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Abstract 

We developed an enzyme switch, Switchbody, by integrating an antibody with a fragment of a 

split enzyme for precise enzyme activity regulation in response to an antigen. Using NanoLuc 

luciferase as the split enzyme, we engineered a luciferase-based Switchbody by fusing its 

fragment, HiBiT, to the N-terminus of antibody, and the Switchbody detected antigens in a dose-

dependent manner with the complementary fragment, LgBiT, and its substrate. ELISA showed 

that interaction between HiBiT and LgBiT was enhanced by antigen binding. Moreover, X-ray 

crystallography and NMR revealed the heterogeneous trapped state of the HiBiT region and 

increased motility upon antigen binding, respectively. MD simulations and luminescence 

measurements showed that antigen disrupted the trapping of HiBiT in the antibody, enabling its 

release. By applying this "Trap & Release" principle to Protein M, an antibody binding protein, we 

successfully converted label-free IgG antibodies into bioluminescent immunosensors, 

demonstrating its versatility. The principle in Switchbody has the potential to expand switching 

technology beyond luciferase to other various enzymes in the future. 

 

  



Introduction 

Proteins exhibit dynamic structural changes in response to various external stimuli, including 

ligand binding, alterations in membrane potential, fluctuations in pH and temperature, as well as 

post-translational modifications, orchestrating various cellular physiological functions such as 

metabolism, signal transduction, and cytoskeletal reorganization. In other words, proteins work 

as molecular switches that dynamically respond to external stimuli. Therefore, by artificially 

manipulating the on/off states of protein precisely like a switch, these cellular physiological 

functions can be controlled as desired or visualized at high spatiotemporal resolution1,2. 

Several protein-based switches have been engineered to manipulate their activity by external 

stimuli. Examples include light-sensitive LOV2 domain of Avena Sativa phototropin 1 (AsLOV2) 

fusion protein to control effector access to protein of interest3-5, designer receptors exclusively 

activated by designer drugs (DREADD) to activate G protein-coupled receptor (GPCR) with 

synthetic ligand6,7, the Tet-on/off system to precisely regulate gene expression8, FKBP-FRB 

dimerization by rapamycin to induce cooperative and hierarchical function of proteins9,10, and 

fluorescent protein-based biosensor using protein-protein interaction11,12 or conformational 

change13,14 to visualize dynamics of target molecule. Although these switches are widely used 

and successful in applications such as controlling cellular physiological functions, molecular 

imaging, and diagnostics, their limitation lies in the inability to accommodate own selection of 

stimuli because the switch region of protein usually depends on the stimuli it originally receives. 

To address this limitation, protein switches employing antibodies have been developed. The ability 

to produce antibodies recognizing targeted molecules and carry the high affinity and specificity 

for antigens make them ideal as switch components. Several advanced antibody-based switches 

have been reported, including chimeric antigen receptor (CAR) to cancer treatment15, target-

dependent RNA polymerase (TdRNAP) to transcriptional regulation in response16, and antibody-

based homogeneous biosensors to applications such as in situ immunoassays17-19, monitoring 

protein production20, and live-cell imaging21-23. 

On the other hand, split enzymes frequently serve as the functional domains driving the output of 

these antibody-based switches. To date, these antigen-triggered enzyme switches were 

engineered by being integrated with various split enzymes such as RNA polymerase16, β-



galactosidase24, β-lactamase25,26, and luciferase19,27,28 with antibodies, allowing to not only control 

transcription but also quantify antigen concentration through colorimetric or bioluminescence 

reaction using reconstitution of split enzymes induced by antigen-antibody binding. However, the 

reconstitution of split enzymes typically requires either the use of two antibodies or the antigen-

induced association of VH and VL domains. Since successful reconstitution needs precise control 

over protein concentrations, binding orientation, and the spatial distance between the two protein 

components, we hypothesized that split enzyme reconstitution triggered by antigen binding to a 

single antibody would be a viable strategy to overcome these challenges. 

During the attempts to develop a luciferase-based protein switch utilizing a distinct working 

principle, we accidentally discovered a bioluminescence increase of an antibody fragment scFv, 

which conjugated with the 11 amino acid HiBiT fragment derived from split NanoLuc29 at a specific 

position of antibody, in the presence of LgBiT and its substrate, by the addition of antigen. We 

exploit the concept of this discovery, and successfully developed HiBiT fused antibody fragment, 

bioluminescent Switchbody, an enzyme switch that "Trap" HiBiT in antibody fragment and 

"Release" upon antigen binding (Fig. 1A), which was revealed by ELISA, X-ray crystallographic 

analysis, NMR and molecular dynamics simulations. Furthermore, we developed antibody binding 

protein M (PM)30-based probe carrying HiBiT, also successfully converted commercially available 

antibodies such as anti-TARGET-tag IgG and anti-Thyroxine IgG into enzyme switches, leading 

to bioluminescent enzyme switch recognizing a myriad of molecules. The innovative principle of 

the enzyme switch, in which a fragment derived from luciferase are trapped in antibodies and 

released it upon antigen binding, holds the potential to revolutionize immunoassays with multiplex 

detection through distinct enzymes and substrates, controlling various cellular physiological 

functions, as well as next-generation drug delivery systems with precise regulation of the timing 

and location of therapeutic release. 

