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A phage library displaying 10'° variants of the fibronectin type III (FN3) domain was affinity selected with the
biotinylated form of the receptor binding domain (RBD, residues 319-541) of the SARS-CoV-2 virus spike pro-
tein. Nine binding FN3 variants (i.e. monobodies) were recovered, representing four different primary structures.

E/[(Lrs;ls;’;ms Soluble forms of the monobodies bound to several different preparations of the RBD and the S1 spike subunit,
Phage- dis}l;lay with affinities ranging from 3 to 14 nM as measured by bio-layer interferometry. Three of the four monobodies
Receptor bound selectively to the RBD of SARS-CoV-2, with the fourth monobody showing slight cross-reactivity to the

RBD of SARS-CoV-1 virus. Examination of binding to the spike fragments and its trimeric form revealed that the
monobodies recognise at least three overlapping epitopes on the RBD of SARS-CoV-2. While pairwise tests failed
to identify a monobody pair that could bind simultaneously to the RBD, one monobody could simultaneously
bind to the RBD with the ectodomain of the cellular receptor angiotensin converting enzyme 2 (ACE2). All four
monobodies successfully bound the RBD after overexpression in Chinese hamster ovary (CHO) cells as fusions to
the Fc domain of human IgG1.

SARS-CoV-1 virus
SARS-CoV-2 virus
Spike protein

Introduction

The current Coronavirus-Disease-2019 pandemic (COVID-19) caused
by Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) is a
respiratory disease that has led to millions of infections and deaths
worldwide [1]. This outbreak marks the third coronavirus causing
large-scale threat and harm to the population in the 21% century, after
the Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) in
2002 and the Middle East Respiratory Syndrome coronavirus (MER-
S-CoV) in 2012. Like SARS and MERS, viral infection with SARS-CoV-2
can lead to Acute Respiratory Distress Syndrome, with potentially
long-term reduction in lung function, heart arrhythmia, and death
[2-4]. However, COVID-19 has shown a much greater propensity for
infectivity relative to SARS and MERS, which has made the current

global pandemic more difficult to contain.

Each SARS-CoV-2 viral particle consists of a lipid membrane enve-
lope that is decorated with spike (S), membrane (M), and envelope (E)
proteins, and carries a 30 kb single-stranded RNA and nucleocapsid (N)
protein [5-7]. The biomedical research community has targeted the S
glycoprotein in diagnostic assays and antiviral therapies, as it is abun-
dant, accessible, and plays a crucial role in viral entry into host cells.
Upon viral infection, the trimeric S protein is cleaved into its two sub-
units, S1 and S2; the S1 subunit carries the Receptor Binding Domain
(RBD), and the S2 subunit fuses with the host membrane. The RBD binds
to the human angiotensin converting enzyme-2 (ACE2) of respiratory
epithelial cells, directing cellular uptake by endocytosis [8,9]. The
three-dimensional structure of the SARS-CoV-2 RBD complexed to ACE2
has been solved [10-13].

Abbreviations: ACE2, angiotensin-converting enzyme 2; COVID-19, Coronavirus Disease 2019; EDC, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide; FN3,
fibronectin type III domain; HRP, horseradish peroxidase; IMAC, immobilized metal affinity chromatography; MBP, maltose binding protein; MERS, Middle East
respiratory syndrome; NHS, N-hydroxysulfosuccinimide; RBD, receptor binding domain; S, spike; SARS, severe acute respiratory syndrome.
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Rapid diagnostic tests and antiviral therapeutics that utilize anti-
bodies to detect viral particles and block viral receptors, respectively,
have become extremely useful in combatting many viruses [14,15].
However, generating such high-quality antibodies that can bind these
proteins with high affinity and specificity is time consuming and chal-
lenging. With advances in various display technologies [16-22], re-
combinant antibodies and antibody surrogates are faster to generate
than conventional antibodies through animal immunization. Thus, re-
combinant affinity reagents can include alternative, non-antibody-based
scaffolds that circumvent the limitations of traditional antibodies [18].
The Fibronectin Type III (FN3) domain, derived from the 10% domain of
human fibronectin, has been engineered to bind to a wide variety of
human proteins [23-28].

