Uninfected mouse lung
was used as control. Strong labeling was observed with both
VHHs in mice infected with either variants (Fig. 7A).

We also performed a sandwich immunoassay on uninfected
and infected cell extracts using Wuhan, B.1.1.7, and B.1.351
variants (Fig. 7B) and found that both VHHs NTD E4-3 and
G9-1 recognized the N protein in all infected cell extracts.

Discussion

We have obtained seven different VHHs that recognize the
SARS-CoV-2 Nucleoprotein. N was expressed in E. coli as a
dimer. By HDX-MS we have confirmed that the NTD and
CTD regions are structured unlike the N-arm, the LKR region,
and the C tail. N was then used for immunization of an alpaca.
The first VHHs isolated after panning with the whole protein
were all directed against CTD. Another panning against NTD
was required to isolate VHHs specific of this domain. This bias
J. Biol. Chem. (2022) 298(1) 101290 9



Figure 7. Detection of SARS-CoV-2 variants of concern by VHHs. A, immunofluorescence labeling of N protein in lung sections of mice infected with the
B.1-351 and P1 SARS-Cov-2 variants. Representative staining of lung slices with biotinylated VHHs at 1/500.Scales bar: 50 μm. Left panels, uninfected control;
right panels, infected mice. B, detection of Nucleoprotein from variants by sandwich ELISA. VHH NTD-E4-3 was coated on the plate, permeabilized SARS-CoV-
2 virus variants were then added at different concentrations and were revealed by adding a biotinylated VHH G9-1 followed by peroxydase labeled
streptavidin. Controls without virus were performed and their values were substracted from the data.

Nanobodies against SARS-CoV-2 nucleoprotein
might be due either to the fact that N coated on polystyrene
tubes could expose CTD preferentially or that VHHs against
NTD could be counter-selected because of their lower affinity.
VHHs directed against CTD (E7-2, H3-3, G9-1, E10-3, and
D12-3) recognized overlapping epitopes and SPR experiments
showed that these VHHs were unable to bind simultaneously,
suggesting the existence of an immunodominant epitopic re-
gion in the CTD. The two anti-NTD VHHs recognized
different epitopes.

The different VHHs recognized N in infected cells and in
infected hamster or mice tissues showing their ability to
recognize the native nucleoprotein. The development of a
sandwich ELISA also allowed the detection of native N. These
10 J. Biol. Chem. (2022) 298(1) 101290
data suggest that the presence of RNA on N does not seem to
impede the VHH binding.

We tested all the VHHs on nucleoproteins from different
human coronaviruses. They recognized N from SARS-CoV-1
and SARS-CoV-2 but not from other coronaviruses. The
protein sequences of the SARS-CoV-1 and SARS-CoV-2
nucleoproteins have a 90% identity, while the other nucleo-
proteins only have a 28–33% identity. The sequence of the
epitopic regions recognized by the seven VHHs is different
between the common human and SARS coronaviruses
explaining the specificity of our VHHs for SARS N. As SARS-
CoV-1 virus is not circulating anymore, VHHs are compelling
to set up a specific detection test.



Nanobodies against SARS-CoV-2 nucleoprotein
Recently, several variants emerged (44, 45), which are more
efficiently transmitted. They present several mutations mostly
in the Spike protein but also in the Nucleoprotein. The N
mutations are D3L and S235F for the variant B.1.1.7/alpha,
T205I for the variant B.1.351/beta and P80R for the variant
P1/gamma (47). Interestingly most of these mutations occur
either in the N terminal arm (position 3) or in the LKR (po-
sitions 205 and 235) two intrinsically disordered regions. A
mutation is also observed at position 80 at the N terminal end
of NTD close to the N arm. We have shown that the sandwich
ELISA NTD E4-3/G9-1 recognized N in B.1.1.7 and B.1.351
permeabilized cells, and a strong labeling was observed with
both VHHs in mice infected with B.1.351 and P1 variants
showing their ability to recognize the native N present in the
different variants. These data suggest that our VHHs target
conserved regions not prone to mutations, which is of utmost
importance for the robustness of a diagnostic test.

