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 A human TNF-a (hTNF-a)-speciﬁc
repebody was selected using a phage
display.
 A monomeric alkaline phosphatase
(mAP) was genetically fused to the
repebody.
 mAP-fused repebody enabled detection of hTNF-a with high sensitivity
and accuracy.
 mAP-fused repebody can be widely
used as a new immuno-reagent in
immunoassays.
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Enzyme-linked immunoassays based on an antibody-antigen interaction are widely used in biological
and medical sciences. However, the conjugation of an enzyme to antibodies needs an additional chemical
process, usually resulting in randomly cross-linked molecules and a loss of the binding afﬁnity and
enzyme activity. Herein, we present the development of an alkaline phosphatase-fused repebody as a
new format of immuno-reagent for immunoassays. A repebody speciﬁcally binding to human TNF-a
(hTNF-a) was selected through a phage display, and its binding afﬁnity was increased up to 49 nM using
a modular engineering approach. A monomeric alkaline phosphatase (mAP), which was previously
isolated from a metagenome library, was genetically fused to the repebody as a signal generator, and the
resulting repebody-mAP fusion protein was used for direct and sandwich immunoassays of hTNF-a. We
demonstrate the utility and potential of the repebody-mAP fusion protein as an immuno-reagent by
showing the sensitivity of 216 pg mL1 for hTNF-a in a sandwich immunoassay. Furthermore, this
repebody-mAP fusion protein enabled the detection of hTNF-a spiked in a serum-supplemented medium
with high accuracy and reproducibility. It is thus expected that a mAP-fused repebody can be broadly
used as an immuno-reagent in immunoassays.
© 2016 Elsevier B.V. All rights reserved.
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An enzyme-linked immunosorbent assay (ELISA) based on an
antibody-antigen interaction is widely used to detect diverse
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analytes owing to its simplicity, sensitivity, and selectivity. It usually requires a primary capture antibody and a secondary detection
antibody labeled with enzymes, such as horseradish peroxidase
(HRP) and alkaline phosphatase (AP) [1]. The conjugation of HRP to
an antibody or other protein binders is usually carried out through
a random chemical reaction, resulting in unstable and randomly
cross-linked molecules [2]. A random chemical approach might
cause a loss in the binding afﬁnity of the protein binders and the
enzyme activity, and it is hard to control the conjugation stoichiometry. Furthermore, the production cost and variation in the HRP
activity hamper its broad use in immunoassays [3]. To overcome
such drawbacks, the genetic fusion of an alkaline phosphatase to an
alternative protein binder, such as a single-chain variable fragment
(scFv) and the variable domain of a heavy chain antibody (VHH,
nanobody) from a camelid, has been recently attempted [4e7].
Among numerous types of AP isolated from diverse sources,
dimeric AP (dAP) from E. coli has been most intensively studied, and
is currently used for the labeling of protein binders through genetic
fusion. It was reported that dAP is more stable and accurate than
HRP for an immunoassay [8]. Despite such favorable features of
dAP, however, the genetic fusion of a large-sized dAP was revealed
to cause a steric hindrance to the target binding owing to the formation of a dimeric structure, which affects the speciﬁcity and
sensitivity in immunoassays [9,10]. Therefore, AP with a monomeric structure and high catalytic activity is preferred to avoid
shortcomings resulting from the conjugation of a dimeric AP. A
monomeric AP was recently isolated from a metagenome library,
and its biochemical property was characterized [11]. mAP was
shown to be expressed at a high level in E. coli, displaying a much
higher catalytic activity than dAP from E. coli, despite its relatively
low thermostability.
We previously developed a repebody scaffold composed of
Leucine-rich repeat (LRR) modules. The repebody scaffold was
shown to be expressed at a high level in E. coli, exhibiting high
stability against heat, pH, and proteolytic digestion [12e17].
Furthermore, a target-speciﬁc repebody is easy to select through a
phage display, and its binding afﬁnity can be increased up to a low
nanomolar range using a modular engineering approach. Herein,
we present the development of a monomeric alkaline phosphatasefused repebody as a new format of immuno-reagent for an
immunoassay. Based on the signiﬁcance in the diagnosis and
monitoring of drug responses for various autoimmune diseases
such as rheumatoid arthritis and lupus [18,19], human TNF-a
(hTNF-a) was employed as a model target analyte in this work. We
selected a repebody that binds speciﬁcally to hTNF-a through a
phage display, and increased its binding afﬁnity to 49 nM through
modular engineering. mAP isolated from a metagenome library was
genetically fused to the repebody as a signal generator, and the
resulting repebody-mAP fusion protein was used for an immunoassay of hTNF-a. The performance of the mAP-fused repebody was
evaluated in terms of sensitivity and detection limit through both
direct and sandwich immunoassays. Details are reported herein.