Several FN3 reagents, known as monobodies, have either reached
clinical trial or shown promising results as diagnostic tools [29-32].
Here, the isolation of monobodies binding to the receptor binding
domain (RBD) of SARS-CoV-2 is reported. A phage library displaying
10'° monobody variants was used in affinity selection with a bio-
tinylated fusion protein consisting of the C-terminus of a 222 amino acid
segment containing the spike RBD attached to the Fc region of human
IgG1. Four different monobodies were recovered and demonstrated to
bind with high affinity and specificity to the RBD. We envisage that these
engineered monobodies can be further developed into tools for diag-
nostic assays.

Materials & methods
Preparation of SARS-CoV-2 viral spike and cellular receptor proteins

Expi293F cells (ThermoFisher, Waltham, MA), grown in shaker
flasks, were transfected with expression plasmids harbouring synthetic
genes encoding the Fc region of human IgG1l (E99-K330), fused to the
SARS-CoV-2 spike RBD (RBD-Fc) and human ACE2 ectodomains (ACE2-
Fc), as well as the human IgG1 Fc region alone. The RBD and ACE2
ectodomains correspond to residues 319-541 of the SARS-CoV-2 spike
protein and 18-708 of ACE2, respectively. Plasmid DNA was mixed with
ExpiFectamine™ 293 reagent (ThermoFisher) and Opti-MEM medium
(ThermoFisher) in an optimized ratio for transient transfection. Four to
5 days after transfection, the conditioned cell culture was harvested by
centrifugation at 4500 x g for 10 min. The clarified supernatant was
collected and diluted with equal volume of binding buffer (20 mM
NayHPO4, 150 mM NacCl, pH 7.4), and loaded onto a Protein A chro-
matography column (GE Healthcare Life Sciences, Marlborough, MA)
followed by washing with 20 column volumes (CV) of binding buffer.
The bound IgG fusion proteins were eluted from the column with 5-10
CV of 0.2 M glycine, pH 2 elution buffer. After dialysis with phosphate
buffered saline (PBS; 137 mM NaCl, 3 mM KCI, 8 mM NayHPO4, 1.5 mM
KH3POy4), the purified protein was characterized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 4 %-12 %
Bis-Tris gel (ThermoFisher) in running buffer (50 mM 3-morpholinopro-
pane-1-sulfonic acid, 50 mM Tris base, 0.1 % SDS, 1 mM EDTA, pH 7.7).
The protein concentration was determined with the bicinchoninic acid
assay (ThermoFisher). Aliquots of the RBD-Fc protein and an unrelated
IgG1 Fc fusion to a 33 amino acid segment (Fc-peptide) of human CD24
were chemically biotinylated via EZ-Link™ Sulfo-NHS-LC-Biotin
(ThermoFisher). An aliquot of the ACE2 ectodomain-Fc protein was
conjugated to horseradish peroxidase (HRP) with the HRP Lightning-
Link kit (Abcam, Cambridge, UK), according to the manufacturer’s
instructions.

A plasmid (pCAGGS-SARS-CoV-2-Wuhan-Hu-1 Spike), containing an
open reading frame encoding a nearly full-length SARS-CoV-2 spike
protein, was obtained from the laboratory of Dr. Florian Krammer
(Department of Microbiology at the Icahn School of Medicine at Mount
Sinai, NY, New York) via the Biodefense and Emerging Infections
Research Resources Repository. The C-terminal transmembrane span-
ning domain of the spike protein sequence was omitted to create a
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soluble form of the protein [1]. Residues 986 and 987 were mutated to
proline [33], which lock the spike trimer in the active (prefusion)
conformation for viral attachment to the host receptor, ACE2.

A Hisg-tag was added to the spike protein C-terminus. The trimeric
version of the SARS-CoV-2 spike protein was expressed by culture and
transient transfection of Expi293F cells (ThermoFisher), as described
elsewhere [34], and purified by chromatography over Ni-nitrilotriacetic
acid agarose (Qiagen, Hilden, Germany). Size-exclusion chromatog-
raphy of the protein preparation demonstrated that the major absor-
bance peak resolved with the expected molecular weight of a trimeric
complex (670 kDa).

