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A B S T R A C T

Biparatopic fragment antibodies can overcome deficiencies in avidity of conventional antibody
fragments. Here, we describe a technology for generating biparatopic antibodies through two-step
targeting using a pair of polypeptides, SpyTag and SpyCatcher, that spontaneously react to form a
covalent bond between antibody fragments. In this method, two antibody fragments, each targeting
different epitopes of the antigen, are fused to SpyTag and to SpyCatcher. When the two polypeptides are
serially added to the antigen, their proximity on the antigen results in covalent bond formation and
generation of a biparatopic antibody. We validated the system with purified recombinant antigen. Results
in antigen-overexpressing cells were promising although further optimization will be required. Because
this strategy results in high-affinity targeting with a bipartite molecule that has considerably lower
molecular weight than an antibody, this technology is potentially useful for diverse applications.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Antibodies are used in both therapeutic and diagnostic
applications. Fab, single-chain Fv (scFv), single-domain antibodies
(nanobodies), and small antibody-like scaffolds are attractive
because of their reduced molecular weights, which enable tissue
permeability, and lack of an unwanted Fc-mediated immune
response [1]. However, antibody fragments are monovalent, and
their interactions with antigen are often weak because of lack of
avidity. One potential solution to this problem is to confer
bivalency or multi-valency through fusion or conjugation [2–6].
Biparatopic antibodies (BpAbs), in which two antibody fragments
or other binding units that recognize different epitopes are linked,
are particularly promising [7–10]. We previously achieved effective
Abbreviations: AntiHis-AF488, anti-penta�His Alexa Fluor 488 conjugate; BLI,
bio-layer interferometry; BpAb, biparatopic antibody; B-STag, B5209B scFv fused
with SpyTag; E-SCat, E2107 scFv fused with SpyCatcher; scFv, single-chain variable
fragment.
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targeting through bivalent molecules by linking two scFv units
with a tag sequence (i.e., SpyTag or SpyCatcher) [11]. The previous
experimental design achieved a BpAb with a total molecular
weight of 60 kDa, which is far smaller than conventional IgG
antibody. Therefore, strong binding activity with high avidity can
be achieved under conditions of reduced molecular size.

Here, we propose a system to accomplish further reduction of
the molecular weight through two-step targeting (Fig. 1A). First,
each of two monoclonal antibodies (mAbs) or binding units that
target different epitopes of the antigen is fused with one of a pair of
covalent-bond-forming units designed to form a covalent bond
between them. Second, the two tagged fragments are added
serially to the antigen and thereby accumulate in sufficiently close
proximity for spontaneous formation of a covalent bond between
the two tags, thus generating a BpAb on the antigen. Because the
resulting BpAb retains bivalency, high affinity should be achieved.

As an in vitro model to validate the proposed methodology, we
used SpyTag and SpyCatcher. A covalent bond (isopeptide bond)
spontaneously forms between SpyTag and SpyCatcher (Fig. 1B)
[12–14]. This reaction is rapid, specific, and irreversible. The tags,
SpyTag and SpyCatcher have been used in various applications
including stabilization of macromolecular assemblies [15–22],
antibody fusions [6,11,12,23–25], and stabilization of proteins via
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A) Scheme of the sequential targeting protocol. First, two antibody fragments targeting different epitopes of an antigen molecule are each fused with one of a pair of
covalent-bond-forming units. Second, the two fragments are serially added to the antigen. Third, a covalent bond spontaneously forms between the units, resulting in a
biparatopic antibody (BpAb) fragment bound to antigen. B) The covalent-bond-forming units SpyCatcher and SpyTag. Ribbon diagrams produced from PDB ID 2X5P. C) Robo1
and the regions bound by the two mAbs used here. mAb E2107 binds to an Ig domain (red), and B2212A binds to an Fn domain (blue). The C-termini of scFvs produced from
E2107 and B2212A were fused to SpyCatcher and SpyTag, respectively. TM, transmembrane domain. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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cyclization [26–28]. Building on the basic design of our previous
work [11], we fused SpyTag and SpyCatcher to the C-termini of two
different scFvs that target different domains of a cancer-related
antigen, roundabout homolog 1 (Robo1) (Fig. 1C) [29]. These same
Robo1 epitopes were targeted in our previous study [11]. The scFv
generated from mAb B2212A, which binds the third fibronectin
type III domain (Fn3) of Robo1 [30,31], was fused to SpyTag, and
the scFv generated from mAb E2107, which binds the fifth
immunoglobulin-like domain (Ig5), was fused with SpyCatcher.
Each tag contains a C-terminal hexahistidine tag. The resulting
B2212A-SpyTag (B-STag) and E2107-SpyCatcher (E-SCat) were
expected to simultaneously bind to Robo1 resulting in covalent-
bond formation between SpyTag and SpyCatcher and the forma-
tion of a BpAb with high affinity for Robo1.

