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Monobodies with potent neutralizing activity against
SARS-CoV-2 Delta and other variants of concern
Taishi Kondo1 , Kazuhiro Matsuoka2 , Shun Umemoto1 , Tomoshige Fujino1, Gosuke Hayashi1,3,
Yasumasa Iwatani2,4 , Hiroshi Murakami1,5

Neutralizing antibodies against the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) are useful for patients’
treatment of the coronavirus disease 2019 (COVID-19). We report
here afﬁnity maturation of monobodies against the SARS-CoV-2
spike protein and their neutralizing activity against SARS-CoV-2
B.1.1 (Pango v.3.1.14) as well as four variants of concern. We selected matured monobodies from libraries with multi-site saturation mutagenesis on the recognition loops through in vitro
selection. One clone, the C4-AM2 monobody, showed extremely
high afﬁnity (KD < 0.01 nM) against the receptor-binding domain
of the SARS-CoV-2 B.1.1, even in monomer form. Furthermore,
the C4-AM2 monobody efﬁciently neutralized the SARS-CoV-2
B.1.1 (IC50 = 46 pM, 0.62 ng/ml), and the Alpha (IC50 = 77 pM, 1.0
ng/ml), Beta (IC50 = 0.54 nM, 7.2 ng/ml), Gamma (IC50 = 0.55 nM,
7.4 ng/ml), and Delta (IC50 = 0.59 nM, 8.0 ng/ml) variants. The
obtained monobodies would be useful as neutralizing proteins
against current and potentially hazardous future SARS-CoV-2
variants.
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Introduction
The spike protein of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is a trimer that binds the angiotensin-converting
enzyme 2 (ACE2) on the host cell surface to initiate infection of the
virus (Ke et al, 2020; Wrapp et al, 2020; Yan et al, 2020). The spike
protein consists of an S1 subunit containing an N-terminal domain,
a receptor-binding domain (RBD), and an S2 subunit containing the
two heptad repeats, HR1 and HR2. The RBD in the S1 subunit has
attracted attention as a possible target domain for neutralizing
antibodies, as it is the domain that binds to ACE2.
Various neutralizing antibodies have been developed to target
coronavirus disease 2019 (COVID-19) (Chen et al, 2020; Shi et al, 2020;
Cao et al, 2020b; Dong et al, 2021; Taylor et al, 2021; Yamin et al, 2021;

Du et al 2021a, 2021b). Some of these neutralizing antibodies have
been approved by the United States Food and Drug Administration,
and many are in the clinical test stage (Cathcart et al, 2021 Preprint;
Gottlieb et al, 2021; Gupta et al, 2021; Taylor et al, 2021; Weinreich et
al, 2021; Chen et al, 2021a; Du et al, 2021a). Although numerous
research studies and clinical tests prove that neutralizing antibodies effectively treat COVID-19 patients, the use of antibodies for
common diseases’ treatment is challenging because it requires
low-cost and large-scale antibody production (Buyel et al, 2017;
Corti et al, 2021). To solve this problem, single-domain antibodies
(Hamers-Casterman et al, 1993), also called nanobodies that bound
to the RBD have been developed (Esparza et al, 2020; Huo et al, 2020;
Schoof et al, 2020; Xiang et al, 2020; Güttler et al, 2021; Koenig et al,
2021; Li et al, 2021; Sun et al, 2021; Xu et al, 2021; Ye et al, 2021;
Zebardast et al, 2021; Chen et al, 2021b). Nanobodies from a synthetic yeast library have shown moderate neutralizing activity in
monomer form (a half-maximal inhibitory concentration; IC50 = 6.3
nM) against the Wuhan SARS-CoV-2 pseudovirus and potent neutralizing activity in trimer form (IC50 = 120 pM) (Schoof et al, 2020).
Other nanobodies obtained by immunization of llamas showed
neutralizing activity against the pseudovirus (IC50 = 0.3 nM in
monomer form, IC50 = 0.9 pM in trimer form), although they were
produced as an Fc fusion protein by Expi293 cells (Xu et al, 2021). The
most potent nanobody obtained recently by immunization of
llamas has an IC50 = 45 pM in monomer form and an IC50 = 1.3 pM in
trimer form against the pseudovirus (Xiang et al, 2020).
Non-immunoglobulin–based protein derived from the 10th type
III domain of human ﬁbronectin, monobody or adnectin, is one of
the smallest back-bone proteins used for in vitro selection and is
well expressed in a bacterial system (Koide et al 1998, 2012; Wojcik et
al, 2010; Lipovsek 2011). In a previous publication, by using the
transcription-translation coupled with puromycin-linker (TRAP)
display (Ishizawa et al, 2013; Kondo et al, 2020, 2021a), we developed three monobodies (C4, C6b, and C12b), which simultaneously
bind to a distinct epitope in the RBD with nM or sub-nM afﬁnity
(Kondo et al, 2020). The C4 and C6b monobodies inhibited the ACE2
and RBD interaction and, in addition, the C6b monobody showed
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Figure 1. Afﬁnity maturation of the monobodies against SARS-CoV-2 wild type and the neutralizing activity of the matured monobody against the wild type and
variants of concern (VOCs).
(A) Development of the matured monobody using TRAP display. Multiple saturation mutagenesis was introduced to the BC and FG loops of the parental monobody, and in
vitro selection against the SARS-CoV-2 wild-type receptor-binding domain (RBD) was conducted. The obtained matured monobody had enhanced neutralizing activity
against SARS-CoV-2 wild type and VOCs. (B) Structure of the SARS-CoV-2 RBD (PDB entry 6M0J, Lan et al, 2020). The characteristic residues in the VOCs are labeled as K417,
L452, T478, E484, and N501. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RBD, receptor-binding domain; ACE2, angiotensin-converting
enzyme 2; WT, wild type; VOCs, variants of concern.

moderate neutralizing activity against the SARS-CoV-2 B.1.1 (Pango
v.3.1.14, referred to as the “wild type” in this study) (IC50 = 0.5 nM).
This study elucidates optimized sequences of the C4, C6b, and
C12b monobodies using the TRAP display from libraries containing
multi-site saturation mutagenesis to obtain a matured monobody
(Fig 1A). Through two cycles of afﬁnity maturation of the C4 monobody, we successfully obtained the optimized C4-AM2 monobody,
which has a high afﬁnity for the wild-type RBD (KD < 0.01 nM) and
potent neutralizing activity against the SARS-CoV-2 wild type
(IC50 = 46 pM, 0.62 ng/ml) in the monomer form. We also tested the
C4-AM2 and C6b monobodies to neutralize four SARS-CoV-2 variants currently of major concern (Fig 1B). The C4-AM2 monobody had
high neutralizing activity against the Alpha variant and sub-nM
neutralizing activity against the Beta, Gamma, and Delta variants. In
contrast, the C6b monobody had nanomolar-level IC50 values for all
tested SARS-CoV-2 variants.

