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ABSTRACT: In this study, the binding domains for fluorescent
dyes were presented that could be used as synthetic peptides or
fusion proteins. Fv-antibodies against two fluorescent dyes
(fluorescein and rhodamine B) were screened from the Fv-
antibody library, which was prepared on the outer membrane of
Escherichia coli using the autodisplay technology. Two clones with
binding activities to each fluorescent dye were screened separately
from the library using flow cytometry. The binding activity of the
screened Fv-antibodies on the outer membrane was analyzed using
fluorescent imaging with the corresponding fluorescent dyes. The
CDR3 regions of the screened Fv-antibodies (11 amino acid
residues) were synthesized into peptides, and each peptide was
analyzed for its binding activity to each fluorescent dye using fluorescence resonance energy transfer (FRET) experiments. These
CDR3 regions were demonstrated to have a binding activity to each fluorescent dye when the regions were co-expressed as a fusion
protein with Z-domain.

■ INTRODUCTION

Fluorescence has been widely used in a variety of applications
in biotechnology, such as real-time polymerase chain reaction
(PCR), biomolecule imaging, and immunoassays.1−5 Suitable
fluorescent dyes are selected by considering the excitation and
emission wavelengths of each fluorescent dye in relation to
their respective biological applications.6 For instance, several
kinds of fluorescent dyes have been used because of their high
relative brightness, which could be estimated from extinction
coefficient (M−1 cm−1) and quantum yield,7 such as fluorescein
(molecular weight = 332.3 Da, extinction coefficient 88,000
M−1 cm−1, quantum yield (Φ) = 0.85, and brightness = 74,800
Φ·M−1 cm−1) and rhodamine B (molecular weight = 479.0 Da,
extinction coefficient = 106,000 M−1 cm−1, quantum yield (Φ)
= 0.45, and brightness = 47,700 Φ·M−1 cm−1) as shown in
Scheme 1.8−10 Such fluorescent dyes are applied using the
chemical coupling between the chemical functional groups of
the fluorescent dyes and biomolecules.11 Usually, the targeted
binding of fluorescent dyes to a specific region (amino acid
residue) of biomolecules is relatively difficult because multiple
binding of fluorescent dyes can occur on the surface of a single
biomolecule (such as protein and nucleotide).12,13 The
production of antibodies with a specific binding activity to
fluorescent dyes is also very difficult because the size of
common fluorescent dye molecules is less than the size
required to induce immunogenicity in animals; an antigen size
of more than 5 kDa is known to cause this induction.14,15

Additionally, fluorescent proteins such as green fluorescent
protein (GFP) have a markedly larger molecular weight (27
kDa; extinction coefficient 55,900 M−1 cm−1, quantum yield
(Φ) = 0.60, brightness = 33,000 Φ·M−1 cm−1) than the
common fluorescent dyes, and the labeling of biomolecules
with such a large fluorescent protein has been possible only for
limited applications.16 Other kinds of proteins for the covalent
linkage of fluorescent dyes were reported, such as Halo-tag (26
kDa) and Snap-tag (19.4 kDa).17,18 Furthermore, the binding
domain for fluorogens called thiazole orange and malachite
green was reported to be screened from yeast-displayed scFv
library using flow cytometry. Eight kinds of binding domains
for fluorogens were screened, and the recombinant proteins
with the binding domain demonstrated the fluorogen binding
activity to produce a fluorescence signal.19,20 In this study, we
aimed to screen the binding domains (proteins) for fluorescent
dyes that could be used as synthetic peptides or fusion
proteins. The Fv-antibody is a promising candidate as a
binding domain for fluorescent dyes. The Fv-antibody
represents the variable region of immunoglobulin G (IgG),
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which comprises three complementarity determining regions
(CDR) and four frames regions (FR).21−23 Amino acid
sequences of the three CDRs are known to differ for each
antibody, and specific binding to antigens occurs in these
regions. An Fv-antibody with binding activity to the fluorescent
dyes fluorescein and rhodamine B was screened from the Fv-
antibody library expressed on the outer membrane of
Escherichia coli using the autodisplay technology, as shown in
Scheme 1.
The Fv-antibody library was produced by randomizing the

amino acid sequence of the CDR3 region (having 11 amino
acid residues) via site-directed mutagenesis.24 Then, the Fv-
antibody library was expressed on the outer membrane of E.
coli using the autodisplay technology.25,26 In this expression
method, the target protein is expressed and then transported to
the outer membrane of E. coli through the co-expressed β-
barrel structure of AIDA-1. The autodisplay technology has
been used in various types of proteins, such as Z-domain,
streptavidin, Ro/La antigens, casein, and lipase.27−30 Com-
pared with the conventionally used bacteriophage-based

antibody library, the autodisplay technology is known to
express a high density of proteins as much as 1.0 × 105

proteins/E. coli cells (approximately 10 proteins/bacterio-
phage) and an expression yield of more than 90% among the
total population of transformed E. coli (approximately 10% for
bacteriophage-based antibody library). Because of such high
expression density and expression yield, the targeted Fv-
antibody with binding activity to fluorescent-labeled antigens
could be screened without repeated biopanning process by
isolating the fluorescent dye-bound E. coli cells using flow
cytometry.31,32 In a previous study, Fv-antibodies with binding
activity to gout crystals (monosodium urate (MSU) crystals)
were screened from the Fv-antibody library.31 The screened
clones (E. coli cells) with Fv-antibodies were reported to have a
binding activity to MSU crystals, and the MSU crystal-binding
domain of Fv-antibodies could be obtained from the genetic
sequencing of the CDR3 region (11 amino acid residues). The
MSU crystal-binding domain was synthesized into peptides
(15 amino acid residues), and the peptides were found to
retain the MSU crystal-binding activity, which could be used

