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Abstract: Proximity-induced chemical reactions are site-specific and
rapid by taking advantage of their high affinity and highly selective
interactions with the template. However, reactions induced solely by
antibody—antigen interactions have not been developed. Herein, we
propose a biepitopic antigen-templated chemical reaction (BATER) as
a novel template reaction. In BATER, reactive functional groups are
conjugated to two antibodies that interact with two epitopes of the
same antigen to accelerate the reaction. We developed a method for
visualizing the progress of BATER using fluorogenic click chemistry
for optimal antibody selection and linker design. The reaction is
accelerated in the presence of a specific antigen in a linker length-
dependent manner. The choice of the antibody epitope is important
for a rapid reaction. This design will lead to various applications of
BATER in living systems.

Proximity-induced chemical reactions are attractive tools for
detection and synthesis of target molecules.™!! In the presence of
templates to induce this proximity, local concentration of the
substrates is increased by specific and strong interactions, thus
promoting the desired reaction even in multimolecular systems. A
class of well-known examples is the DNA-templated chemical
reaction,’>% in which reactive functional groups linked to DNA are
brought into proximity by complementary hybridization via duplex
formation.*  Various chemical reactions have been
demonstrated for nucleic acid detection,®”! drug release,®® and
small-molecule drug discovery.! In some other approaches,
proximity is gained by using interaction of oligonucleotide—peptide
nucleic acid (PNA),2°11  peptide—peptide!*? and protein—
peptide.'3 Polyclonal antibody—antigen interactions have also
been combined to bring DNA in close proximity to induce
hybridization at lower concentrations. ™!

Antibody—antigen interactions are specific, strong, and
potentially suitable for proximity-induced chemical reactions. We
recently reported that a biparatopic antibody can be generated on
an antigen with the assistance of peptide—protein complex
formation.' However, to the best of our knowledge, reactions
solely induced by antibody—antigen interactions have not been

developed. This can be partly attributed to the difficulty in the
appropriate placement of reactive groups; unlike double-strand
formation of DNA to enable proximity in the angstrom range,
control of the reacting groups by large protein domains (3-5 nm
in diameter) engaging in antibody—antigen interactions has been
challenging. We hypothesized that optimization of the structural
features of both antibodies and reacting linker groups would
enable proximity-induced reactions without the assistance of
additional interactions.
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Figure 1. (A) Schematic overview of biepitopic antlgen—templated chemical
reaction (BATER). (B) Fluorogenic visualization of BATER in this study.

In the present study, we designed a biepitopic antigen-
templated chemical reaction (BATER) in which the antigen-
binding fragments (Fabs) of monoclonal antibodies interact with
different epitopes to increase the local concentration of
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Figure 2. Spectroscopic characterization of fluorogenic groups and preparation of Fab conjugates. (A) Click reaction between 1a and 2a. (B,C) Absorption (B) and
emission (C) spectra of 1a, 2a, and 3. (D) Schematic (left) and cryo-EM resolved structure (right, PDB ID: 8HLB) of Bp109-92 in complex with TNFR2. (E,F)
Schematic representation of conjugate reaction between Fab and linker 1a-d (E), 2a-d (F).

conjugated reactive functional groups (Figure 1A). Among the
templated reactions, this strategy offers an advantage in that the
biological functions of the antibody—antigen interaction itself can
lead to biotherapeutics. For example, the alteration of monovalent
Fab to bivalent F(ab'),-like molecules on the target cell surface
may extend the retention of small fragment antibodies. Another
potential application is the conjugation of a prodrug and a reacting
group to different antibodies, leading to the generation of active
drug molecules in an antigen-specific manner. These applications
would overcome the problems in current antibody therapeutics. %
Herein we describe a fluorescence-based method to track the
progression of BATER based on the interaction between Fab
antibodies bearing two reacting groups with different epitopes of
tumor necrosis factor receptor 2 (TNFR2) as a model antigen.
Notably, the fluorogenic reaction only occurred when the two
reacting groups were in close proximity (Figure 1B). We also
demonstrated that BATER is feasible under the strict control of
epitope arrangement.

To visualize the progress of BATER, a copper-free click
chemistry between 3-azidocoumarint*l (AC) and
bicyclononynel®” (BN) was used (Figure 2A). AC fluoresces when
an azide group reacts with an alkyne group. We designed 1a and
2a (Figure 2A) as reactive AC and BN derivatives, respectively,
using dibromomaleimidel*®! (DBM) for conjugation to the C-
terminal disulfide bond between the light and heavy chains of Fab.
Before proceeding to bioconjugation, the absorbance and

fluorescence properties of the chemically synthesized compound
3 were analyzed (Figure 2B and C). Compound 3 exhibits an
absorption maximum at 416 nm (Figure 2B). When excited at this
wavelength, the fluorescence of 3 was observed with a maximum
wavelength of 469 nm, whereas the AC and BN derivatives (la
and 2a) were silent (Figure 2C), suggesting that only the
chromophore generated by the copper-free click reaction
exhibited fluorescence. Fluorogenic reaction between l1a and 2a
(1 mM each, 37 °C) was complete in 3 hours (Figure S1). To
optimize the linker length, the AC and BN derivatives 1b—d and
2b—-d, respectively, were additionally synthesized using various
PEG linkers (n =4, 7, 0r 24, m =3, 9, or 23).