  



Results 

Preparation of HiBiT fused anti-BGP scFvs, Switchbodies. To investigate whether conjugation 

of HiBiT fragment consisting of 11 amino acids in the vicinity of antigen binding site of antibody 

results in antigen-dependent bioluminescence increase, we prepared scFvs fused with HiBiT at 

the N-terminus via either a G3S or (G3S)2 linker (Fig. 1B). Different linker lengths are generally 

tried during optimizing biosensors. As the model antibody, we employed the scFv fragment of anti-

human osteocalcin (Bone Gla Protein, BGP) antibody, KTM21931 because we are familiar with 

the properties and crystal structure of the antibody17. When the scFv and these HiBiT fused scFvs 

named Switchbodies were expressed in the Escherichia coli and purified, we found that expected 

bands of scFv, Switchbody (L1) carrying G3S linker and Switchbody (L2) carrying (G3S)2 linker by 

SDS-PAGE analysis (Fig. 1C). Then, we performed ELISA to confirm the antigen-binding activity 

of recombinant scFv and Switchbodies. Switchbodies showed slightly lower binding activity 

compared to scFv (Fig. 1D), suggesting that HiBiT is located at the vicinity of antigen binding site 

and obstructs antigen binding by the steric hindrance, which is a desirable property for an antigen-

dependent bioluminescent immunosensor. The purified Switchbodies were ready for validation of 

antigen-dependent bioluminescence. 

  

Fig. 1 Design and fabrication of Switchbody. (A) Concept of antigen detection by Switchbody. (B) 
Schematic illustration of the fabrication process for scFv and Switchbodies. L1: (G3S) linker, L2: 
(G3S)2 linker, H: 6×His-tag, F: FLAG-tag. (C) SDS-PAGE analysis of purified scFv and 
Switchbodies. (D) Binding activity of scFv and Switchbodies to immobilized antigen, BGP-C11 
examined by ELISA. Data are shown as mean ± standard deviation of triplicates. a.u.: arbitrary 
unit. 



Luminescence of Switchbodies was increased by addition of antigen. The luminescence 

intensity of Switchbodies carrying different linker lengths with LgBiT and substrate was measured 

with or without antigen (Fig. 2A). While both Switchbodies showed increase in luminescence 

intensity over 3-fold with antigen BGP-C7 (NH2-RRFYGPV-COOH), luminescence intensity with 

BGP-C10dV (NH2-FQEAYRRFYGP-COOH) which lacks the C-terminal valine as a negative 

control was comparable to that without antigen. The luminescence intensity of both Switchbodies 

against antigen was increased in a dose-dependent manner (Fig. 2B). Then, the maximum 

responses, EC50, and LOD of the Switchbody (L1) were 3.5-fold, 3.3 nM, and 0.32 nM, and that 

of Switchbody (L2) were 4.0-fold, 10 nM, and 1.2 nM, respectively (Supplementary Table 1). 

These EC50, which are apparent KD values, were consistent with the KD values, 4.8 nM of the 

model antibody, KTM21932. Strikingly, the increase in luminescence intensity of Switchbody (L1) 

was recognized by a digital camera and even naked eye in a dark room (Supplementary Fig. 1). 

Furthermore, the luminescence intensity of Switchbodies against antigen was also increased in a 

dose-dependent manner in PBST containing body fluid such as human serum and plasma, and 

responses were larger than in PBST only (Fig. 2C, D). This larger response is consistent with that 

of our previous results, in which crowding effects caused by impurities such as proteins and 

lipids33-35. As the working principle of the Switchbody, we considered that upon antigen binding to 

scFv region of the Switchbody, a trapped HiBiT is released from the scFv and interact with LgBiT, 

leading to the reconstitution of NanoLuc and the emission of bioluminescence. To verify the HiBiT 

release, we examine the antigen-dependent binding of Switchbody to immobilized LgBiT by 

ELISA (Fig. 2E). As expected, the absorbance was increased in a dose-dependent manner, 

suggesting that antigen binding facilitate release of HiBiT from scFv leading to access to LgBiT. 

 



 

  

Fig. 2 Characterization of Switchbodies. (A) Luminescence response of 5 nM Switchbodies with 
1 µM BGP-C10dV or BGP-C7. (B–D) Dose-response curve of 5 nM Switchbodies in PBST (pH 
7.4, 0.1% Tween20) or 20% human serum or 20% human plasma. L.I.: luminescence intensity. 
(E) Antigen-dependent binding activity of Switchbody (L1) to immobilized LgBiT examined by 
ELISA. Data are shown as mean ± standard deviation of triplicates. a.u.: arbitrary unit. 



