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Single-chain variable fragment (scFv) antibodies are widely used as diagnostic and therapeutic agents or biosensors for a major-
ity of human disease. However, the limitations of the present scFv antibody in terms of stability, solubility, and affinity are chal-
lenging to produce by traditional antibody screening and expression formats. We describe here a feasible strategy for creating
the green fluorescent protein (GFP)-based antibody. Complementarity-determining region 3 (CDR3), which retains the antigen
binding activity, was introduced into the structural loops of superfolder GFP, and the result showed that CDR3-inserted GFP
displayed almost the same fluorescence intensity as wild-type GFP, and the purified proteins of CDR3 insertion showed the simi-
lar binding activity to antigen as the corresponding scFv. Among of all of the CDRs, CDR3s are responsible for antigen recogni-
tion, and only the CDR3a insertion is the best format for producing GFP-based antibody binding to specific antigen. The wide
versatility of this system was further verified by introducing CDR3 from other scFvs into loop 9 of GFP. We developed a feasible
method for rapidly and effectively producing a high-affinity GFP-based antibody by inserting CDR3s into GFP loops. Further,
the affinity can be enhanced by specific amino acids scanning and site-directed mutagenesis. Notably, this method had better
versatility for creating antibodies to various antigens using GFP as the scaffold, suggesting that a GFP-based antibody with high
affinity and specificity may be useful for disease diagnosis and therapy.

To date, antibodies are used for a very broad and still steadily
expanding spectrum of applications, such as cancer therapy,

disease diagnosis, and signal pathway investigation (1–3). Mono-
clonal antibodies (Abs) produced by hybridoma technology have
been widely used to rapidly detect pathogens in food and raw
seafood (4). In spite of their high affinity and specificity, mono-
clonal Abs have some obvious flaws, including a high molecular
weight, a requirement for large-scale culture, and the instability of
cell lines. Furthermore, it is difficult to create higher-affinity and
higher-specificity Abs by genetic manipulation.

The single-chain variable fragment (scFv) is a class of engi-
neered antibodies generated by the fusion of heavy (VH) and light
(VL) chains of immunoglobulin gene through a short polypeptide
linker (3) and still retains the binding activity to target antigen (5,
6). The smaller size of scFv fragment allows better tissue penetra-
tion, leading to improve tumor targeting and enhanced blood-
brain barrier permeability for the treatment of neurodegenerative
diseases (7). Because of these advantages, scFv has been used as a
therapeutic agent and plays a key role in the therapy and diagnosis
of a variety of human diseases (8, 9). Moreover, scFv antibody can
be produced in Escherichia coli in the form of small, recombinant
fragments that retain the binding property (10). In comparison to
polyclonal or hybridoma antibodies, scFv antibody may be easily
manipulated for improving specificity and affinity, thereby reduc-
ing the production cost (11, 12). However, these applications of
scFv were limited by drawbacks, such as the formation of an in-
clusion body, which often leads to low binding activity and an
unstable structure and is cytotoxic to host cells (3). Hence, it is
very important to develop a feasible approach for reducing these
limitations.

Green fluorescent protein (GFP) is a protein that exhibits
bright green fluorescence when exposed to light in the blue-to-UV
range (13, 14), and it has been widely used in many ways, such as
in flow cytometry (15), small interfering RNA/DNA transfection

(14, 16), protein delivery (17–19), peptide presentation (20), pro-
tein-protein interaction (21), and monitoring of intracellular pro-
cesses (22). GFP has also been established as an in vivo marker for
gene expression and protein localization (23, 24). Previous analy-
ses demonstrated that GFP could be used as a scaffold for fluoro-
body development (25–30). The stable beta-barrel structure and
the ability to yield multiple-color fluorescence prompted interest
in developing a new class of antibody using the GFP frame as the
template. Zeytun et al. developed fluorobodies by inserting di-
verse binding fragments of antibody into four of the exposed loops
at the end of GFP, and the fluorobodies retain the binding char-
acteristics (28). Pavoor at al. obtained a GFP-based biosensor by
inserting two complementarity-determining regions 3 (CDR3s)
into different loops of GFP to create a high-affinity GFP-Ab by
directed evolution using a surrogate loop approach and yeast sur-
face display (30). Other researchers also tried to insert the binding
loops into various exposed loops of GFP (26, 29), but the results
from those studies were not ideal, and the fluorescence of GFP was
diminished substantially or eliminated when random loops were
inserted. Among all the loops of GFP, loop 9 (positions 171 to 176)
was considered the most tolerated site for peptide insertion (30),
and it was possible to isolate a fluorescent binder against specific
target using phage display.

In a previous study, we successfully screened a high-affinity
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antibody to a thermolabile hemolysin (TLH) named scFv-LA3
using phage display (2). In the present study, the superfolder GFP,
a GFP variant that has high stability and improved folding kinet-
ics, was used as a template for CDR insertion at loop 9. The bind-
ing activities of superfolder GFP-based antibody were determined
by enzyme-linked immunosorbent assay (ELISA), and the utility
of this insertion was demonstrated by inserting CDR3s of different
scFv antibodies.

MATERIALS AND METHODS
Reagents. All of the strains used in the present study were from Fujian
Agriculture and Forestry University (Fujian, China). The PCR mixture
and DNA restriction enzymes were purchased from Thermo Fisher Sci-
entific (Waltham, MA). Taq DNA polymerase and T4 DNA ligase were
purchased from TaKaRa (Dalian, China). Anti-6�His tag monoclonal
antibody was purchased from Abgent (San Diego, CA), and horseradish
peroxidase (HRP)-labeled goat anti-mouse IgG was from Boster Biologi-
cal Technology Co. (Wuhan, China). All of the oligonucleotides are listed
in Table 1, and all other reagents used were of analytical reagent grade.