2. Materials and methods

2.1. Antibody generation and selection

B2212A has been described previously [30]. E2107 was
generated for use in this work. Briefly, human Robo1 cDNA was
amplified from Alexander cells and inserted into the pBlueBac 4.5-
TOPO vector (Thermo Fisher Scientific). Recombinant baculovirus,
Table 1
Sequences of the linkers between the single-chain Fv (scFv) units and SpyTag or SpyCa

scFv C-termini (L-FR4a) 

B-STag FGAGTKLELK 

E-SCat FGSGKLEIK 

E-SCat (�6 aa) FGSGKLEIK 

E-SCat (�17 aa) FGSGKLEIK 

a Framework region 4 of the light chain variable region.
b For the SpyCatcher N-terminus sequence, the underlined Asp residue is the N-termin

ID 4MLI).
collected from Sf9 culture media through centrifugation at 40,000
� g for 40 min, was resuspended in phosphate-buffered saline
(PBS). Budded baculovirus expressing human Robo1 was used to
immunize gp64 transgenic mice as previously described
[29,32,33]. Isolated spleen cells were fused with myeloma cells
as described [33]. Hybridomas were screened for secretion of
antibody to Robo1. The reactivity of antibodies was assessed
through cell-based ELISA and flow cytometry using the Chinese
hamster ovary (CHO) cell line stably expressing human Robo1
(Robo1-CHO) [32]. The epitope of the selected antibody, E2107, was
determined by competitive ELISA on Robo1-CHO with an antibody
against the fifth immunoglobulin-like domain, B5209B [11,31,34].

2.2. Cloning of the variable region of E2107

Total RNA was extracted from 3 � 106 hybridoma cells by using
1 mL Trizol reagent (Invitrogen), and mRNA was purified from the
total RNA by using Oligotex dT30 (Takara) according to the
manufacturers’ instructions. After removal of the transcripts
encoding the kappa chain pseudogenes following the protocol
described previously [35], the products were purified using the
RNeasy Mini kit (Qiagen). cDNA was reverse-transcribed from the
resulting mRNA. The genes encoding the variable regions of the
tcher.

Linker SpyTag or SpyCatcher N-terminusb

AAGGGGSGGGGS AHIVMVDAYKPTK
SAGSSGSGS VDTLSGLSSEQGQSGDMTIEED
SAG VDTLSGLSSEQGQSGDMTIEED
SAG GQSGDMTIEED

al amino acid observed in the crystal structure of SpyTag/SpyCatcher complex (PDB



Table 2
Kinetic parameters of the interaction of antibodies with sRobo1.a

kon
(�105 M�1s�1)

koff
(�10�4 s-1)

KD

(nM)

B-STag 6.6 � 0.0 2.8 � 0.0 0.43 � 0.00
E-SCat 3.5 � 0.1 21 � 1 6.0 � 0.1
B-STag + E-SCat
(preformed)

2.1 � 0.0 0.065 � 0.002 0.030 � 0.001

B-STag + E-SCat (�6 aa)
(preformed)

2.3 � 0.0 0.36 � 0.00 0.16 � 0.00

B-STag + E-SCat (�17 aa)
(preformed)

2.4 � 0.0 0.17 � 0.00 0.072 � 0.000

a Values are given as means � S.E. after curve fitting of multi-cycle kinetics.
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heavy chain (VH) and light chain (VL) were amplified from the
cDNA by using the Mouse Ig-Primer set (Novagen) and were cloned
into the pUC118 vector using the Mighty Cloning Reagent Set
(Blunt End) (Takara) according to the manufacturer’s instructions.
The DNA was sequenced, and the VH and VL amino acid sequences
were identified using IgBLAST [36].