Results
Afﬁnity maturation of C4 monobody
In previous research, we obtained three monobodies from an initial
synthetic library and used them to detect or neutralize the SARSCoV-2 wild type as they already had sub-nM to nM afﬁnities against
the RBD (Kondo et al, 2020). In this study, we ﬁrst evaluated the
importance of each residue in the BC and FG loops of the C4
monobody. We prepared four libraries from the C4 monobody by
adding multi-site saturation mutagenesis of up to six residues in
the BC and FG loops (Fig 2A, upper panel). The theoretical diversity
of a library with six random residues is 1 × 109 (NNK6; N = A, C, G, T; K =
G or T; 326). Therefore, it was easily covered by the diversity of the in
vitro selection system (0.1 μM monobody–mRNA complexes in 5 μl
reaction mixture; 3 × 1011 molecules). After three rounds of selection
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against the RBD of the SARS-CoV-2 wild type (Fig 2B), the obtained
cDNA sequences were analyzed by next-generation sequencing,
and WebLogo (Crooks et al, 2004) was used to display the probability of the amino acids in each position. The result indicated the
amino acids in the 10 positions in the loops of the C4 monobody
(the BC loop, PxxxxxxYQz; the FG loop, WTGxxPWzWxxN) were important for binding to its target (Fig 2A, upper panel). The two
positions indicated by “z” were conserved aromatic residues, and
some positions have mid to weak preferences for particular amino
acids. Interestingly, the probability at the third and fourth positions
in the BC loop of the C4 monobody suggested that Gly3Gly4 were
preferable than the original residues (Ser3Arg4). Therefore, we
prepared the C4-AM1 monobody to study the effect of these different mutations.
During the optimization of the monobody expression, we found
that the extension of the natural sequence at the C-terminus
improved its solubility (Fig S1; C4-AM2 monobody, vide infra). Because
such monobodies did not have a Cys residue in their body sequence,
we added a Cys residue at the C-terminus of the C4-AM1 monobody
(Fig S2A and B). We then modiﬁed it with a maleimide-biotin reagent.
The resulting monobody was immobilized on a sensor chip, and
solutions with various RBD concentrations were used for afﬁnity
measurements by biolayer interferometry (BLI). As expected, the KD
value was improved from 0.96 to 0.11 nM (Fig 2C and Table 1).
For the second cycle of afﬁnity maturation, we prepared a library
created from the C4-AM1 monobody by adding multiple semisaturation mutagenesis to the 10 residues in the BC and FG
loops (Fig 2A), resulting in a library with theoretical diversity (5 ×
109). After 10 rounds of selection against the RBD with extensive
washing steps (Fig 2B), the obtained cDNA sequences were analyzed
by next-generation sequencing. The probability of the amino acids
in each position indicated that the mutation from Phe to Trp at
the BC loop’s last position could improve the monobody’s afﬁnity (Fig 2A). Accordingly, the most abundant clone, the C4-AM2
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Figure 2. Afﬁnity maturation of the C4 monobody.
(A) Sequences of the BC and FG loops in the libraries and selected monobodies. Saturation mutagenesis (X) was introduced by NNK codons (N = A, C, G, T; K = G or T; 32
codons/20 aa) at ﬁve to six constitutive resides in the BC and FG loops. The probability of amino acids at each position in the loops of the selected clones was shown by
WebLogo. The mutated residues in the matured C4-AM1 monobody are highlighted in yellow. The second library was designed to enhance the activity of the C4-AM1
monobody. Partial saturation mutagenesis (X) shown in the WebLogo (gray) was introduced into the library. The mutated residues in the matured C4-AM2 monobody are
highlighted in cyan. (B) Selection progress by the TRAP display. A 1 nM receptor-binding domain (RBD) (0.1 pmol) concentration was used for the C4 Lib1-4 selection. The
concentration of RBD is stated in the ﬁgure used for the C4-AM1 Lib selection. A conﬁrmation experiment (1 nM RBD, 0.5 pmol) was also performed at the 1st, 4th, 7th, and
10th rounds to observe an enrichment of active monobodies. (C) Determination of kinetic parameters by BLI. A biotin-labeled monobody was immobilized on a
streptavidin-sensor chip, and SARS-CoV-2 RBD (2.5, 5, 10, 20, and 40 nM) was used in the kinetic analysis. The data are depicted in blue, and the ﬁtted 1:1 binding model in
black. The determined kinetic parameters of the monobodies are provided in Table 1. Abbreviations: BLI, Bio-layer interferometry; Lib, library. Other abbreviations are as for
Fig 1.

Table 1.

Kinetic parameters of monobodies against the SARS-CoV-2 wild-type receptor-binding domain determined by BLI.

Names

BC loop

FG loop

KD (nM)

kon (1/Ms) × 105

koff (1/s) × 1024

C4

PSSRYEHYQF

WTGDVPWYWLVN

0.96

2.4

2.3

C4-AM1

PRGGPEHYQF

WTGDVPWYWSRN

0.11

3.3

0.38

C4-AM2

PRGGPADYQW

WTGKVPWYWSAN

<0.01

2.3

<0.01

C6b

GGDYVGYY

TYNGPWIYGYEEI

0.51

1.2

0.63

C6b-AM1

GGAGAHLY

TYNGPWIYGYEEI

1.7

1.2

2.0

C6b-GS

GSGSGS

TYNGPWIYGYEEI

4.3

1.3

5.6

C6b-PAVT

PAVT

TYNGPWIYGYEEI

7.2

1.6

11

C6b-AM2a

WIMQLDSGYWDR

TYNGPWIYGYEEI

0.36

0.95

0.34

C12b

EIYYEIGD

RLWGYYTQWD

0.67

1.7

1.1

C12b-AM1

GLGSSFGD

RLWGYYTQWD

1.0

1.9

1.9

C12b-AM2a

MHWYDQGDTS

RLWGYYTQWD

<0.01

1.6

<0.01

a

The C6b-AM2 and C12b-AM2 monobodies had two amino acids (VR) deletion after the BC loop.
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Figure 3. Binding activity of monobodies against the receptor-binding domains of SARS-CoV-2 wild type and variants of concern analyzed by BLI.
Biotin-labeled monobody was immobilized on a streptavidin-sensor chip, and the receptor-binding domain of SARS-CoV-2 wild type, Alpha, Beta, Gamma, and Delta
(2.5, 5, 10, 20, and 40 nM) variants were used in the kinetic analysis. The data are depicted in blue, and the ﬁtted 1:1 binding model in black. The determined kinetic
parameters of the monobodies are provided in Tables 1 and 2. The data from Fig 2 (C4, C4-AM2), S3 (C6b), and S4 (C12b) were included to show the complete matrix.
Abbreviations are as mentioned previously.

monobody, showed unmeasurable koff values, demonstrating an
ultra-high afﬁnity toward the RBD (KD < 0.01 nM) (Fig 2C and Table 1),
even in the monomer form.

the BC loop and the FG (RLWGYYTQWD) loop were important for
binding to the RBD. Further afﬁnity maturation using the BC loop
randomized library provided the high-afﬁnity C12b-AM2 monobody
(KD < 0.01 nM) (Fig S4B and C and Table 1).