Interestingly, the VHH NTD E4-3 recognized preferentially
SARS-CoV-2 N. The epitope as defined by HDX-MS was
ambiguous with the involvement of segments 111–133 and
231–245 even if this VHH was selected using recombinant
NTD (segment 1–200) as a bait. Three aa differences are
observed in region 111–133: in position 120 a glycine is pre-
sent for SARS-CoV-2 while it is a serine for SARS-CoV-1, an
aspartic acid instead of a glutamic acid in position 128 and an
isoleucine is in place of a valine in position 131. Aspartic acid
and glutamic acid are quite similar amino acid, and we might
suggest that positions 120 and 131 are important for the
binding of VHH NTD E4-3. The HDX-defined NTD B6-1
epitope contained the positively charged R149 residue
recently identified as important for RNA binding (Fig. 4, A and
C) (13). Among the regions recognized by the anti CTD VHHs,
only one difference at position 290 (aspartic acid instead of
glutamic acid) is observed between the two SARS nucleopro-
teins. This position is probably not involved in the binding as
some anti CTD VHHs present the same binding for both
nucleoproteins.

We determined the best combination of VHHs to detect the
nucleoprotein first as a recombinant protein, then on a per-
meabilized virus. We found that coating the anti-NTD E4-3 for
the capture and using the anti-CTD G9-1 to reveal the
nucleoprotein is the best option. No cross-reaction was
observed with other human seasonal coronaviruses N due to
the exquisite specificity of both VHHs. Moreover the alpha,
beta, and gamma variants were detected by these two VHHs
highlighting the wide recognition efficiency of this sandwich
immunoassay. Recently Anderson et al. (38) have described
VHHs directed SARS-CoV-2 Nucleoprotein. They have
developed a sensitive sandwich immunoassay, but there is no
indication if these VHHs recognized or not the native N, the
seasonal coronaviruses, and the alpha, beta, and gamma
variants.

This assay has been used to test the presence of N in human
nasal swabs. In parallel an immunochromatographic assay
(“Rapid SARS-CoV-2 Antigen test Card”) was used. Both tests
can detect low amounts of N (4 ng/ml for our ELISA, 1 ng/ml
for the dipstick test). In total, 18 samples diluted 1/3 were
tested and a correlation was observed for 16 out of 18 samples
between both techniques, validating our sandwich ELISA.
Some PCR negative samples #6 and #79 were found positive
while PCR positive samples #14, #22, and #30 were found
negative with both techniques. These discrepancies will need
to be further analyzed. However, samples #14, #22, and #30 are
from patients in the early phase of infection (3, 8, and 2 days
postinfection, respectively) suggesting that the concentration
of N may be low. On the other hand, the ELISA is able to
detect N in the sample #79 39 days postinfection, suggesting
that the presence of N might persist even after recovery from
infection. The development of a reliable test based on VHHs
will be performed in the future by using a large number of
human samples. This test can be adapted to an ultrasensitivity
Simoa assay that could increase the sensitivity 3000-fold
compared with that of the commercially available N protein
ELISA kit assay (48). The ultrasensitivity of Simoa assays
should provide a quantitative resolution of N concentrations
and enable to detect N even at the earliest stages of infection.
An alternative could be the use of a highly sensitive Luciferase-
Linked Immunosorbent Assay (LuLISA) relying on anti
N VHHs expressed in tandem with the catalytic domain of the
enzyme luciferase (nanoKAZ) (49).

Experimental procedures

Production of recombinant N from SARS-CoV-2

An optimized synthetic gene (GenBank MN908947) was
cloned in the pETM11 expression vector allowing the pro-
duction of N fused to an N-terminal (His)6 tag. Production and
purification of N have been described by Grzelak et al. (40).

Quality assessment of N

Prior to further experiments, both VHHs and N underwent
a series of tests to assess their integrity, solubility, and stability.
The tests are adapted from previously published approach (50)
and the ARBRE-MOBIEU P4EU recommendations (https://
arbre-mobieu.eu/guidelines-on-protein-quality-control/).

UV spectroscopy quantification

Protein quantification at 280 nm was carried out by
recording a full spectrum between 240 and 340 nm. Detection
of nucleotides at 260 nm and scattering at 340 nm were also
checked. Measurements were done at room temperature in a
1 cm quartz cell, reference 105.202-QS.10 (Hellma), using a
JASCO V-650 spectrophotometer (JASCO Corporation). A
baseline subtraction at 340 nm was performed with the
Spekwin32 software (F. Menges “Spekwin32 – optical spec-
troscopy software,” Version 1.72.2, 2016, http://www.
effemm2.de/spekwin/) to accurately calculate the protein
concentration.