2.3. Preparation of proteins

The soluble recombinant extracellular domain of Robo1
(sRobo1) was prepared as previously described [30]. The gene
encoding B2212A scFv was previously reported [30]. A gene
designed to encode (from the N-terminus) the E2107 VH domain, a
(Gly4Ser)4 linker, and the VL domain was optimized for expression
in Escherichia coli and synthesized by Genewiz. Vectors encoding B-
STag and E-SCat were constructed by inserting the genes encoding
the scFv of B2212A and E2107 between the NcoI and SacII
restriction sites of the pRA2 vectors encoding SpyTag- and
SpyCatcher-fused scFvs described previously [11]. The vectors
encoding E-SCat with different linker lengths were produced by an
inverse PCR method using KOD-Plus-Neo Mutagenesis Kit
(Toyobo). The linker sequences between the scFvs and SpyTag or
SpyCatcher are listed in Table 1. Expression, refolding, and
purification of B-STag and E-SCat, as well as preparation of the
pre-formed BpAb (B-STag + E-SCat) followed previously described
methods [11] except that the final purification by size-exclusion
chromatography was conducted in 20 mM Tris-HCl, 500 mM NaCl,
and 1 mM EDTA (pH 8.0) using a HiLoad 26/600 Superdex200 pg
for E-SCat and a Superdex75 pg (GE Healthcare) for B-STag.

2.4. Bio-layer interferometry (BLI) for kinetic analysis

The Octet RED 384 System (ForteBio) was used. sRobo1 was
immobilized on an AR2G chip as described previously [11]. The
interaction was monitored in PBS containing 0.005% (v/v) Tween
20 (PBS-T) at 29 �C with a stirring rate of 1000 rpm. Kinetic analysis
in multiple concentrations of antibody fragments and BpAb was
conducted by analysis of two-fold dilution series of the poly-
peptides (B-STag, 0.313–5 nM; E-SCat, 1.25–20 nM; BpAb, 0.625–
20 nM). During analysis of fragments (B-STag and E-SCat), both
association and dissociation were monitored for 10 min. For the
analysis of BpAb, association and dissociation were monitored for
20 min and 30 min, respectively, to account for slow dissociation
rates.

2.5. BLI for two-step targeting

The immobilization and running conditions were as described
in the previous section; targeting was monitored in three steps at
29 �C. After the baseline reached a plateau in PBS-T, 10 nM of the
first antibody fragment (either E-SCat or B-STag) or an equivalent
volume of PBS-T was added, and the sample was incubated for
10 min. The other antibody fragment (10 nM) or pre-formed BpAb
(10 nM) or PBS-T was then added, and the sample was incubated
for 10 min. Finally, dissociation was monitored for 10 min in PBS-T.

2.6. Reaction monitored through SDS-PAGE

The reaction was monitored by incubating 2 mM E-SCat and
2 mM B-STag in the presence or absence of 2 mM sRobo1 at 25 �C in
PBS. Aliquots removed at the indicated time points were mixed
with Laemmli sample buffer containing 710 mM 2-mercaptoetha-
nol and heated at 95 �C for 5 min to denature proteins and quench
the reaction. Samples from each time point were separated by SDS-
PAGE, and the gel was stained with Coomassie brilliant blue (CBB)
R-250. The intensity of CBB-stained bands was quantitated by the
integration of the color density of the vertical section of the stained
bands using ImageJ [37]. To standardize gels stained at different
times, the average integrated values of sRobo1 were determined
for each gel; relative band intensity was calculated from the
integrated value of the band corresponding to the formed BpAb
relative to the average sRobo1 value.

2.7. Flow cytometry

As a control, a CHO cell line stably expressing human
roundabout homolog 4 (Robo4-CHO) was prepared by using the
same protocol used to prepare Robo1-CHO cells [32]. For flow
cytometry, we dissociated 3 � 105 Robo1-CHO and Robo4-CHO
cells using 2.5 g/L trypsin containing 1 mM EDTA (Nacalai Tesque).
Cells were washed with PBS containing 5% fetal bovine serum
(Gibco); subsequent procedures were performed in this buffer. The
cells were suspended in 2 nM of B-STag or buffer only, kept on ice
for 30 min, washed twice, and suspended in 2 nM of E-SCat or
buffer only. The cells were incubated on ice for 2 h, washed twice,
suspended in Penta�His Alexa Fluor 488 conjugate (dilution, 1:200;
Qiagen), and incubated on ice for 30 min. The cells were washed
twice, filtered over a 40-mm cell strainer (Falcon, Corning), and
analyzed in a flow cytometer (LSRFortessa, BD Biosciences)
equipped with a high-throughput sampler using FACS Sheath
Solution (BD Biosciences). Light scattering and fluorescence data
were collected for 10,000 cells per condition. For fluorescence
detection, a 488-nm-wavelength blue laser was used for excita-
tion; emission was detected by using a standard filter at 530/
30 nm. Data were analyzed by using FlowJo (version 10). Cell
distribution plots were generated using a biexponential x-axis of
the area of AlexaFluor488.