Afﬁnity maturation of C6b and C12b monobodies
We also evaluated the importance of each residue in the BC and FG
loops of the C6b monobody (Fig S3A and B). We prepared three
kinds of libraries from the C6b monobody and conducted afﬁnity
maturation selection as previously described. The results indicated
that almost all residues in the FG loop (TYNGPWIYGYEEI) of the C6b
monobody were important for binding to its target. In contrast, the
BC loop contributed less to the binding. Interestingly, the replacement of the C6b monobody’s BC loop with the original ﬁbronectin sequence (PAVT) or a ﬂexible linker (GSGSGS) increased
the KD values up to 14 times (Fig S3C and Table 1; KD = 7.2 nM for PAVT
and KD = 4.3 nM for GSGSGS), suggesting that the BC loop contributes
to the binding. Because the additional afﬁnity maturation using the
BC loop randomized library did not signiﬁcantly improve the KD
value (Fig S3C; C6b-AM2, KD = 0.36 nM), we decided to use the C6b
monobody for further studies.
A similar experiment was performed for the C12b monobody (Fig
S4A and B). The results indicated that the amino acids in the Gly7 of
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The binding afﬁnity of monobodies to the RBDs of SARS-CoV-2
variants of concern (VOCs)
Emerging SARS-CoV-2 variants are causing serious problems
globally as some have higher infection efﬁciency and an ability to
escape neutralizing antibodies (Garcia-Beltran et al, 2021; Harvey et
al, 2021). We aimed to determine if the monobodies could bind to all
four VOCs. The BLI analysis demonstrated that all of the monobodies maintained their ability to bind to the RBD of the Alpha
variant (B.1.1.7; Fig 3, second row; Table 2; KD = 0.38 nM for C4, KD < 0.01
nM for C4-AM2, 0.78 nM for C6b, and 0.54 nM for C12b). The C6b and
C12b monobodies also maintained the KD values for the Beta
(B.1.351), Gamma (P.1), and Delta (B.1.617.2) variants (Fig 3, third and
fourth, columns; Table 2) (KD = 0.24 nM [Beta], 0.88 nM [Gamma], 0.14
nM [Delta] for C6b; KD = 0.29 nM [Beta], 0.66 nM [Gamma], and 0.38
nM [Delta] for C12b), whereas afﬁnities of the C4 and C4-AM2
monobodies were diminished toward these variants (Fig 3, ﬁrst
and second columns; Table 2) (KD was not determined towards the
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Table 2.

Kinetic parameters of monobodies against the SARS-CoV-2 wild type and variants of concern receptor-binding domain determined by BLI.

Receptor-binding domain

Parameters
KD (nM)

WT (B.1.1)

Alpha (B.1.1.7)

kon (1/Ms) × 10

Gamma (P.1)

Delta (B.1.617.2)

C4-AM2

C6b

C12b

0.96

<0.01

0.51

0.67

2.4

2.3

1.2

1.7

koff (1/s) × 10−4

2.3

<0.01

0.63

1.1

KD (nM)

0.38

<0.01

0.78

0.54

kon (1/Ms) × 105

2.8

7.8

2.5

3.2

koff (1/s) × 10

Beta (B.1.351)

5

C4

−4

1.1

<0.01

1.9

1.7

KD (nM)

N.D.

6.3

0.24

0.29

kon (1/Ms) × 105

N.D.

2.6

1.3

1.3

koff (1/s) × 10−4

N.D.

16

0.31

0.39

KD (nM)

N.D.

4.4

0.88

0.66

kon (1/Ms) × 10

5

N.D.

3.4

1.0

0.99

koff (1/s) × 10−4

N.D.

15

0.89

0.65

KD (nM)

N.D.

1.7

0.14

0.38

kon (1/Ms) × 105

N.D.

1.9

0.76

1.4

N.D.

3.2

0.11

0.52

koff (1/s) × 10

−4

The data for the wild type were the same as in Table 1. N.D., not determined.

Beta, Gamma, and Delta variants for C4; KD = 6.3 nM [Beta], 4.4 nM
[Gamma], 1.7 nM [Delta] for C4-AM2). The dissociation curves for the
C4-AM2 monobody against the RBD of the Beta, Gamma, and Delta
variants were not matched to the ﬁtting curves using a 1:1 binding
model, which indicated that there might be two dissociation rate
constants (Fig S5 and Table S1).
Because the RBD’s N501Y mutation was seen in the Alpha variant,
some of the other three mutations (K417T/N, L452R, and E484K)
could cause reduced RBD afﬁnity of the C4 and C4-AM2 monobodies. To elucidate the effect of each mutation on the RBD and
monobody binding, we analyzed the binding of the monobodies
with RBDs containing point mutations (Fig S6). The results suggested that the E484K and L452R mutations were the primary cause
of the reduced RBD afﬁnities of the C4 and C4-AM2 monobodies,
whereas the K417T mutation had no inﬂuence.
Neutralization activities of monobodies against the SARS-CoV-2
wild type
Next, we examined the neutralizing activity of the C4, C4-AM2, and
C6b monobodies against the B.1.1 lineage isolate of SARS-CoV-2
(GISAID ID# EPI_ISL_568558) using the modiﬁed neutralization assay
described previously (Kondo et al, 2020). Brieﬂy, we incubated
serially diluted monobody solutions with live virus (200 TCID50/well)
for 1 h at 37°C in 96-well culture plates, followed by the infection of
VeroE6/TMPRSS2 cells (Matsuyama et al, 2020) for 1 h at 37°C. After
an 18-h incubation with fresh medium, the SARS-CoV-2 mRNA levels
in the supernatant were measured by RT-qPCR. As a negative
control, we used the C12b monobody, which bound to the RBD
without inhibiting the ACE2/RBD interaction and had no neutralizing activity as previously shown (Fig 4; B.1.1, red line). As a positive
control, we used the commercially available AM-128 neutralizing
antibody, a chimeric monoclonal antibody that combines the
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constant domains of the human IgG molecule with a mouse variable region. The IC50 value (0.11 nM; Fig 4; B.1.1, ocher line; Table 3) of
the control AM-128 neutralizing antibody was comparable to the
manufacturing company’s data (IC50 = 0.03 nM against the wild-type
SARS-CoV-2 pseudovirus). The C6b monobody’s IC50 value (IC50 = 1.6
nM; Fig 4; B.1.1, green line; Table 3) was slightly increased from that
previously reported (IC50 = 0.5 nM). This increase may have resulted
from the reduced steric hindrance of the RBD/ACE2 interaction
as the Nus-Tag fusion protein (60 kD) from the previous construct was removed to prepare the monobody without a fusion
protein (13 kD). More importantly, the C4-AM2 monobody showed
ultra-potent neutralizing activity (IC50 = 46 pM; Fig 4, B.1.1, black
line; Table 3), whose IC50 was more than 100 times lower than the
C4 monobody (IC50 = 6.6 nM; Fig 4, B.1.1, blue line; Table 3).
Moreover, the IC50 in mass concentration was 27 times lower than
the control neutralizing antibody AM-128 (Table 3; 0.62 ng/ml
versus 17 ng/ml) because of the low molecular weight of the
monobody. To our knowledge, the C4-AM2 monobody is one of
the most potent neutralizing proteins against the SARS-CoV-2
wild type in monomer form obtained by immunization and selection methods or by de novo design (Xiang et al, 2020; Cao et al,
2020a).
Neutralizing activities of monobodies against the SARS-CoV-2
VOCs
Next, we tested the monobodies to neutralize the emerging SARSCoV-2 variants, Alpha, Beta, Gamma, and Delta. The C6b monobody
maintained its IC50 values among all the variants (IC50 = 1.6–8.4 nM;
Fig 4 and Table 3), consistent with the previously reported KD values
against the mutant RBDs (KD = 0.24–0.88 nM; Table 2). This result
indicated the uniform usability of the C6b monobody for neutralization of various SARS-CoV-2 variants.
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Figure 4. Monobody/antibody-mediated neutralization of SARS-CoV-2 wild type and variants of concern infection in VeroE6/TMPRSS cells.
The x-axis value indicates the ﬁnal concentration of the monobodies (C4, C6b, C12b, and C4-AM2) or the SARS-CoV-2 neutralizing monoclonal antibody, AM-128, for each
assay well. The y-axis value displays log10 of each viral RNA copy number in the supernatant. Data are represented as the geometric mean of three independent assays.
Abbreviations are as mentioned previously.

