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ARTICLE INFO ABSTRACT

Keywords: Protein sensors based on allosteric enzymes responding to target binding with rapid changes in enzymatic ac-

PFOtem switch tivity are potential tools for homogeneous assays. However, a high signal-to-noise ratio (S/N) is difficult to

Elosellsor achieve in their construction. A high S/N is critical to discriminate signals from the background, a phenomenon
anoLuc

that might largely vary among serum samples from different individuals. Herein, based on the modularized
luciferase NanoLuc, we designed a novel biosensor called NanoSwitch. This sensor allows direct detection of
antibodies in 1 pl serum in 45 min without washing steps. In the detection of Flag and HA antibodies, Nano-
Switches respond to antibodies with S/N ratios of 33-fold and 42-fold, respectively. Further, we constructed a
NanoSwitch for detecting SARS-CoV-2-specific antibodies, which showed over 200-fold S/N in serum samples.
High S/N was achieved by a new working model, combining the turn-off of the sensor with human serum al-
bumin and turn-on with a specific antibody. Also, we constructed NanoSwitches for detecting antibodies against
the core protein of hepatitis C virus (HCV) and gp41 of the human immunodeficiency virus (HIV). Interestingly,
these sensors demonstrated a high S/N and good performance in the assays of clinical samples; this was partly
attributed to the combination of off-and-on models. In summary, we provide a novel type of protein sensor and a
working model that potentially guides new sensor design with better performance.

Antibody test
Homogeneous assay

1. Introduction provides protein switches with advantages of rapidity and convenience;

repeated wash steps and liquid handing can be omitted, thereby

Biosensors based on allosteric protein switches, fluorescent proteins,
allosteric enzymes, and synthesized proteins have been extensively
applied in detecting small molecules or biomacromolecules (Banala
et al., 2013b; Frommer et al., 2009; Kim et al., 2021; Stein and Alex-
androv, 2015; Villaverde, 2003). These sensors respond to the binding of
targets via functional conformational and concomitant changes. Read-
outs reflecting these changes are used to quantify the concentration of
targets. The close coupling of the binding and functional change
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achieving a homogeneous detection.

Allosteric enzymes can be engineered to protein switches responding
to target binding with rapid changes in activity. Biosensors based on
allosteric enzymes have been used to detect small molecules including
calcium ions (Chen et al., 2013; Nagai et al., 2001), maltose (Guntas
et al., 2005), rapamycin (Guo et al., 2019), and glucose (Joel et al.,
2014); macromolecules including antibodies (Adamson et al., 2019;
Banala et al., 2013a; Feliu et al., 2002; Ferrer-Miralles et al., 2001;
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Geddie and Matsumura, 2007; Legendre et al., 1999), and proteins
involved in apoptosis and inflammasome formation (Azad et al., 2014;
Isazadeh et al., 2022; Torkzadeh-Mahani et al., 2012).

Among enzymes reconstructed to biosensors, luciferase NanoLuc
(Nluc), engineered from a deep-sea shrimp by Hall and colleagues (Hall
et al., 2012), has attracted significant research due to its small size and
high luminescence efficacy. The Johnsson laboratory-developed biolu-
minescent sensor proteins (LUCIDs) using Nluc as a component for
point-of-care monitoring of therapeutic drugs, metabolites, NAD+ and
NADPH (Griss et al., 2014; Yu et al., 2018, 2019). Elsewhere, the Merkx
lab developed a LUMABS platform, also based on Nluc to directly detect
specific antibodies in blood plasma using a smartphone (Arts et al.,
2016, 2017; van Rosmalen et al., 2018). Moreover, Nluc has been split
into two parts complemented by themselves (LgBiT and HiBiT) or by
interactions with other fused proteins (LgBiT and SmBiT) (Dixon et al.,
2016). These modular pieces of NanoLuc provide a favorable basis for
the design of novel protein switches. Several groups recently constructed
split-Nluc-based biosensors to detect severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) antigens or specific antibodies (Elledge
et al., 2021; Ni et al., 2021; Quijano-Rubio et al., 2021; Yao et al., 2021).
A few of these biosensors demonstrated satisfactory performance in
testing several cohorts of coronavirus disease 19 (COVID-19) patients
(Elledge et al., 2021; Yao et al., 2021), indicating a potential clinical use
of such biosensors.