4  C followed by the addition of a 1 mL phage solution
(1.0  1012 cfu mL1). Phages bound to hTNF-a were eluted through
1 mL of a 0.2 M Glycine-HCl solution (pH 2.2), and the eluted phage
solution was neutralized with 100 ml of 1 M Tris-HCl (pH 9.0) and
used to infect 10 mL of E. coli XL-1Blue F0 cells. After shaking for
1 h at 37  C, cells were collected and spread onto a 2xYT agar plate
containing 100 mg mL1 of ampicillin, 25 mg mL1 of tetracycline,
and 1% glucose. The cells were grown overnight at 30  C and
incubated again in 2xYT/ATG until the absorbance at 600 nm
reached 0.4. The cells were rescued by infection with a VCS M13
helper phage (Stratagene) and further grown overnight at 30  C
with 2xYT/AKT. The cells were removed through centrifugation,
and a phage solution was precipitated for 1 h at 4  C with an icecold solution of 20% PEG/NaCl. The precipitated phages were then
collected through centrifugation and used for a repeating round of
panning. After six rounds of panning, enrichment of the phage
particles speciﬁcally binding to hTNF-a were identiﬁed through a
phage immunoassay. For afﬁnity maturation, a library was constructed by randomizing an additional module (LRRV5) or the Cterminal loop region of the selected repebody, and subjected to a
phage display selection according to the above procedure.

2. Materials and methods

Human embryonic kidney 293T (HEK 293T, ATCC) was cultured
in DMEM containing 10% fetal bovine serum (FBS), 1% antibioticantimycotic, 200 mg mL1 geneticin, and normocin at 37  C in humidiﬁed air with 5% CO2. All materials for the cell culture were
obtained from Invitrogen. Recombinant hTNF-a was purchased
from R&D systems, and pNiFty-Lu, a pRL-TK vector, and a dualluciferase® reporter assay system were purchased from Promega.
HEK 293T cells (1.5  105 well1) were cultured in a 24-well plate
for 24 h. The NF-kB-induced luciferase vector (pNiFty-Lu, 0.2 mg
well1) and internal control luciferase vector (pRL-TK, 0.1 mg
well1) were co-transfected using lipofectamine 2000 (Invitrogen)
in cells and incubated for 4 h. After incubation, the medium was

2.1. Selection and afﬁnity maturation of anti-hTNF-a repebodies
Repebodies speciﬁcally binding to human TNF-a were selected
through a phage display as described in our previous work [16].
Brieﬂy, a repebody library was constructed by introducing random
mutations on six variable sites of two LRR modules (LRRV2 and
LRRV3) of the repebody scaffold and subjected to a phage display
selection. hTNF-a in PBS was coated onto an immunotube (Greiner)
through incubation at 4  C overnight. The tube was blocked with
5 mL of a blocking buffer (PBS, 0.05% Tween-20, 1% BSA) for 2 h at