Commercial sources of SARS-CoV-2 spike protein were also used in
various experiments: Hisg-tagged RBD preparations were from Sino Bi-
ologics (Beijing, China) and RayBiotech Life (Peachtree Corners, GA,
USA) and Hisg-tagged S1 spike protein was from SignalChem Biotech
(Richmond, BC, Canada). A human monoclonal antibody, CR3022 [35],
to the spike protein of SARS-CoV-2 virus was purchased from InvivoGen
(San Diego, CA).

Affinity selection

An M13 bacteriophage library, displaying FN3 monobodies [36] at
the N-terminus of truncated protein III (aa 257-406), was affinity
selected with chemically biotinylated RBD-Fc fusion protein, following
previously described protocols [37]. After two rounds, 96 clones were
examined for binding by enzyme linked immunosorbent assay (ELISA),
as previously described [37], and the DNA inserts of 9 clones that bound
the RBD-Fc fusion protein, but not the Fc-peptide fusion protein
(negative control), were sequenced by Sanger dideoxy sequencing at the
Sequencing Core at the Research Resources Center at the University of
Illinois at Chicago.

Subcloning and purification of soluble forms of four monobodies

For overexpression in Escherichia coli, the FN3 coding regions were
amplified by PCR from phage clones and subcloned into the pMAL-c6T
vector (New England BioLabs, Ipswich, MA). The vector included a Hisg-
tag for purification [38] and the maltose-binding protein (MBP) N-ter-
minal to the monobody for improved bacterial expression [39].
MBP-FN3 fusion proteins were overexpressed and purified according to
the manufacturer’s directions.

To construct FN3-Fc fusions, the monobody coding regions were
inserted into the vector pGen2 (DNASU, Tempe, AZ) downstream of the
signal sequence for lysosomal a-mannosidase, followed by a (GGGGS)2
linker, the Fc coding region for human IgG1, and the sortase recognition
motif, LPETG. Culturing of transfected Chinese Hamster Ovary (CHO)
cells (ThermoFisher) and purification of the secreted Fc fusion proteins
followed the methods above.

Engyme linked immunosorbent assay (ELISA)

The general format of the ELISA assay is described below with spe-
cifics reported in the individual figure legends. Proteins were diluted in
0.1 M NaHCOg3 and added at a fixed or range of concentrations to Nunc
Maxisorp™ flat-bottom 96 well plates (ThermoFisher), at 100 pL per
well, in triplicate. After incubation at room temperature for 45 min, the
wells were washed once in PBS-0.1 % Tween 20 (PBST), and non-
specific binding sites on the plate surface were blocked with 5% skim
milk in 0.1 M NaHCOj3 for 30 min. The wells were then washed once in
PBST, and proteins under study were added at a fixed or increasing
concentrations to the wells.

After 45 min incubation, the wells were washed 3x in PBST before
adding streptavidin-horseradish peroxidase conjugate (HRP; Sigma-
Aldrich, St. Louis, MO), anti-human IgG-HRP (Abcam) or ACE2-Fc-
HRP (see above) to the wells for 1h incubation. After washing the
wells 3x in PBST, 100 pL of 2’,2’-Azino-Bis 3-Ethylbenzothiazoline-6-
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Fig. 1. Purification of RBD-Fc, ACE2-Fc, and spike protein. (a) Recombinant.
SARS-CoV-2 spike RBD-Fc fusion protein. The predicted molecular weight
(MW) is ~ 65 kDa, when resolved by SDS-PAGE under reducing conditions with
sized standards (MW shown in kDa); >90 % pure by quantitative densitometry
of the Coomassie Blue stained gel. (b) Recombinant ACE2-Fc fusion protein. The
predicted MW is ~110 kDa, when resolved by SDS-PAGE under reducing con-
ditions, and judged to be >90 % pure by quantitative densitometry of the
Coomassie Blue stained gel. (c¢) Spike protein. The near full-length protein
resolved as a doublet with a MW of ~170 kDa under reducing conditions and
was judged to be >90 % pure by quantitative densitometry of the Coomassie
Blue stained gel. The doublet bands are thought to differ in post-translational
modifications. Composite image of two lanes from the same gel.
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Sulfonic Acid (ABTS, Sigma-Aldrich) or 3,3',5,5'-Tetramethylbenzidine
(TMB, Fast Kinetic Rate; Abcam) was added to each well, optical
absorbance of the wells measured at 405 or 485 nm, respectively, on a
POLARstar OPTIMA microtiter plate reader (BMG Labtech, Ortenberg,
Germany).