Construction of different binding regions of scFv into loop 9 of GFP.
In a previous study, we obtained the scFv against Vibrio parahaemolyticus
TLH (2). To identify the feasibility of insertion at loop 9 of superfolder
GFP, anti-TLH scFv was used as a template for amplifying the different
insertion regions. For scFv, VH, and VL insertion, an NaeI restriction
enzyme site was introduced into loop 9, and a superfolder GFP with NaeI
at positions V-171 and E-172 of loop 9 was constructed. NaeI and BamHI
were used to insert VL, VH, and scFv, and specific primers (Table 1) were
used to amplify the VH, VL, and scFv genes, respectively. After PCR and gel
purification, the PCR products were digested with NaeI and BamHI. The
digested PCR products were ligated to the same enzyme-digested vector
pGEPi-sfgfp, and the resulting plasmids were designated pGEPi-sfgfp-9-
VL, pGEPi-sfgfp-9-VH, and pGEPi-sfgfp-9-scFv, respectively. For H-
CDR3a (101-FPHLEDYWYFD-101) and L-CDR3a (228-HQYHRSPRT-
236) insertion, the synthesized primers (Table 1) containing 11 amino
acids of the HCDR3 sequence or 9 amino acids of the LCDR3 sequence

from the anti-TLH scFv were used to insert at positions 175S and 176V
with BamHI and NotI, and the resulting vectors were designated pGEPi-
sfgfp-9-HCDR3a and pGEPi-sfgfp-9-LCDR3a, respectively. All of the ex-
pressed proteins contained a 6�His tag at the C terminus, and the pro-
teins were named G9-VL, G9-VH, G9-scFv, G9-H3(a), and G9-L3(a),
respectively.

Construction of different CDR insertions. To determine the detailed
functions of different CDRs, two heavy-chain CDRs (HCDR1, 28-GYTFTN
YT-35; HCDR2, 53-INPSSDYT-60) and two light-chain CDRs (LCDR1,
165-SSVSSSY-171; LCDR2, 188-YSTSNLA-194) were amplified with the
specific primers (Table 1) and inserted at positions S175 and V176 of loop 9;
these constructs were designated pGEPi-sfgfp-9-HCDR1, pGEPi-sfgfp-9-
HCDR2, pGEPi-sfgfp-9-LCDR1, and pGEPi-sfgfp-9-LCDR2, respectively.
The expressed proteins were named as G9-H1, G9-H2, G9-L1, and G9-L2,
respectively. To further demonstrate the best format of CDR3 insertions,
three different formats of insertions were selected, including the loop inser-
tion (H-CDR3a, 101-FPHLEDYWYFD-111; L-CDR3, 228-HQYHRSPRT-
236), the loop and half beta sheet insertion (H-CDR3b, 96-YYCARFPHLED
YWYFDVWGQGTT-111; L-CDR3b, 226-YCHQYHRSPRTFGGGTK-242),
and the loop and full beta sheet insertion (H-CDR3c, 94-AVYYCARFPHLE
DYWYFDVWGQGTTV-119; L-CDR3c, 224-TYYCHQYHRSPRTFGGGT
KL-243); the resulting constructs were named pGEPi-sfgfp-9-HCDR3a,
pGEPi-sfgfp-9-HCDR3b, pGEPi-sfgfp-9-HCDR3c, pGEPi-sfgfp-9-LCDR3a,
pGEPi-sfgfp-9-LCDR3b, and pGEPi-sfgfp-9-LCDR3c, respectively. All of the
expressed proteins contained a 6�His tag at C-terminal, and the proteins
were named G9-H3a, G9-H3b, G9-H3c, G9-L3a, G9-L3b, and G9-L3c, re-
spectively.

Protein expression and purification. For protein expression, the re-
combinant plasmid was transformed into E. coli BL21(DE3) by electro-
poration, and a single colony from the selection plate was inoculated into
5 ml of Luria-Bertani (LB) liquid medium containing 100 �g of ampicil-
lin/ml. The culture was incubated overnight with shaking at 37°C and
then transferred to a larger-scale preparation in LB medium (500 �l of
culture was transferred to 50 ml of fresh LB). The expression of the target
protein was induced under T7 promoter by adding 1 mM IPTG (isopro-

TABLE 1 Primers used for different scFv, CDR, and CDR3 insertions

Target genea Primer DNA sequence (5=–3=)
NaeI variant GFP-F CTGCGATGCTGGTTGCCAACGATC

9-NaeI-r GAACGGATCCATCTTCGCCGGCAACGTTGTGGCGAATTTTGAAG
scFv 9-scFv/VH-F ATAGCCGGCATGGCCCAGGTGAAACTGCAGGAG

9-scFv/VL-R CTCGGATCCCCGTTTGATTTCCAGCTTGGTCCCTC
VH 9-VH-R TTTGGATCCTGAACCGCCTCCACCTGAGGAGACG
VL 9-VL-F TTTAGCCGGCGGATCGGACATTGAGCTCACCC

NotI-R GCGGCACATCGTACGGATAACCAGAAC
HCDR1 9-HCDR1-F AACGGATCCGGCTACACCTTTACTAACTACACGGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR2 9-HCDR2-F AACGGATCCATTAATCCTAGCAGTGATTATACTGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR1 9-LCDR1-F AACGGATCCTCAAGTGTAAGTTCCAGTTATGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR2 9-LCDR2-F AACGGATCCTATAGTACATCCAACCTGGCTGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR3A 9-HCDR3-F TTAGGATCCGCAAGATTCCCCCATCTCGAGGACTACTGGTACTTCGATGTCCTGCAG

GGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR3A 9-LCDR3-F TTAGGATCCCACCAGTATCATCGTTCCCCACGGACGCTGCAGGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR3B 9-HCDR3B-F AACGGATCCGTCTATTACTGTGCAAGATTCCCCCATCTCGAGGACTACTGGTACTTCGATGTCTGGGGCCAA

GGGACCACGGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR3C 9-HCDR3C-F AACGGATCCGCAGTCTATTACTGTGCAAGATTCCCCCATCTCGAGGACTACTGGTACTTCGATGTCTGGGGC

CAAGGGACCACGGTCGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR3B 9-LCDR3B-F AACGGATCCTACTGCCACCAGTATCATCGTTCCCCACGGACGTTCGGTGGAGGGACCGGATCAGTTCAACTA