Scheme 1. Screening of the Binding Domains for the Fluorescent Dyes from the Fv-Antibody Library

Figure 1. Autodisplay of the Fv-antibody library. (a) Preparation of (1) randomized CDR3 region of Fv-antibody by site-directed mutagenesis and
(2) autodisplay vector from a template plasmid. (b) Autodisplay of Fv-antibody with three CDR regions and two CDR regions (negative control)
on the outer membrane of E. coli. (c) Sodium dodecyl sulfate (SDS) analysis of autodisplayed Fv-antibodies.
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for the quantitative analysis of MSU crystals in the synovial
fluid of patients with gout. To screen the binding domains
(proteins) of fluorescent dyes, Fv-antibodies against fluo-
rescein and rhodamine B were screened from the Fv-antibody
library, which was prepared on the outer membrane of E. coli
using the autodisplay technology. Two clones with binding
activity to fluorescein and rhodamine B were screened
separately from the library using flow cytometry. The binding
activity of Fv-antibodies on the outer membrane was analyzed
using fluorescent imaging with two types of fluorescent dyes.
The CDR3 regions of the screened Fv-antibodies (11 amino
acid residues) were synthesized into peptides (11 amino acid
residues), and each peptide was analyzed for binding activity to
each fluorescent dye using fluorescence resonance energy
transfer (FRET) experiments. Finally, the CDR3 regions of the
screened Fv-antibodies were demonstrated to have a binding
activity to each fluorescent dye when the CDR3 regions were
co-expressed as a fusion protein with Z-domain.

■ RESULTS AND DISCUSSION

Screening of Fv-Antibody Library for a Target
Sequence for Fluorescein or (Rhodamine B)-Binding
Fv. The Fv-antibody library was generated to have randomized
amino acid sequences in the CDR3 regions through site-
directed mutagenesis.33 The autodisplay vector for the Fv-
antibody library was prepared by (1) synthesis of an
oligonucleotide with a randomized nucleotide sequence of
the CDR3 region and (2) integration of the oligonucleotide
into a template autodisplay vector for an Fv-antibody. As the
first step, an oligonucleotide of 75 bp was synthesized to have a
randomized nucleotide sequence of 33 bp, as shown in Figure
1(a). Each nucleotide site of the randomized CDR3 region was
synthesized under a controlled proportion of four nucleotides
to avoid the occurrence of stop codons and rare codons.34

Using the synthesized oligonucleotide with the randomized
CDR3 region, a forward primer (a double-stranded primer; 75
bp) was prepared using PCR with a reverse primer (22 bp), as
summarized in Table 1. In the second step, the autodisplay

vector for the Fv-antibody library was prepared via PCR using
an autodisplay vector (pST009) for an Fv-antibody against
thyroid peroxidase (TPO) as a template plasmid.
The autodisplay vector for the Fv-antibody library (5.3 kb)

was prepared after digestion of the template plasmid using the
DpnI reaction. When the Fv-antibody library was transformed
and autodisplayed on the outer membrane of E. coli, the
diversity of the Fv-antibody library was estimated to be more
than 2.8 × 105 clones/library as indicated by the sequencing of
randomly selected clones. The Fv-antibody library was
expressed on the outer membrane of E. coli for the screening