Affinity measurements

An Octet HTX instrument (ForteBio, Freemont, CA, USA) was used
for bio-layer interferometry (BLI) to determine the binding kinetics and
affinity between the MBP-FN3 fusions and SARS-CoV-2 RBD (ACRO-
biosystems, Newark, NJ, USA). The SARS-CoV-2 RBD protein was
immobilized to the surface of 2nd generation amine reactive biosensors
(AR2G; ForteBio) with 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC). AR2G biosensors were equilibrated in ultra-pure water for
10 min, followed by activation in an EDC/(N-hydroxysulfosuccinimide)
mixture for 5min. Immediately after activation, the biosensors were
saturated with 20 pg/mL SARS-CoV-2 RBD protein for 10 min followed
by quenching in 1 M ethanolamine for 5min. The protein loaded bio-
sensors were washed in kinetics buffer (ForteBio) for 2 min to wash off
any excess reagents from the conjugation procedure. Each MBP-FN3
fusion was diluted to 200, 100, 50, 25, and 12.5nM in kinetics buffer.
Biosensors were exposed to the diluted samples for 10 min, followed by
10 min incubation in kinetics buffer. Background signal was subtracted
from all samples using a reference biosensor loaded with protein, but
which did not receive MBP-FN3 fusion sample. The subtracted senso-
grams were then fitted to a 1:1 binding model to calculate the resulting
kinetics parameters such as association rate constant (kop), dissociation
rate constant (k,g), and equilibrium dissociation constant (Kp) values for
this interaction.
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Fig. 2. Isolation of four monobodies that bind the RBD of the SARS-CoV-2 virus by phage-display. (a) The 3D visualization of the fibronectin type III (FN3) domain
(PDB: 1TTG) as shown in PyMOL, with the BC, DE, and FG loops labelled in different colors [66]. (b) Virions displaying the four monobody sequences (A, B, C, and D)
were confirmed by ELISA to bind the RBD-Fc fusion protein and not to the Fc (negative control). Error bars represent standard error (SE) of triplicate measurements.
(c) The amino acid sequences of the BC, DE, and FG loops within the four monobodies. Frequency represents the number of times a given monobody was identified
among 9 confirmed binders. The complete primary structures of the four monobodies are shown in Suppl. Figure S3.
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Sortase-mediated ligation

The purified FN3A-Fc fusion protein (12 pM), which carried a C-
terminal sortase tag, was incubated with 1 unit of Sortase A5 enzyme
(Active Motif, Carlsbad, CA) and 25 uM of N terminal (Glycine)s-HRP
protein (Active Motif) for 1 h at 30 °C. The ligation reactions were then
buffer exchanged with 50 kDa molecular weight cut-off, Amicon® Ultra
Centrifugal Filters (MilliporeSigma, Burlington, MA) at ~ 1500 x g for
10 min to remove unconjugated HRP.