GCAGACCATTATCAAC
LCDR3C 9-LCDR3C-F AACGGATCCACTTATTACTGCCACCAGTATCATCGTTCCCCACGGACGTTCGGTGGAGGGACCAAGCTGGGA

TCAGTTCAACTAGCAGACCATTATCAAC
HCDR3A 5-HCDR3-F TCCAGATCTGCAAGATTCCCCCATCTCGAGGACTACTGGTACTTCGATGTCGACGGGAACTACAAGACGCGT
LCDR3A 5-LCDR3-F TCCAGATCTCACCAGTATCATCGTTCCCCACGGACGCTGCAGGACGGGAACTACAAGACGCGT
a All are scFv genes except for the NaeI variant.
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pyl-�-D-thiogalactopyranoside) when the culture reached an optical
density at 600 nm (OD600) of 0.8. The expressed product was first
harvested by centrifugation (10,000 rpm) at 4°C for 10 min, followed
by the addition of 5 ml of binding buffer (50 mM NaH2PO4, 300 mM
NaCl, 1 mM imidazole, 0.05% Tween 20) after removal of the super-
natant. The complex was then mixed gently, sonicated, and centri-
fuged at 4°C for 10 min. The supernatant was collected and loaded
onto a 3-ml Ni2�-NTA column, which was equilibrated with binding
buffer before the purification. After allowing the sample to flow
through, the column was washed twice with wash buffer (100 ml each
time). After the wash, the retained protein of interest was eluted with
0.5 ml of elution buffer four times, and the eluate was collected and
analyzed by SDS-PAGE. The protein concentration was determined by
using a bicinchoninic acid protein assay kit.

Fluorescence tracing and ELISA. For fluorescence analysis, the differ-
ent constructs were expressed at 30°C by IPTG (1 mmol/liter) when the
culture reached an OD600 of 0.8 for overnight, and the expressed products
were adjusted to the same OD600 for accurate analysis and harvested the
pellet by centrifugation. The treated samples were placed on the black
background and visualized the fluorescence of the protein by UV stimu-
lation. The result was recorded by a camera under UV exposure. The
activities of the purified GFP-Abs were determined by ELISA. The dia-
lyzed TLH antigen (2.5 �g/ml [without 6�His tag]) was used to coat the
96-well plates at 4°C overnight. After blocking and washing, the purified
different GFP-Abs products (1 �g/ml) derived from the different inser-
tions described above were added to the reaction wells, followed by incu-
bation at 37°C for 2 h. The anti-His6 tag antibody was added to the reac-
tion wells, followed by incubation at 37°C for 2 h. The binding activity of
the purified GFP-Abs was detected by using an HRP-conjugated anti-
mouse IgG antibody. The enzyme reaction was then performed using
tetramethylbenzidine (TMB) as the substrate, and color development was
terminated with 2 M H2SO4. The absorbance at 450 nm was measured
using a microplate reader. For indirect competitive ELISA (ic-ELISA),
before interaction, the TLH antigen was used as the competing antigen
and reacted to the purified G9-LCDR3(1 �g/ml) at 37°C for 2 h, and the
other ELISA steps correspond to the steps described above. The data are
presented as means and standard deviations (SD) for three separate ex-
periments.

Specificity of G9-HCDR3 and G9-LCDR3 assay. To identify the spec-
ificity of the purified G9-HCDR3 and G9-LCDR3, a competitive ELISA
was performed. TLH, bovine serum albumin (BSA), keyhole limpet he-
mocyanin (KLH), and TLH-correlated antigens such as thermostable di-

rect hemolysin (TDH), VP1694, and VP1668 were diluted and coated in
96-well plates (2.5 �g/ml). The diluted G9-HCDR3 and G9-LCDR3 anti-
bodies were added to the reaction wells for 2 h at 37°C, the specificities of
the antibodies were analyzed using anti-His tag antibody and HRP-con-
jugated goat anti mouse IgG antibody, and the absorbance at 450 nm was
measured using a microplate reader. The data are presented as means plus
the SD for three separate experiments.

ALA scanning and lysine scanning. To find the key binding sites of
CDR3, 11 amino acids of the heavy-chain CDR3 and 9 amino acids of
the light-chain CDR3, regarded as the major binding activity for anti-
gen-antibody interaction, were each individually mutated to alanine.
At the same time, each of these 7 amino acids of the heavy chain
(HCDR3) and 9 amino acids of the light chain (LCDR3) was individ-
ually mutated to lysine. Oligonucleotide-directed mutagenesis was
performed by PCR using the former constructed plasmids as a tem-
plate with the mutant primers (Tables 2 and 3), and the amplified
CDR3 mutants were inserted into pGEPi-sfGFP vector with BamHI
and NotI, respectively. Protein expression and purification were car-
ried out as described above. The data are presented as means plus the
SD for three separate experiments.

Mutation of key amino acids. Once the key amino acids of LCDR3s
were confirmed, the key amino acid R235 of LCDR3, which contributes
most to the binding activity, was mutated to six other different hydro-
philic amino acids (the primers are listed in Table 4). The expressed pro-
teins were purified by using Ni2� affinity chromatography, and the bind-
ing activities of mutated GFP-Abs were determined by ELISA according to
the instructions described above. For the Q229 mutation (LCDR3 in loop
9), primers containing mutated sites (Table 4) were used to amplify the
insertion DNA with the mutated R235K as a template, and the amplified
DNA fragments were inserted into the designated site of GFP. The other
steps were similar to those given above.