Understanding HiBiT behavior in Switchbody by X-ray structural analysis. To obtain 

structural insights into the trapping mechanism of HiBiT, we solved the X-ray structure of 

Switchbody. The crystal of Switchbody based on KTM219 Fab, belonged to the orthorhombic 

space group P21212, with unit cell constants of a = 95.84 Å, b = 65.91 Å, c = 69.56 Å, and 

contained one Switchbody comprising heavy chain fragment and light chain per asymmetric unit. 

The structure was refined to 1.95 Å resolution (Rwork = 20.2%, Rfree = 23.8%). All refinement 

statistics are shown in Supplementary Table 2. While the structure of Switchbody was solved 

(PDB ID: 9LUK), the N-teminal HiBiT region was disordered because its electron density was not 

visible, suggesting that heterogeneous state of HiBiT in Switchbody. Compared to the structure 

of Fab alone, which has been previously solved (PDB ID: 5X5X)36, the atomic fluctuations based 

on the B-factor in the heavy chain complementarity-determining regions (CDRs) of the 

Switchbody were relatively larger (Fig. 3A, B). Moreover, structural conformations of these heavy 

chain CDRs differed considerably between Switchbody and Fab alone, compared to light chain 

CDRs and both chain framework regions (FRs) (Fig. 3C). These results suggest that the HiBiT 

did not tightly bind to specific site of the antibody in the absence of antigen, which is similar 

behavior with a fluorescent dye TAMRA in Q-body36,37. 

Fig. 3 Comparison of X-ray structures of Fab with and without HiBiT. (A, B) Ribbon representation 
of currently solved Switchbody structure (PDB ID: 9LUK) and previously solved Fab structure 
(PDB ID: 5X5X). These ribbon color represent the values of their B-factor as indicated in the scale 
bar. (C) Superimposed structure of Switchbody in cyan and Fab in magenta. 



Analysis of motility of HiBiT in Switchbody by NMR. To investigate dynamics of Switchbody, 

especially HiBiT, in the absence or presence of antigen, we performed an NMR, which provides 

information on the dynamics of proteins in solution. We focused on the region around 1H 10ppm, 

15N 130ppm where the signal derived from NH of the tryptophan (Trp) side chain is generally 

observed38-40 because the HiBiT contains one Trp. Incidentally, the scFv contains totally five Trps, 

four Trps in VH and one Trp in VL (Fig. 4A). When 1H-15N HSQC spectra were measured, three 

signals (α–γ) and seven signals (a–e, x, and y) were observed for the Switchbody (L1) without 

and with antigen, respectively, on the region around 1H 10ppm, 15N 130ppm (Fig. 4B, 

Supplementary Fig. 2). The signal marked with asterisk is likely artifact such as aggregation and 

degradation by long-time analysis since the 1H-15N HSQC spectra showed the signal increased 

in a time-dependent manner (Supplementary Fig. 3). On the other hand, three signals without 

antigen (α–γ) were at positions similar to signals (α’–γ’) and five signals with antigen (a–e) were 

similar to signals (a’–e’) in the spectra of the scFv (Fig. 4C). We found significant differences upon 

adding antigen in the chemical shift, suggesting structural change of Switchbody (L1) and scFv 

induced by antigen binding. From the overlayed spectra of Switchbody (L1) and scFv in the 

presence of antigen, two signals x and y were observed in addition to signals (a–e) and (a’–e’), 

which were considered to be due to the fusion of HiBiT (Fig. 4D). Next, to quantitatively evaluate 

the dynamics of the HiBiT of the Switchbody (L1), we measured the transverse relaxation time T2 

for the Switchbody (L1) with antigen and estimated the transverse relaxation rate constant R2 (s-

1). The R2 of signal y was comparable to that of signals (a–e) (Fig. 4E, F, and Supplementary 

Table 3), while that of signal x was clearly smaller than those of other signals, suggesting that 

signal y is derived from Trp in the scFv region of Switchbody (L1) interacting with HiBiT, and that 

signal x was other than scFv region or scFv region changed its motility. Considering also that the 

appearance of signal x is after the addition of antigen, signal x is thought to be derived from a 

single Trp present in HiBiT, which increases motility upon antigen binding.  

 



 

 

  

Fig. 4 The dynamic behavior of Switchbody with and without antigen by NMR. (A) Model structure 
of Switchbody (L1) generated from the crystal structure (PDB ID: 5X5X). HiBiT is shown in blue, 
VH in magenta, VL in pink, and Trp in green. (B–D) Overlay of 1H-15N HSQC spectra: Switchbody 
(L1) with and without antigen, scFv with and without antigen, Switchbody (L1) with antigen and 
scFv with antigen. (E, F) Transverse relaxation time T2 for the Switchbody (L1) with antigen. 