Dynamic light scattering (DLS) experiments

DLS was performed on a DynaPro Plate Reader III (Wyatt)
to confirm that the samples did not contain aggregates. Ex-
periments were performed in triplicate in a 384-well
J. Biol. Chem. (2022) 298(1) 101290 11
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microplate (Corning ref 3540), with 20 acquisitions of 10 s
each, monitored with the DYNAMICS version V7.9.1.3 soft-
ware (Wyatt). The N protein stored at 4 �C was monitored for
3 weeks, and an overnight experiment at 37 �C was also per-
formed. The VHHs were monitored at 20 �C just after their
purification.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE)

Polyacrylamide gel electrophoresis (PAGE) was performed
using NuPAGE Novex 4–12% Bis-Tris gel (Invitrogen) ac-
cording to the manufacturer’s instructions. PageRuler Pre-
stained Protein ladder was used as molecular weight maker
and Instant Blue (Expedeon) was used to stain the SDS-PAGE
gel.

Intact mass measurement by LC-ESI-MS

Recombinant N was diluted to 0.2 μM in 0.15 % formic acid
(pH 2.5). 50 μl (10 pmol) was loaded onto an ACQUITY
UPLC BEH C4 Trap column (2.1 μm × 5 mm, Waters Cor-
poration), and desalted for 2 min at 100 μl/min with 0.15 %
formic acid, pH 2.5. The protein was eluted into the mass
spectrometer with a quick linear gradient of acetonitrile from
5 to 90 % in 2 min, at 60 μl/min. Mass spectra were acquired
in resolution and positive ion-mode (m/z 400–2000) on a
Synapt G2-Si HDMS mass spectrometer (Waters Corpora-
tion). To ensure mass accuracy, a Glu-1-Fibrinopeptide B
solution (100 fmol/μl in 50% acetonitrile, 0.1% formic acid)
was continuously infused through the reference probe of the
electrospray source.

Sedimentation velocity analysis

Sedimentation velocity experiments were carried out at
42,000 rpm and 20 �C in an Optima analytical ultracentrifuge,
using 12-mm aluminum-Epon double-sector centerpieces in
an 55Ti rotor. Protein concentrations were recorded in
continuous mode using absorbance at 230, 271 nm. N proteins
were studied at 0.15 mg/ml. The partial specific volume, sol-
vent density, and viscosity, calculated with SEDNTERP (http://
www.jphilo.mailway.com/download.htm), were 0.724 ml/g,
1.012 g/cm3, and 0.01045 P, respectively. The data recorded
from moving boundaries were analyzed in terms of continuous
size distribution function of sedimentation coefficient C(S)
using the program SEDFIT (51).

Production of the N-terminal domain (NTD) of N

The gene encoding residues 1–200 of N (GenBank:
YP_009724397.2) were retrieved by polymerase chain reaction
(PCR). The amplicon was subcloned into a pET23-derived
plasmid encoding an His6 tag at 30end. Sequencing verified
that no mutations were introduced during the process. The
recombinant protein was expressed in E.coli SHuffle C3029H
cells (New England Biolabs) and purified from a soluble
cytoplasmic extract, as described above for the whole N. About
15 mg of purified protein was systematically obtained from 1 L
of culture medium.
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Production of native nucleoprotein: cell extracts and virus
inactivation

Vero-NK (African Green Monkey Kidney) cells were
infected with the SARS-CoV-2 virus (BetaCoV/France/
IDF0372/2020) at a MOI of 10−2. An uninfected control was
also produced in the same conditions. After 24 h of incubation,
the cells were washed with 150 mMNaCl and 50 mM Tris HCl
pH7.5 (TBS), and the cell monolayer was scratched. The cells
were centrifuged and the pellet was resuspended in TBS-2%
Triton X100 and incubated at 37 �C for 15 min before being
sonicated. Cells were centrifuged and β-propiolactone (1/50)
was added to the supernatant before being incubated for 24 h
at 4 �C, then 24 h at 20 �C. The virus inactivation was
controlled before the use of cell extracts for ELISA.