As Fabs for conjugation with 1 and 2, the Fab proteins from
three monoclonal antibodies binding different epitopes of TNFR2
(TR92, TR96, and TR109) were used. We recently developed a
biparatopic antibody against TNFR2, Bp109-92,1**) composed of
two different Fabs, TR92 and TR109. Bp109-92 is characterized
by two Fabs binding to a single TNFR2 molecule simultaneously
(Figure 2D, left).*¥! Cryo-electron microscopy (cryo-EM) structure
of the Bp109-92—TNFR2 complex revealed that the epitopes of
TR92 and TR109 were adjacent, and the C-termini of the two Fab
proteins were close to each other (Figure 2D, right). Thus, we
selected TR92 and TR2109 for our initial investigations, expecting
these antibodies to be suitable for inducing proximity in BATER.
SDS-PAGE analysis of the prepared Fab proteins, C-terminally
conjugated with reacting groups (Figure 2E and F), indicated an



approximately 50% vyield of the conjugated Fab proteins as the
product of crosslinking between two cysteine residues from the
light and heavy chains by a DBM group (Figure S2). The
subsequent analyses were conducted without further purification.
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Figure 3. Analysis of fluorogenic reactions using size-exclusion

chromatography. (A—C) Biepitopic antigen-templated chemical reaction in the
combination of TR92-AC1 and TR109-BNO with TNFR2-MBP. (D-F) Reaction
without TNFR2. (A,D) Schematic representation of the reaction. (B,C,E,F) Size-
exclusion chromatograms detected by absorbance at 280 nm (B,E) or excitation
at 416 nm / emission at 469 nm (C,F).

To demonstrate BATER with the aid of fluorescence, the Fab
conjugates with the shortest linker (TR92-AC1 and TR109-BNO)
were first used with TNFR2-MBP (Figure S3) as the template.
These three components (2 uM each) were incubated in
phosphate buffered saline (PBS) at 25 °C (Figure 3A). The
mixture was analyzed every 40 min by size-exclusion
chromatography (SEC). When the proteins were detected by
absorbance at 280 nm, ternary complex consisting of two Fabs

and TNFR2 was found at the elution volume of 7.5 mL (Figure 3B).

Residual Fab conjugates eluted at 10-11 mL (see Figure S4 for
each component). No significant change in the time course was
observed at 280 nm. In contrast, when fluorescence at 469 nm
(excitation at 416 nm) was detected, the intensity increased over
time at the elution volume of the ternary complex (Figure 3C),
reflecting generation of a fluorescent group. Different time-course
observations of 280 nm absorbance and 469 nm fluorescence
indicated that the interaction between TNFR2-MBP and two
antibody Fabs occurred in a short period of time, and the
fluorogenic click reaction was slower. In contrast, in the absence
of TNFR2-MBP, the increase in fluorescence of only 4.5% relative
to its presence was observed at 9.2 mL (Figure 3D-F). These
observations revealed successful BATER, in that the interaction
between Fab and TNFR2 promoted the fluorogenic click reaction.

Note that the use of mixture of modified and non-modified Fab
proteins limited the maximum vyield to approximately 25%, which
may be overcome by higher degree of Fab modification.
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Figure 4. Kinetic analysis. (A-D) Time-course measurement of fluorescence
intensity for TR92-AC of variable linkers reacted with TR109-BNO (A), TR109-
BN3 (B), TR109-BN9, (C) and TR109-BN23 (D) in the presence of TNFR2-MBP.
(E, F) Calculated observed first-order rate constants kobs (E) and ti2 (F) for all
linker combinations. The charts and values show mean + SD of triplicate
experiments.

Next, we investigated the dependence of BATER on PEG
linker length. For all 16 linker combinations ([4 for AC] x [4 for
BN]), the reactions occurred in a similar manner to that of the
TR92-AC1-TR109-BNO combination (Figure S5). To determine
the reaction rates, kinetics were observed by the incubation of
TR92-ACn, TR109-BNm (n, m: PEG length; 1.2 yM each), and
TNFR2-MBP (1 pM) at 37 °C and fluorescence intensity was
measured every 5 min (Figure 4A-D). The fluorogenic reaction
was assumed to occur via first-order kinetics based on SEC
observations. The observed rate constant kops and ti, was
calculated from the time-dependent change in the normalized
fluorescence intensity (Figure 4E, F). ks for all linker
combinations ranged from 0.0151 to 0.0517 min, and t;, ranged
from 13.5 to 46.0 min. Considering that ti» of the fluorogenic
reaction using 1 mM of the linker 1a and 2a (without Fab and
TNFR2) was approximately 50 min (Figure S1), BATER
apparently brought over 1000-fold enrichment effect. Interestingly,
the reaction rate was faster with longer PEG for both the AC and
BN reactive groups. Compared with the original combination with
the shortest PEG, the combination of TR92-AC24 and TR109-
BN23 with the longest PEG was 3.4 times faster (kops = 0.0151 vs.
0.0517 min1). The reaction rate of BATER was increased by using
a linker with a longer PEG, reaching a plateau with a combination
of AC24 and BN23 bearing the longest linkers. When the longest



linker was used on one side, the effect of length of the other linker
was relatively small.