One shortcoming in the construction of allosteric enzyme-based
protein switches is the difficulty in achieving a high signal-to-noise
ratio (S/N). In many cases, S/N constitutes a bottleneck for the clin-
ical use of biosensors. The complex materials in serum plus variations
among individuals require a relatively high S/N to discriminate signals
from the background. A high S/N of the allosteric enzyme-based sensor
is translated from a large difference in activity between the two states of
the allosteric enzyme before and after target binding. Nonetheless,
typical allosteric enzyme-based sensors hardly achieve a high S/N. For
instance, sensors based on E. coli p-galactosidases showed S/N of less
than 4-fold in the detection of antibodies (Feliu et al., 2002; Fer-
rer-Miralles et al., 2001). Besides, a modularized sensor based on
TEM1-B-lactamase revealed an S/N of 7.6-fold in the detection of HA tag
antibody. The highest S/N is from spLUC based on split Nluc, for which
an over hundreds-fold increase in the signal upon antibody binding was
noted (Elledge et al., 2021).

The present study designed a NanoSwitch, an alternative biosensor
based on Nluc. This novel sensor allows direct detection of antibodies in
1 pl serum in 45 min without washing steps. A NanoSwitch for the
detection of SARS-CoV-2-specific antibody revealed an S/N of over 200-
fold in serum samples. Interestingly, this sensor works with a novel
model, combining turn-off with human serum albumin and turn-on with
specific antibodies. Moreover, we constructed NanoSwitches for
detecting antibodies against HCV and HIV, which demonstrated satis-
factory performance in the assays of clinical samples.

2. Materials and methods
2.1. Plasmids

Plasmids for gene expression in E. coli were constructed based on
pET-28a (Novagen) using Golden Gate cloning (Engler et al., 2008).
DNA sequences of the NanoSwitches for detecting the antibodies are
listed in Supplementary Table 1. A flexible glycine-serine linker
((GGGGS)2) (Huston et al., 1988) was used to fuse the N-terminal
epitope and the LgBiT in each NanoSwitch, and there is no linker be-
tween the LgBiT and the C-terminal epitope.

2.2. Serum samples

A total of 111 COVID-19 serum samples were obtained from 31
COVID-19 patients confirmed by real-time PCR. Then, sequential serum
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samples were collected from 15 of the 31 patients during hospitalization
and after discharge. Non-COVID-19 serum samples were collected from
198 individuals chronically infected with the hepatitis B virus from the
Second Affiliated Hospital of Chongqing Medical University before the
pandemic. After collection, all the sera were heated to 56 °C for 30 min
and stored at —80 °C before testing. For the detection of antibodies
against the HCV core protein, 207 serum samples with HCV infection
and 190 serum samples without HCV infection were collected from the
First Affiliated Hospital of Chongqing Medical University. For the anti-
body against HIV gp41 protein assay, 93 serum samples with HIV
infection and 92 serum samples without HIV infection were collected
from the First Affiliated Hospital of Chongqing Medical University. The
study was approved by the Ethics Commission of Chongqing Medical
University (reference number: 2020003).

2.3. Pull-down experiment

Plasmids expressing NanoSwitch-1xFlag-3 were transfected into
HEK293 cells. The cells were lysed using a lysis buffer (50 mM Tris-HCl;
pH 7.4, 150 mM NacCl, 1% NP-40). The lysates were kept on ice for 20
min and centrifuged at 13,000 rpm for 15 min. Then, the supernatant
was mixed with 2 pg of Flag antibody (Sigma, USA) and incubated for 1
h with shaking. Then, 40 pl of protein A magnetic beads (Bimake, China)
was added and incubated with rotation at 4 °C for 1 h. The beads were
washed 4 times using PBST, mixed with SDS sample buffer, and heated
at 100 °C for 10 min to elute the proteins. After centrifugation at 13,000
rpm for 5 min, the supernatant was assayed by Western blot.