The SARS-CoV-2 virus was also inactivated with β-pro-
piolactone (1/50) in TBS for 24 h at 4 �C, then 24 h at 20 �C.
The virus inactivation was then controlled. To permeabilize
the viral membrane, the virus was incubated for 15 min at
37 �C in PBS-2% Triton X100.

Alpaca immunization

Animal procedures were performed according to the
French legislation and in compliance with the European
Communities Council Directives (2010/63/UE, French Law
2013-118, February 6, 2013). The Animal Experimentation
Ethics Committee of Pasteur Institute (CETEA 89) approved
this study (2020-27412). One young adult male alpaca (Lama
pacos) was immunized at days 0, 17, and 24 with 150 μg of
recombinant N. The immunogen was mixed with Freund
complete adjuvant for the first immunization and with
Freund incomplete adjuvant for the following immuniza-
tions. The immune response was monitored by titration of
serum samples by ELISA on coated N. The bound alpaca
antibodies were detected with polyclonal rabbit anti-alpaca
IgGs (52).

Library construction and phage display

The blood of the immunized animal (about 300 ml) was
collected and the peripheral blood lymphocytes were isolated
by centrifugation on a Ficoll (Cytiva, Velizy, France) discon-
tinuous gradient and stored at −80 �C until further use. Total
RNA and cDNA were obtained as previously described (52). A
nested PCR was performed with IgG-specific primers designed
in our lab. In the first step, five sets of PCR primers were used
to amplify the VH-CH1-CH2 and VHH-CH2 fragments. The
bands corresponding to the VHH-CH2 regions were purified
on an agarose gel. Next, VHH regions were specifically
reamplified with three sets of VHH-specific PCR primers
complementary to the 50 and 30 ends of the amplified product
and incorporating Sfi1 and Not1 restriction sites at the ends of
the VHH genes. The PCR products were digested and ligated
into a pHEN6 phagemid vector.

Phage display technology allows the selection of antigen
specific phage-VHHs. A large number of phage-VHHs (1013)
were used to perform three rounds of panning. A different
blocking agent was used for each round, respectively 2%
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skimmed milk, Licor blocking buffer (Biosciences) diluted into
PBS at a 1:4 ratio and 4% BSA. After the blocking step, phage-
VHHs were incubated with antigen precoated immunotubes
for 2 h on a wheel at room temperature. To remove nonspe-
cific binders, a 6× PBS Tween 0.1% and 4× PBS washing
procedure was performed, specific phage-VHHs were then
eluted in 100 mM triethylamine (TEA) for 5 min on a wheel,
and the excess TEA was neutralized immediately with 1 M
Tris-HCl, pH 7.6. E. coli TG1 at exponential growth phase
were then infected with eluted phage-VHHs and incubated at
37 �C for 30 min without stirring and 30 min under stirring.
The remaining bacteria were centrifuged at 4000 rpm for
15 min, and the pellet was resuspended in 1 ml of 2YT, which
was spread on a 2YT+ampicillin (A) Bio-assay dish (24 cm ×
24 cm) and incubated overnight at 30 �C. Bacteria were
recovered the next day with 4 ml of 2YT containing 8% of
DMSO (Dimethyl sulfoxide Sigma-Aldrich) and were stored
at −80 �C in aliquots of 1 ml.
Selection of specific phage-VHHs and ELISA

Individual colonies from the second and the third round of
panning were picked from Petri dishes and were cultured in a
96-well plate (Plate I) (Cell star, Greiner Bio-one) containing
200 μl of 2YT +A/well overnight at 37 �C with shaking. This
plate (Plate I) was used to seed a secondary plate (Plate II) to
express phage-VHH. Three microliters of each colony were
cultured in 200 μl of 2YT A in a 96-deepwell plate (Master-
Block, Greiner Bio-one) (Plate II). After a 1 h 30 min incu-
bation at 37 �C with shaking, the bacteria present in each well
were infected with 1 × 109 VCS M13 helper phages. The plate
II was then incubated for 30 min at 37 �C without shaking,
followed by 30 min at 37 �C with shaking and then centrifuged
at 2500 rpm for 10 min. The pelleted cells in each well were
resuspended in 500 μl of 2YT+A+Kanamycin (K)+IPTG. The
cultures were then incubated overnight at 30 �C with shaking
to allow expression of phage-VHHs by bacteria. Each well
contained a single selected phage-VHH. In parallel, plate III
(Nunc Thermo Scientific) was coated with antigen overnight
at 4 �C.