Dual CDR3 insertions at loop 5 and loop 9. To create the dual-inser-
tion GFP-Abs, the HCDR3 loop (101-FPHLEDYWYFD-101) and LCDR3
(228-HQYHRSPRT-236) loop of anti-TLH scFv antibody were separately
inserted in two loops (loop 5 and loop 9) by different insertion formats,
including 5L9L (LCDR3 insertions in loop 5 and loop 9), 5L9H (LCDR3
in loop 5 and HCDR3 in loop 9), 5H9L (HCDR3 in loop 5 and LCDR3
in loop 9), 5H9H (HCDR3 insertions in loop5 and loop 9), and
5L9L(R235K) (LCDR3 containing R235K mutant insertions in loop 5 and
loop 9). For the efficient insertion in loop 5, a GFP variant that introduced
the restriction enzyme BglII site at the 101 and 102 sites of loop 5 was
constructed. Primers containing H/LCDR3 or LCDR3(R235K) sequences
(Table 1) were used to amplify the insertion genes with the constructed
pGEPi-sfgfp-9-H/LCDR3a or pGEPi-sfgfp-9-LCDR3a(R235K) as a tem-

TABLE 2 Primers used for Ala scanning in LCDR3 and HCDR3

Target gene
and primer DNA sequence (5=–3=)
LCDR3-Ala

L-H1/A-F GATGGATCCGCCCAGTATCATCGTTCCCCACGGAC
L-Q/A-F GATGGATCCCACGCTTATCATCGTTCCCCACGGAC
L-Y/A-F GATGGATCCCACCAGGCTCATCGTTCCCCACGGAC
L-H2/A-F GATGGATCCCACCAGTATGCTCGTTCCCCACGGAC
L-R1/A-F GATGGATCCCACCAGTATCATGCTTCCCCACGGAC
L-S/A-F GATGGATCCCACCAGTATCATCGTGCCCCACGGAC
L-P/A-F GATGGATCCCACCAGTATCATCGTTCCGCACGGAC
L-R2/A-F GATGGATCCCACCAGTATCATCGTTCCCCAGCGAC
L-T/A-F GATGGATCCCACCAGTATCATCGTTCCCCACGGGCG

HCDR3-Ala
H-F/A-F ATTGGATCCGCCCCCCATCTCGAGGACTACTGGTACTTCGATC
H-P/A-F ATTGGATCCTTCGCCCATCTCGAGGACTACTGGTACTTCGATC
H-H/A-F ATTGGATCCTTCCCCGCTCTCGAGGACTACTGGTACTTCGATC
H-L/A-F ATTGGATCCTTCCCCCATGCCGAGGACTACTGGTACTTCGATC
H-E/A-F ATTGGATCCTTCCCCCATCTCGCGGACTACTGGTACTTCGATC
H-D1/A-F ATTGGATCCTTCCCCCATCTCGAGGCCTACTGGTACTTCGATC
H-Y/A-F ATTGGATCCTTCCCCCATCTCGAGGACGCCTGGTACTTCGATC
H-W/A-F ATTGGATCCTTCCCCCATCTCGAGGACTACGCGTACTTCGATC
H-Y2/A-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGGCCTTCGATC
H-F/A-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGTACGCCGATC
H-D2/A-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGTACTTCGCTC

TABLE 3 Primers used for Lys scanning in LCDR3 and HCDR3

Target gene
and primer DNA sequence (5=–3=)
LCDR3-Lys

L-Q/K-F GATGGATCCCACAAGTATCATCGTTCCCCACGGAC
L-Y/K-F GATGGATCCCACCAGAAACATCGTTCCCCACGGAC
L-H2/K-F GATGGATCCCACCAGTATAAACGTTCCCCACGGAC
L-R1/K-F GATGGATCCCACCAGTATCATAAATCCCCACGGAC
L-S/K-F GATGGATCCCACCAGTATCATCGTAAACCACGGAC
L-P/K-F GATGGATCCCACCAGTATCATCGTTCCAAACGGAC
L-R2/K-F GATGGATCCCACCAGTATCATCGTTCCCCAAAGAC

HCDR3-Lys
H-F/K-F ATTGGATCCAAACCCCATCTCGAGGACTACTGGTACTTCGATC
H-P/K-F ATTGGATCCTTCAAACATCTCGAGGACTACTGGTACTTCGATC
H-H/K-F ATTGGATCCTTCCCCAAACTCGAGGACTACTGGTACTTCGATC
H-L/K-F ATTGGATCCTTCCCCCATAAAGAGGACTACTGGTACTTCGATC
H-E/K-F ATTGGATCCTTCCCCCATCTCAAAGACTACTGGTACTTCGATC
H-D1/K-F ATTGGATCCTTCCCCCATCTCGAGAAATACTGGTACTTCGATC
H-Y/K-F ATTGGATCCTTCCCCCATCTCGAGGACAAATGGTACTTCGATC
H-W/K-F ATTGGATCCTTCCCCCATCTCGAGGACTACAAATACTTCGATC
H-Y2/K-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGAAATTCGATC
H-F/K-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGTACAAAGATC
H-D2/K-F ATTGGATCCTTCCCCCATCTCGAGGACTACTGGTACTTCAAAC
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plate, and the amplified DNA fragments were inserted into the designated
sites of loop 5 with the restriction enzymes BglII and NotI to form dual
CDR3 insertions. All of the constructs were sequenced and transformed
into E. coli BL21 by electroporation, and the steps for protein expression
and the determination of binding activity were as previously described.

Affinity determination. After purification, the affinity of the purified
GFP-Ab was determined by ELISA. The dialyzed TLH antigen (2.5 �g/ml)
was used to coat the 96-well plates at 4°C for overnight. After the ELISA,
the plates were blocked and washed, and the serially diluted GFP-Abs (the
maximum concentration of antibody was 20 �g/ml) were added to the
reaction wells, followed by incubation at 37°C for 2 h. Anti-6�His tag
antibody was added to the reaction wells, followed by incubation at 37°C
for 2 h. The affinities of the different antibodies were detected by using an
HRP-conjugated anti-mouse IgG antibody. The enzyme reaction was
then performed with TMB as a substrate, and color development was
terminated with 2 M H2SO4. The absorbance at 450 nm was measured
using a microplate reader. The affinity constant (Kaff) of purified GFP-Ab
was determined by using the equation Kaff � n � 1/(n[Ab2] � [Ab1]) as
described previously (2), where [Ab1] and [Ab2] represent the respective
GFP-Ab concentrations required to achieve 50% of the maximum absor-
bance between two different concentrations of coated antigen ([Ag1] �
n[Ag2]), and n is the dilution factor between the concentrations of antigen
used. The data are presented as means plus the SD for three separate
experiments.