of the fluorescein or (rhodamine B)-binding domain using the
Fv region of the heavy chain of IgG. Each prepared Fv-
antibody library comprised three idiotypic domains of CDR1,
CDR2, and CDR3 for the binding of antigens and four frame
domains of FR-1, FR-2, FR-3, and FR-4, as shown in Figure
1(b). As a negative control, autodisplayed Fv-antibody was also
prepared only with the CDR1 and CDR2 regions (without the
CDR3 region), as shown in Figure S1. The Fv-antibody library
was autodisplayed on the outer membrane of E. coli as a fusion
protein of β-barrel structure with a molecular weight of 64.2
kDa, as shown in Figure 1(c). In the negative control without
the CDR3 region, the Fv-antibody had a molecular weight of
63.0 kDa. The amount of autodisplayed Fv-antibodies on each
E. coli cell was estimated to be more than 1.3 × 105 Fv-
proteins/E. coli cells using densitometry by comparing with a
protein band of OmpA with a known protein expression level
of 1.0 × 105 proteins/E. coli. E. coli cells with autodisplayed Fv-
antibody having fluorescein-binding activity was screened from
the Fv-antibody library using flow cytometry, as shown in
Scheme 1. The screening was carried out using the following
steps: (1) the Fv-antibody library of 8.0 × 108 cells (OD = 1.0
at 600 nm, 500 μL) was first incubated with fluorescein (0.5
mM) for 0.5 h and then (2) the fluorescein-bound E. coli was
isolated using flow cytometry. As negative controls, BL21-
(DE3) without autodisplayed Fv-antibodies and E. coli with
autodisplayed Fv-antibodies with only the CDR1 and CDR2
regions (without the CDR3 region) were used for screening of
the fluorescein-binding Fv-antibody. E. coli with Fv-antibody
having a binding activity to fluorescein was screened from the
Fv-antibody library. As shown in Figure 2(a), the E. coli with
autodisplayed Fv-antibody library showed a significantly higher
fluorescence signal intensity (peak intensity of 31.1 a.u.) after
incubation with fluorescein than the two negative controls,
namely, BL21(DE3) without autodisplayed Fv-antibodies
(peak intensity of 6.8 a.u.) and E. coli with autodisplayed Fv-
antibody with only the CDR1 and CDR2 regions (peak
intensity of 5.2 a.u.). For the isolation of E. coli with
fluorescein-binding activity, a fluorescence signal in the range
of 30−100 a.u. was used as an isolation gate for flow
cytometry. Thereafter, 5.0 × 103 E. coli cells with an
autodisplayed Fv-antibody library were counted in the
corresponding isolation gate. Regarding the two negative
controls, a significant amount of E. coli cells did not exist in the
corresponding gate.
After the screened E. coli with autodisplayed Fv-antibodies

from flow cytometry was cultured on an agar plate, eight clones
were randomly selected for sequencing of the CDR3 region;
their fluorescein-binding activity was estimated again using
flow cytometry. As shown in Figure 2(b), the fluorescein-
binding activity was observed for Clone-1, Clone-5, and Clone-
8. From the sequencing of the CDR3 region, Clone-1 was
found to be valid with a sequence different from that of the
template clone. A nucleotide insertion was observed in Clone-
5, and a stop codon was found in Clone-8. As shown in Table
2, the nucleotide sequence of the CDR3 region correlated with
the amino acid sequence of 1YLRNR 6GLVRD 11F. E. coli cells
with autodisplayed Fv-antibodies with rhodamine B-binding
activity were also screened from the Fv-antibody library using
flow cytometry. The screening was carried out through the
same steps by (1) incubating the Fv-antibody library with
rhodamine B and (2) isolating the rhodamine B bound E. coli
using flow cytometry. As negative controls, BL21(DE3)
without autodisplayed Fv-antibodies and E. coli with

Table 1. Oligonucleotide Primer Sequence for Randomized
CDR3 Sequence Region of the Fv-Antibody Library

Type Oligonucleotide sequence of primer

Sequence of
forward primer
(75 bases)

5′-GTCTATTATTGCGCTCGT 1KRYVN 6NVNNV
11NNVNN 16VNNVN 21NVNNV 26NNGAT 31KW33Y
TGGGGTCAAGGTACTACGGTTACG-3′

Sequence of
reverse primer
(22 bases)

3′-CCCAGTTCCATGATGCCAATGC-5′

Composition of
nucleotides at
each position

N = A, C, G, T / R = A, G / K = G, T / Y = C, T / W =
A, T / V = A, C, G
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autodisplayed Fv-antibody with only the CDR1 and CDR2
regions (without the CDR3 region) were used for screening of
the rhodamine B-binding Fv-antibodies. E. coli with Fv-
antibody with rhodamine B-binding activity was screened
from the Fv-antibody library. As shown in Figure 2(c), the E.
coli with autodisplayed Fv-antibody library showed a
significantly higher fluorescence signal intensity (peak intensity
of 29.6 a.u.) after the incubation of fluorescein than the two
negative controls [BL21(DE3) without autodisplayed Fv-
antibodies (peak intensity of 4.0 a.u.) and E. coli with
autodisplayed Fv-antibody with only CDR1 and CDR2 regions
(peak intensity of 3.5 a.u.)]. For the isolation of E. coli with
rhodamine B bound E. coli cells, the fluorescence signal in the
range of 30−100 a.u. was used as an isolation gate for flow
cytometry. Thereafter, 5.0 × 103 E. coli cells with an
autodisplayed Fv-antibody library were counted in the
corresponding isolation gate. Regarding the two negative
controls, a significant amount of E. coli cells did not exist in the

corresponding gate. After the screened E. coli with
autodisplayed Fv-antibodies from flow cytometry was cultured
on an agar plate, eight clones were randomly selected for
sequencing of the CDR3 region; their rhodamine B-binding
activity was estimated again using flow cytometry.
As shown in Figure 2(d), the rhodamine B-binding activity

was observed for Clone-1 only. From the sequencing of the
CDR3 region, Clone-1 was found to be valid with a sequence
different from that of the template clone. As shown in Table 2,
the nucleotide sequence of the CDR3 region correlated with
the amino acid sequence of 1DTIGT 6GMPVD 11D.