3. Results and discussion

3.1. Production of B-STag and E-SCat and their interactions with
sRobo1

B-STag and E-SCat were expressed in the inclusion bodies of E.
coli [11]. After protein refolding through multi-step dialysis as
previously described [11], final purification was achieved through
size-exclusion chromatography (Supporting Figure S1). The
interaction between the antibody fragments and the soluble
extracellular region of Robo1 (sRobo1) was analyzed using bio-
layer interferometry (BLI) (Table 2 and Supporting Figure S2). B-
STag interacted with immobilized sRobo1 with higher affinity
(KD = 426 pM) than did E-SCat (KD = 5.97 nM) and had a seven-fold
slower dissociation rate. Pre-formed BpAb (B-STag + E-SCat) that
was produced by pre-incubation of the two fragments was also
analyzed. As expected, BpAb had higher affinity for sRobo1
(KD = 30.4 pM) than either fragment.

As the N-terminal region of SpyCatcher does not participate in
the SpyTag/SpyCatcher pairing [13], we designed E-SCat proteins
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with shorter linkers (6 and 17 amino acids shorter) between scFv
and SpyCatcher (Table 1). These shorter E-SCat constructs
had slightly lower affinity for sRobo1 than the parent construct
(Table 2 and Supporting Figure S2). The effect of the linker length
was small, probably because of the proximity between Fn3 and Ig5
domains [38].

3.2. Two-step targeting monitored on BLI chips

Two-step targeting (Fig. 1A) was then monitored using BLI.
Briefly, sRobo1 was immobilized on an amine-reactive sensor chip.
The chip was dipped sequentially into solutions containing the first
antibody fragment, the second antibody fragment, and the running
buffer. When 10 nM B-STag was used as the first antibody and
10 nM E-SCat as the second, the bio-layer thickness reflecting the
interaction was far larger than the sum of the thicknesses observed
for either fragment individually (Fig. 2A, B). Furthermore, the
response was maintained in the running buffer for 10 min, as it was
with the pre-formed BpAb. This result indicated that the
interaction between the two fragments, due to the spontaneous
formation of a covalent bond between SpyTag and SpyCatcher,
formed BpAb. Thus, the two-step targeting methodology was
successful on a BLI sensor chip. The length of the linker in E-SCat
did not alter efficiency of covalent bond formation under these
conditions (Supporting Figure S3) as expected from the small
difference in affinities of pre-formed BpAbs with varied linkers
with sRobo1.

We also assessed our two-step targeting procedure using E-SCat
as the first antibody fragment and B-STag as the second (Fig. 2A, C).
In this case, the response was not enhanced as dramatically
compared to the individual fragments alone as it was when B-STag
was added to the antigen first. Due to the rapid dissociation of E-
SCat from the antigen (Table 2), the two fragments were not
simultaneously bound to the antigen and the amount of BpAb
formed was reduced. Thus, slow dissociation of the first antibody
fragment from the antigen is critical for two-step targeting.

3.3. Acceleration of covalent bond formation by two-step targeting

The experiment using BLI verified effectiveness of two-step
targeting; however, it was still unclear if the simultaneous binding
of the two fragments to the antigen accelerated formation of
covalent bond or whether the sole interaction between SpyTag and
Fig. 2. A) Graphic representations of the antibody fragments. B, C) Changes in bio-layer th
and buffer. Responses were compared with one-step targeting of B-STag (orange), E-SC
antibody fragment and E-SCat was the second. In panel C, E-SCat was first antibody fragm
figure legend, the reader is referred to the web version of this article.)
SpyCatcher dominated BpAb formation. To discriminate between
these two mechanisms, we used SDS-PAGE to analyze isopeptide
bond formation in the presence and absence of sRobo1 as a
function of time. In this experiment, B-STag, E-SCat, and sRobo1,
each at a final concentration of 2 mM, were mixed. Over time, the
intensities of bands at 30 kDa (B-STag) and 41 kDa (E-SCat)
decreased, and a band at 71 kDa (BpAb) appeared (Fig. 3A).