Versatility assay of GFP-Abs. To evaluate the versatility of CDR in-
sertion at loop 9, the HCDR3s and LCDR3s of three different scFv anti-
bodies specific to three small-molecular-weight toxins (fumonisin [FB1],
tetrodotoxin [TTX], and citreoviridin [CIT]) were amplified with specific
primers (Table 5) by PCR inserted into the same sites of loop 9. All of the
constructs were transformed into E. coli BL21 by electroporation, and a

single colony from the selection plate was inoculated into 5 ml of LB liquid
medium containing 100 �g of ampicillin/ml for the expression of mutant
GFP-Ab antibody. The expressed protein contained a 6�His tag at the N
terminus, and the target proteins were purified by using Ni2� affinity
chromatography. The binding activities of the purified GFP-Abs were
determined by ELISA. The data are presented as means plus the SD for
three separate experiments.

RESULTS
Definition of superfolder GFP. In the present study, a more stable
GFP variant, superfolder GFP, was used as a scaffold to insert the
CDR at the designed sites to generate a fluorobody that retains
binding activity for the target antigen. As shown in Fig. 1A, there
are 11 beta strands numbered in sequence and a core helix, form-
ing 11 different loops at the end of a GFP barrel-like scaffold.
Among of 11 loops, loop 9 (positions 171 to 176) is the most
favorable insertion site (30), and this site is marked in yellow (Fig.
1B and C). In addition, another loop 5 (positions 101 to 105)
marked in red was used as the second site to insert CDR3 for
creating the dual insertions in combination with loop 9 (Fig. 1B
and C).

Binding activity assay of different insertions. To determine
which insertion has higher binding activity for the TLH antigen,
full-length scFv, VH, and VL (Fig. 2A) and HCDR3 and LCDR3
(Fig. 2B) fragments were amplified and inserted into the specific
site of loop 9, and the binding activity of these expressed proteins
were analyzed by ELISA. At the same time, anti-TLH scFv anti-
body and GFP with a 6�His tag were used as controls. Protein
expression and purification results showed that the proteins were
highly expressed (Fig. 2C). Compared to the traditional anti-TLH
scFv antibody, the G9-LCDR3 has a binding activity similar to that
of TLH, with the binding activity being higher than all of the
others (Fig. 2D). Although the G9-HCDR3 derived from HCDR3
insertion reacted with TLH, the binding activity is lower than that
of G9-LCDR3 and scFv (Fig. 2D). In fact, the proteins expressed
from VL, VH, and scFv insertions showed very low binding activity
to TLH. These results demonstrated that loop 9 is feasible for the
insertion of CDR3 to produce the functional GFP-Abs, whereas
the other insertions are not ideal.

Fluorescence and specificity assay. To further investigate the
effect of different insertions on the folding of the GFP scaffold, the
fluorescence of different GFP-Ab variants was visualized under
UV exposure. In Fig. 3A, expressed G9-L3 and G9-H3 (tube 3 and
4) demonstrated much higher fluorescence and kept the same
level of fluorescence as GFP (no insertion, tube 2). However, the
fluorescence intensity of other proteins was significantly dimin-
ished or undetectable. The results further indicated that loop 9 is
feasible for the insertion of CDR3 to produce the functional GFP-
Abs. To further determine the specificity of G9-L3 to TLH antigen,

TABLE 4 Primers used for site mutagenesis of key amino acids
(LCDR3)

Mutant type
and primer DNA sequence (5=–3=)
R2 mutants

L-R2/D-F GATGGATCCCACCAGTATCATCGTTCCCCAGACAC
L-R2/E-F GATGGATCCCACCAGTATCATCGTTCCCCAGAGAC
L-R2/H-F GATGGATCCCACCAGTATCATCGTTCCCCACACAC
L-R2/Q-F GATGGATCCCACCAGTATCATCGTTCCCCACAGAC
L-R2/S-F GATGGATCCCACCAGTATCATCGTTCCCCAAGCAC
L-R2/T-F GATGGATCCCACCAGTATCATCGTTCCCCAACGAC

Q mutants
L-Q/DR2/K-F GATGGATCCCACGACTATCATCGTTCCCCAAAGAC
L-Q/ER2/K-F GATGGATCCCACGAGTATCATCGTTCCCCAAAGAC
L-Q/HR2/K-F GATGGATCCCACCACTATCATCGTTCCCCAAAGAC
L-Q/RR2/K-F GATGGATCCCACCGGTATCATCGTTCCCCAAAGAC
L-Q/SR2/K-F GATGGATCCCACAGCTATCATCGTTCCCCAAAGAC
L-Q/TR2/K-F GATGGATCCCACACGTATCATCGTTCCCCAAAGAC
L-Q/KR2/K-F GATGGATCCCACAAGTATCATCGTTCCCCAAAGAC

TABLE 5 Primers used for CDR3 insertion of other scFv antibodies

Target gene
(toxin) Primer DNA sequence (5=–3=)
HCDR3 (FB1) 9-F-H3-F AACGGATCCGCTAGGATGGAATTGCAGGTTCGGGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR3 (FB1) 9-F-L3-F AACGGATCCCAGCAAAGTAGGAGGGTTCCGTACACGGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR3 (TTX) 9-T-H3-F AACGGATCCGTAAGAGTGGCCTTTGATGGTTACTACGATGACTTCGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR3 (TTX) 9-T-L3-F AACGGATCCCAAAATGGTCACAGCTTTCCTCCGACGGGATCAGTTCAACTAGCAGACCATTATCAAC
HCDR3 (CIT) 9-C-H3-F AACGGATCCAGCATGGGGGCCCTCCCTCCGTACTACTTTGACTACTGGGGATCAGTTCAACTAGCAGACCATTATCAAC
LCDR3 (CIT) 9-C-L3-F AACGGATCCCAGCAAAGGAGTAGTTACCCGTACACGGGATCAGTTCAACTAGCAGACCATTATCAAC
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ELISA and ic-ELISA were carried out. As shown in Fig. 3B, ex-
pressed G9-L3 and G9-H3 were specific to TLH, whereas there was
no cross binding to any other proteins, such as BSA, KLH, TDH,
Vp1668, and VP1694. Moreover, the result obtained from ic-
ELISA also showed that the uncoated TLH could effectively com-
pete with the G9-L3 antibody (Fig. 3C). These results indicated
that expressed protein G9-L3 could recognize TLH specifically.