Binding Activities of Screened Fv-Antibodies. The
binding activities of screened Fv-antibodies were estimated
using fluorescence imaging and flow cytometry with
autodisplayed Fv-antibodies on the outer membrane of E.
coli. Fluorescence imaging was carried out for E. coli cells with
the screened Fv-antibody and two types of negative controls
(BL21(DE3) without autodisplayed Fv-antibodies and E. coli

Figure 2. Screening of the binding domains for the fluorescent dyes from the Fv-antibody library. (a) Establishment of a screening gate for E. coli
with target Fv-antibodies for fluorescein. (b) Sequence analysis for the screening of clone with target Fv-antibodies for fluorescein. (c)
Establishment of screening gate for E. coli with target Fv-antibodies for rhodamine B. (d) Sequence analysis for the screening of clone with target
Fv-antibodies for rhodamine B.

Table 2. Comparison of the Amino Acid Sequence of the Peptide (CDR3 Region)

Peptide Amino acid sequence (11-mer) Oligonucleotide sequence (33 bp) Labeling at C-terminal

Fluorescein-binding N-1YLRNR 6GLVRD 11F-C 5′-1TATCT 6TAGGA 11ACCGC 16GGTCT 21GGTTC 26GTGAT 31TTT-3′ Rhodamine B

Rhodamine B-binding N-1DTIGT 6GMPVD 11D-C 5′-1GACAC 6GATTG 11GTACA 16GGTAT 21GCCGG 26TAGAT 31GAC-3′ Fluorescein
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with autodisplayed Fv-antibodies with only CDR1 and CDR2
regions (without the CDR3 region)). For fluorescence
imaging, three strains of 4.0 × 108 cells (90 μL) were
incubated with fluorescein solution (1 mM, 10 μL) for 30 min,
and fluorescence images were taken. As shown in Figure 3(a),
E. coli cells with the screened Fv-antibodies showed a
significantly higher fluorescence signal intensity than the two
negative controls. From the image analysis, the proportion of
E. coli cells with fluorescence was estimated to be 93.1% among
the fixed E. coli cells (in the area of 90 × 100 μm2). In the case
of the two negative controls, nearly no fluorescence signal was
observed.
For the screened E. coli with Fv-antibodies with rhodamine

B-binding activity, fluorescence imaging was carried out using
the same two negative controls. After incubation in rhodamine
B solution (1 mM, 10 μL) for 30 min, fluorescence images
were taken. As shown in Figure 3(b), E. coli cells with the

screened Fv-antibodies showed a significantly higher fluo-
rescence signal intensity than the two negative controls. From
the image analysis, the proportion of E. coli cells with
fluorescence was estimated to be 92.8% among the fixed E.
coli cells (in the area of 90 × 100 μm2). In the case of the two
negative controls, nearly no fluorescence signal was observed.
These results show that the screened clones had binding
activities to each fluorescent dye (fluorescein and rhodamine
B) and that the binding activities originated from the CDR3
region in comparison with the negative control having only the
CDR1 and CDR2 regions. The quantitative analysis of the
binding activities of the screened Fv-antibody was estimated
using flow cytometry and E. coli with the screened Fv-antibody
and intact E. coli as a negative control. For fluorescence
binding, two strains (4.0 × 108 cells) were incubated with
fluorescein solution in the concentration range of 0−100 μM
for 30 min; the fluorescence signal was measured using flow

Figure 3. Fluorescence imaging for the binding assay of screened clones for (a) fluorescein and (b) rhodamine B. E. coli with the CDR1 and CDR2
regions and intact E. coli were compared as negative controls. Analysis of the binding activities of the screened clones. (c) Quantitative binding
assay using fluorescence-activated cell sorting (FACS) for the screened clone toward fluorescein. (d) Estimation of the affinity constant (Kd) for the
screened clone toward fluorescein. (e) Quantitative binding assay using FACS for the screened clone toward rhodamine B. (f) Estimation of Kd for
the screened clone toward rhodamine B.
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cytometry. As shown in Figure 3(c), E. coli cells with the
screened Fv-antibodies with fluorescein- binding activity
showed a higher fluorescence signal intensity in the
concentration range of 3.125−100 μM than the negative
controls. From the dose−response curves of the two strains,
the affinity constant was estimated using Hill’s equation as a
fitting model. As shown in Figure 3(d), Kd was calculated to be
4.8 × 10−5 M for the screened Fv-antibody on the outer
membrane of E. coli. These results show that the fluorescein-
binding Fv-antibody on the outer membrane of E. coli had a
specific binding activity to fluorescein. As shown in Figure
3(e), E. coli cells with the screened Fv-antibodies with
rhodamine B-binding activity showed a higher fluorescence
signal intensity in the concentration range of 3.125−100 μM
than the negative controls. From the dose−response curves of
the two strains, the affinity constant was estimated using Hill’s
equation as a fitting model.
As shown in Figure 3(f), Kd was calculated to be 2.9 × 10−5