2.2. Protein expression and puriﬁcation
Human TNF-a (residue 1e157) was cloned into NcoI-XhoI of a
pET32a vector (Novagen), and its biological activity was measured
using a dual-luciferase assay system [20]. Repebodies were cloned
into NdeI-XhoI of the pET21a vector. For the construction of a
repebody-AP fusion protein, a repebody gene was cloned into NdeIBamHI, and either monomeric AP (mAP; residue 61e617) or
dimeric AP (dAP; residue 22e450) was subsequently cloned into
BamHI-Xho1 of the pET21a vector. The AP-fused repebody gene
was transformed and expressed in Origami-B E. coli cells (Merck
Bioscience) to enhance their disulﬁde bond formation. The transformed cells were grown in an LB medium at 37  C followed by the
addition of IPTG at a ﬁnal concentration of 0.5 mM for induction.
After induction, the cells were incubated at 18  C for 16 h, harvested
through centrifugation at 6500 rpm, and suspended in a lysis buffer
(50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10 mM imidazole). The
suspended cells were disrupted by sonication followed by centrifugation at 16,000 rpm for 1 h, and the supernatant was collected
and puriﬁed using a Ni-NTA Superﬂow column (Qiagen). Soluble
proteins were applied to the resin-packed column followed by
washing with a buffer (50 mM Tris-HCl (pH 8.0), 500 mM NaCl,
30 mM imidazole), and resin-bound proteins were eluted using an
elution buffer (50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 200 mM
imidazole). To remove the thioredoxin tag, eluted hTNF-a was
digested using bovin alpha-thrombin (HTI) at 4  C for 16 h, and then
loaded onto a Superdex75 (GE healthcare) column in a PBS buffer
(pH 7.4).
2.3. Activity assay of recombinant hTNF-a
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changed to DMEM containing 10% fetal bovine serum and incubated for 20 h. Commercial sources of hTNF-a (10 ng mL1), hTNF-a
(10 ng mL1) produced by E. coli, and negative control (human
interleukin-6 produced by E. coli, 10 ng mL1) were added to each
cell and incubated for 8 h. Following stimulation with NF-kB, the
relative luciferase activity was determined through a dualluciferase reporter assay system according to the manufacturer's
instructions. All of the experimental values were derived from the
averages of at least three separate experiments.
2.4. Competitive immunoassay
hTNF-a was coated directly onto a clear MaxiSorp plate. The
repebody-displaying phage particles were incubated at different
concentrations of Etanercept ranging from 1 to 100 mg mL1
(Enbrel, a soluble recombinant receptor of hTNF-a) as a competitor
for 1 h at room temperature, followed by addition onto a clear
MaxiSorp plate with coated hTNF-a. After washing the wells ﬁve
times with PBST, an HRP-conjugated anti-M13 monoclonal antibody (GE healthcare) was added. The absorbance at 450 nm was
measured using an inﬁnite M200 plate reader after the addition of
100 ml of 1 N H2SO4.
2.5. Isothermal titration calorimetry
All experiments were carried out using a MicroCal iTC200
(Malvern) at 25  C. All proteins were prepared in a buffer containing PBS (pH 7.4) after puriﬁcation using size exclusion chromatography. Typically, 0.2 mM of the repebody was titrated with
0.02 mM of hTNF-a. Titrations were preceded by an initial injection
of 0.5 ml, and carried out using 2 ml injections. The time between
injections was 180 s. The data were analyzed using the Origin
program (OriginLab), and ﬁtted to a one-site binding model.
2.6. Direct immunoassay
Serially diluted hTNF-a was coated directly onto both a clear
MaxiSorp plate and a black MaxiSorp plate (Nunc). After overnight
incubation, each well was washed three times with 200 ml of a TBS
buffer (50 mM Tris (pH 8.0), 150 mM NaCl) and blocked with 200 ml
of a blocking buffer (ProNa™ Blocking solution) for 2 h at room
temperature. The wells were washed ﬁve times with a TBST buffer
(50 mM Tris (pH 8.0), 150 mM NaCl, 0.05% tween 20) followed by
the addition of 2 mg mL1 of a mAP-fused repebody and substrate
for a signal generation. For a colorimetric assay, 100 ml of a solution
containing 1 mM p-nitrophenyl phosphate (pNPP) (Sigma), 1 M
diethanolamine and 2.5 mM CaCl2 at pH 9.6 was added to each well.
The plate was incubated at 30  C for 2 h, and reaction was stopped
with 100 ml of 1 M NaOH. The absorbance at 405 nm was measured
using an inﬁnite M200 plate reader. For a ﬂuorescent assay, a
substrate buffer solution (1 M diethanolamine, 2.5 mM CaCl2, pH
9.6) containing 1 mM 4-Methylumbelliferyl phosphate (4-MUP)
was added to black plates. After incubation for 2 h at 30  C, the
reaction was stopped with 100 ml of a 1 M K2HPO4-KOH buffer (pH
10.4). The ﬂuorescence intensity was measured through excitation
at 320 nm and emission at 460 nm using an inﬁnite M200 plate
reader.
2.7. Sandwich immunoassay
An anti-human hTNF-a antibody (MAb1, Biolegend) was used as
a primary capture antibody for a sandwich immunoassay. A black
MaxiSorp plate was coated overnight with 100 ml of Mab1
(2 mg mL1). The plate was blocked with a 200 ml blocking buffer
(ProNa™ Blocking solution) for 2 h at room temperature followed