Table 3. Half maximal inhibitory concentration of monobodies and mAb
AM-128 against SARS-CoV-2 wild type and variants of concern.
C4
WT (B.1.1)

Alpha (B.1.1.7)

Beta (B.1.351)

Gamma (P.1)

Delta (B.1.617.2)

C4-AM2

C6b

mAb AM-128

IC50 (nM)

6.6

0.046

1.6

0.11

IC50 (ng/ml)

88

0.62

22

17

IC50 (nM)

0.17

0.077

1.6

0.15

IC50 (ng/ml)

2.2

1.0

22

23

IC50 (nM)

N.D.

0.54

1.9

0.40

IC50 (ng/ml)

N.D.

7.2

25

60

IC50 (nM)

N.D.

0.55

2.6

1.9

IC50 (ng/ml)

N.D.

7.4

34

285

IC50 (nM)

N.D.

0.59

8.4

1.5

IC50 (ng/ml)

N.D.

8.0

114

225

N.D., not determined.

Conversely, the C4 monobody was more effective against the
Alpha variant (IC50 = 0.17 nM; Fig 4 and Table 3) and lost its activity
against the Beta, Gamma, and Delta variants (IC50 was not determined; Fig 4). These results were partially consistent with the KD
values observed for the variants’ RBDs, although the IC50 values of
the Alpha variant were slightly lower than expected.
The C4-AM2 monobody maintained its IC50 values against the
Alpha variant (IC50 = 77 pM; Fig 4 and Table 3), which was consistent
with the afﬁnity measurement (Fig 3). Surprisingly, the C4-AM2
monobody showed sub-nM IC50 values against the Beta, Gamma,
and Delta variants (IC50 = 0.54 nM [Beta], 0.55 nM [Gamma], 0.59 nM
[Delta]; Fig 4 and Table 3). Because the KD values observed against
these variants’ RBDs were 1.7–6.3 nM, the IC50 values were 10 times
lower than expected, suggesting that the C4-AM2 monobody may
have two dissociation rates (Fig S5), and the slow dissociation rate
might partially contribute to the low IC50 values.
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Discussion
In this study, we performed afﬁnity maturation of monobodies
determined as SARS-CoV-2 RBD binders in our previous research.
Through two cycles of afﬁnity maturation using the TRAP display, we
obtained the C4-AM2 monobody, which has enhanced afﬁnity from
the C4 monobody’s KD = 0.96 nM to KD < 0.01 nM. The C4-AM2
monobody’s koff value could not be determined because of the
extremely slow dissociation rate. The C4-AM2 monobody also had a
very low IC50 value against the SARS-CoV-2 wild type (IC50 = 0.62 ng/
ml), which was 27 times better in mass concentration than those of
the control antibody (mAb AM-128; IC50 = 17 ng/ml). This low IC50
value is comparable in molar concentration of those of the antibodies reported as being highly active for neutralizing the SARSCoV-2 pseudovirus (casirivimab, IC50 = 50 pM, 7.5 ng/ml; imdevimab
IC50 = 27 pM, 4.1 ng/ml), and thus better in mass concentration (US
Food and Drug Administration, 2021).
We also found that the afﬁnities of the C4 and C4-AM2 monobodies against the Alpha variant’s RBD stayed in a similar range of
values (KD < 0.01 nM) but was diminished against those of the Beta
(KD = 6.3 nM), Gamma (KD = 4.4 nM), and Delta (KD = 1.7 nM) variants. In
contrast, the C6b and C12b monobodies showed similar afﬁnity
against all four variants (KD = 0.14–0.88 nM for C6b, KD = 0.29–0.66 nM
for C12b). Surprisingly, in spite of the diminished KD values of the C4AM2 monobody, it showed a sub-nM IC50 value against the SARSCoV-2 Beta (IC50 = 0.54 nM), Gamma (IC50 = 0.55 nM), and Delta (IC50 =
0.59 nM) variant infection. The C6b and C4-AM2 monobodies could
be useful for the rapid treatment of patients infected by the SARSCoV-2’s VOCs and potential new hazardous variants in the future.
Multimerization of the C4-AM2 or C6b monobodies could be a
solution to improve IC50 values, as dimerization and trimerization of
a nanobody could improve the IC50 values between 2 and 200 times
against the SARS-CoV-2 wild type or pseudovirus (Huo et al, 2020;
Schoof et al, 2020; Xiang et al, 2020; Chen et al, 2021b; Güttler et al,
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2021; Koenig et al, 2021; Li et al, 2021; Xu et al, 2021; Zebardast et al,
2021). We know from previous research (Kondo et al, 2020) that
simple dimerization is insufﬁcient to improve monobody activity.
Therefore, careful design of the multimerization strategy would be
required to improve the monobodies IC50 values in future work.