M for the screened Fv-antibody on the outer membrane of E.
coli. These results show that the rhodamine B-binding Fv-
antibody on the outer membrane of E. coli had a specific
binding activity to rhodamine B.
Applications of the Fluorescent Dye-Binding Pep-

tides. The fluorescein and rhodamine B-binding sequences
(CDR3 region) of the screened Fv-antibodies were used for
the synthesis of a peptide, as shown in Table 2. The binding
activity of the CDR3 domain was analyzed using a synthetic
peptide composed of 11 amino acid residues of the screened

CDR3 domain. For the fluorescein-binding synthetic peptide,
rhodamine B was labeled to the synthetic peptide for the
binding of fluorescein. As shown in Figure 4(a), the binding of
fluorescein to the synthetic peptide labeled with rhodamine B
was estimated through the FRET effect between fluorescein
(λex = 488 nm, λem = 515 nm) and rhodamine B (λex = 555 nm,
λem = 580 nm).
When the synthetic peptide labeled with rhodamine B was

bound to fluorescein, the fluorescence from fluorescein from
the incident light at an excitation wavelength of 488 nm was
observed using the labeled rhodamine B and the emission by
rhodamine B at a wavelength of 580 nm was observed without
emission from fluorescein at a wavelength of 515 nm. Such a
FRET effect could be observed only when the two fluorescent
dyes were located at a distance range of 6−9 nm.35,36 The
binding affinity (Kd) of each synthetic peptide was estimated
using the titration method.37 For the rhodamine B-binding
synthetic peptide, fluorescein was labeled to the synthetic
peptide for the binding of rhodamine B. The binding of
rhodamine B to the synthetic peptide labeled with fluorescein
was also estimated through the FRET effect between
fluorescein (λex = 488 nm, λem = 515 nm) and rhodamine B
(λex = 555 nm, λem = 580 nm). For estimation of the binding
affinity (Kd), the synthetic peptide (labeled with rhodamine B)
with the binding affinity to fluorescein in the concentration
range of 0−4.5 μM was reacted with 0.1 μM fluorescein
solution. The FRET signal was measured in the emission
wavelength range of 500−650 nm with the wavelength of 488

Figure 4. Affinity binding of fluorescent dyes to synthetic peptides with the amino acid sequences of the CDR3 regions of screened clones. (a)
FRET effect through the affinity binding between a synthetic peptide (labeled with rhodamine B) with the binding affinity fluorescein and the
ligand (fluorescein). (b) FRET effect through the affinity binding between a synthetic peptide (labeled with fluorescein) with the binding affinity
rhodamine B and the ligand (rhodamine B). The binding affinity was calculated using Hill’s plot.
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nm using a fluorescence spectrometer from PerkinElmer (LS-
55, Waltham, MA). As shown in Figure 4(a), the FRET signal
was observed at the wavelength of 580 nm which was
quantitatively increased according to the concentration of the
synthetic peptide, that is the relative proportion of the
synthetic peptide and the ligand (fluorescein). For the
synthetic peptide (labeled with fluorescein) with the binding
affinity to rhodamine B, rhodamine B solution in the
concentration range of 0−4.5 μM was reacted with the
synthetic peptide at the concentration of 0.1 μM. As shown in
Figure 4(b), the FRET signal was observed at the wavelength
of 580 nm, which was quantitatively increased according to the
concentration of the fluorescein, that is also the relative
proportion of the synthetic peptide and the ligand (rhodamine

B). These FRET results showed that each synthetic peptide
had the specific binding affinity to the targeted fluorescent dye.
From the titration experiment using FRET reaction, the
binding affinity (Kd) was calculated using Hill’s equation.38−40

The binding affinity (Kd) was calculated to be 2.6 μM (Hill
coefficient (n) = 3.2) for the synthetic peptide (labeled with
rhodamine B) with the binding affinity to fluorescein and 2.1
μM (Hill coefficient (n) = 3.7) for the synthetic peptide
(labeled with fluorescein) with the binding affinity to
rhodamine B. The fluorescein (or rhodamine B)-binding
sequence of the screened Fv-antibodies (CDR3 region) was
used for the expression of a fusion protein with Z-domain,
which had the binding activity to the Fc region of antibodies
(IgGs). The fusion protein of (1) the CDR3 sequence with the