The following day, plates III were first saturated with PGT
(PBS-Gelatin 0.5%-Tween 0.1%) for 30 min at 37 �C (100 μl/
well). Plates II were centrifuged at 2500 rpm for 10 min to
precipitate bacteria and to retrieve the supernatant contain-
ing phage-VHHs. Phage-VHHs were then diluted with PGT
in a ratio of 1/5, transferred into plates III, and incubated at
37 �C for 1 h. Between each ELISA step, plates were washed
six times with PBS-Tween 0.1%. Anti-phage M13 IgG con-
jugated to HRP (Sinobiologicals #11973-MM05T-H, lot
number H014N02001) diluted in PGT (100 μl) at 1/5000 was
added for 1 h at 37 �C. Subsequently, the reactions were
developed by adding 100 μl of OPD (o-Phenylenediamine,
Dako) and stopped by adding 50 μl of 3 M HCl. The optical
density was measured spectrophotometrically at 490 nm us-
ing a Magellan microplate reader (Sunrise Tecan). A clone
was considered positive when the SNR (signal-to-noise ratio)
was greater than or equal to 10.
Expression of VHHs

The pHEN6 vector encodes a His tag and a c-myc tag that
allows to express free VHHs in the periplasm and to
purify them. Transformed E. coli TG1 cells expressed VHH in
the periplasm after overnight induction with 0.25 mM IPTG
at 16 �C.

The coding sequences of the selected VHHs in the vector
pHEN6 were subcloned into a bacterial expression vector
pASK (IBA) encoding a C terminal strep tag using NcoI and
NotI restriction sites. Transformed E. coli XL1 cells expressed
VHH in the periplasm after overnight induction with anhy-
drotetracycline (200 μg/l) at 30 �C. Purified VHHs were iso-
lated on Strep-Tactin affinity columns from periplasmic
extracts treated by 10 U/ml Benzonase Nuclease (Merck) and
Complete protease inhibitor (Roche), according to the manu-
facturer’s instructions, followed by size exclusion chromatog-
raphy with a Superdex 75 column (Cytiva). The VHHs were
assessed for quality using the protocol described above for N.

Biotinylation of VHHs

The VHHs were biotinylated using the EZ-linkSulfo-NHS-
biotin kit (Thermo) according to manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)

A modified version of a standard ELISA was used to test for
the presence of VHH. Maxisorp Nunc-Immuno plates
(Thermo Scientific) were coated with 1 μg/ml of recombinant
protein or cell extracts (1/1000) overnight at 4 �C. Plates were
washed with PBS containing 0.1% Tween 20. Strep-tagged
VHHs were diluted in PBS containing 1% BSA and 0.1%
Tween 20. After 1 h incubation at 37 �C, plates were washed
again before adding an anti-strep-tag mouse antibody (the
monoclonal antibody C23-21 has been obtained at the Anti-
body Engineering platform and is now commercialized by
MiliporeSigma #MAC143) followed by a peroxidase-labeled
goat anti-mouse immunoglobulins (Vector #PI-2000 lot
number 2C1212). TMB (3,30-505-tetramethylbenzidine, Ser-
aCare) was used as substrate. The optical density was
measured spectrophotometrically at 450 nm using a Magellan
microplate reader (Sunrise Tecan).

The recombinant proteins used for the coating were: SARS-
CoV-1 and SARS-CoV-2 N produced in E.coli as described
above, seasonal human coronaviruses N from Sino Biological,
and SARS-CoV-2 Spike protein (40).