Results & discussion
Generation of recombinant spike and cellular receptor proteins

To develop recombinant affinity reagents to the SARS-CoV-2 virus,
the receptor binding domain (RBD) of the spike protein was targeted for
affinity screening via phage display. The RBD was successfully overex-
pressed in Expi293 F cells as a fusion to human IgG1 Fc. After the Protein
A-purified sample was resolved under reducing conditions by SDS-
PAGE, the RBD-Fc fusion migrated as expected as a ~65kDa species
(Fig. 1a). The ectodomain of human ACE2 was overexpressed as an Fc
fusion protein and purified in the same manner as the RBD fusion pro-
tein. The observed molecular weight of the ACE2-Fc fusion product was
~ 110kDa, which was larger than anticipated and likely due to post-
translational glycosylation (Fig. 1b). The RBD-Fc fusion protein was
chemically biotinylated and utilized as a target in phage-display
experiments.

To assess the binding properties of monobodies isolated by phage
display, the spike trimer was also prepared. The spike protein of coro-
navirus trimerizes due to a C-terminal T4 fibritin trimerization domain
[40]. Amino acids 1-1255 of the SARS-CoV-2 virus spike protein were
expressed in Expi293F cells in culture (Fig. 1c). The trimer was first
examined for recognition by commercial sera from COVID-19 positive
patients. As seen in Suppl. Fig. S1, the preparation of spike protein
produced an excellent signal response when coated passively on an
ELISA plate and probed with serum samples with known positivity for
SARS-CoV-2. The observed signal responses demonstrated efficient
competitive inhibition upon preincubation with 5mg/mL of trimer
protein (Suppl. Fig. S2). In contrast, a sample from a normal healthy
adult failed to produce a signal response above background (Suppl.
Fig. S2). Finally, Suppl. Fig. S3 shows that the ACE2-Fc fusion, chemi-
cally conjugated to HRP, binds well to the SARS-CoV-2 virus RBD and
spike trimer, indicating that the RBD is accessible in the spike trimer
preparation.

Affinity selection of monobodies that bind the RBD of SARS-CoV-2

A library of M13 bacteriophage virions, displaying 10'° variants of
the FN3 monobody [36], was screened by affinity selection with the
biotinylated RBD-Fc fusion captured by streptavidin-coated beads. The
coding regions of the BC, DE, and FG loops (Fig. 2a) in the library were
randomized with variable lengths of triplet codons encoding 30 % TYR,
15 % SER, 15 % GLY, 5% THR and PHE, and 2.3 % all other residues,
excluding CYS and MET. After two rounds of affinity selection, output
clones were examined for binding by ELISA. As shown in Fig. 2b, four
different FN3 binders were identified that bound the RBD-Fc fusion
protein and not the Fc-peptide protein. The complete primary structures
of the FN3 variants, referred to as FN3A-D, are aligned in Suppl. Fig. S4.
When comparing the amino acid composition of the loop regions, the
binders appeared to favor a high frequency of tyrosine residues (Fig. 2c),
corroborating numerous reports of high tyrosine content in the
complementarity determining regions of antibodies [41-44]. It was
confirmed by ELISA that the four phage-display clones could bind other
preparations of the RBD such as Hisg-tagged RBD and the S1 subunit
(Suppl. Fig. S5).
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Fig. 3. Specificity of anti-RBD monobodies. The four MBP-FN3 fusions were
adsorbed on microtiter plate wells and incubated with chemically biotinylated
SARS-CoV-1 and SARS-CoV-2 RBD proteins mixed with a bacterial cell lysate.
Wells coated with MBP alone served as a negative control and wells coated with
an anti-spike monoclonal antibody, clone CR3022 [35], which binds equally
well to the RBDs of both SARS-CoV-1 and SARS-CoV-2, served as a positive
control. Binding of SARS-CoV-1 and SARS-CoV-2 RBD-Fc fusion proteins was
revealed with streptavidin-HRP. Error bars represent standard error (SE) of
triplicate measurements.