Figure 5. Properties of the binding domains of fluorescent dyes after autodisplay as a fusion protein with Z-domains. (a) Schematic view of
autodisplay of a fusion protein composed of Z-domain and the binding domain of fluorescent dye (CDR3 region). (b) SDS analysis of the
autodisplayed fusion protein. Fluorescence imaging for the binding assay of the autodisplayed fusion proteins with the binding domains for (c)
fluorescein and (d) rhodamine B. Quantitative binding assay using FACS for fusion proteins with binding domains for (e) fluorescein and (f)
rhodamine B. The antibody binding activity of the Z-domains was also confirmed using FACS analysis.
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fluorescein (or rhodamine B)-binding activity and (2) the
antibody binding Z-domain was expressed on the outer
membrane of E. coli. As shown in Figure 5(a), a fusion protein
was autodisplayed by inserting the CDR3 sequence as a
passenger gene into an autodisplay vector (pET-Z-18-3) for
the autodisplayed Z-domain. After the fusion protein was
autodisplayed, the expression level of the fusion protein was
estimated by comparing the protein bands of OmpA on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), as shown in Figure 5(b). From such
densitometry analysis using the known expression level of
OmpA of 5.7 fg/cell (1.0 × 105 proteins/cell), the amount of
autodisplayed proteins on the outer membrane of E. coli was
estimated to be 49.7 fg/cell (5.1 × 105 proteins/cell) for Z-
domain and 44.0 fg/cell (4.4 × 105 proteins/cell) for the
fusion protein of the screened CDR3 sequence and Z-domain.
As shown in Figure 5(c), the binding activities of autodisplayed
fusion proteins were estimated for fluorescein (or rhodamine B
in Figure 5(d)) using fluorescence imaging. The binding of
fluorescein (or rhodamine B) to the autodisplayed fusion
protein was estimated by treatment with fluorescein (or
rhodamine B) at a concentration of 1 mM for 30 min. In the
case of intact E. coli and E. coli, only the autodisplayed Z-
domain showed nearly no fluorescence, which showed no
binding of fluorescein (or rhodamine B). As shown in Figure
5(e), the binding activities of autodisplayed fusion proteins
were estimated for fluorescein (or rhodamine B in Figure 5(f))
as well as antibody binding using flow cytometry. The binding
of fluorescein to the autodisplayed fusion protein was
estimated at the excitation and emission wavelengths of
fluorescein (or rhodamine B) by treatment with fluorescein (or
rhodamine B) in the concentration range of 0−50 μM using

flow cytometry, and E. coli with only the autodisplayed Z-
domain showed nearly no fluorescence, which showed no
binding of fluorescein (or rhodamine B). When antibodies
labeled with Alexa555 in the concentration range of 0−10 μg/
mL were used to treat E. coli with autodisplayed fusion protein,
the fluorescence signal at the emission wavelength of Alexa555
was observed in both strains. These results show that (1) the
CDR3 sequence peptide in the fusion proteins on the outer
membrane of E. coli had fluorescein (or rhodamine B)-binding
activity and (2) the co-autodisplayed passenger protein (Z-
domain) also had antibody binding activity without any
interference from the co-expressed CDR3 sequence peptide.

Docking Simulation for Screened Synthetic Peptides
and Fluorescent Dyes. For the screening of binding domains
with a stronger binding affinity than the screened ones, amino
acid residues within both of screened synthetic peptides were
analyzed, which make direct interaction with the fluorescent
dyes. Using docking simulation between both of synthetic
peptides and fluorescent dyes using AutoDock software
(AutoDock 4.2.6, Scripps Research), amino acid residues
with the influence on the binding affinity (Kd) of screened
synthetic peptides were analyzed. As shown in Figure 6, the
synthetic peptide with the binding affinity to fluorescein (with
the amino acid sequence of 1YLRNR 6GLVRD 11F) was
analyzed to make hydrogen bonding with 4N, 5R and
hydrophobic bonding with 8V. In the case of the synthetic
peptide with the binding affinity to rhodamine B (with the
amino acid sequence of 1DTIGT 6GMPVD 11D), was analyzed
to make hydrogen bonding with 1D, 10D and hydrophobic
bonding with 7M, 8P, 9V. These amino acid residues were
considered to influence the binding affinity of both screened
synthetic peptides to fluorescent dyes.

Figure 6. Docking simulation for screened synthetic peptides and fluorescent dyes. (a) Docking simulation between the screened synthetic peptide
for fluorescein (labeled with rhodamine B) and fluorescein. (b) Docking simulation between the screened synthetic peptide for fluorescein (labeled
with fluorescein) and rhodamine B.
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■ CONCLUSIONS