2.4. Western blot

Samples were boiled in SDS-PAGE sample loading buffer (Beyotime,
China) at 100 °C for 10 min. Subsequently, the samples were separated
by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) then transferred to a polyvinylidene fluoride (PVDF)
membrane (BioRad, USA). The membrane was blocked with 5% nonfat
milk for 1 h, followed by overnight incubation with primary antibodies
diluted in 5% nonfat milk. After washing, the membranes were revealed
with goat anti-mouse IgG-Alexa Fluor 680 secondary antibody (LI-COR,
USA) under an Odyssey CLx Infrared Imaging System (LI-COR, USA).

2.5. Expression of recombinant proteins

Genes for the recombinant proteins, including NanoSwitch-PG4-MC
and NanoSwitch-1xFlag-2NM, were cloned into pET-28a. The plasmids
were transformed into Rosetta (DE3) Competent Cells; the single clones
were grown in LB medium supplemented with 50 pg/ml kanamycin.
Protein expression was induced overnight at 16 °C and 180 rpm with 1
mM isopropyl-Beta-D-thiogalactopyranoside (IPTG) after the OD600
reached 0.6. Cells were harvested and resuspended in lysis buffer con-
taining 20 mM phosphate (pH 7.5) and 500 mM NacCl. The supernatant
of the lysate was loaded onto a prepacked Ni 2+ column. The column
was thoroughly washed using 30 mM imidazole solution then eluted
with 250 mM imidazole. The proteins were then dialyzed with cold 1x
PBS (pH 7.5) at 4 °C. The final products were quantified and stored at
—20 °C.

2.6. Detection of antibodies by NanoSwitches

Purified recombinant NanoSwitch proteins were incubated with the
sera (1 pl for each reaction) or the antibodies in a protein reaction buffer
containing 50 mM HEPES (pH 7.5), 3 mM EDTA, 150 mM NacCl, 0.005%
(vol/vol) Tween-20, and 10 mM DTT. The reaction was conducted at
37 °C for 40 min, then the luminescence was detected using a Nano-
Glo® Luciferase Assay System (Promega, USA) as per the manufacturer’s
instructions.


https://www.bio.purdue.edu/lab/kasinski/LabDocs/Licor%20Odyssey%20CLx.pdf
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Fig. 1. Development of NanoSwitch for antibody detection
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(A) Strategy for NanoSwitch construction. A 3xFlag tag was inserted between the LgBiT and SmBiT, and the binding of the antibody was supposed to turned off the
switch; (B) Detection of Flag antibody by the NanoSwitches indicated in (C); (C) Three (1xFlag-3) or two 1xFlag tags (1xFlag-2) were placed at the N-terminus of the
switches (stood for by the ‘N”), the C-terminus of the switches (‘C’) and between the LgBiT and the SmBiT (‘M’) with the specified combinations. (D) Time course of
the reaction between the NanoSwitch and Flag antibody; (E) Pull-down experiments of the NanoSwitch; (F) Competition experiments with Flag peptide; (G) The
dynamic range of NanoSwitch-1xFlag-3; (H) Detection of HA antibody by NanoSwitch-HA. (I) Competition experiments with HA peptide. * Note: Protein reaction
Euffer (Materials and Methods) was used in Fig. 1 B, D, F-I, and the reaction was carried out at pH 7.5 and 37 °C.

2.7. Competition assay

For the competition assay of the NanoSwitches, peptides of Flag tag
(DYKDDDDK), HA tag (YPYDVPDYA), PG4 (LQPELDSFKEELDKYFKNH
TSPDVD), and P21 (PSKPSKRSFIEDLLFNKV) were synthesized (Sangon,
Shanghai, China). Purified recombinant proteins were incubated with
COVID-19 serum or antibodies in reaction systems containing 50 mM
HEPES (pH 7.5), 3 mM EDTA, 150 mM NacCl, 0.005% (vol/vol) Tween-
20, 10 mM DTT and different concentrations of synthetic peptides. The
systems were conducted at 37 °C for 60 min, and luminescence was
detected using a Nano-Glo® Luciferase Assay System (Promega, USA)
following the manufacturer’s instructions.