Characterization of the binding properties of the anti-RBD monobodies

To work with soluble forms of the four monobodies, their coding
regions were subcloned into an expression vector to yield MBP fusions
with an N-terminal Hisg-tag. The recombinant MBP-FN3 fusion proteins
were overexpressed in E. coli and purified by IMAC. To assess their
specificity, ELISA was performed with the RBDs of the SARS-CoV-1 and
SARS-CoV-2 viruses, which share 85 % sequence identity. The small
degree of variation has been thought to explain the tighter binding of the
SARS-CoV-2 to ACE2 when compared to SARS-CoV-1 [45,46]. Wells
were coated with either Hisg-tagged RBD of each virus or with Fc alone,
and then probed individually with biotinylated MBP-FN3 fusions and
streptavidin-HRP. A commercially available anti-spike monoclonal
antibody that bound equally well to the RBD of both viruses served as a
positive control. FN3A, FN3B, and FN3D bound selectively to the RBD of
SARS-CoV-2, while FN3C cross-reacted partially with the RBD of
SARS-CoV-1 (Fig. 3). Thus, FN3A, FN3B, and FN3D were determined to
be selective for the RBD of SARS-CoV-2 virus, warranting testing against
additional betacoronaviruses [47].

Fig. 4a shows the binding patterns of the four MBP-FN3 fusions to the
RBD-Fc fusion and spike trimer. All four bound to the RBD-Fc fusion and
not to the negative control Fc protein. Interestingly, FN3A, FN3B, and
FN3D bound to the spike trimer, whereas FN3C did not, indicating that
the epitopes recognized by FN3A, FN3B, and FN3D are accessible in the
assembled trimer, whereas the epitope recognized by FN3C is not
(Fig. 4b). No binding was observed for the four FN3s to the Fc-peptide
fusion protein (Fig. 4c).

The binding kinetics of FN3A-D for the RBD of SARS-CoV-2 were
evaluated by BLI. The RBD domain was immobilized on the surface of
amine reactive biosensors that were incubated in parallel with a range of
concentrations of the four FN3-MBP fusions, along with MBP alone
(negative control). The binding data best fit a 1:1 model of protein-
protein interaction. Table 1 reports the ko, and ko rates, as well as
calculated Kp values. The equilibrium dissociation constants ranged
from 3 to 14 nM, which is comparable to what has been observed for FN3
binders to various targets [48].

We next investigated if pairings of the monobodies could form a
“sandwich" and both bind simultaneously with the RBD. None of the 6
possible pairwise combinations were observed to form a sandwich with
the RBD, suggesting that the monobodies bound to either the same or
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Fig. 4. Binding profiles of the four MBP-FN3 fusions. The four monobodies were expressed as MBP fusions and tested across a range of concentrations (0.07 ng/pL —
6.0 ng/pL) to assess binding to RBD-Fc (a) and the spike trimer (b) protein preparations. In the ELISA, wells were coated with RBD-Fc, Fc-peptide, and spike trimer
and then incubated with biotinylated MBP-FN3 fusions or MBP alone; binding of the biotinylated proteins was revealed with streptavidin-HRP. The Fc-peptide fusion
protein was used as a negative control (c). Error bars represent SE of triplicate measurements.

Table 1
Binding kinetic constants and associated errors for MBP fusions and MBP alone
binding to the RBD of SARS-CoV-2.

kon (1/M*s x 10%) ko (1/sx10°%) R2 Kp (nM)
MBP-FN3A 7.60 4.23 0.992 5.56 +0.15
MBP-FN3B 6.42 3.68 0.992 5.73+0.21
MBP-FN3C 4.03 5.63 0.972 14.00 +0.26
MBP-FN3D 2.35 0.80 0.995 3.41+0.43
MBP alone n.d. nd.' nd.' n.d.'

The calculated kinetic parameters for the interaction between the individual
MBP-FN3 fusions and the RBD protein. The data were fit by the Octet HTX
Analysis Software version 11.0 with a 1:1 binding model to generate the ko, ko,
and Kp values (association and dissociation rate constants, and equilibrium
dissociation constant, respectively).

T No specific binding was observed between the RBD protein and MBP alone;
therefore, no kinetics parameters were calculated for this interaction.

overlapping epitopes on the RBD surface. However, it was observed that
FN3A could form a sandwich with ACE2-Fc and the RBD-Fc (Fig. 5), with
a half maximal effective concentration (ECsg) of 57 nM. It should be
noted that the FN3A-RBD-ACE2 complex could form in the presence of
excess E. coli cellular proteins, indicative of high specificity for FN3A
and ACE2 binding the SARS-CoV-2 virus RBD.