The Fv-antibody library was produced to have randomized
amino acid sequences in the CDR3 region by site-directed
mutagenesis and the autodisplay technology. When the Fv-
antibody library was transformed and autodisplayed on the
outer membrane of E. coli, the diversity of the Fv-antibody
library was estimated to be more than 2.8 × 105 clones/library
via sequencing of randomly selected clones. The amount of
autodisplayed Fv-antibodies on each E. coli cell was estimated
to be more than 1.3 × 105 Fv-proteins/E. coli cells using
densitometry by comparing with a protein band of OmpA with
a known protein expression level of 1.0 × 105 proteins/E. coli.
The E. coli cells with autodisplayed Fv-antibodies with
fluorescein-binding activity were screened from the Fv-
antibody library using flow cytometry, and two clones with
binding activities to each fluorescent dye (fluorescein and
rhodamine B) were separately screened using flow cytometry.
These screened clones had binding activities to each
fluorescent dye (fluorescein and rhodamine B), and the
binding activities originated from the CDR3 region in
comparison with the negative control having only the CDR1
and CDR2 regions. The binding constant (Kd) was calculated
to be 4.8 × 10−5 and 2.9 × 10−5 M for the screened Fv-
antibodies for fluorescein and rhodamine B on the outer
membrane of E. coli, respectively. From the docking simulation
for screened synthetic peptides and fluorescent dyes, the amino
acid residues for the interaction with fluorescent dyes for each
synthetic peptide. The fluorescein (or rhodamine B)-binding
sequence of the screened Fv-antibodies (at the CDR3 region)
was demonstrated to be used for the expression of a fusion
protein with Z-domain, which binds to the Fc region of
antibodies (IgGs). The fusion protein of (1) the CDR3
sequence with the fluorescein (or rhodamine B)-binding
activity and (2) the antibody binding Z-domain was expressed
on the outer membrane of E. coli. The fusion proteins with the
binding domain of fluorescent dyes showed that (1) the CDR3
sequence peptide in the fusion proteins on the outer
membrane of E. coli had fluorescein (or rhodamine B)-binding
activity and (2) the co-autodisplayed passenger protein (Z-
domain) also had antibody binding activity without any
interference from the co-expressed CDR3 sequence peptide.

■ EXPERIMENTAL SECTION

Materials. Fluorescein and rhodamine B were purchased
from Sigma-Aldrich (St. Louis, MO). Peptides were synthe-
sized at a purity of >90% by Peptron Co. (Daejeon, Korea).
High-salt Luria-Bertani (LB) medium was purchased from
Duchefa (Haarlem, Netherlands). Primers were custom-
synthesized by Macrogen (Seoul, Korea). High-fidelity (HF)
Phusion polymerase and PCR reagents were purchased from
Thermo Fisher Scientific, Inc. (Waltham, MA). NucleoSpin
Gel and PCR Clean-up were purchased from Macherey-Nagel
(Düren, Germany). An Amicon filter with a cutoff of 100 kDa
was purchased from Millipore (Darmstadt, Germany). The
fusion protein plasmid was custom-synthesized by Cosmoge-
netech (Seoul, Korea). Fluorescence-labeled antibodies were
purchased from Abcam (Cambridge, U.K.).
Preparation of Fv-Antibody Library Plasmid Using

Site-Directed Mutagenesis. To prepare the Fv-antibody
library with a random sequence at the CDR3 region, the single-
stranded forward primer with randomized CDR3 (75 bp) was
mixed with the reverse primer (22 bp), as shown in Figure

1(a). Next, annealing of primers (2 μL) was performed by
heating at 95 °C for 5 min with distilled water (DW) (32 μL)
and New England Biolabs (NEB) buffer (4 μL). After heating
at 95 °C for 5 min, the temperature was lowered to 36 °C at a
rate of 0.3 °C/s. NEB buffer (16 μL), 10 mM dNTPs (dATP,
dCTP, dGTP, dTTP, and 8 μL), DW (133 μL), and Klenow
enzyme (exo-, 3 μL) were added to the reverse primer-
annealed oligonucleotide. Thereafter, reverse primer extension
was performed at 37 °C for 15 min. The enzyme reaction was
inactivated by heating at 75 °C for 20 min. The double-
stranded Fv-antibody library primers with a randomized CDR3
sequence, obtained through annealing and reverse primer
extension reaction, were filtered using the NucleoSpin Gel and
PCR Clean-up kit. The Fv-antibody library plasmid with a
randomized CDR3 sequence was synthesized using PCR.
Plasmids were prepared by constructing a template plasmid
(pST009, 100 ng), primer mixture (30 ng), 10 mM dNTPs (1
μL), Phusion HF buffer (10 μL), and Phusion high-fidelity
polymerase (0.5 μL) in a total volume of 50 μL. PCR was
performed under the following conditions: (1) initial
denaturation at 98 °C for 1 min; (2) at 98 °C for 30 s; (3)
annealing at 68 °C for 1 min; (4) elongation at 72 °C for 5
min; (5) repetition of (2)−(4) for 30 cycles; (6) termination
at 72 °C for 10 min; and (7) transfer at 4 °C. Finally, the
template plasmids were digested using the DpnI restriction
enzyme at 37 °C for 16 h, and the enzyme was inactivated by
heating at 80 °C for 20 min. The PCR product was filtered
using a 100 K Amicon filter (Millipore, Billerica, MA).