"Trap & Release" principle of Switchbody predicted by MD simulations. To understand 

further details about the working principle of Switchbody, we predicted an interaction between the 

HiBiT and scFv by molecular dynamics (MD) simulations. As initial model structures of Switchbody 

based on scFv were generated from the crystal structure (PDB: 5X5X for without antigen, PDB: 

8XS1 for with antigen)36 and MD simulations were performed for 3.0 µs with five independent 

runs. For analysis, the last 2.0 µs trajectories were used (total 10 µs for each) (Supplementary 

Movies 1, 2). Although HiBiT interacted in the vicinity of the antigen binding site, particularly heavy 

chain CDRs, in the absence of antigen, was moved out of the antigen binding site in the presence 

of antigen (Fig. 5A, B). To investigate which amino acid residues of HiBiT and scFv interact with 

each other, a contact frequency between the HiBiT and scFv was calculated using extracted 

10,000 frames of MD simulations (Supplementary Tables 4, 5). The contact frequency was 

defined as the ratio of the number of frames in which the side chain of each amino acid residue 

was within 2.5 Å. A different contact map was created using values by subtracting the contact 

frequency with antigen from without antigen. In the absence of antigen, HiBiT frequently interacted 

with CDR-H1, H2, FR-H3, and CDR-L3, while CDR-H3, CDR-L1, and CDR-L2 in the presence of 

antigen (Fig. 5C). These results predict that the position of scFv interacting with HiBiT changes 

markedly before and after antigen binding. To validate the predictions of amino acid in scFv 

important for trapping HiBiT, we prepared eight alanine (Ala) mutants of Switchbody from the top 

ten most frequently contacted pairs, which are eight positions of scFv (Supplementary Fig. 4), 

and examined these binding of mutants to immobilized LgBiT by ELISA. In the absence of antigen, 

the mutants W33HA, D52HA, D54HA, S97HA and Y96LA showed significantly higher absorbance 

signals compared to the original Switchbody (Fig. 5D), suggesting that the interaction HiBiT to 

scFv was weakened in four mutants by Ala mutation, making it easier to reconstitute with LgBiT. 

As expected, the four mutants showed higher luminescence than the original Switchbody without 

antigen (Fig. 5E), and the luminescence intensity was increased in a dose-dependent manner 

(Fig. 5F). These results imply that W33H, D52H, D54H, S97HA, and Y96L of KTM219 were 

important for the "Trap & Release" of the HiBiT. 



 

  

Fig. 5 Prediction of key amino acids on the antibody for "Trap & Release" of the HiBiT by MD 
simulations and its experimental validation. (A, B) Close-up view of antigen binding site of 
Switchbody generated by MD simulation. HiBiT is shown in blue, VH in magenta, VL in pink, and 
antigen peptide BGP-C7 in orange. (C) Heatmap showing the contact frequency between HiBiT 
and VH or VL region derived from MD simulation. FR and CDR region were defined by Kabat 
numbering. (D) Binding activity of Switchbody mutants to immobilized LgBiT examined by ELISA. 
W33HA, D52HA, D54HA, S97HA, and Y96LA were significantly higher than the original according 
to Dunnett’s test. p<0.05. (E) Time-course luminescence intensity for Switchbody mutants in the 
absence of antigen. (F) Dose-response curve of 1 nM Switchbody mutants in PBST (pH 7.4, 0.1% 
Tween20). Data are shown as mean ± standard deviation of triplicates. L.I.: luminescence 
intensity. a.u.: arbitrary unit. 



Conversion of label-free IgGs into Switchbodies by antibody binding protein. We expected 

that increase of bioluminescence increases due to the "Trap & Release" of the HiBiT was widely 

applicable to various antibodies. To efficiently investigate antibodies without genetic manipulation, 

we prepared HiBiT fused antibody binding probe based on Protein M (PM) derived from 

Mycoplasma genitalium30. The concept is to convert antibodies into bioluminescent Swtichbodies 

by taking advantage of PM to bind most of the light chain of antibodies from many species with a 

high affinity at low nanomolar (Fig. 6A, B). When we prepared the PM-HiBiTs carrying various 

length linker (L0–3) for optimization (Supplementary Fig. 5A), we found expected bands of PM 

and PM-HiBiTs by SDS-PAGE analysis (Supplementary Fig. 5B), and binding activity to mouse 

polyclonal IgG was similar to that of PM alone (Supplementary Fig. 5C). To determine the suitable 

linker length between the PM and HiBiT to obtain a large response, PM-HiBiTs (L0–L3) were 

mixed with one model antibody, anti-BGP IgG KTM219, and two commercially available antibody, 

anti-Thyroxine IgG and anti-TRGET-tag IgG, and the luminescence intensity was measured with 

or without antigen. PM-HiBiT (L2) showed the largest response complexed with anti-Thyroxine 

IgG, and PM-HiBiT (L3) with anti-BGP IgG and anti-TRGET-tag IgG (Supplementary Fig. 5D–F, 

Supplementary Table 6), and luminescence for PM-HiBiTs/IgGs complex with antigens was 

increased in a dose-dependent manner (Fig. 6C–E, Supplementary Table 7). These results 

suggest that many commercially available antibodies are converted into immunosensors using 

PM-HiBiTs, leading to versatility of "Trap & Release" of HiBiT.  