As shown by quantification of band intensities, the amount of
BpAb was higher at all time points in the presence of sRobo1 than
in its absence (Fig. 3B). Moreover, the reaction proceeded more
efficiently during the initial stage when sRobo1 was present. The
gap between the intensities of sRobo1+ and sRobo1� was
maintained after 5 min (Supporting Figure S4). The kinetics of
isopeptide bond formation in the absence of sRobo1 were
comparable to kinetics reported previously for bond formation
between SpyCatcher and SpyTag (C-terminally tagged with
maltose-binding protein) [12]. Therefore, the rate-limiting step
in isopeptide bond formation in the absence of sRobo1 is the
diffusion of B-STag and E-SCat. In the presence of sRobo1, B-STag
and E-SCat are bound in close proximity, and this simultaneous
binding enhances the covalent isopeptide bond formation. Given
that the concentrations of the proteins in this experiment were
200-fold higher than the concentrations used in the BLI experi-
ment, it was unlikely that BpAb formed in solution between B-STag
and once-dissociated E-Scat played dominant roles in the BLI
experiments (Fig. 2). Therefore, both antibody association to
sRobo1 and isopeptide bond formation was necessary for effective
targeting.

3.4. Two-step targeting in a whole-cell model

To analyze the utility of two-step targeting in live cells, B-STag,
E-SCat, and anti-penta�His Alexa Fluor 488 conjugate (antiHis-
AF488) were sequentially added to Robo1-CHO cells, and the cells
were analyzed by flow cytometry. Incubation of Robo1-CHO cells
with B-STag and antiHis-AF488 resulted in fluorescence enhance-
ment reflecting the interaction of the secondary antibody; no
fluorescence was observed when cells were incubated with E-SCat
and the secondary antibody (Fig. 4). Sequential incubation of cells
with B-STag, E-SCat, and antiHis-AF488 yielded a population of
cells that fluoresced more strongly than others (Fig. 4 and
Supporting Table 1). The mean fluorescence intensity of this
population was nearly two-fold higher than the mean values of
ickness upon addition of the first antibody fragment, the second antibody fragment,
at (green), or pre-formed BpAb (blue) at 10 nM. In panel B, B-STag was as the first
ent and B-STag was the second. (For interpretation of the references to color in this



Fig. 3. A) Covalent bond formation between B-STag (2 mM) and E-SCat (2 mM) in the presence (left) or absence (right) of recombinant antigen sRobo1 (2 mM). Samples were
analyzed at indicated times by SDS-PAGE. B) Intensity of the band corresponding to the BpAb at 71 kDa versus time in the presence of sRobo1 (blue) and in the absence of
sRobo1 (red). Data are means � S.D. of three independent experiments. *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. Histograms of the areas of AlexaFluor 488 fluorescence. Robo1-CHO cells were incubated with antiHis-AF488 only (green); B-STag and antiHis-AF488 (cyan); E-SCat
and antiHis-AF488 (orange); and B-STag, E-SCat, and antiHis-AF488 added sequentially (red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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cells incubated only with B-STag and the secondary antibody. The
increase in fluorescence was small and majority of cells were not
likely observed with increased one, but the fluorescence exceeded
the sum of the respective fluorescence enhancement by two
fragments alone and thus suggested simultaneous, cooperative
interaction between the two fragments. The specificity of the
interaction was confirmed using Robo4-CHO cells (Supporting
Figure S5). The difference in fluorescence between B-STag alone
and sequential addition of B-STag and E-SCat when antigen was
expressed on cells was smaller than the difference observed with
recombinant protein (2 fold versus 4 fold).

This difference may be due to the cell surface environment
that is not optimal for equal detection of the interaction of B-STag
and E-SCat. Fluorescence did not enhance largely even when
E-SCat fully interacted (Supporting Figure S6 and S7). This
suggests that the His-tag of E-SCat is inaccessible to the secondary
antibody. Additionally, there is heterogeneity in the expression
level of Robo1 on the cells, and further optimization of
experimental conditions will be required. Despite these draw-
backs, the increase in the fluorescence upon two-step targeting
compared use of a single fragment showed promise in the
application of the methodology to the antigen expressed on the
plasma membrane of a live cell when the cellular model is further
optimized.
4. Conclusion

We have successfully built a model system to show BpAb
formation by two-step targeting of a cancer-related antigen Robo1.
Two fragments, SpyCatcher and SpyTag, which spontaneously form
a covalent bond when in proximity, were used in the two-step
targeting. The two-step targeting of antigen-expressing cells
yielded only small population of cells with enhanced fluorescence
relative to a single antigen binding fragment, but this result
showed the potential of the system for antigen recognition on
living cells. Using antibodies, their fragments, or fusion proteins in
this type of two-step targeting will be useful in therapeutic and
diagnostic applications as well as for biosensors.
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