by the addition of serially diluted hTNF-a. After incubation at room
temperature for 1 h, the plate was washed ﬁve times with a TBST
buffer, and 2 mg mL1 of a monomeric or dimeric alkaline
phosphatase-fused repebody (rB3-mAP or rB3-dAP) was added to
each well. For a ﬂuorescent assay, a substrate buffer solution (1 M
diethanolamine, 2.5 mM CaCl2 for rB3-mAP, 2.5 mM MgCl2 for rB3dAP, pH 9.6) containing 1 mM 4-Methylumbelliferyl phosphate (4MUP) was added to the black plates. The signal intensity was
measured using an inﬁnite M200 plate reader. The limit of detection (LOD) of a direct immunoassay and a sandwich immunoassay
was calculated based on the mean concentration of the blank plus
three standard deviations of the blank. All experiments were carried out in triplicate.
2.8. Validation test
Different concentrations of hTNF-a (0.63, 1.25, 2.5, and
5 ng mL1) were spiked in a Roswell Park Memorial Institute
(RPMI) cell culture medium supplemented with a 10% fetal bovine
serum (Hyclone™). The concentration of hTNF-a in the medium
was determined through a sandwich immunoassay using a mAPrepebody. A total of 10 ng mL1 of hTNF-a was used to adjust the
difference in signal intensity between the standard curve and
spiked hTNF-a. The coefﬁcient of variation (%CV) was calculated as
CV ¼ ms*100% (s, standard deviation; m, mean).
3. Results and discussion
3.1. Selection and afﬁnity maturation of anti-human TNF-a
repebody
Prior to the selection of repebodies against hTNF-a, we cloned
and expressed hTNF-a as a soluble form in E. coli. Recombinant
hTNF-a was shown to have a homotrimeric structure through gel
permeation chromatography (Fig. S1A). We checked biological activity of recombinant hTNF-a using a dual-luciferase assay system
(Fig. S1B). This cell-based assay system was revealed to be simple
and effective for analyzing the biological activity and functionality
of hTNF-a [21]. The cell-based assay system revealed that recombinant hTNF-a maintained its biological activity (Fig. S1C).
To select repebodies that speciﬁcally bind to hTNF-a, a repebody
library (2  108 clones) was constructed by introducing random
mutations at six variable sites of two LRR modules (LRRV2 and
LRRV3) and subjected to a phage display selection (Fig. 1A). After six
rounds of a panning against hTNF-a, 62 clones were selected based
on their signal intensity (Fig. S2A). To obtain insight into the
binding epitope, we conducted a competitive phage immunoassay
for the primarily selected clones using Etanercept as a competitor.
Etanercept is a Fc-fused human TNF-a receptor 2, and is clinically
used for the treatment of rheumatoid arthritis [22]. As a result, 7
clones showing signiﬁcantly decreased signal intensity in the
presence of Etanercept were selected (Fig. S2B). The selected clones
were expressed in E. coli, and their binding afﬁnities for hTNF-a
were determined through isothermal titration calorimetry (ITC)
(Fig. S3A). Of them, rB1 showing the highest binding afﬁnity was
selected and subjected to afﬁnity maturation using a modular engineering approach. Based on the modular architecture of a repebody scaffold, an additional library was constructed by introducing
mutations into four variable sites of LRRV5, and rB2 with a binding
afﬁnity of 417 nM was selected. Previous studies have revealed that
the loops within the cysteine rich domains (CRDs) of hTNF-a receptors are involved in the interaction with hTNF-a based on a
structural analysis [23e25]. To further increase the binding afﬁnity,
we therefore chose the C-terminal loop region (LRRCT) of rB2 for
the library construction, and repeated the same process described
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Fig. 1. Selection and afﬁnity maturation of repebodies that bind speciﬁcally to human TNF-a through a phage display and modular evolution. (A) Variable sites on a repebody
used for a library construction. The ﬁrst library was constructed by randomizing six variable sites on two modules (LRRV2 and LRRV3) (yellow), LRRV5 (orange) and LRRCT (red)
were further used for afﬁnity maturation through a modular engineering approach. (B) Amino acid sequences of the selected repebodies against hTNF-a in each round of selection
and binding afﬁnity of selected repebodies by ITC. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