 

  

Fig. 6 Fabrication of label-free IgG based Switchbodies using antibody binding protein. (A) Model 
structure of Protein M/IgG complex generated from the crystal structure (PDB ID: 4NZR and 
1IGT). (B) Concept of antigen detection using PM-HiBiT. (C–E) Dose-response curve of 
complexes of 1 nM PM-HiBiT and 5 nM IgG in PBST (pH 7.4, 0.1% Tween20): PM-HiBiT 
(L3)/KTM219 against BGP-C7, PM-HiBiT (L3)/P20.1 against TARGET-tag, PM-HiBiT 
(L2)/ME.125 against thyroxine. Data are shown as mean ± standard deviation of triplicates. L.I.: 
luminescence intensity. a.u.: arbitrary unit. 



Discussion 

In the present study, we discovered trap of 11 amino acids of HiBiT in the vicinity of antigen binding 

site of an antibody and its release respond to antigen, demonstrating that this mechanism enables 

us to develop a luciferase-based protein switch, bioluminescent Switchbody. 

 

The absorbance in the ELISA with immobilized antigen was marginally higher for Switchbody (L2) 

compared to Switchbody (L1) (Fig. 1D), implying Switchbody (L2) is more likely to bind to the 

antigen due to the extended linker length. Since the antibody region is the same for Switchbody 

(L1) and (L2), this is not caused by the change in affinity between antibody and antigen. Instead, 

it would be attributed to the position of HiBiT fused to Switchbody (L2) being slightly distant from 

the antigen binding site due to the linker being too long, leading to easier access of antigen to 

antibody. Accordingly, the Switchbody (L2) requires more antigen to release the trapped HiBiT, 

and the EC50 of Switchbody (L2) was larger than Switchbody (L1) (Fig. 2B, Supplementary Table 

1). Therefore, we believe that a linker length that allows HiBiT to be close to the antigen binding 

site is necessary to develop a Switchbody with a large response. 

 

Regarding the detailed mechanism of HiBiT trapping to the antibody, through combining contact 

maps generated from MD simulation (Fig. 5C) with the X-ray structural analysis (Fig. 3) we can 

interpret the HiBiT interacts with multiple sites in the vicinity of heavy chain CDRs rather than 

tightly bind to specific site of the antibody. In particular, the MD simulations predicted the salt-

bridge interactions between D52H or D54H residues of the scFv and K9 of HiBiT. The D52HA or 

D54HA mutants of Switchbody showed higher luminescence intensity compared to the original 

Switchbody in the absence of antigen (Fig. 5E), reflecting the weakening of the HiBiT trap in scFv 

due to destroying the salt-bridges to Lys by substitution of Asp for Ala. Therefore, one of the key 

mechanisms for "Trap & Release" of HiBiT would involve the interaction and antigen-dependent 

disruption of the salt-bridge between K9 of HiBiT and D52H and/or D54H of scFv. As interpreted 

above, given that HiBiT interacts with multiple sites on the antibody, it may be feasible to modulate 

the intensity and frequency of "Trap & Release" by selectively specific amino acid residues on the 

antibody for mutation, tailored to the intended application. 



 

In fluorescent immunosensor Q-bodies, which we believe utilize the same "Trap & Release" 

principle, the fluorescent dyes such as TAMRA, ATTO520, R6G, etc. have also been shown to be 

trapped in the antibody via π-π stacking interaction between xanthene part of dye and side chain 

of Trp of antibody, and released upon antigen binding37,41,42. Since antigen-antibody interactions 

involve various molecular interactions, including hydrogen bonds, cation-π, and hydrophobic 

interactions in addition to salt-bridges and π-π stacking interactions36,43,44, simply placing a short 

fragment in the vicinity of antigen binding site is likely to induce various molecular interactions. In 

fact, anti-TARGET-tag IgG, P20.1 was able to induce "Trap & Release" of HiBiT in an antigen-

dependent manner despite the absence of D52H and D54H, which is important for salt-bridge 

between HiBiT and anti-BGP antibody, KTM219. Therefore, not only dyes and fused fragments 

but various other compounds may be trapped in antibodies and released as a switch upon antigen 

binding. 

 

In conclusion, we found that HiBiT region in Switchbody has increased motility and LgBiT 

accessibility in the presence of antigen, reflecting HiBiT trapped in the antibody is released from 

the antibody upon antigen binding. Then, leveraging this unique "Trap & Release" principle, we 

successfully developed a luciferase-based protein switch, bioluminescent Switchbody. This 

technology will extend beyond analysis and detection, and its advancement for intracellular 

application enables precise regulation of cellular physiological functions by antigen, utilizing 

fragments from split enzymes involved in key processes such as proliferation, differentiation, and 

metabolism. Furthermore, expanding the potential for therapeutic applications will facilitate 

targeted drug release, paving the way for treatments with enhanced target selectivity and 

minimized side effects.  