Materials and Methods
Materials
The oligonucleotides and synthetic DNA templates were purchased
from either Fasmac Co., Ltd., Nippon Bio Service, or Integrated DNA
Technologies. The sequences were listed in Supplemental Data 1.
The N2 primer/probe set for RT-qPCR was purchased from Thermo
Fisher Scientiﬁc. Biotinylated SARS-CoV-2 S protein RBD His, Avitag
SPD-C82E9 (WT), SPD-C82E7 (K417T, E484K, and N501Y), RBD His Tag
SPD-S52H6 (WT), SPD-C52Hn (N501Y), SPD-C52Hp (K417N, E484K, and
N501Y), SRD-C52H3 (E484K), SPD-C52Ht (K417T), SPD-C52Hh (L452R
and T478K), SPD-C52He (L452R), and SPD-C52Hr (K417T, E484K, and
N501Y) were all purchased from ACROBiosystems. The restriction
enzymes were obtained from New England Biolabs. The preparation
of the cell-free translation system, Pfu-S DNA polymerase, and
Moloney murine leukemia virus reverse transcriptase (MMLV) have
been described in previous reports (Shimizu et al, 2001; Ohashi et al,
2007; Reid et al, 2012; Kondo et al, 2020).
Preparation of monobody mRNA libraries
To prepare the DNA libraries for afﬁnity maturation experiments,
FN3F-QAN.F1 (0.5 μM), ssDNA-FN3F.F3 (0.5 μM), FN3F.F5 (0.5 μM), and
the BC-L.F2 (0.5 μM) and FG-L.F4 (0.5 μM) were ligated with T4 DNA
ligase (2.5 μl in total, 1.25 pmol for each oligonucleotide) with the
assistance of MonoE1c1NH2-NNN.R25 (1 μM), MonoE1c2-NNN1NH2.24 (1 μM), MonoE1c3NH2.R19 (1 μM), and MonoE1c4NH2NNN.R24 (1 μM) (see Table S2 for the combination of BC-L.F2 and
FG-L.F4 [0.5 μM] oligonucleotides used in the preparation of each
library). After ligation, the mixture was added to the reaction
mixture (1.2 ml in total; 10 mM Tris–HCl, pH 8.4, 100 mM KCl, 0.1% [vol/
vol] Triton X-100, 2% [vol/vol] DMSO, 2 mM MgSO4, 0.2 mM each
dNTP, 0.375 μM T7SD8M2.F44, 0.375 μM G5S-4Gan21-3.R42, and 2 nM
of Pfu-S DNA polymerase). The DNA libraries were ampliﬁed by eight
cycles of PCR. The mRNA libraries were prepared by in vitro run-off
transcription under the following conditions: 40 mM Tris–HCl, pH
8.0, 1 mM spermidine, 0.01% (vol/vol) Triton X-100, 10 mM DTT, 30
mM MgCl2, 5 mM of each NTP, the DNA library, and 0.18 μM T7 RNA
polymerase. The synthesized mRNA was puriﬁed by phenol/
chloroform extraction and isopropanol precipitation. The mRNA
concentration was determined by OD at 260 nm. The mRNA/HEXmPuL was prepared by annealing HEX-mPuL (5 μM) and mRNA (8.3
μM) in annealing buffer (25 mM HEPES-K, pH 7.8, 200 mM potassium
acetate) by heating the solution (10 μl) to 95°C for 2 min and cooling
to 25°C. The resulting complex was used directly in the ﬁrst-round
of selection.
The C6-AM2 and C12-AM2 DNA library was prepared using a
similar procedure of previously published articles (Kondo et al
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2020, 2021b). To prepare A-fragment DNA from the monobody library, FN3F-QAN.F1 (1 μM), FN3F.F3short39 (1 μM), and MonobodyHL1Co10 (0.5 μM) or MonobodyHL1Co12 (0.5 μM) were ligated by
T4 DNA ligase (150 μl in total, 150 pmol for each oligonucleotide)
with the assistance of MonoE1c1NH2-NNN.R25 (2 μM), and
MonoE1c2-NNN1-NH2.24 (2 μM). As codons for the randomized
residues, we used a codon mix with the following ratios: 20% Tyr,
10% Ser, 15% Gly, 10% Trp, and 3% each of the other amino acids
(except Cys) which is similar to the original cocktail (30% Tyr, 15%
Ser, 10% Gly, 5% Phe, 5% Trp, and 2.5% each of the other amino
acids [except for Cys]) (Wojcik et al, 2010; Koide et al, 2012). After
ligation, the DNA libraries were ampliﬁed using T7SD8M2.F44,
FN3F1-2-3-GSBsaI.R34, and Pfu-S DNA polymerase (30 ml in total,
six cycles of PCR). The B-fragment DNA was prepared via the
same procedure and using ssDNA-FN3F.F3, FN3F.F5, C6L2-3.F56/
C12L2-3.F47, MonoE1c3NH2.R19, and MonoE1c4NH2-NNN.R24 for
ligation, and FN3F3-4-5-GSBsaI.F34 and G5S-4Gan21-3.R42 for
ampliﬁcation.
The ampliﬁed BC and FG fragment DNAs were puriﬁed by phenol/
chloroform extraction and isopropanol precipitation. One end of
each DNA product was digested with BsaI (New England Biolabs) as
per the manufacturer’s protocol, and the DNA products were then
puriﬁed by phenol/chloroform extraction and isopropanol precipitation. The products were ligated to each other (0.15 μM, 200 μl)
to synthesize full-length DNA products. The DNA libraries were
ampliﬁed using T7SD8M2.F44, G5S-4Gan21-3.R42, and Pfu-S DNA
polymerase (40 ml in total, ﬁve cycles of PCR). The mRNA/HEX-mPuL
was prepared through a similar procedure to that described above.
The resulting complex was used directly in the ﬁrst-round of
selection.
In vitro selection of monobodies against SARS-CoV-2 spike
protein RBD by the TRAP display
For the ﬁrst round of selection, 1 μM mRNA/HEX-mPuL was added to
a reconstituted translation system, and the reaction mixture (5 μl)
was incubated at 37°C for 30 min. After the reaction, 1 μl of 100 mM
EDTA (pH 8.0) was added to the translation mixture. Reverse
transcription mixture (3 μl; 150 mM Tris–HCl, pH 8.4, 225 mM KCl, 75
mM MgCl2, 16 mM DTT, 1.5 mM each dNTP, 7.5 μM FN3S.R29 primer,
and 3.4 μM MMLV) was added to the translation mixture, and the
resulting solution was incubated at 42°C for 15 min. The buffer was
changed to HBST buffer (50 mM Hepes-K, pH 7.5, 300 mM NaCl, and
0.05% [vol/vol] Tween 20) using Zeba Spin Desalting Columns. To
remove the bead binders, the resulting solution was mixed with 4 μl
of Dynabeads M-280/M-270 streptavidin (1:1) (Thermo Fisher Scientiﬁc) at 25°C for 10 min. This negative selection step was repeated
another two times. The supernatant was diluted with the HBST
buffer (90 μl) and mixed with 1 μl of 100 nM biotinylated SARS-CoV-2
RBD-Avitag (1 nM, ﬁnal concentration); the resulting solution was
incubated at 25°C for 3 min. The target proteins were collected by
mixing with 1 μl of Dynabeads M-270 streptavidin for 1 min. The
collected beads were washed with 50 μl of the HBST buffer for 1 min
three times, and 100 μl of PCR premix (1 ml of 10 mM Tris–HCl, pH 8.4,
50 mM KCl, 0.1% [vol/vol] Triton X-100, 2 mM MgCl2, and 0.25 mM each
dNTP) was added. The beads were heated at 95°C for 5 min, and the
amount of eluted cDNA was quantiﬁed by SYBR green-based
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quantitative PCR using T7SD8M2.F44 and FN3Lip.R20 as primers. The
eluted cDNA was PCR-ampliﬁed using T7SD8M2.F44, G5S-4Gan21-3.R42,
and Pfu-S DNA polymerase and puriﬁed by phenol/chloroform
extraction and isopropanol precipitation. From the following selection, the resulting DNA (about 3–10 nM ﬁnal concentration) was
added to the TRAP system, and the reaction mixture (5 μl) was
incubated at 37°C for 30 min. The other procedure was similar to the
above description. After the ﬁnal round of selection, the sequences
of the recovered DNA were analyzed using an Ion Torrent instrument (Thermo Fisher Scientiﬁc). The conditions of the second cycle
selections are listed in Tables S3 and S4.

Monobody solubility test
The concentration of the C4-AM2 monobodies [C4-AM2-(–), C4-AM2(EIDK), C4-AM2-(EIDKPSQ)] was adjusted to 150 μM with the buffer B.
The buffer was changed to 25 mM Hepes-K, pH 7.5, 150 mM NaCl by
gel ﬁltration. UV-vis spectra were measured before (left panel) and
after centrifugation (15,300g, 5 min; right panel). The protein concentration was calculated from the absorbance at 280 nm of the
peak according to the molar extinction coefﬁcient estimated from
the amino acid composition.
Modiﬁcation of monobodies