Nasopharyngeal samples

Patients were sampled for nasopharyngeal swabs after a me-
dian duration of 9 days (interquartile range, 2–39) after disease
onset. Nasopharynx specimens were obtained with sterile dry
swabs (COPAN LQ Stuart Transport Swab, COPAN Italia SpA),
which were rotated five times around the inside of each nostril
while applying constant pressure. Nasopharynx swabs were
collected in the office under strict aseptic conditions. Prior to
ELISA analysis, nasopharyngeal swabs (1 ml) were treated in a
P3 laboratory for viral decontamination. Briefly, samples were
treated with Triton X100 (TX100) 1% (v/v) for 2 h at room
J. Biol. Chem. (2022) 298(1) 101290 13
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temperature. Nasopharyngeal viral loads were determined using
RdRp-IP4 quantitative RT-PCR designed at the Institut Pasteur
(National Reference Center for Respiratory Viruses) to target a
section of the RdRp gene based on the first sequences of SARS-
CoV-2 made available on the Global Initiative on Sharing All
Influenza Data database on Jan 11, 2020 (53). Primer and probe
sequences: nCoV_IP4-14059Fw GGTAACTGGTATGATTT
CG; nCoV_IP4-14146Rv CTGGTCAAGGTTAATATAGG; nC
oV_IP4-14084Probe(+) TCATACAAACCACGCCAGG [50]
Fam [30]BHQ-1. The work described was carried out in accor-
dance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.

Detection of nucleoprotein in solution by sandwich ELISA

VHH NTD-E4 or NTD-B6 was coated on Maxisorp Nunc-
Immuno plates at 1 μg/ml. After washing with 0.1% Tween 20
in PBS, recombinant N, permeabilized virus diluted at
different concentrations or nasal swabs were added for 1 h at
37 �C. Then biotinylated VHHs (2 μg/ml) were added for 1 h
at 37 �C followed by the addition of a peroxidase labeled
streptavidin (Jackson ImmunoResearch #016-030-084, lot
number 147172).

Detection of nucleoprotein in solution by an
immunochromatographic assay

The Rapid SARS-CoV-2 Antigen Test Card (MP bio-
medicals) was used for the detection of N according to man-
ufacturer’s instructions.

Epitope mapping by hydrogen deuterium exchange–mass
spectrometry

A summary of the main HDX-MS experimental conditions
is provided in Table S1 (54). The quality and purity of N were
assessed by intact mass analysis (Fig. 1). All labeling was per-
formed at room temperature in deuterated PBS 1X buffer, pD
7.4 (labeling buffer), unless specified.

Sample preparation

N was labeled in the presence and absence of each VHH.
Each complex was formed by mixing 6.6 μl of N (12.7 μM in
PBS 1X, monomer concentration) with 1.4 μl of VHH (stock
solution at � 70 μM in PBS 1X). A control sample (Apo-state)
was prepared in parallel by replacing the VHH solution with
PBS 1X. After 30 min incubation at room temperature, the
labeling was initiated by adding 62 μl of labeled buffer (final
D20/H20 ratio = 88.6/11.4%). The final concentration of each
protein (N = 1.2 μM; VHH = �1.4 μM) was carefully selected
to avoid the dissociation of the homodimer (55) and to ensure
than >95% of N remained in complex during the exchange
reaction. Continuous labeling was performed for t = 0.16, 1, 5,
10, 30, 60, and 120 min. Aliquots of 10 μl (i.e., 12 pmol of N
with or without 14 pmol of VHH) were removed and
quenched upon mixing with 50 μl of an ice-cold solution of 2%
formic acid, 3 M urea to decrease the pH to 2.50 (final D20/
H20 ratio = 14.8/85.2%). Quenched samples were immediately
snap frozen in liquid nitrogen and stored at −80 �C.
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Undeuterated samples were obtained following the same
experimental procedure. A fully deuterated control was pre-
pared by mixing 6.6 μl of N (12.7 μM, monomer concentra-
tion) with 1.4 μl of PBS 1X and 62 μl of labeled buffer
supplemented with 8 M urea-d4 (final D20/H20 ratio = 88.6/
11.4%). After 21 h incubation at room temperature, samples
were quenched as described above using a cold solution of 2%
formic acid, 1.6 M urea. All samples were prepared in triplicate
for each time point and condition (with the exception of the
120 min time point for both VHH E10 and H3 where two
replicates were acquired).