Methods 

Plasmid construction. The DNA fragments encoding the scFvs and Switchbodies were amplified 

via PCR and inserted into the pSQ vector41, which was digested with NdeI and BamHI. The DNA 

fragment encoding the LgBiT was amplified via PCR and inserted into the pET-32b(+) vector, 

which was digested with NcoI and XhoI. The DNA fragments encoding the Protein M and PM-

HiBiTs were amplified via PCR and the products were inserted into the pTrx'st2 vector45, which 

was digested with NcoI and XhoI. PCR was performed using KOD-Plus-Neo (TOYOBO, #KOD-

401). Amplified DNA insertion to each vector was performed using In-Fusion HD Cloning Kit 

(Takara Bio, #639649). All cloning results were confirmed by Sanger sequencing (Azenta). The 

amino acid sequences of all the proteins used in this study are listed in supplementary information 

(Supplementary Tables 9–11). 

 

Protein preparation. Expression vector of the protein was transformed into E. coli SHuffle T7 

Express lysY competent cells (New England Biolabs, #C3030J). Cells were cultured in Luria-

Bertani (LB) medium (Difco LB broth, Lennox, BD, #240230) containing 100 µg/mL ampicillin at 

30°C to an OD600 = 0.4–0.6, then the expression was induced by 0.4 mM isopropyl β-d-

thiogalactopyranoside (IPTG) and the culture was incubated for 16 h at 16°C. The cultured cells 

were collected by centrifugation at 8,000×g for 10 min at 4°C, and the pellet was resuspended in 

purification buffer (50 mM phosphate, 300 mM NaCl, pH 7.4). They were disrupted by a cell 

disruptor One shot model (Constant Systems), and the lysate was centrifuged at 8,000×g for 10 

min at 4°C to collect the supernatant. The His-tagged protein in the supernatant was purified with 

TALON Metal Affinity Resin (Takara Bio, #635504) according to the manual and eluted into the 

elution buffer (50 mM phosphate, 300 mM NaCl, 500 mM Imidazole, pH 7.4). Then, the purified 

protein was buffer-exchanged to PBS (pH 7.4) using MicroSpin G-25 Columns (Cytiva, 

#27532501), and glycerol was added at a final concentration of 15% for long-term storage at -

30°C. The purified proteins were analyzed by SDS-PAGE, and the concentration was determined 

by band intensity after Coomassie Brilliant Blue staining using bovine serum albumin as standards 

on the same gel. 

 



For NMR studies, transformed E. coli SHuffle T7 Express lysY competent cells were cultured in 5 

mL LB medium containing 50 µg/mL ampicillin overnight at 37°C and subsequently cultured in 9 

L M9 minimal medium containing 0.5 g/L 15NH4Cl for the selective 15N-labeling at 37°C to an OD600 

= 0.5–0.7 using JAR FERMENTOR MBF (TOKYO RIKAKIKAI). Then, expression was induced by 

0.4 mM IPTG and the culture was incubated overnight at 16°C. The cultured cells were collected 

by centrifugation at 6,000 rpm for 10 min at 4°C, and the pellet was resuspended in purification 

buffer followed by disruption by sonication. After the suspension was centrifuged to collect the 

supernatant, proteins were purified using TALON Metal Affinity Resin according to the manual 

and eluted into the elution buffer. Then, the purified protein was buffer-exchanged to the 

purification buffer using PD-10 column (Cytiva, #17085101). The tag sequence at the N-terminal 

region of the protein was cleaved by 0.5 µM TEV protease with 1 mM DTT at room temperature 

overnight and subsequently removed from the protein using TALON Metal Affinity Resin. After 

buffer-exchange to 20 mM MES buffer (pH 6.0) containing 100 mM NaCl using a PD-10 column, 

proteins were further purified using a HiTrap SP HP cation exchange chromatography column 

(Cytiva, #17115201). The collected eluates were concentrated and buffer-exchanged to NMR 

buffer (20 mM Tris, 300 mM NaCl, 5% D2O, pH 7.0) using a Vivaspin 2–10K (Cytiva, #28932247). 

Finally, approximately 200 µL of 259 µM 15N-labeled Switchbody (L1) was obtained. Similarly, 

approximately 500 µL of 278 µM 15N-labeled scFv was obtained from 4.4 L culture using a flask 

following the same procedure. 

 

ELISA. For antigen immobilization, 10 µg/mL streptavidin in PBS (pH 7.4) was applied to a clear 

96-well microplate (Greiner Bio-One, #655001) and incubated overnight at 4°C. After washing the 

plate three times with PBST (PBS containing 0.1% Tween20, pH 7.4), PBS (pH 7.4) containing 

20% ImmunoBlock (KAC, #CTKN001), 1 µg/mL biotinylated human BGP-C11 peptide (Bio-

QEAYRRFYGPV-COOH, LifeTein), 20 nM scFv or Switchbody, and 0.1 µg/mL anti-His IgG-HRP 

were successively added to the wells. Each reagent was incubated individually for 2 hours, 1 hour, 

1 hour, and 30 minutes, respectively. After each incubation step, the wells were washed three 

times with PBST. Subsequently, a substrate solution (100 mM sodium acetate, 100 µg/mL TMBZ, 

0.03% H2O2, pH 6.0) was applied and incubated for few minutes. The reaction was stopped with 



10% H2SO4, and the absorbance was measured at 450 nm with a reference at 650 nm using a 

microplate reader SH-1000 (Corona Electric). 