Construction of expression vectors of monobodies
For monobody expression, pQ107-S1-MonoS-C4 was generated by
cloning DNA I (Supplemental Data 1) into the NdeI-HindIII site of
pQCSoHis-FN3FB1Xb. Each cloned DNA insert was ampliﬁed using
the primer sets (Table S5) and templates (DNA fragment II) with PfuS DNA polymerase. The resulting DNA was further ampliﬁed using
Q107delMonoS-ex.F71 and Q107EIDKPSQC-ex.R71, followed by the
use of Q107.F40 and Q106.R40. The PCR products were cloned into
the BamHI-HindIII site of pQ107-S1-MonoS-C4 using the patch
cloning method (Taniguchi et al, 2013) to generate pQ107-S1-MonoS-X
(where X represents the clone name). Plasmids [X = C4-AM2-(–), C4AM2-(EIDK), C4-AM2-(EIDKPSQ)] were prepared using Q107-MonoS.R67,
Q107-MonoS-EIDK.R67, and Q107-MonoS-EIDKPSQ.R67 instead of
Q107EIDKPSQC-ex.R71.
Expression and puriﬁcation of monobodies
The expression vector was transformed into Escherichia coli
BL21(DE3)pLysS, and the clone was grown on an LB plate with 100
μg/ml ampicillin, 20 μg/ml chloramphenicol, and 2% (wt/vol)
glucose. The resulting E. coli were inoculated into 3 ml of LB
with 100 μg/ml ampicillin, 20 μg/ml chloramphenicol, and 5% (wt/
vol) glucose, then grown at 37°C. The resulting overnight culture
was added to 300 ml of LB with 100 μg/ml ampicillin, 20 μg/ml
chloramphenicol, and 5% (wt/vol) glucose and grown at 37°C. After
reaching an A600 value of 0.5, protein expression was induced with
0.5 mM of IPTG for 24 h at 25°C. The cells were pelleted and
resuspended in lysis buffer (20 mM Hepes-K, pH 7.8, 10 mM imidazole, pH 7.8, 300 mM KOAc, 1 M KCl, 0.2 mM DTT, and 1 mM PMSF) and
lysed using a sonicator. After adding 10% (vol/vol) glycerol, the
lysate was clariﬁed by centrifugation (15,300g, 30 min, 4°C) followed
by ﬁltration. For afﬁnity puriﬁcation, an IMAC column (Bio-Rad) was
connected to an NGC chromatography system (Bio-Rad) equilibrated with buffer A (20 mM Hepes-K, pH 7.8, 10 mM imidazole, 300
mM KOAc, 1 M KCl, 0.2 mM DTT, 10 mM MgSO4, 2 mM ATP, 10% [vol/vol]
glycerol). After loading the lysate, the column was washed with
buffer A followed by buffer B (20 mM Hepes-K, pH 7.8, 10 mM imidazole, pH 7.8, 300 mM KOAc, 0.2 mM DTT, and 10% [vol/vol]
glycerol). The protein was then eluted with buffer C (250 mM imidazole, pH 7.8, 300 mM KOAc, and 10% [vol/vol] glycerol) and stored
at −80°C. The protein concentration was measured at A280
according to the molar extinction coefﬁcient estimated from the
amino acid composition (Pace et al, 1995).
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Biotin-modiﬁed monobodies were prepared as follows: TCEP solution (1 μl, 500 mM tris[2-carboxyethyl]phosphine, pH 7.6) was
added to 100 μl of the His-tag puriﬁed monobody solution, and the
resulting solution was incubated at 25°C for 30 min. The quenching
solution (3 μl, 500 mM azidoacetic acid, pH 7.6) was added to the
reaction mixture and incubated at 25°C for 30 min. After adding 100
μl of buffer D (50 mM Hepes-KOH, pH 7.5, 300 mM NaCl, 0.05% [vol/
vol] Tween 20, and 0.1% [wt/vol] PEG6000), the buffer was changed
to buffer D using Zeba Spin Desalting Columns. The protein concentration in the eluted solution was measured at A280. The solution
was mixed with 1.5 eq maleimide-PEG11-biotin (Thermo Fisher
Scientiﬁc). After incubating at 25°C for 30 min, 1.2 eq of DTT was
added to the solution, and the solution was stored at −80°C.
Acetamide-modiﬁed monobodies were prepared as follows:
TCEP solution (1 μl) was added to 50 μl of the His-tag puriﬁed
monobody solution, and the resulting solution was incubated at
25°C for 30 min. The quenching solution (1.5 μl) was added to the
reaction mixture, and the mix was incubated at 25°C for 30 min.
Then, 100 mM iodoacetamide (1 μl) was added to the solution. After
5 min incubation at 25°C, 100 mM DTT (3 μl) and buffer D (50 μl) were
added, and the resulting solution was incubated at 25°C for 30 min.
The buffer in the solution was changed to buffer D using Zeba Spin
Desalting Columns, and the protein concentration was measured at
A280. The solution was stored at −80°C.
Afﬁnity measurement of monobodies
Afﬁnity measurement was performed on biotinylated monobodies
immobilized on a streptavidin biosensor (ForteBio) using the Octet
system (ForteBio) as described in the manufacturer’s instructions.
The analyte RBD was dissolved in water to prepare 15 μM of RBD
solution, and the buffer was changed to buffer D with Zeba Spin
Desalting Columns. The protein concentration was measured at A280
according to the molar extinction coefﬁcient estimated from the
amino acid composition. The RBD solution was stored at −80˚C and
was used for the following binding assay after dilution with buffer D.
The binding assay was performed at 30°C in buffer D. Each step in
the binding assay was as follows: equilibration for 150 s, association
for 600 s, and dissociation for 600 s.
Virus neutralization assay
SARS-CoV-2 neutralization assay was performed using VeroE6/
TMPRSS2 cells that were obtained from JCRB cell bank. The cells
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(5 × 103 cells per well, 50 μl) were seeded into 96-well culture plates
and incubated at 37°C for 18 h before infection. SARS-CoV-2 isolate
B.1.1 (GISAID# EPI_ISL_568558), a major lineage in 2020 in Japan,
was used as a control. The VOC isolates, Alpha variant (B.1.1.7,
QK002 strain, GISAID# EPI_ISL_768526), Beta variant (B.1.351, TY8-612
strain, GISAID# EPI_ISL_1123289), Gamma variant (P.1, TY7-503 strain,
GISAID# EPI_ISL_877769), and Delta variant (B.1.617.2, TY11-927,
GISAID# EPI_ISL_ 2158617) were obtained from the National Institute of Infectious Diseases. Monobodies were serially diluted (from
60 nM to 6 pM) and incubated with an equal volume of the SARSCoV-2 (4,000 TCID50/ml) for 1 h at 37°C. The monobody-virus mixtures (100 μl) were added to each culture well and incubated for 1 h
at 37°C. As a control antibody, anti-SARS-CoV-2 RBD potent neutralizing antibody AM128 (AcroBiosystems) was used in this study.
The supernatant was removed, and 100 μl of fresh Dulbecco’s
modiﬁed Eagle medium (Sigma-Aldrich) supplemented with 10%
fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 μg/
ml) (Thermo Fisher Scientiﬁc) was added. After incubation in a 37°Cincubator supplied with 5% CO2 for 18 h, the culture supernatants
were harvested. The SARS-CoV-2 RNA amounts in the supernatants
were measured by RT-qPCR using the PrimeDirect Probe RT-qPCR
Mix (Takara Bio) and an N2 primer/probe set (Kondo et al, 2020). The
half-maximal inhibitory concentrations (IC50) were determined
using GraphPad Prism version 9.0.

S Umemoto: resources, data curation, formal analysis, validation,
visualization, and writing—original draft, review, and editing.
T Fujino: funding acquisition and writing—original draft, review, and
editing.
G Hayashi: funding acquisition and writing—original draft, review,
and editing.
Y Iwatani: conceptualization, resources, formal analysis, supervision, funding acquisition, validation, investigation, visualization,
methodology, project administration, and writing—original draft,
review, and editing.
H Murakami: conceptualization, resources, formal analysis, supervision, funding acquisition, validation, investigation, visualization, methodology, project administration, and writing—original
draft, review, and editing.
Conﬂict of Interest Statement
T Kondo, T Fujino, S Umemoto, G Hayashi, Y Iwatani, and H Murakami are
inventors on the provisional patent application (PCT/JP2021/018668;
ﬁled 5/18/2021) submitted by Tokai National Higher Education and
Research System and National Hospital Organization Nagoya Medical
Center. The patent application is for monobody sequences against the
SARS-CoV-2 spike protein. Other authors declare that they have no
competing interests.