2.8. Purification of immunoglobulin from serum

Immunoglobulin was purified from serum samples with protein A/G
magnetic beads (Bimake, China) according to the manufacturer’s in-
structions. Briefly, 30 pl of serum was incubated with the protein A/G
magnetic beads for 2 h at room temperature. After washing three times
in washing buffer (50 mM Tris, 50 mM Nacl, 0.3% TritonX-100, pH 8.5),
20 pl of elution buffer (0.1 M Glycine, 0.3% TritonX-100, pH 3.1) was
added and incubated at room temperature for 10 min. The mixture was
then centrifuged for 10 min at 4 °C at 13000xg. The supernatant was
transferred to a new tube and 1 pl of Neutralize buffer (1 M Tris, pH 8.0)
was added to bring the pH to neutral.

2.9. Data analysis

Data were analyzed by Prism 8 (GraphPad, USA). Categorical vari-
ables were expressed as numbers (%) and compared by the 3 test or
Fisher’s exact test. To determine the cut-off values of the NanoSwitch
tests for the antibodies from clinical samples, the luminescence value of
each sample was input into Prism 8, and the receiver operating char-
acteristic (ROC) curves, which were obtained by calculating the sensi-
tivity and specificity of the tests at every possible cut-off point, were
plotted according to the manufacturer’s instructions. The cut-off value
for each test was chosen so that the Youden-index (or maximal sensi-
tivity + specificity) was maximal.

3. Results
3.1. Sensor design for detecting antibodies against Flag tag or HA tag

Splitting and evolution of Nluc resulted in two parts with low af-
finity, i.e., a large part (commercial name LgBiT, 156 amino acids) and a
small part (commercial name SmBiT, 11 amino acids) (Dixon et al.,
2016). These two parts have been extensively used to detect interactions
between proteins of interest. In this work, these two parts were exploited
to construct sensors for antibody detection. As shown in Fig. 1A, SmBiT
was fused with the N-terminus of LgBiT, and an epitope (here 3xFlag
tag) was inserted between SmBiT and LgBiT. We reasoned that low af-
finity between SmBiT and LgBiT (Kd = 190 pM) may influence their
complementation by adjacently binding of Flag antibody and in turn
affect the associated bioluminescence activity (Fig. 1A). The alteration
in luminescence reflected the number of antibodies in the reaction
system.

As expected, NanoSwitch-3xFlag responded to the Flag antibody,
with a 3.9-fold inhibition of the luminescence signal (Fig. 1B). The

sensor was optimized by distributing 1xFlag tags to different positions to
increase the S/N (Fig. 1C). Consequently, NanoSwitch-1xFlag-2NM,
with two 1xFlag tags located on the two sides of SmBiT, responded to
the antibody with an average S/N of 33.1-fold (>60-fold in some re-
peats). The sensor completed the reaction with the Flag antibody at
37 °C for 40 min (Fig. 1D). Pull-down experiments revealed that the Flag
antibody was bound to NanoSwitch-1xFlag-3 (Fig. 1E). The reaction was
inhibited by the Flag peptide but not by two peptide controls in a dose-
dependent manner (Fig. 1F), indicating the specificity of the reaction.
The linear range of the detection was from 5 nM to 700 nM of the Flag
antibody (Fig. 1G).

NanoSwitch for detecting HA tag antibody was constructed by
inserting two 1xHA tags into the positions indicated in Fig. 1H. Inter-
estingly, unlike the model of sensors for the Flag-tag antibody, this
sensor responded to the HA-tag antibody but not to a control antibody
with an increased signal (Fig. 1H); this indicates that the HA tags in the
sensor might interfere with the association between SmBiT and LgBiT;
the binding of HA antibody released this interference (Fig. 1H). The
linear range of the detection was from 5 nM to 700 nM or more (Fig. 1H).
Besides, adding the synthesized HA peptide to the system dose-
dependently inhibited the signal induced by the HA antibody (Fig. 11),
hence confirming the specificity of the detection.