 

For LgBiT immobilization, 175 nM LgBiT in PBS (pH 7.4) was applied to a clear 96-well microplate 

and incubated overnight at 4°C. After washing the plate three times with PBST, PBS (pH 7.4) 

containing 20% ImmunoBlock, 1 nM Switchbody, and 0.1 µg/mL anti-FLAG IgG-HRP were 

successively added to the wells. Each reagent was incubated individually for 2 hours, 20 minutes, 

and 30 minutes, respectively. After each incubation step, the wells were washed three times with 

PBST. The subsequent procedure was the same as described above. 

 

For mouse IgG immobilization, 10 µg/mL mouse IgG (FUJIFILM Wako, #140-09511) in PBS (pH 

7.4) was applied to a clear 96-well microplate and incubated overnight at 4°C. After washing the 

plate three times with PBST, PBS (pH 7.4) containing 20% ImmunoBlock, 5 nM Protien M or PM-

HiBiT, and 1/5000 diluted StrepTactin-HRP (Bio-Rad, #1610380) were successively added to the 

wells. Each reagent was incubated individually for 2 hours, 1 hour, and 30 minutes, respectively. 

After each incubation step, the wells were washed three times with PBST. The subsequent 

procedure was the same as described above. 

 

Luminescence intensity measurement. Purified LgBiT and NanoGlo substrate (Promega, 

#N1110) were mixed at a final concentration of 1–5 nM and a 2000-fold dilution, respectively, and 

were applied to a white 96-well microplate (Greiner Bio-One, #675075). Separately, 1–5 nM 

Switchbody, pre-incubated with or without the antigen peptide (LifeTein) in PBST (pH 7.4) for 30 

minutes at room temperature, was also applied to the white microplate. Immediately afterward 

luminescence intensity at 460 nm with a bandwidth of 30 nm was measured using a CLARIOstar 

(BMG LABTECH).  

For measurements under crude condition, either human serum or human plasma was mixed to a 

final concentration of 20% in PBST during sample preparation. For PM-HiBiT assay, 1 nM PM or 

PM-HiBiT was incubated with 5 nM of each IgG: anti-BGP IgG (KTM219, lab-made), anti-

TARGET-tag IgG (P20.1, FUJIFILM Wako, #016-25481), anti-thyroxine IgG (ME.125, Abnova, 



#MAB4752). The incubation was performed in PBST (pH 7.4) for 40 minutes at room temperature 

before measurement.  

 

Dose-response curve fitting. Dose-response curves were fitted to a four-parameter logistic 

equation as below using ImageJ 1.54i software (Wayne Rasband). 

y = d +
a − d

1 + �x
c�

b 

The limit of detection was calculated as the concentration corresponding to the mean blank value 

plus three times its standard deviation. 

 

Bioluminescence observation in camera. To observe and capture images of luminescence, 5 

nM Switchbody (L1), 0.3, 2, 5, 20, 100, 1,000 nM BGP-C7, 5 nM LgBiT, and NanoGlo substrate 

at a final dilution of 1000-fold in PBST were added to a white 96-well microplate. Images were 

taken using a digital camera α7S (Sony) set at ISO 8000, F1/2, with a five seconds exposure in 

a dark room. 

 

Crystallization experiments. The Fab-based Switchbody was purified using immobilized metal 

affinity chromatography with TALON Metal Affinity Resin, anion exchange chromatography with a 

RESOURCE Q 1 mL column (Cytiva, #17117701), and size-exclusion chromatography with a 

Superdex 75 Increase 10/300 GL column (Cytiva, #29148721), as previously described36. The 10 

mg/mL protein was crystallized at 20°C using the hanging drop vapor diffusion method. The 1 µL 

Switchbody was mixed with the same volume of reservoir solution (0.1 M Bis-Tris, pH 6.0, 22% 

w/v polyethylene glycol monomethyl ether 2000). 

 

Data collection, structure determination and refinement. X-ray diffraction data was collected 

at KEK Photon Factory (PF) Structural Biology Beamline BL-5A or AR-NW12A at 95 K with 

reservoir solution added to 25% w/v PEG 400 or 25% w/v glycerol as a cryoprotectant. Diffraction 

data was processed with the program XDS46 and AIMLESS47. The structure was solved by 

molecular replacement method using Phaser with a model structure of anti-osteocalcin antibody 



KTM219 (PDB ID: 5X5X)36. The structural model was corrected with the program COOT48 and 

was refined with the program REFMAC549 in the CCP4 suite50. The quality of the model was 

inspected by the programs PROCHECK51, RAMPAGE52, and MolProbity53. All data collection and 

refinement statistics are shown in Supplementary Table 2. The atomic coordinates and the 

structure factors have been deposited in the Protein Data Bank (PDB) with the accession codes 

9LUK. The graphic figures were created using the program PyMOL (Schrödinger). 