In the complex structure of Bp109-92 and TNFR2 (Figure 2D),
the distance between C-termini of heavy chains of TR92Fab
(Ser221) and TR109Fab (Pro217) was 30.5 A. 19 Assuming that
separately-binding two Fab antibodies forms similar complex, the
distance between the two DBM groups of the reactive linkers
conjugated each to TR92Fab and TR109Fab would be
approximately 30 A. It was previously estimated that the average
end-to-end dis-tances of PEG3 and PEG27 were 8.3 £ 0.1 A and
26.5 + 0.9 A9, respectively, by molecular dynamics simulation.
Thus, it is not unnatural to observe a slow reaction rate with the
shortest linkers, owing to the low collision frequency of the
reacting groups. In contrast, long PEG linkers are more flexible,
resulting in more frequent collisions between the reactive
functional groups suitable for cycloaddition. This naturally
describes why the effect of shorter linker is small when one of two
linkers was sufficiently long.
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Figure 5. Fluorogenic reaction in combination of TR92-AC1 and TR96-BNO. (A)
Topographical (left) and schematic (right) epitope mapping of anti-TNFR2 Fabs
used in this study. Gray: TNFa, yellow: TNFR2, blue: TR92 epitope, green:
TR96 epitope, red: TR109 epitope. (B) Schematic representation of BpAb
formation. (C,D) Size-exclusion chromatograms detected by absorbance at 280
nm (C) or excitation at 416 nm / emission at 469 nm (D).
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Finally, we investigated the influence of the antibody epitopes
used for BATER. The epitopes of TR92 and TR109 are on the
same side with TNFa-interacting face, while that of TR96 is
located on the opposite face (Figure 5A).21 TR92-AC1, TR96-
BNO, and TNFR2-MBP (2 uM each) were incubated and analyzed
by SEC (Figure 5B). A ternary complex of two Fabs and TNFR2
was observed at a 7.5 mL elution volume (Figure 5C), similar to
the combination of the TR92-AC1-TR109-BNO pair (Figure 3B).
However, no increase in the fluorescence intensity was observed
at 7.5 mL (Figure 5D). This result suggests that a proximity-
induced reaction did not occur for the TR92-AC1-TR96-BNO pair.
A slight increase in the fluorescence intensity observed at an
elution volume of 6.5 mL, earlier than that of the ternary complex,
was derived from a cross-linking reaction between two molecules
of TNFR2. The slow rate of this reaction, as observed in the

absence of TNFR2 (Figure 3F), also supports a cross-linking
intermolecular reaction.

The difference in the reaction rate by different combinations
of Fab antibodies can be explained as follows. For the
combination of TR92 and TR109, the two Fabs interacting with
TNFR2 are adjacent, and the reacting groups are proximal for the
click reaction. However, the distance between the C-termini of
TR92 and TR96 bound to TNFR2 was too large for the reacting
groups to undergo intramolecular collisions, thus leading to a slow
intermolecular crosslinking reaction. The use of the longest
linkers (TR92-AC24 and TR96-BN23) only slightly facilitated the
intermolecular reactions (Figure S6). These results suggested
that the selection of Fabs that interact with adjacent epitopes is
important for BATER.

In conclusion, we successfully observed that chemical
reactions proceeded in an antigen-specific manner using reactive
functional groups in proximity to each other, using only antibody—
antigen interactions. Conjugation of bioorthogonal functional
groups to antibodies has been conducted using only fast reactions
between tetrazine and BN or trans-cyclooctyne (second-order
reaction rate constant is 102105 M?s?) 2%l and has been
utilized for cross-linking of antigens at the cell surface?? and
delivery of radiopharmaceuticals (pretargeting).? Compared to
these reactions, the reaction between azide and BN is far slower
(second-order reaction rate is approximately 0.10 M-s?) [
potentially useful for controllable reactions on the target antigen
molecules. The BATER strategy is applicable to other antigens
and bioorthogonal reactions, providing a basis for synthesizing
compounds on antigens in vivo for diagnosis and therapy.
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We designed a biepitopic antigen-templated chemical reaction by using two monoclonal antibodies to interact with different epitopes
of an antigen. Accelerated reaction was observed using a fluorescence-based method and the importance of epitope selection was
demonstrated.