3.2. NanoSwitches for SARS-CoV-2 antibody detection

Inspired by the above results, we constructed NanoSwitches to detect
antibodies against SARS-CoV-2. Two linear epitopes from the SARS-
CoV-2 spike protein were first tested. One was used as a capture anti-
gen (PG4), along with a recombinant nucleocapsid protein in an
approved assay based on magnetic chemiluminescence enzyme immu-
noassay (MCLIA) (Long et al., 2020), while the other elicited neutral-
izing antibodies against SARS-CoV-2 (S21P2, hereafter abbreviated as
P21) (Poh et al.,, 2020). One to three copies of the epitopes were
incorporated into the sensor, and 4 serum samples from 4 COVID-19
patients and 2 controls were tested (Fig. 2A). As a consequence, the
constructs containing 2 or 3 copies of both epitopes readily discrimi-
nated COVID-19 serum from the controls. Moreover, COVID-19 serum
increased the luminescence of the NanoSwitches, and the highest in-
crease in signal was 223-fold higher than that of the control serum
(COVID-19 serum 1 detected by NanoSwitch-PG4-MC) (Fig. 2A). The
increased luminescence of both NanoSwitch-PG4-MC and
NanoSwitch-P21-MC in response to COVID-19 serum was inhibited by
adding the synthesized peptides (Fig. 2B), indicating the specificity of
the assay.

A total of 198 non-COVID-19 sera (collected before the pandemic)
and 111 sera with positive SARS-CoV-2 IgG were tested to further
evaluate the performance of NanoSwitch-PG4-MC (confirmed by MCLIA
(Long et al., 2020)). As shown in Fig. 2C, this assay precisely discrimi-
nated most of the patient sera from non-COVID-19 sera. Receiver
operating characteristic (ROC) curve analysis revealed an area under the
ROC curve (AUC) of 0.9909 (P < 0.0001) (Fig. 2D). When the cutoff
value was set to 1265 RLUs, a sensitivity of 97.3% and specificity of
97.0% were obtained (Fig. 2D). Antibody titers were calculated from
this cutoff value, and the titer changes in 15 patients were compared
with those obtained from the MCLIA. Fully consistent change models
were observed in 13 of the 15 patients assayed by the two methods
(Fig. 2E shows 6 representative results). Importantly, all of the IgG se-
roconversions (6/6) observed in the MCLIA were captured by
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Fig. 2. Development of NanoSwitches for SARS-CoV-2 antibody detection

(A) Screening of the NanoSwitches; (B) Competition experiments with the synthesized peptides; (C and D) Assay of COVID-19 and non-COVID-19 sera; (E) Dynamic
change in SARS-CoV-2 antibody titers in 6 patients determined by the two methods. * Note: Protein reaction buffer (Materials and Methods) was used in Fig. 2, and
the reaction was carried out at pH 7.5 and 37 °C.
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Fig. 3. NanoSwitch-PG4-MC working with a combination of OFF and ON models
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(A) NanoSwitch-PG4-MC responded to COVID-19 and healthy sera differently; (B) Time course of the responses of NanoSwitch-PG4-MC to healthy serum; (C and D)
Effects of temperature on the inhibition of the switch by healthy serum; (E) COVID-19 serum reversed the effects of healthy serum; (F) Several other sera also
inhibited the switch to different extents; (G) HSA inhibited NanoSwitch-PG4-MC in a dose-dependent manner; (H) Peptide G4 did not inhibit the effect of HSA on the
switch; (I) HSA and human serum inhibited another 2 NanoSwitches and SmBiT-LgBiT; (J) Responses of NanoSwitch-PG4-MC to multiclonal antibodies with or
without has; (K) Responses of NanoSwitch-PG4-MC to the multiclonal antibodies in the presence of different concentrations of HSA. * Note: Protein reaction buffer
(‘Materials and Methods) was used in Fig. 3 F-K, and the reaction was carried out at pH 7.5 and 37 °C.