above. As a result, rB3 with a binding afﬁnity of 49 nM was selected.
Amino acid sequences of selected repebodies at each round of afﬁnity maturation are shown in Fig. 1B. Considering the binding
afﬁnities of currently used antibodies against hTNF-a ranging from
1 nM to 10 pM [26,27], we chose rB3 for the immunoassays because
of its highest binding afﬁnity.
3.2. Construction of a mAP-fused repebody
In order to use mAP as a signal generator in an immunoassay, we
genetically fused mAP to rB3. Our previous studies revealed that
the repebody scaffold is expressed at a high level in bacterial
cytoplasm, showing high stability. We fused mAP to the C-terminus
of rB3 using a ﬂexible GS linker (Fig. 2A), and expressed the fusion
protein in E. coli Origami B (DE3) cells. As shown in Fig. 2B, the rB3mAP fusion protein was conﬁrmed to be well expressed as a soluble
monomeric form, displaying a single band with an expected molecular size (90 kDa) through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size exclusion
chromatography. The expression level of the rB3-mAP fusion protein in E. coli was estimated to be 12.4 mg L1. It is noteworthy that
mAP fused with rB3 showed a higher expression level than free
mAP (2.6 mg L1), which implies that rB3 makes a signiﬁcant
contribution to the expression of a genetically fused protein in
bacteria.
3.3. Catalytic activity and stability of repebody-mAP fusion protein
We checked the catalytic activity and stability of the rB3-mAP
fusion protein and free mAP through colorimetric and ﬂuorometric immunoassays using p-nitrophenyl phosphate (pNPP) and
4-methylumbelliferyl phosphate (4-MUP) as the substrates,
respectively. As shown in Fig. 3A, the signal intensity increased
with the increasing concentration of the rB3-mAP fusion protein
and free mAP. As expected, a ﬂuorometric immunoassay using 4-