LC-MS data acquisition

Quenched samples were thawed and immediately injected
onto an HDX manager connected to two nanoACQUITY
UPLC M-Class pumps (Waters Corporation). The tempera-
ture of the HDX manager was maintained at 0 �C to minimize
back exchange. Fifty microliters of each labeled sample (i.e., 10
pmol of N with or without 11.7 pmol of VHH) was digested
using an in-house packed column (2.0 × 20 mm, 63 μl bed
volume) of immobilized pig pepsin agarose beads (Thermo
Scientific) for 2 min at 20 �C. Peptides were directly trapped
and desalted onto a C18 Trap column (VanGuard BEH 1.7 μm,
2.1 × 5 mm, Waters Corporation) at a flow rate of 100 μl/min
(0.15% formic acid) and separated by an 8 min linear gradient
of 5–30% acetonitrile followed by a short 2 min increase from
30% to 40% of acetonitrile at 40 μl/min using an ACQUITY
UPLC BEH C18 analytical column (1.7 μm, 1 × 100 mm,
Waters Corporation, Milford, MA). After each run, the pepsin
column was manually cleaned with two consecutive injections
of 1% formic acid, 5% acetonitrile, 1.5 M guanidinium chloride,
pH 1.7. Blank injections were performed between each run to
confirm the absence of carryover.

Mass spectra were acquired in resolution and positive ion-
mode (m/z 50–2000) on a Synapt G2-Si HDMS mass spec-
trometer (Waters Corporation) equipped with a standard ESI
source and lock-mass correction. Peptic peptides were iden-
tified in undeuterated samples by a combination of data-
independent acquisition (MSE) and exact mass measurement
(below 10 ppm mass error) using the same chromatographic
conditions than for the deuterated samples. Four distinct MSE

trap collision energy ramps were employed to optimize the
efficiency of the fragmentation: 10–30 V (low), 15–35 V
(medium), 20–45 V (high), and 10–45 V (mixed mode).

Data processing

The initial N peptide map was generated by database
searching in ProteinLynX Global server 3.0 (Waters Corpo-
ration) using the following processing and workflow parame-
ters: low and elevated intensity thresholds set to 100.0 and 50.0
counts; intensity threshold sets to 750.0 counts; automatic
peptide and fragment tolerance; nonspecific primary digest
reagent; false discovery rate sets to 4%. Each fragmentation
spectrum was manually inspected for assignment confirma-
tion. The N-arm (residues 1–45), LCK (residues 180–246),
CTD N-terminal region (residues 247–267), and the C-tail
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(residues 363–419) domains of N contain a high proportion of
residues not tolerated by pig pepsin (i.e., Proline, Lysine,
Histidine, or Arginine) resulting in a lack of sequence coverage
or resolution. Type XIII protease from Aspergillus saitoi
(Sigma Aldrich) either immobilized on POROS 20-AL beads
(Applied Biosystems, Bedford, MA) or in solution did not
improve the final sequence coverage and resolution. Pig pepsin
was therefore selected to perform local HDX analysis. The
peptide map was further refined in DynamX 3.0 (Waters
Corporation) using the following Import PLGS results filters:
minimum intensity = 3000; minimum products per amino
acid = 0.15; minimum score = 6.5; maximum MH+ error
(ppm) = 10; file threshold = 2.

DynamX 3.0 was used to extract the centroid masses of all
peptides selected for HDX-MS. One unique charge state was
used per peptide and no back-exchange correction was per-
formed. HDX-MS results are reported as relative deuterium
exchange level expressed in either mass unit or fractional ex-
change. Fractional exchange data were calculated by dividing
the experimental uptake value by the theoretically maximum
number of exchangeable backbone amide hydrogens that
could be replaced into each peptide in 88.6% excess deuterium.
Overlapping peptides covering the same region were only used
to increase the spatial resolution if their experimental back-
exchange values were similar (difference <10%, Table S1).
The MEMHDX software (56) was used to visualize and sta-
tistically validate HDX-MS datasets (Wald test, false discovery
rate of 1%, biological threshold sets to 3%, Table S1).

Kinetic characterization by surface plasmon resonance (SPR)

Experiments were performed using a Biacore T200 instru-
ment (GE Healthcare) equilibrated at 25 �C in SPR buffer
(PBS-300 mM NaCl containing 0.1% Tween-20, 0.2 mg/ml
BSA and 100 μM EDTA).

Approximately 500 RU (1RU ≈ 1 pg⋅mm−2) of N were
captured noncovalently on an NiCl2-loaded NTA sensor
chip (GE Healthcare). VHHs were then injected at 30 μl/min
for 300 s (E10-3, D12-3, NTD B6-1 and NTD E4-3) or 700 s
(E7-2, G9-1 and H3-3) to monitor the association of the
VHH-N complexes, after which SPR buffer was injected for
another 300 s or 1200 s to monitor the dissociation of the
complexes.