References

Data Availability
All data generated or analyzed during this study are included in this
published article and its supplementary information ﬁles.

Buyel JF, Twyman RM, Fischer R (2017) Very-large-scale production of
antibodies in plants: The biologization of manufacturing. Biotechnol
Adv 35: 458–465. doi:10.1016/j.biotechadv.2017.03.011

Supplementary Information

Cao L, Goreshnik I, Coventry B, Case JB, Miller L, Kozodoy L, Chen RE, Carter L,
Walls AC, Park YJ, et al (2020a) De novo design of picomolar sars-cov-2
miniprotein inhibitors. Science 370: 426–431. doi:10.1126/
science.abd9909

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101322.

Cao Y, Su B, Guo X, Sun W, Deng Y, Bao L, Zhu Q, Zhang X, Zheng Y, Geng C, et al
(2020b) Potent neutralizing antibodies against sars-cov-2 identiﬁed
by high-throughput single-cell sequencing of convalescent patients’
b cells. Cell 182: 73–84.e16. doi:10.1016/j.cell.2020.05.025

Acknowledgements

Cathcart AL, Havenar-Daughton C, Lempp FA, Ma D, Schmid MA, Agostini ML,
Guarino B, Di iulio J, Rosen LE, Tucker H, et al. (2021) The dual function
monoclonal antibodies VIR-7831 and VIR-7832 demonstrate potent in
vitro and in vivo activity against SARS-CoV-2. BioRxiv. doi:10.1101/
2021.03.09.434607. (Preprint posted February 18, 2022)

We thank Mr. Hikaru Saiki for helpful discussions during the early phase
of this project. This work was supported by AMED (grant numbers
20he0622010h0001 and JP21zf0127004 to H Murakami and 20fk0108293s0101
to Y Iwatani), Grant-in-Aid for Scientiﬁc Research on Innovative Areas (Grant
Number 20H04704 to G Hayashi), and Grant-in-Aid for Scientiﬁc Research (C)
(Grant Number 21K05270 to T Fujino) from the Japan Society for the Promotion of Science; and a donation from Dr. Hiroshi Murakami.

Author Contributions
T Kondo: resources, data curation, formal analysis, validation, investigation, visualization, methodology, and writing—original draft,
review and, editing.
K Matsuoka: resources, data curation, formal analysis, validation,
investigation, visualization, methodology, and writing—original
draft, review, and editing.

Potent SARS-CoV-2-neutralizing monobody

Kondo et al.

Chen P, Nirula A, Heller B, Gottlieb RL, Boscia J, Morris J, Huhn G, Cardona J,
Mocherla B, Stosor V, et al (2021a) Sars-cov-2 neutralizing antibody lycov555 in outpatients with covid-19. N Engl J Med 384: 229–237.
doi:10.1056/NEJMoa2029849
Chen X, Gentili M, Hacohen N, Regev A (2021b) A cell-free nanobody
engineering platform rapidly generates sars-cov-2 neutralizing
nanobodies. Nat Commun 12: 5506. doi:10.1038/s41467-021-25777-z
Chen X, Li R, Pan Z, Qian C, Yang Y, You R, Zhao J, Liu P, Gao L, Li Z, et al (2020)
Human monoclonal antibodies block the binding of SARS-CoV-2 spike
protein to angiotensin converting enzyme 2 receptor. Cell Mol
Immunol 17: 647–649. doi:10.1038/s41423-020-0426-7
Corti D, Purcell LA, Snell G, Veesler D (2021) Tackling COVID-19 with
neutralizing monoclonal antibodies. Cell 184: 4593–4595. doi:10.1016/
j.cell.2021.07.027
Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: A sequence
logo generator. Genome Res 14: 1188–1190. doi:10.1101/gr.849004

https://doi.org/10.26508/lsa.202101322

vol 5 | no 6 | e202101322

9 of 11

Dong J, Zost SJ, Greaney AJ, Starr TN, Dingens AS, Chen EC, Chen RE, Case JB,
Sutton RE, Gilchuk P, et al (2021) Genetic and structural basis for SARSCoV-2 variant neutralization by a two-antibody cocktail. Nat Microbiol
6: 1233–1244. doi:10.1038/s41564-021-00972-2

Kondo T, Eguchi M, Tsuzuki N, Murata N, Fujino T, Hayashi G, Murakami H
(2021b) Construction of a highly diverse mrna library for in vitro
selection of monobodies. Bio Protoc 11: e4125. doi:10.21769/
BioProtoc.4125

Du L, Yang Y, Zhang X (2021a) Neutralizing antibodies for the prevention and
treatment of covid-19. Cell Mol Immunol 18: 2293–2306. doi:10.1038/
s41423-021-00752-2

Kondo T, Iwatani Y, Matsuoka K, Fujino T, Umemoto S, Yokomaku Y, Ishizaki K,
Kito S, Sezaki T, Hayashi G, et al (2020) Antibody-like proteins that
capture and neutralize SARS-CoV-2. Sci Adv 6: eabd3916. doi:10.1126/
sciadv.abd3916

Du Y, Shi R, Zhang Y, Duan X, Li L, Zhang J, Wang F, Zhang R, Shen H, Wang Y,
et al (2021b) A broadly neutralizing humanized ace2-targeting
antibody against sars-cov-2 variants. Nat Commun 12: 5000.
doi:10.1038/s41467-021-25331-x

Kondo T, Eguchi M, Kito S, Fujino T, Hayashi G, Murakami H (2021a) cDNA trap
display for rapid and stable in vitro selection of antibody-like
proteins. Chem Commun 57: 2416–2419. doi:10.1039/d0cc07541h

Esparza TJ, Martin NP, Anderson GP, Goldman ER, Brody DL (2020) High afﬁnity
nanobodies block SARS-CoV-2 spike receptor binding domain
interaction with human angiotensin converting enzyme. Sci Rep 10:
22370. doi:10.1038/s41598-020-79036-0

Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L, et al
(2020) Structure of the SARS-CoV-2 spike receptor-binding domain
bound to the ACE2 receptor. Nature 581: 215–220. doi:10.1038/s41586020-2180-5

Garcia-Beltran WF, Lam EC, St Denis K, Nitido AD, Garcia ZH, Hauser BM,
Feldman J, Pavlovic MN, Gregory DJ, Poznansky MC, et al (2021)
Multiple SARS-CoV-2 variants escape neutralization by vaccineinduced humoral immunity. Cell 184: 2372–2383.e9. doi:10.1016/
j.cell.2021.03.013

Li T, Cai H, Yao H, Zhou B, Zhang N, van Vlissingen MF, Kuiken T, Han W,
GeurtsvanKessel CH, Gong Y, et al (2021) A synthetic nanobody
targeting RBD protects hamsters from SARS-CoV-2 infection. Nat
Commun 12: 4635. doi:10.1038/s41467-021-24905-z