 

Preparation of thermostable scFv for NMR study. Since high-concentration samples (> 200 

µM) were required for NMR structural analysis, tyrosine at position 27 of the heavy chain in the 

scFv was mutated to serine to improve thermal stability. Initially, F11H, Y27H, F29H, and L9L were 

selected as candidates for thermostable mutations based on computational predictions of 

sidechain solvent accessibility and hydrophobicity of the scFv, using Discovery Studio Visualizer 

v18.1 (BIOVIA) (Supplementary Fig. 6A, B). These selected hydrophobic amino acids were 

mutated to hydrophilic amino acids, either serine or threonine, and the antigen-binding activity of 

the mutants was evaluated by ELISA (Supplementary Fig. 6C). To assess the thermal stability of 

each mutant, the binding activity of the mutants to immobilized antigen after incubation at 60°C 

for various time was examined by ELISA. Among the wild-type and mutants, Y27HS mutant 

exhibited the longest half-time of binding activity after incubation at 60°C (Supplementary Fig. 6D, 

Supplementary Table 8). Consequently, we determined to use the Y27HS mutant for NMR study, 

MD simulation and subsequent luminescence intensity measurements. 

 

NMR studies. The 1H-15N HSQC spectra were measured using an Avance III 700-MHz 

spectrometer (Bruker Biospin) at 298 K. The 15N-labeled protein sample was dissolved in an NMR 

buffer (20 mM Tris, 300 mM NaCl, 5% D2O, pH 7.0) at a concentration of 200 µM, either with or 

without 300 µM antigen BGP-C7. The interscan delay was set to 1.7 seconds, the number of data 

integrations was 32, and the number of data points were 1,024 pts [1H] and 128 pts [15N]. For the 

transverse relaxation time T2 measurements, the delay intervals were set to 0, 17.0, 33.9, 84.8, 

and 169.6 ms. The apparent transverse relaxation rate constant R2 was estimated by fitting peak 



intensities using Monte Carlo method (N = 128) as a function of above 5 relaxation delay intervals 

based on the following equation. 

𝐼𝐼t = 𝐼𝐼0 ∙ e−t∙𝑅𝑅2 

All NMR spectra were processed using TopSpin 3.6.2 software (Bruker Biospin). 

 

System preparation for MD simulation. The initial simulation structures were constructed using 

X-ray crystallographic structures of Fab fragment (KTM219) with and without antigen (PDB ID: 

5X5X and 8XS1) to match protein sequences used in the NMR experiment. Crystallographic water 

molecules within 5.0 Å from the extracted protein region are retained. Structures of HiBiT, linker 

between HiBiT and VH region, as well as one between VH and VL regions are modelled by 

MODELLER54. Missing hydrogen atoms were added to the protein with the LEaP module of 

AMBER20. The simulation systems were solvated with TIP3P water molecules55 with a minimum 

distance of 15.0 Å between the protein and the box edges, and Na+ and Cl- ions were added to 

neutralize the systems and match condition in the NMR experiment (300 mM NaCl). The force 

field parameter set of AMBER ff14SB56 and that reported in reference57 were employed for the 

force fields of the protein, Na+ and Cl- ions, respectively. The total number of atoms in the box 

were 80,266 and 60,569 atoms for system with and without antigen. 

 

MD simulation. GPU modules of the AMBER20 program package58 were employed. The 

simulation systems were first subject to energy minimization under harmonic restraints to heavy 

atoms of the protein with a force constant of 5.0 kcal/(mol·Å2). The structures were further 

energetically minimized under harmonic restraints to Cα atoms of the protein with a force constant 

of 5.0 kcal/(mol·Å2). Next, the systems were heated from 0 K to 298 K for 300 ps in NVT condition 

under harmonic restraints of Cα atoms of the protein with a force constant of 5.0 kcal/(mol·Å2). 

After the heating, the systems were gradually relaxed in NPT condition with decreasing the 

harmonic restraints to Cα atoms of the protein with a force constant of 5.0, 3.0, 2.0, 1.0, 0.5, 0.3, 

0.2, and 0.1 kcal/(mol·Å2) for every 1.0 ns. Then, five independent production runs at 298 K for 

3.0 µs in NPT condition were performed. Long-range electrostatic interactions were calculated 

using the particle mesh Ewald method59. Temperature and pressure were controlled with Langevin 



bath (collision frequency is 2.0 ps-1) and Berendsen’s methods. Nonbonded interactions were cut 

off at 8.0 Å, and bond lengths including hydrogen atoms were constrained by the SHAKE/RATTLE 

method60. The time step for integration was set to 2.0 fs. For analysis, the last 2.0 µs trajectories 

were used. The total MD trajectory for analysis is 10 µs for each system. Molecular figures were 

generated using the PyMOL Molecular Graphics System (Schrödinger). 

 

Residue-wise contact map analysis. Contact map analysis was performed by MDTraj61. 

Residue-wise intra-contact was counted if any of side-chain atoms from a pair of residues is less 

than 2.5 Å. Then, differences of contacts were calculated by subtracting contacts of the system 

without antigen from those of the system with antigen. 
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