NanoSwitch-PG4-MC. Only two patients showed different change
models at 2-time points (Supplementary Fig. 1). This may be because
antibodies against the nucleocapsid protein are detected by MCLIA
(Long et al., 2020). These data indicate that the performance of
NanoSwitch-PG4-MC is comparable to that of MCLIA in assays of clinical
samples. Notably, the current method directly uses 1 pl serum for
detection and needs only 3 steps, i.e., addition, incubation, and detec-
tion to complete the whole assay (Fig. 2D).

3.3. NanoSwitch-PG4-MC operates in an off-and-on model associated
with human serum albumin

NanoSwitch-PG4-MC showed a higher S/N than that of NanoSwitch-
P21-MC primarily because of a substance in the serum (healthy control)
that significantly decreased the background of NanoSwitch-PG4-MC.
Dilution of healthy serum increased the luminescent signal from
NanoSwitch-PG4-MC, whereas dilution of COVID-19 serum decreased it
(Fig. 3A); this indicates that the substance exerts an effect on the sensor
opposite to the SARS-CoV-2 antibody. This substance acted in 10 min
and was sensitive to heating at 100 °C (Fig. 3B, C, and D), suggesting that
it might be a protein. COVID-19 serum reversed the inhibition caused by
healthy serum (Fig. 3E), indicating that SARS-CoV-2 antibodies
competed with the substance. Also, serum from rabbits, mice, and fetal
bovines contained these substances but with lower effectivity (Fig. 3F).
Thus, human serum albumin (HSA) was tested since it is the most
abundant protein in serum prone to binding many molecules (Rabbani
and Ahn, 2019). As expected, HSA dose-dependently inhibited
NanoSwitch-PG4-MC (Fig. 3G). HSA at a concentration equivalent to
that in human serum (4 mg/ml) turned off the switch to the same level as
human serum (Fig. 3G). Nevertheless, adding the PG4 peptide did not
inhibit the effect of HSA (Fig. 3H), indicating that the binding of HSA to
NanoSwitch-PG4-MC is unlikely to be solely mediated by PG4 sequence.
In line with this, 2 other NanoSwitches, i.e., NanoSwitch-1xFlag-2NM
and NanoSwitch-HBX (containing a peptide from the X protein of hep-
atitis B virus), and even SmBiT-LgBiT were turned off by HSA and
human serum to different extents (Fig. 3I). These results led to a hy-
pothesis that HSA in serum turned off NanoSwitch-PG4-MC, whereas
SARS-CoV-2 antibodies turned it on majorly by releasing HSA. To
further test this hypothesis, NanoSwitch-PG4-MC was used to assay the
rabbit multiclonal antibodies against a peptide (SARS-CoV-2 spike
protein amino acids 994-1218) that covers the PG4 sequence (spike
amino acids 1141-1165). These antibodies slightly (<2-fold) activated
the switch when HSA was not present in the system (Fig. 3J). However,
the addition of HSA improved the S/N to approximately 30-fold
(Fig. 3J). Notably, 140 fM of the antibodies triggered a greater
fold-change in the HSA system than that which was induced by 47 pM in
the non-HSA system.

A concern with NanoSwitch-PG4-MC detection is that the variation
of HSA in real samples might affect the testing results. To test the in-
fluence of HSA on the performance of NanoSwitch-PG4-MC, we added
different amounts of HSA to the reaction system in the presence of the
rabbit multiclonal antibodies (50 pM). As HSA concentrations increase
in the range of 0-20 mg/ml, the luminescent signals from both the
systems with and without the antibodies decrease abruptly, demon-
strating the turn-off effect of HSA again (Fig. 3K). However, in the range
of 20-50 mg/ml, this increasing trend flattens out, resulting in a rela-
tively steady S/N level. These findings suggest that NanoSwitch-PG4-MC
is unaffected by HSA in the range of 20-50 mg/ml. A prior study

analyzed the variation of HSA in 1,079,193 serum samples from people
of various ages. Almost all HSA concentrations are reported to be be-
tween 25 and 50 mg/ml (Weaving et al., 2016). Based on this infor-
mation, we think HSA would have little impact on the performance of
NanoSwitch-PG4-MC in practice.