Finally, the surface of the sensor chip was regenerated by
injecting sequentially EDTA 0.5 M and SDS 0.1% for 60 s.

Association and dissociation profiles were analyzed with the
BiacoreT200 evaluation software, assuming a 1:1 interaction,
which allowed to determine the association (kon) and dissoci-
ation (koff) rates of the interactions, as well as their equilibrium
constants (Kd).

Immunofluorescence assays

FRhK4 (Fetal Rhesus monkey Kidney) cells were grown in
96-well plate coated with poly-D-lysine. Infection was per-
formed at 37 �C on exponentially growing cells at a multi-
plicity of infection of 102 in order to have approximately one
out of two cells infected with SARS-CoV-2 virus after 24 h.
Cells were fixed 20 min at 4 �C with PBS containing 2% PFA
(v/v) and permeabilized 10 min at 4 �C with 0.2% Triton X100
in PBS (v/v). Cells were incubated at room temperature with
PBS-BSA 3% 1 h without VHH then 1 h with biotinylated
VHH at 1 μg/ml or rabbit polyclonal antibodies against N-
SARS-CoV-2 as a control of cell infection. To label the VHH a
streptavidin Alexa Fluor 488 (Thermo Fisher) in PBS-BSA 3%
was incubated for 1 h at room temperature according to
manufacturer’s instructions. Immunofluorescence was
observed at 40× on a fluorescent microscope (Zeiss).
SARS-CoV-2 intranasal inoculation and tissue imaging

Animal procedures were performed according to the
French legislation and in compliance with the European
Communities Council Directives (2010/63/UE, French Law
2013-118, February 6, 2013). The Animal Experimentation
Local Ethics Committee (CETEA 89) approved this study
(2020-0023 and dap200008). The animals were housed and
manipulated in isolators in a Biosafety level-3 facility. Male
Mesocricetus auratus Syrian hamsters of 5–6 weeks of age
(Janvier, Le Genest Saint Isle, France) were intranasally
inoculated under anesthesia (intraperitoneal injection of ke-
tamine (200 mg/kg) and xylazine (10 mg/kg)) with 100 μl of
SARS-CoV-2 (50 μl/nostril) (isolate IDF0372/2020, EVAg
collection, Ref-SKU: 014V-03890) at 6 × 104 PFU (plaque-
forming units))- or physiological solution as previously
described (41).

Lungs were collected at 4 days postinfection, formalin-fixed
after transcardial perfusion of hamsters with a physiological
solution containing heparin (5 × 103 U/ml, Sanofi) followed by
4% paraformaldehyde in phosphate buffer. Tissues were
postfixed by incubation in the same fixative during 1 week,
cryoprotected by incubation in 30% sucrose in PBS overnight,
and then embedded in Tissue-tek (Sakura). Lung 20-μm-thick
transverse sections were obtained using a cryostat (CM3050S,
Leica) and were thaw-mounted onto coated glass slides
(Superfrost Plus). Eight-week-old female C57BL/6JRj (C57BL/
6) mice (Janvier Labs, Le Genest St Isle, France) were anes-
thetized and inoculated intranasally with 6 × 104 PFU of SARS-
CoV-2 B.1.351 and P.1 variants as previously described (55).
Lungs were collected at 3 days postinfection and fixed by
submersion in 10% phosphate buffered formalin for 7 days.
Paraffin-embedded 4 μm-thick sections were used for
immunostaining.

Antigen retrieval was performed by incubating sections for
20 min in citrate buffer 0.1 M pH 6.0 at 96 �C and then
blocked in 0.4% Triton, 4% fetal bovine serum (Sigma), and 10
% goat serum (ThermoScientific). They were incubated over-
night at 4 �C with biotinylated VHHs diluted 1/500, rinsed in
PBS and followed by a 2 h-incubation step with Alexa 568-
conjugated streptavidin (Jackson ImmunoResearch Labora-
tories) at room temperature. Fluorescent sections were stained
with the nuclear dye HOESCHT and then mounted in Fluo-
romount solution (Invitrogen).
J. Biol. Chem. (2022) 298(1) 101290 15
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The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.
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