MUP was shown to give rise to approximately ten-times higher
signal intensity than a colorimetric immunoassay using pNPP.
Interestingly, the rB3-mAP fusion protein displayed almost the
same signal intensity as free mAP, indicating that the genetic fusion
of rB3 to mAP had a negligible effect on the catalytic activity of the
mAP.
It was reported that free mAP shows thermal instability,
resulting in a loss of catalytic activity [11]. We evaluated the longterm storage stability of the rB3-mAP fusion protein. Both free mAP
and the rB3-mAP fusion protein were stored at 4  C without any
protective reagents for 25 days and subjected to an assay of the
remaining enzyme activity (Fig. 3B). As a result, free mAP and the
rB3-mAP showed no signiﬁcant loss in the catalytic activity even
after 25 days. Based on this result, the rB3-mAP fusion protein can
be effectively used as an immuno-reagent in an immunoassay with
a long-term storage.
3.4. Speciﬁcity of mAP-fused repebody
Prior to the use for immunoassays, we checked the speciﬁcity of
the rB3-mAP fusion protein against hTNF-a using a direct immunoassay. hTNF-a was revealed to share an approximately 80%
amino acid similarity with mouse TNF-a [28,29]. As a result, mAPfused rB3 was shown to have a high speciﬁcity for hTNF-a without
any cross-reactivity for mouse TNF-a or other proteins such as
human IL-6 and BSA (Fig. 4). This result indicates that the repebody
retained its high speciﬁcity for hTNF-a even after genetic fusion of
mAP.
3.5. Direct immunoassay using repebody-mAP fusion protein
To assess the applicability of an rB3-mAP fusion protein for a
direct one-step immunoassay, we ﬁrst optimized the assay conditions for the highest sensitivity in terms of the concentrations of
pNPP and CaCl2 (Fig. S4A) and the incubation time (Fig. S4B). The
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Fig. 2. Construction and characterization of a monomeric alkaline phosphatase (mAP)-fused repebody. (A) Schematic of a fusion protein comprising a repebody and
monomeric alkaline phosphatase (mAP) using a ﬂexible GS linker. (B) SDS-PAGE (inset) and size exclusion chromatography analyses (superdex 200) of free monomeric alkaline
phosphatase (mAP) and rB3-mAP fusion protein produced by E. coli. Alcohol dehydrogenase (150 kDa) and bovine albumin (66 kDa) were used as the standard proteins in size
exclusion chromatography. M, size marker; 1, non-puriﬁed supernatant of protein; 2, puriﬁed protein over Ni-NTA column.

optimal incubation time was examined through a direct immunoassay using 1 mM pNPP and 2.5 mM CaCl2. hTNF-a at different
concentrations was coated onto a 96-well plate followed by the
addition of 2 mg mL1 of rB3-mAP fusion protein. The signal intensity was shown to linearly increase with the increasing concentration of hTNF-a and incubation time. Under optimal
conditions, the limit of detection (LOD) for hTNF-a by the rB3-mAP
fusion protein was estimated to be 11.2 ng mL1 and 1.2 ng mL1 for
a colorimetric and a ﬂuorometric immunoassay, respectively
(Fig. S5). Isothermal titration calorimetry (ITC) experiment revealed
that rB3 shows an enthalpy-driven behavior, which appears to be
an intrinsic signature for the speciﬁc and selective binding mode
toward hTNF-a (Fig. S3B). Enthalpy-driven behavior is known to be
associated with the formation of noncovalent interactions, such as
hydrogen bonds between two interacting molecules. Such
hydrogen bonds contribute to the binding afﬁnity, and shape the
complementarity between two interacting molecules [30,31]. In
this context, rB3 seems to offer a high speciﬁcity toward hTNF-a
with a high binding afﬁnity. This result also indicates the applicability of the rB3-mAP fusion protein to the analysis of various target
proteins through a direct one-step immunoassay.
3.6. Sandwich immunoassay using repebody-mAP fusion protein
We tested the utility of the rB3-mAP fusion protein for a sandwich immunoassay. A sandwich immunoassay requires a capture