G9-L3a is the major binding region to TLH. An intact anti-
body consists of six different CDRs: HCDR1, HCDR2, and
HCDR3 for the heavy chain and LCDR1, LCDR2, and LCDR3 for
the light chain. To find the major regions responsible for antigen
recognition, six different CDRs were inserted into the designed
sites of loop 9, respectively (Fig. 4A and B), and the binding activ-
ities of these purified antibodies were analyzed by ELISA. As
shown in Fig. 4, the six different insertion proteins were expressed

and purified successfully, and the purified proteins demonstrated
a high purity (Fig. 4C). ELISA result showed that of these six
different proteins, G9-L3a showed the greatest binding activity to
TLH of the three LCDR insertions, while the G9-H3a showed the
greatest binding activity of the three HCDR insertions (Fig. 4D),
and the G9-L3a is the best of these. The results derived from the
ELISA demonstrated that LCDR3 played a key role in this antigen
recognition.

CDR3 loop is the best format for insertion. We were inter-
ested in determining whether the different lengths of CDR3 could
affect the binding activities of antibody to recognize TLH antigen.
To achieve this purpose, three different formats of HCDR3 or
LCDR3 (L3a, L3b, L3c, H3a, H3b, and H3c) fragments (Fig. 5A
and B) were inserted into the same site of loop 9 as described
above, and the binding activities of purified antibodies were ana-

FIG 1 Description of superfolder GFP. (A) Topological structure of superfolder GFP. The beta-strands were numbered in sequences 1 to 11, and the loops were
numbered in sequences loop 1 to loop 11 (loop 5, dark gray; loop 9, light gray). (B) Side view of superfolder GFP with loop insertion site. The different loops were
colored (positions 100 to 105, dark gray for loop 5; positions 171 to 176, light gray for loop 9). (C) Top view of superfolder GFP with a loop insertion site.
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lyzed by ELISA. As shown in Fig. 5C and D, the expressed proteins
were purified successfully, and the purified G9-L3a showed the
greatest binding activity of all three LCDR3 insertions. Con-
versely, there were no obvious differences in the binding activities
of these three HCDR3 insertions (Fig. 5D). In view of this result,
L3a and H3a were regarded as the best formats for CDR3 inser-
tion, indicating that the shorter insertion of CDR3 might be the
best format.

Alanine scanning of G9-L3/H3. To understand the interaction
between G9-L3/H3 and TLH antigen, all of the CDR3 amino acids
were mutated to alanine by site-directed mutagenesis to scan the
key amino acids responsible for binding (Fig. 6A and B). As shown
in Fig. 6C, compared to the wild-type G9-L3, the binding activity
of the four mutated proteins (Q/A, H1/A, P/A, and R2/A) de-
creased greatly, showing very low binding activity to TLH in all of
the L3 mutants. In Fig. 6D, wild-type G9-H3 showed the highest
binding activity, whereas the binding activity of the two mutated
proteins was significantly reduced (L/A and D2/A), only showing
a little binding activity to the TLH antigen (Fig. 6D). This result
demonstrated that amino acids Q, H1, P, and R2 of LCDR3 were
critical for the interaction between G9-L3 and TLH antigen and
that amino acids L and D2 of HCDR3 were critical for the inter-
action between G9-H3 and TLH antigen.

Lysine scanning of G9-L3/H3. To further enhance the binding
activity of G9-L3/H3 to TLH antigen, all of the amino acids of the
CDR3 insertion regions were mutated to lysine by site-directed
mutagenesis (Fig. 7A and B), and the binding activities of all G9-
L3/H3 mutated variants were determined by ELISA. As shown in
Fig. 7C, compared to the wild-type G9-L3 insertion, the binding
activity of the mutated G9-L3-R2/K increased greatly, showing the

greatest binding activity to TLH of all the L3 mutants. For the H3
mutants, mutated G9-H3-L/K showed the greatest binding activ-
ity, while the other mutated proteins did not change significantly
(Fig. 7D). These results demonstrated that the G9-L3-R2/K and
G9-H3-L/K mutants were critical for improving the binding ac-
tivities of G9-L3 and G9-H3, respectively.

Mutation of key LCDR3 amino acids. After scanning alanine
and lysine, we found that the binding activity of G9-L3-R2/A
decreased greatly, whereas the binding activity of G9-L3-R2/K
increased significantly, indicating that amino acid R2 might be
an important site for antigen-antibody interaction. To further
determine the effect of other amino acid mutants (at the R2
site) on the binding activity of G9-L3, the key amino acid R2
(LCDR3) was mutated to six hydrophilic amino acids (Fig. 8A).
As shown in Fig. 8C, of seven G9-L3-R2 variants, mutated G9-
L3-R2/K has the greatest binding activity, and all of the other
mutants only showed very low binding activity to TLH. The
result indicated that the R2/K mutant is the best for R2 site-
directed mutagenesis. On the basis of the R2/K construct, the
key amino acid Q (LCDR3) was also mutated to seven other
different hydrophilic amino acids (Fig. 8B), and the binding
activities of these mutants were evaluated by ELISA. Compared
to the G9-L3-R2/K, the binding activity of all mutants de-
creased greatly (Fig. 8D), and this phenomenon implied that
amino acid Q is very important and immutable. Therefore, the
amino acids R2 and Q were considered critical for LCDR3
binding to the TLH antigen.