Examination of the 3D structural determination of the RBD-ACE2
complex [13] indicates that sufficient room exists for the 94-97 amino
acid long monobodies to potentially bind the RBD away from its ACE2
binding surface (Suppl. Fig. S6). Several neutralizing antibodies have
recently been demonstrated to bind outside the ACE2 site [49]. In order
to identify a monobody that blocks the interaction between the RBD and
ACE2, competitive elution may be required during the affinity selection
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Fig. 5. Detection of the SARS-CoV-2 RBD in a complex biological mixture. An
E. coli cell lysate was mixed with various concentrations of SARS-CoV-2 RBD
and added to microtiter wells coated with the FN3A-MBP fusion protein. After
incubation and washing of the wells, the ectodomain of ACE2, conjugated to
HRP, was added. Negative controls consisted of MBP in lieu of FN3A and Fc
alone in lieu of RBD. Error bars represent SE of triplicate measurements.

process [50].

Based on characterization of the four monobodies, we infer that they
bind to at least three overlapping epitopes on the RBD of SARS-CoV-2.
FN3A is the only one that can bind the RBD and still allow ACE2 bind-
ing, FN3C is the only one that fails to bind the RBD in the spike trimer
preparation, and FN3B and FN3D bind differently than FN3A and FN3C.
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Fig. 6. FN3-Fc fusions bind to the RBD. (a) Confirmation of functional FN3-Fc
fusions by ELISA. Microtiter wells were coated directly with RBD or MBP,
incubated with the individual FN3-Fc fusions, and then probed with anti-IgG-
HRP antibodies. Error bars represent SE of triplicate measurements. (b) Solu-
ble RBD (non-Fc fusion; Sino Biological), trimer, and MBP (negative control)
were immobilized in microtiter wells over a range of concentrations and probed
with the FN3A-Fc fusion sortase-ligated to HRP. Error bars represent SE of
triplicate measurements.

Additional experiments are warranted to map the epitopes recognized
by the monobodies more precisely.

These findings corroborate the report that recombinant antibodies
can be engineered to recognize multiple epitopes on the RBD [51-53].
Additionally, a sandwich assay to detect virus particles in complex
biological mixtures can be created with FN3A and the ACE2 ectodomain
or a surrogate [54]. As diagnostic assays in clinics typically utilize an-
tibodies, the four monobodies were reformatted as Fc fusion proteins.
The coding regions were inserted into a vector that encoded the CH2 and
CH3 regions of IgG1 and a C-terminal sortase-tag (Suppl. Fig. S7), and
transiently transfected into CHO cells. All four purified FN3-Fc fusions
bound well to the Hisg-tagged RBD, as detected with an anti-IgG-HRP
antibody conjugate (Fig. 6a). Sortase [55-57] was used to ligate the
Fc fusion to HRP for functional testing in an ELISA. As seen in Fig. 6b, the
sortase-tagged FN3A-Fc fusion bound in a concentration dependent
manner to immobilized RBD-Fc protein and spike trimer.

While these initial results for four monobodies are promising with
respect to their potential as reagents in clinical assays, it will be
important to verify their functional utility in the creation of reliable
analytical methods (i.e., wide dynamic range, high sensitivity and
specificity) with either saliva [58] or nasopharyngeal lavages [59] from
COVID-19 infected individuals. By creating a secondary phage library
through error-prone PCR and including more stringent conditions
within the selection process, their affinity, specificity, and thermal sta-
bility can be improved [60]. For example, it is possible to engineer
monobodies with pM affinities [61]. Monobodies can also be engineered
to contain unnatural amino acids through stop-codon suppression [62]
or fused to protein complementation systems [63]. These monobodies,
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and other recombinant affinity reagents generated through phage- and
ribosome-display technologies [50,52,64,65], have the potential to play
a role in diagnosis of COVID-19 patients. In conclusion, the reagents
created herein represent tools that can be developed further in the fight
to combat the current pandemic.
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