and detection antibody pair with different epitopes on a target
analyte. The concentration of each antibody also inﬂuences the
sensitivity of a sandwich immunoassay. hTNF-a is a homotrimer
and forms a complex with an anti-hTNF-a antibody at a ratio of 2:1
or 3:1 [32]. In contrast, we observed that the binding ratio between
rB3 and hTNF-a is 1:1. We therefore expected that an anti-hTNF-a
antibody for a sandwich immunoassay would be able to bind to a
different site of hTNF-a from the rB3-binding site. To check this
possibility, we chose Mab1 as a capture antibody. Mab1 is a
monoclonal antibody against hTNF-a and is widely used as a capture antibody in a sandwich immunoassay together with biotinylated Mab11 as a detection antibody [33]. We optimized the
assay conditions with respect to the concentrations of the capture
antibody and rB3-mAP fusion protein, and observed that 2 mg mL1
of Mab1 and 2 mg mL1 of rB3-mAP fusion protein led to the best
assay performance. Under optimized conditions, we evaluated the
sensitivity of a sandwich immunoassay using Mab1 and the rB3mAP fusion protein. Mab1 was coated onto a 96-well plate, followed by the addition of serially diluted hTNF-a, ranging from 0 to
10 ng mL1, and the rB3-mAP fusion protein (2 mg mL1). The signal
intensity was then measured using a ﬂuorescent immunoassay
(Fig. 5). The signal intensity showed a direct relationship with the
concentration of hTNF-a at a log scale, with a good correlation
coefﬁcient (R2 ¼ 0.9998). The LOD of the hTNF-a was estimated to
be 216 pg mL1, which corresponds to a 5.6-fold higher sensitivity
than a direct immunoassay. The dynamic range by rB3-mAP was
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Fig. 4. Speciﬁcity of rB3-mAP fusion protein. Speciﬁcity of the rB3-mAP fusion
protein was measured through a colorimetric immunoassay for hTNF-a, mouse TNF-a
(mTNF-a), interleukin-6 (IL-6), and bovine serum albumin (BSA). The error bars indicate the SD in the triplicate experiments.

Fig. 3. Activity and storage stability of a mAP-fused repebody (A) The enzyme activities of the rB3-mAP fusion protein and free mAP were measured using colorimetric
(closed and open circles) and ﬂuorometric (closed and open diamonds) immunoassays,
respectively. (B) Storage stability of the rB3-mAP fusion protein and free mAP. The rB3mAP and free mAP were stored at 4  C for 25 days, and the remaining activity was
measured through a colorimetric assay. The error bars indicate the SD in the triplicate
experiments.

shown to be between 0.6 and 27.2 ng mL1. It is likely that Mab1
and the rB3-mAP fusion protein have different binding sites on
hTNF-a with a negligible steric hindrance, resulting in a high
sensitivity. The detection limit was relatively low compared to
other hTNF-a immunoassay methods. Based on the results, the
present approach can be effectively used in a sandwich immunoassay, considering that commercial anti-hTNF-a antibodies were
used for detection of hTNF-a in previous studies [34,35].
3.7. Performance of mAP as a signal generator
Dimeric E. coli alkaline phosphatase (dAP) has been widely used
as a signal generator in immunoassays owing to its high catalytic
activity and thermal stability [36]. We compared the performance
of mAP as a signal generator with commonly used dAP. To do so, we
genetically fused rB3 to the N-terminus of a dAP variant with
double mutations (D153G and D330 N). The double mutant of the
dAP was reported to have much higher catalytic activity than the
wild-type dAP [37]. As a result, the rB3-dAP fusion protein was

Fig. 5. Detection sensitivity of rB3-mAP fusion protein for hTNF-a. Sandwich
immunoassay using the rB3-mAP fusion protein and Mab1 as a capture antibody. The
signal intensity was measured using a ﬂuorometric immunoassay. The error bars
indicate the SD in the triplicate experiments.

shown to be well-expressed as a soluble form in E. coli as an rB3mAP fusion protein, exhibiting an expected molecular mass
through SDS-PAGE. Size exclusion chromatography conﬁrms that
the rB3-dAP fusion protein has a dimeric structure (Fig. S6). The
expression levels of the rB3-dAP fusion protein and free dAP were
estimated to be 46 and 28 mg L1, respectively, supporting a signiﬁcant contribution of rB3 to an increase in the expression level of
the fusion protein. The expression level of rB3-dAP fusion protein
was shown to be much higher than those of scFv-dAP and
nanobody-dAP fusion proteins. To evaluate the sensitivity of the
rB3-dAP fusion protein in a sandwich immunoassay, serially diluted
hTNF-a was coated onto a 96-well plate, followed by the addition of
the rB3-dAP fusion protein and substrate, and the signal intensity
was then measured. Considering a high catalytic activity and
avidity of dAP, the rB3-dAP fusion protein was expected to lead to a
higher sensitivity than the rB3-mAP fusion protein. However, the
rB3-dAP fusion protein exhibited a relatively low sensitivity for
hTNF-a in a sandwich immunoassay compared to the rB3-mAP
fusion protein, resulting in an LOD of 823 pg mL1 for hTNF-a,
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Table 1
Immunoassay of hTNF-a spiked in a medium supplemented with 10% FBS using an
rB3-mAP fusion protein.
Spiked TNF-a (ng/ml)