Gottlieb RL, Nirula A, Chen P, Boscia J, Heller B, Morris J, Huhn G, Cardona J,
Mocherla B, Stosor V, et al (2021) Effect of bamlanivimab as
monotherapy or in combination with etesevimab on viral load in
patients with mild to moderate COVID-19: A randomized clinical trial.
JAMA 325: 632–644. doi:10.1001/jama.2021.0202
Gupta A, Gonzalez-Rojas Y, Juarez E, Casal MC, Moya J, Falci DR, Sarkis E, Solis J,
Zheng H, Scott N, et al (2021) Early COVID-19 treatment with SARS-CoV2 neutralizing antibody sotrovimab. N Engl J Med 385: 1941–1950.
doi:10.1056/NEJMoa2107934
Güttler T, Aksu M, Dickmanns A, Stegmann KM, Gregor K, Rees R, Taxer W,
Rymarenko O, Schünemann J, Dienemann C, et al (2021) Neutralization
of SARS-CoV-2 by highly potent, hyperthermostable, and mutationtolerant nanobodies. EMBO J 40: e107985. doi:10.15252/embj.
2021107985
Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,
Songa EB, Bendahman N, Hamers R (1993) Naturally occurring
antibodies devoid of light chains. Nature 363: 446–448. doi:10.1038/
363446a0
Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM,
Ludden C, Reeve R, Rambaut A, Peacock SJ, et al (2021) SARS-CoV-2
variants, spike mutations and immune escape. Nat Rev Microbiol 19:
409–424. doi:10.1038/s41579-021-00573-0
Huo J, Le Bas A, Ruza RR, Duyvesteyn HME, Mikolajek H, Malinauskas T, Tan TK,
Rijal P, Dumoux M, Ward PN, et al (2020) Neutralizing nanobodies bind
SARS-CoV-2 spike RBD and block interaction with ACE2. Nat Struct Mol
Biol 27: 846–854. doi:10.1038/s41594-020-0469-6
Ishizawa T, Kawakami T, Reid PC, Murakami H (2013) TRAP display: A highspeed selection method for the generation of functional
polypeptides. J Am Chem Soc 135: 5433–5440. doi:10.1021/ja312579u
Ke Z, Oton J, Qu K, Cortese M, Zila V, McKeane L, Nakane T, Zivanov J, Neufeldt
CJ, Cerikan B, et al (2020) Structures and distributions of SARS-CoV-2
spike proteins on intact virions. Nature 588: 498–502. doi:10.1038/
s41586-020-2665-2
Koenig PA, Das H, Liu H, Kümmerer BM, Gohr FN, Jenster LM, Schiffelers LDJ,
Tesfamariam YM, Uchima M, Wuerth JD, et al (2021) Structure-guided
multivalent nanobodies block SARS-CoV-2 infection and suppress
mutational escape. Science 371: 6530. doi:10.1126/science.abe6230
Koide A, Bailey CW, Huang X, Koide S (1998) The ﬁbronectin type III domain as
a scaffold for novel binding proteins. J Mol Biol 284: 1141–1151.
doi:10.1006/jmbi.1998.2238

Lipovsek D (2011) Adnectins: Engineered target-binding protein therapeutics.
Protein Eng Des Sel 24: 3–9. doi:10.1093/protein/gzq097
Matsuyama S, Nao N, Shirato K, Kawase M, Saito S, Takayama I, Nagata N,
Sekizuka T, Katoh H, Kato F, et al (2020) Enhanced isolation of SARSCoV-2 by TMRSS2-expressing cells. Proc Natl Acad Sci U S A 117:
7001–7003. doi:10.1073/pnas.2002589117
Ohashi H, Shimizu Y, Ying BW, Ueda T (2007) Efﬁcient protein selection based
on ribosome display system with puriﬁed components. Biochem
Biophys Res Commun 352: 270–276. doi:10.1016/j.bbrc.2006.11.017
Pace CN, Vajdos F, Fee L, Grimsley G, Gray T (1995) How to measure and
predict the molar absorption coefﬁcient of a protein. Protein Sci 4:
2411–2423. doi:10.1002/pro.5560041120
Reid PC, Goto Y, Katoh T, Suga H (2012) Charging of tRNAs using ribozymes and
selection of cyclic peptides containing thioethers. Methods Mol Biol
805: 335–348. doi:10.1007/978-1-61779-379-0_19
Schoof M, Faust B, Saunders RA, Sangwan S, Rezelj V, Hoppe N, Boone M,
Billesbølle CB, Puchades C, Azumaya CM, et al (2020) An ultrapotent
synthetic nanobody neutralizes SARS-CoV-2 by stabilizing inactive
spike. Science 370: 1473–1479. doi:10.1126/science.abe3255
Shi R, Shan C, Duan X, Chen Z, Liu P, Song J, Song T, Bi X, Han C, Wu L, et al (2020) A
human neutralizing antibody targets the receptor-binding site of SARSCoV-2. Nature 584: 120–124. doi:10.1038/s41586-020-2381-y
Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T, Nishikawa K, Ueda T (2001)
Cell-free translation reconstituted with puriﬁed components. Nat
Biotechnol 19: 751–755. doi:10.1038/90802
Sun D, Sang Z, Kim YJ, Xiang Y, Cohen T, Belford AK, Huet A, Conway JF, Sun J,
Taylor DJ, et al (2021) Potent neutralizing nanobodies resist convergent
circulating variants of SARS-CoV-2 by targeting diverse and conserved
epitopes. Nat Commun 12: 4676. doi:10.1038/s41467-021-24963-3
Taniguchi N, Nakayama S, Kawakami T, Murakami H (2013) Patch cloning
method for multiple site-directed and saturation mutagenesis. BMC
Biotechnol 13: 91. doi:10.1186/1472-6750-13-91
Taylor PC, Adams AC, Hufford MM, de la Torre I, Winthrop K, Gottlieb RL (2021)
Neutralizing monoclonal antibodies for treatment of COVID-19. Nat
Rev Immunol 21: 382–393. doi:10.1038/s41577-021-00542-x
US Food and Drug Administration (2021) Emergency use authorization (eua)
for casirivimab and imdevimab center for drug evaluation and
research (cder) review. FDA. https://www.fda.gov/media/144468/
download

Koide A, Wojcik J, Gilbreth RN, Hoey RJ, Koide S (2012) Teaching an old scaffold
new tricks: monobodies constructed using alternative surfaces of the
FN3 scaffold. J Mol Biol 415: 393–405. doi:10.1016/j.jmb.2011.12.019

Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, Musser BJ,
Soo Y, Rofail D, Im J, et al (2021) REGN-CoV2, a neutralizing antibody
cocktail, in outpatients with COVID-19. N Engl J Med 384: 238–251.
doi:10.1056/NEJMoa2035002

Potent SARS-CoV-2-neutralizing monobody

https://doi.org/10.26508/lsa.202101322

Kondo et al.

vol 5 | no 6 | e202101322

10 of 11

Wojcik J, Hantschel O, Grebien F, Kaupe I, Bennett KL, Barkinge J, Jones RB,
Koide A, Superti-Furga G, Koide S (2010) A potent and highly speciﬁc
FN3 monobody inhibitor of the Abl SH2 domain. Nat Struct Mol Biol 17:
519–527. doi:10.1038/nsmb.1793
Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, Graham BS,
McLellan JS (2020) Cryo-EM structure of the 2019-nCoV spike in the
prefusion conformation. Science 367: 1260–1263. doi:10.1126/
science.abb2507
Xiang Y, Nambulli S, Xiao Z, Liu H, Sang Z, Duprex WP, Schneidman-Duhovny D,
Zhang C, Shi Y (2020) Versatile and multivalent nanobodies efﬁciently
neutralize SARS-CoV-2. Science 370: 1479–1484. doi:10.1126/
science.abe4747
Xu J, Xu K, Jung S, Conte A, Lieberman J, Muecksch F, Lorenzi JCC, Park S,
Schmidt F, Wang Z, et al (2021) Nanobodies from camelid mice and
llamas neutralize SARS-CoV-2 variants. Nature 595: 278–282.
doi:10.1038/s41586-021-03676-z
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