3.4. NanoSwitch for detecting antibodies against the core protein of
hepatitis C virus (HCV)

First, suitable peptides (epitopes) were screened to construct a
NanoSwitch for detecting antibodies against the HCV core protein. The
protein (191 amino acids in length) was dissected into 9 peptides with
lengths of approximately 20 aa. These 9 peptides were incorporated into
NanoSwitch at the positions indicated in Fig. 4A. A screening using
serum samples from patients infected with HCV demonstrated that
NanoSwitch peptide from the 21st to 40th amino acids (Fig. 4A) of the
HCV core protein performed effectively among the 9 NanoSwitches
(data not shown). This NanoSwitch (NanoSwitch-HCV-core) was
expressed and purified from E. coli and used to detect antibodies against
the HCV core protein in HCV-positive serum samples (n = 207) and
controls (n = 190). The findings showed that when a cutoff value was set
at 1387 RLU, the NanoSwitch-HCV-core discriminated positive and
controlling samples with a sensitivity of 96.6% and a specificity of
96.8%.

Interestingly, we also noted that control serum samples reduced the
NanoSwitch signal by approximately 10-fold. We purified the immu-
noglobulin from a serum sample with a positive HCV antibody using
protein A affinity purification. The purified immunoglobulin turned 77-
fold on the NanoSwitch-HCV-core without HSA (Fig. 4C). In contrast,
adding control serum or HSA to the system augmented the response
amplitude of the NanoSwitch-HCV-core to 96-fold and 161-fold,
respectively. This indicates that a combination of off-and-on effects
induced by HSA in serum improves the S/N of the NanoSwitch-HCV-core
in detection. Furthermore, we tested how HSA affected the performance
of NanoSwitch-HCV-core. HSA was introduced to the reaction system,
with or without HCV antibodies isolated from a serum sample (not the
sample used in Fig. 4C). As shown in Fig. 4D, with the increase of HSA,
the S/Ns increased with increasing HSA in the range of 0-25 mg/ml, but
this trend flattened in the range of 25-50 mg/ml, demonstrating that
NanoSwitch-HCV-core is not sensitive to HSA in the range of 25-50 mg/
ml.

3.5. NanoSwitch for detecting antibodies against gp41 of the human
immunodeficiency virus (HIV)

Further, we constructed a NanoSwitch to detect antibodies against
gp41 of HIV by incorporating a peptide (amino acids from 579th to
607th of gp41) into the indicated positions in Fig. 5A. This NanoSwitch
(NanoSwitch-HIV-gp41) was expressed and purified from E. coli and
used to detect serum samples from HIV-positive patients and controls. As
shown in Fig. 5B, when the cutoff value was set at 3640 RLU,
NanoSwitch-HIV-gp41 was positively discriminated from the control
samples with a sensitivity of 86.2% and a specificity of 100%. Again, an
approximately 20-fold decrease was observed in the NanoSwitch-HIV-
gp41 signal after adding the control serum. To establish whether HSA
caused this phenomenon, an immunoglobulin was purified from an HIV
antibody-positive serum sample with magnetic beads coated with pro-
tein A. The purified immunoglobulin turned on NanoSwitch-HIV-gp41
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Fig. 6. Nano Switch works in a combination of OFF and ON models to achieve
a high S/N.

with a 5.6-fold increase in chemiluminescence (Fig. 5C). Adding 1 pl of
control serum in advance augmented the S/N to 22.8-fold; as expected, a
similar augmentation in S/N (17.8-fold) was achieved by adding 4 mg/
ml HSA to the system. These findings again suggest that NanoSwitch-
HIV-gp41 operates in a combination of off-and-on models in the detec-
tion of gp41 antibodies in serum samples. In addition, the impact of HSA
on the performance of NanoSwitch-HIV-gp41 was tested. The findings
showed that HSA had no significant effect on NanoSwitch-HIV-gp41
performance in the range of 25-50 mg/ml (Fig. 5D).