Mean ± SD (ng/ml)

0.63
1.25
2.5
5

0.67
1.35
2.43
4.90

±
±
±
±

0.03
0.13
0.17
0.09

Recovery (%)

CV (%)

101
106
101
98

4.2
9.8
5.9
4.5

which corresponds to a 3.8-fold lower sensitivity than the rB3-mAP
fusion protein (Fig. S7). Furthermore, the rB3-dAP in a direct
immunoassay was also shown to have lower sensitivity than the
rB3-mAP (Fig. S8 and Table S1). It seems that a dimeric form of the
rB3-dAP fusion protein caused a steric hindrance to the binding of
rB3 to hTNF-a, consequently resulting in a reduced sensitivity in
the direct and sandwich immunoassays. As an approach to avoiding
a steric hindrance, a monomeric form of E. coli alkaline phosphatase
was constructed using amino acid substitutions, however, the catalytic activity and stability of the resulting enzyme were signiﬁcantly reduced when compared with the wild-type [38]. Therefore,
mAP seems to be more suitable as a signal generator than dimeric
AP in a sandwich immunoassay.
3.8. Validation test for repebody-mAP fusion protein
To check the practical utility of the rB3-mAP fusion protein in an
immunoassay, various concentrations of hTNF-a were spiked in a
cell culture medium supplement with 10% FBS, and its concentration was determined through a sandwich immunoassay using the
rB3-mAP fusion protein. It was known that proteins in a serum
interfere with the assay of hTNF-a, resulting in a decreased sensitivity [39]. We used 10 ng mL1 of hTNF-a as a control, and determined the sensitivity based on the signal difference between
10 ng mL1 hTNF-a in a blocking solution and 10 ng mL1 hTNF-a in
RPMI-10% FBS (Fig. S9). As shown in Table 1, the measured concentrations of hTNF-a in RPMI-10% FBS were well correlated with
the spiked concentrations, exhibiting high average recoveries
(98e106%) and a coefﬁcient of variation (CV) ranging from 4.2 to
9.8%. The results indicate that it is likely that the rB3-mAP fusion
protein can detect a hTNF-a level of as low as 630 pg mL1 in a
complex solution. In addition, the hTNF-a concentration can be
determined based on a standard curve with a high level of sensitivity and precision through a sandwich immunoassay.
4. Conclusions
We demonstrated that a monomeric alkaline phosphatase
(mAP)-fused repebody can be effectively used in an immunoassay
with high sensitivity. The rB3-mAP fusion protein was expressed at
high level in E. coli, and retained a binding afﬁnity of rB3 and catalytic activity of mAP, implying a negligible effect of genetic fusion
on the properties of the rB3 and mAP. The rB3-mAP fusion protein
allowed for a sensitive detection of hTNF-a in a sandwich immunoassay, which indicates the broad utility and potential of a mAPfused repebody as a cost-effective immuno-reagent in an immunoassay based on easy production through bacterial expression
system and high storage stability. Based on the results, a monomeric AP is likely to be more suitable as a signal generator than a
dimeric AP in an immunoassay. Selection and afﬁnity maturation of
a target-speciﬁc repebody can be easily carried out through a phage
display and modular engineering approach. It is therefore anticipated that a mAP-fused repebody can be widely used as a new
format of immuno-reagent for an immunoassay.
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