Dual CDR3 insertion at loops 5 and 9 and affinity determi-
nation. To achieve dual-loop insertion, the loops of LCDR3 and
HCDR3 from anti-TLH scFv and the loop of CDR3 containing

FIG 2 Protein expression and ELISA detection of different antibody formats. (A) Scheme of scFv, VL, and VH insertions in loop 9. For effective insertion,
the NaeI restriction enzyme site was introduced into loop 9, and NaeI and BamHI were used to insert VL, VH, and scFv. (B) Scheme of HCDR3 and LCDR3
insertion in loop 9. (C) SDS-PAGE assay of the expressed total proteins. Lane M, midrange protein molecular mass markers; lane1, GFP; lane 2, G9-L3;
lane 3, G9-H3; lane 4, G9-VL; lane 5, G9-VH; lane 6, G9-scFv. (D) ELISA. The binding activities were determined with HRP-conjugated goat anti-mouse
IgG antibody.
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R2/K mutant were inserted into the positions of loop 5 and loop 9
in different formats, respectively, and the binding activities of ex-
pressed proteins were analyzed by ELISA. Although the dual-in-
sertion mutants G5L9L and G5L9L(R2/K) retain higher binding
activities than the single-loop insertion, the dual-insertion mutant
G5L9L(R2/K) showed the greatest binding activity to TLH. How-
ever, the other dual insertions showed low binding activity to TLH
(Fig. 9A), and the fluorescence intensity of these mutants were
diminished substantially (data not shown). To further probe the
interaction of CDR3 insertions and TLH antigen, the affinities of
G9-L3, G9-L3-R2/K, and G5L9L(R2/K) were studied by ELISA
(Fig. 9B), and the measured data were used for the quantitative
determination of the affinity constant. The calculated affinity con-
stant of G9-L3, G9-L3-R2/K, and G5L9L(R2/K) were 1.1 � 108

liters/mol, 3.7 � 108 liters/mol, and 1.06 � 109 liters/mol, respec-
tively.

Versatility assay of CDR3 insertions. We were interested in
determining whether this system is also suitable for CDR3 in-
sertions of other scFv and IgG antibody molecules and whether
the expressed GFP-Abs also retain the binding activity to their

target antigen. To test this hypothesis, L3/H3 regions from
three different scFvs that are specific to three toxins (FB1, TTX,
and CIT), respectively, were inserted into loop 9 by the same
method to create antibodies G9-F-L3, G9-F-H3, G9-T-L3, G9-
T-H3, G9-C-L3, and G9-C-H3, respectively. These proteins
were expressed and purified successfully (data not shown), and
the purified GFP-Abs also retain the binding activity to their
antigen (Fig. 9C). These results demonstrate that this system is
feasible for the generation of a functional antibody-based GFP
scaffold.

DISCUSSION

Over the past several decades, a variety of methods for producing
a stable, soluble, and higher-affinity scFv antibody have been de-
veloped, including coexpression with molecular chaperons (3,
31), expression in different host systems (32), genetic fusion to
specific proteins (33), and GFP-based binders (29, 30). Perhaps
the most effectively used method is the use of a new type of anti-
body based on a GFP scaffold. To effectively identify the feasibility
of a GFP-based binder, five different regions of antibody molecules

FIG 3 Identification of GFP-based antibody. (A) Fluorescence tracking for antibodies. The different constructs were expressed at 30°C by IPTG induction, and
the fluorescence levels for culture pellets after centrifugation are shown after UV exposure. Lanes: 1, scFv; 2, GFP; 3, G9-L3; 4, G9-H3; 5, G9-VL; 6, G9-VH; 7,
G9-scFv; 8, BL21. (B) Specificity assay of G9-L3/H3. TLH and other correlated antigens were coated in a 96-well plate, and G9-H3 and G9-L3 antibodies were
added to the wells. The specificity of the antibodies was determined using HRP-conjugated goat anti-mouse antibody. (C) ic-ELISA. The signals obtained in the
presence of various inhibitor concentrations and without inhibitor (maximal signal) are referred to as “B” and “B0” (x axis), respectively. Standard curves were
generated by plotting the inhibition percentage (B/B0) versus the log of free inhibitor concentrations (y axis).
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were first inserted into the loop 9 of GFP, and the binding activities of
the resultant proteins were evaluated by ELISA and ic-ELISA. Since
the GFP contained a BamHI digestion site at positions 175 and 176
that encoded a “GS” peptide as a linker for CDR3 insertions, a
GGATCA DNA sequence was introduced 3= of the CDR3 for encod-
ing another “GS” to ensure the correct folding of inserted CDR3.
Compared to the VL, VH, and scFv insertions, the H/LCDR3 insertion

showed higher GFP fluorescence, and the LCDR3 demonstrated
greater binding activity to TLH, whereas the GFP fluorescence of the
VL, VH, and scFv insertions diminished and the proteins showed low
affinity. Although loop 9 is the most tolerated site for peptide inser-
tion, this does not mean that it is compatible for all of the different
sizes of protein insertions. Protein insertions with larger molecular
structures (such as VH, VL, and scFv [�30 Å]) seriously affect the

FIG 4 Different CDR insertions in loop 9. (A and B) Construction of different CDR insertions. (A) Selected light-chain CDRs and three CDR sequences are
indicated. (B) Selected heavy-chain CDRs and three CDR sequences are indicated. (C) SDS-PAGE assay of the purified target proteins. Lane M, midrange protein
molecular mass markers; lane 1, G9-L1; lane 2, G9-L2; lane 3, G9-L3; lane 4, G9-H1; lane 5, G9-H2; lane 6, G9-L3. (D) ELISA. All ELISA steps were performed
as described in Materials and Methods.

FIG 5 CDR3 insertion with different formats in loop 9. (A) Three-dimensional model of CDR3 insertions. (Left) LCDR3 insertion. a, b, and c indicate the
different insertion formats. (Right) HCDR3 insertions. a, b, and c indicate the different insertion formats. (B) Amino acid sequence of CDR3 insertions. (C)
SDS-PAGE assay of purified target proteins. Lane M, midrange protein molecular mass markers; lane 1, G9-L3a; lane 2, G9-Lb; lane 3, G9-L3c; lane 4, G9-H3a;
lane 5, G9-H3b; lane 6, G9-H3c. (D) ELISA. All ELISA steps were performed as described in Materials and Methods.
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folding of GFP, leading to the disappearance of GFP fluorescence.
Thus, this directly affects the correct folding of the inserted fragment
of antibody, making the resultant antibody lose binding activity to the
target antigen. This result indicates that the insertion of CDR3s does

not affect the folding of GPF scaffold, and it was possible to directly
create an antibody with high affinity based on GFP scaffold using only
one CDR3 insertion.