4. Discussion

In the detection of clinical samples, a high S/N of an assay is critical
to minimize the effect of background variation of different patients. The
S/N of a protein switch based on allosteric enzymes is established by two
factors. First, how large is the change in the enzymatic activity after
target binding. Secondly, whether the switch operates in a turning-on or
turning-off model. Generally, a turning-on protein switch has an
advantage over a turning-off switch in S/N because the former harbors a
lower background signal. Therefore, a switch that responds to target
binding with substantial augmentation in its activity is preferable. One
approach to constructing such a switch is using an enzyme suppressor
that can be released by binding a target. Switches designed based on this
strategy, including LOCKER (Ng et al., 2019; Quijano-Rubio et al., 2021)
and sensors exploiting an inhibitor protein of TEMI-p-lactamase
(Adamson et al., 2019) perform effectively in some cases. Nonetheless,
these switches do not appear satisfactory in the detection of antibodies,
with S/Ns less than 10-fold. Also, although we attempted this strategy on
NanoLuc using an inhibitor peptide, it was unsuccessful (unpublished
data).

The NanoSwitch developed in this study followed an alternative
strategy. SmBiT was fused with a linker to the N-terminus of LgBiT, a
complementary component of the complete enzyme. The low affinity
between SmBiT and LgBiT triggers a state of the enzyme susceptible to
the impact induced by events adjacently occurring on the molecule,
including the binding of an antibody to the epitope closely placed to
SmBiT (Fig. 1A). Noteworthy, the effects of antibody binding can be
negative or positive; all the NanoSwitches except NanoSwitch-Flag
responded to the binding of the antibody with enhanced activity. Un-
expectedly, the binding between SmBiT and LgBiT was easily strength-
ened rather than disrupted by the attachment of an antibody. Epitopes
incorporated into the NanoSwitches might inhibit the interaction be-
tween SmBIiT and LgBiT, whereas the binding of antibodies released this
inhibition. Nevertheless, evidence supporting this hypothesis remains
unknown.

Additionally, high S/Ns of a few NanoSwitches, particularly
NanoSwitch-PG4-MC are attributed to a previously unreported off-and-
on working model (Fig. 6). By careful investigation, we confirmed that
HSA in serum is the substance turning off the NanoSwitches. Of note, it is
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not strange that HSA with a high concentration interacting with
numerous molecules binds to NanoSwitches. This binding is partly
associated with SmBiT and LgBiT (Fig. 3I) and related to the peptides
(epitopes) incorporated because the extent of inhibition is different for
different NanoSwitches (Fig. 3I). Our results demonstrate the power of
combining turning off and turning on of a switch (Fig. 6). The binding of
HSA to NanoSwitch-PG4-MC drastically switched it to the off mode
(approximately 40-fold inhibition at 4 mg/ml), providing a preferable
baseline for subsequent turning-on by SARS-CoV-2 antibodies. Conse-
quently, SARS-CoV-2 antibodies in serum turned on the switch occupied
by HSA by > 200-fold, tremendously higher than the 2-fold increase in
signal directly induced by the antibodies (deduced from the data in
Fig. 2B). In line with this, multiclonal antibodies against the peptide
covering PG4 turned on the HSA-occupied switch by 30-fold. Consistent
with these observations, the performance of NanoSwitch-HCV-core and
NanoSwitch-HIV-gp41 can be improved by adding HSA (Figs. 4C and
5C). Using the NanoSwitch-PG4-MC, serum samples of COVID-19 pa-
tients were precisely discriminated from samples of non-COVID-19 in-
dividuals (Fig. 2C and D). More importantly, this switch successfully
reported all of the seroconversions, which had been confirmed by a
highly sensitive chemiluminescence method based on antibody capture
(Fig. 2E and Supplementary Fig. 1). This suggests a robust performance
of this method in a real-world application.

In conclusion, we developed a novel type of protein switch for
detecting antibodies that can achieve a high S/N using an off-and-on
composite working model. Notably, these switches can potentially be
applied in the homogeneous analysis of antibodies in clinical settings.
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