Autodisplay of Fv-Antibody Library. The Fv-antibody
library was autodisplayed on the outer membrane of E. coli
BL21(DE3) by transforming the prepared Fv-antibody library
plasmid into competent intact cells, as shown in Figure 1(b). A
negative control with CDR1 and CDR2 regions was also
prepared by removing CDR3 region from the Fv-antibody
plasmid. The transformed E. coli was cultured at 37 °C in LB
broth with 50 mg/mL kanamycin (10 μL) by shaking (150
rpm) for 16 h. For the main culture, overnight cultured E. coli
cells (100 μL) were cultured again in high-salt LB medium (10
mL) with 50 mg/mL kanamycin (10 μL), 10 mM ethyl-
enediaminetetraacetic acid (5 μL), and 99% β-mercaptoetha-
nol (8 μL) at 37 °C with shaking (150 rpm) until an OD600 of
0.6. To induce Fv-antibody library expression, primary cultured
E. coli cells (10 mL, OD600 = 0.6) were incubated with 1 M
isopropyl β-D-1 thiogalactopyranoside (IPTG, 10 μL) at 30 °C
with shaking (100 rpm) for 2 h. The amount of autodisplayed
Fv-antibody on the outer membrane of E. coli was estimated
using densitometry, as shown in Figure 1(c). The SDS-PAGE
band of the expressed protein was compared with that of
OmpA (34 kDa), which is known to express 1.0 × 105

proteins/cell. The density of each protein band was estimated
using a commercial documentation system (ChemiDoc XRS,
Bio-Rad Laboratories, Hercules, CA).

Screening of Targeted Fv-Antibody on the Outer
Membrane of E. coli. The target E. coli with FV-antibodies
with a specific binding activity to fluorescein or rhodamine B
was screened as follows: (1) fluorescein (0.5 mM) (or
rhodamine B) were incubated with the autodisplayed E. coli
(0.5 mL, OD600 = 1.0) at 37 °C for 0.5 h. (2) After incubation,
the unreacted reagent was washed three times with phosphate-
buffered saline-Tween-20 (PBST) and PBS. (3) FACS analysis
was performed for autodisplayed E. coli cells using a
FACSCalibur flow cytometer (Becton-Dickinson, Franklin
Lakes, NJ) at the fluorescence channel of FL1 (λex = 488
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nm, λem = 530 nm) for fluorescein and FL2 (λex = 488 nm, λem
= 572 nm) for rhodamine B. For the isolation of E. coli with a
specific binding activity to fluorescein (or rhodamine B), E. coli
cells (n = 5,000) with a fluorescence signal in the range of 30−
100 a.u. were used as an isolation gate for flow cytometry, as
shown in Figure 2(a). After induction, the screened E. coli cells
(1 mL) at OD600 = 0.5 were mixed with 1 mM fluorescein (or
rhodamine B) under mild shaking (10 rpm) at 37 °C for 30
min. Finally, the screened E. coli bound to fluorescein (or
rhodamine B) was observed under a fluorescence microscope
(model: BX51, Olympus; Tokyo, Japan), as shown in Figure
3(a), 3(b). E. coli cells with autodisplayed Fv-antibodies with
fluorescein-binding activity were screened from the Fv-
antibody library using flow cytometry. For binding con-
firmation, the screened E. coli cells were mixed with fluorescein
or rhodamine B in the concentration range of 0−100 μM. Flow
cytometry was performed using more than 50,000 cells with a
FACSCalibur flow cytometer. The affinity constant (Kd) of
each screened E. coli for binding to fluorescein or rhodamine B
was calculated by fitting based on the isotherm model, as
shown in Figure 3(d), 3(f).
Preparation of Fluorescence-Labeled Synthetic Pep-

tides. For the preparation of fluorescein-labeled peptides, the
fluorescein was attached to the C-terminal of peptides by (1)
addition of lysine residue and then (2) coupling reaction
between amino groups lysine and fluorescein isothiocyanate
(FITC).41 The rhodamine B was labeled to the C-terminal of
peptides between amino group of rhodamine and carboxylic
group of peptide using the coupling reaction of hexafluor-
ophosphate benzotriazole tetramethyl uranium (HBTU) and
hydroxybenzotriazole (HOBt).42

Fusion Protein Expression. The plasmids pJY001 and
pJY002, encoding an open reading frame of the CDR3
sequence (with binding activity to fluorescein and rhodamine
B, respectively), Z-domain fusion, linker, and β-barrel proteins
were custom-synthesized by Cosmogenetech. The fusion
protein was autodisplayed on the outer membrane of E. coli
by transforming the customized plasmid into competent intact
cells, as shown in Figure 5(a). After induction of the fusion
protein, autodisplayed E. coli (1 mL) at OD600 = 0.5, was
mixed with 1 mM fluorescein (or rhodamine B) under mild
shaking (10 rpm) at 37 °C for 30 min. E. coli with the fusion
protein bound to fluorescein (or rhodamine B) was observed
under a fluorescence microscope (BX51; Olympus), as shown
in Figure 5(c), 5(d). To confirm the binding of the fusion
protein, autodisplayed E. coli was mixed with fluorescein or
rhodamine B in the concentration range of 0−50 μM and
Alexa555 or FITC labeled IgG antibody in the concentration
range of 0−10 μg/mL. Flow cytometry was performed using
more than 50,000 cells with a FACSCalibur flow cytometer, as
shown in Figure 5(e), 5(f).
Standard Curve Fitting. The binding affinity (Kd) was

fitted using Hill’s equation

=

+

y V
x

k x

n

n nmax

where x is the total ligand concentration; k is the ligand
concentration producing half-occupation; and n is the Hill
coefficient.38−40
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