CDR1 and CDR2 (but not CDR3) were inserted into the

FIG 6 Alanine scanning test. (A) Schematic diagram of LCDR3. There are 9 amino acids in LCDR3, and all of the amino acids were mutated to alanine. The
circled sequences indicate amino acids of LCDR3, and the dashed lines indicate the clipped section. (B) Schematic diagram of HCDR3. There are 11 amino acids
in LCDR3, and all of the amino acids were mutated to alanine. (C) ELISA of alanine scanning in LCDR3. (D) ELISA of alanine scanning in HCDR3. All ELISA
steps were performed as described in Materials and Methods.

FIG 7 Lysine scanning test. (A) Schematic diagram of LCDR3. Seven amino acids were mutated to lysine. The circled sequence indicates the amino acids of
LCDR3, and the dashed lines indicate the clipped section. (B) Schematic diagram of HCDR3. Eleven amino acids were mutated to lysine. (C) ELISA of lysine
scanning in LCDR3. (D) ELISA of lysine scanning in HCDR3. All ELISA steps were performed as described in Materials and Methods.
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same sites of loop 9. As expected, ELISA showed that H/LCDR3
was the major region for antigen-antibody recognition. Al-
though CDR1 and CDR2 regions exist in all antibody mole-
cules, their functions in the interactions of antibody and anti-
gen may be less important. In fact, antibody CDR3s have been
widely used to construct binders specific to the target antigen
or as active vaccines using different protein scaffolds (25–30,
34). Moreover, some published studies have shown that “nano-
antibody” formed by only one variable domain proved to be a
useful tool for research, diagnostics, and therapy (35, 36), and
this thesis added further support that the scheme of design in
the present study was feasible. We are interested in determin-
ing whether the GFP-Abs containing CDR3 insertions have
specificity as good as the scFv antibody, and so the specificities
of GFP-Abs were evaluated by ELISA and ic-ELISA. It is very
exciting that purified GFP-Abs show specificities similar to that
of the scFv antibody. Hence, these results show that only CDR3
insertions do not affect the specificity of GFP-Abs.

To develop an effective CDR3 insertion, the effects of the to-
pological structure of CDR3 loops and the amino acid adjutant to
CDR3 on the binding efficiency of the formed antibody were fur-
ther investigated. It was very interesting that the LCDR3A inser-
tion showed the greatest binding efficiency, whereas the HCDR3A
insertion retained an affinity similar to that of HCDR3C and
higher than that of HCDR3B. This phenomenon suggested that
only the CDR3 loop insertion is sufficient for the generation of
high-affinity antibody. For further verification, similar experi-
ments were performed by insertion of the CDR3 loops of other
scFvs against different toxins. Entire target proteins were ex-
pressed and purified successfully, and the resulting GFP-based
Abs displayed high affinity to their respective antigens. Hence, the
method developed here for the creation of GFP-based Abs shows
general applicability.

After identification, the key amino acids of L/HCDR3 were
determined by alanine scanning, and four LCDR3 mutants (Q/A,
R1/A, P/A, and R2/A) and two HCDR3 mutants (L/A and D2/A)
were found to significantly reduce the binding activity of antibody
to TLH. To further enhance this binding activity, selected amino
acids were mutated to lysine, and ELISA was used to evaluate the
activities of these mutants. The result showed that only mutant
R2/K of LCDR3 and mutant L/K had greater binding activities
than their parents, but the binding activity of Q/K mutant is still
declining. After the mutation described above, amino acids Q and
R2 of LCDR3 were mutated to seven other hydrophilic amino
acids to select the best mutants. However, the results obtained
from ELISA were not very exciting, and the binding activities of all
the mutants had decreased greatly, indicating that Q and R2/K is
the optimal combination for LCDR3.

In the present study, the main object was to create a higher-
affinity antibody by using CDR3 dual-insertion loops, so five
CDR3 dual insertions [G5L9L, G5L9H, G5H9L, G5H9H and
G5L9L(R2/K)] were constructed, and the affinity of the dual-in-
sertion G5L9L(R2/K) was increased significantly, with an affinity
of G5L9L(R2/K) of 1.06 � 109 liters/mol. These results indicate
that the production of CDR3 single insertion or dual-insertion
GFP-Abs was feasible, and the expressed proteins have better flu-
orescence intensity and higher binding activity. Pavoor et al. de-
veloped a GFP-based biosensor possessing the binding properties
of antibody (30), but the resulting biosensor showed no fluores-
cence and low affinity and needed to improve its affinity by several
rounds of directed evolution using a surrogate loop approach and
yeast surface display.

In conclusion, our results demonstrate that it is feasible to pro-
duce a high-affinity antibody by inserting CDR3s into GFP loops.
Further, this affinity can be enhanced by specific amino acid scan-
ning and site-directed mutagenesis. Notably, this method had bet-

FIG 8 Mutation of key amino acids. (A) Schematic diagram of R2 mutants in LCDR3. The key amino acid R235 was mutated to the other six hydrophilic amino
acids (D, E, H, Q, S, and T), respectively. (B) Schematic diagram of Q229 mutants in LCDR3. The key amino acid Q229 was mutated to the other six hydrophilic
amino acids (D, E, H, R, K, S, and T), respectively. (C) ELISA of R235 mutants. The x axis indicates the concentration of different mutated GFP-Abs (1 �g/ml).
(D) ELISA of Q229 mutants. All ELISA steps were performed as described in Materials and Methods.
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ter versatility for creating antibodies to various antigens using
GFP as the scaffold, suggesting that a GFP-based antibody may be
useful for disease diagnosis and therapy.
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