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g r a p h i c a l a b s t r a c t
� FV-antibody library was prepared
through site-directed mutagenesis of
CDR3 and autodisplayed on the outer
membrane of E. coli.

� One clone with biotin-binding activ-
ity was screened from the FV-anti-
body library..

� The biotin-binding activity of the
screened FV-antibody was analyzed
using competition assay.

� A peptide with 15 amino acid resi-
dues were synthesized and the
biotin-binding activity was analyzed
with FRET assay.

� The biotin-binding peptide was
expressed as a fusion protein with Z-
domain and the biotin-binding ac-
tivity was demonstrated.
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This study aimed to isolate FV-antibodies with biotin-binding activity from a FV-antibody library that was
successfully screened on the outer membrane of E. coli. The aims were achieved by (1) preparing a library
of FV-antibodies on the outer membrane of E. coli using autodisplay technology, (2) screening the FV-
antibodies with biotin-binding activity from the FV-antibody library, and (3) synthesizing peptides
(molecular weight of several kDa) from the biotin-binding amino acid sequence of FV-antibodies. An FV-
antibody library with a diversity of 1.7 � 105 clones was prepared on the outer membrane of E. coli, using
a surface display method called autodisplay technology. For the screening of biotin-binding FV-anti-
bodies, the fluorescence-labeled biotin was introduced into the library, and the target E. coli with biotin-
binding activity were screened using flow cytometry. For the screened E. coli clones, the binding affinity
(KD) of Fv-antibodies against biotin was calculated and the binding properties of the screened FV-anti-
body were analyzed through competition assay with a synthetic peptide having the biotin-like activity.
From the FRET experiment with the synthetic peptide corresponding to the CDR3 region of the screened
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Table 1
Proteins with biotin-binding activity.

Binding-domain proteins Origin

Avidin Birds, r
Neutravidin e

Streptavidin Strepto
Rhizavidin Rhizob
Zebavidin Zebrafi
Captavidin e

Tamavidin fungi
DKVTVWACQDN Autodi
Fv-antibody, the biotin-binding activity of the screened FV-antibody was proved to be originated from
the CDR3. Finally, the applicability of the biotin-binding domain was demonstrated through the co-
expression with a protein called Z-domain with antibody binding activity.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Biotin is a part of the vitamin B complex with a molecular
weight of 244.31 Da, and is an important component of enzymes
involved in metabolizing fats, carbohydrates, and amino acids into
energy as well as regulating transcription or protein expression
[1,2]. This molecule has been widely used in the field of biotech-
nology because of its highly specific binding affinity to biotin-
binding proteins, such as avidin [3], neutravidin [4], streptavidin
[5], and hoefavidin [6]. Avidin (molecular weight: 67e68 kDa) and
neutravidin, (molecular weight: 60 kDa), which is a deglycosylated
form of avidin, were found in egg white, and streptavidin (molec-
ular weight: 53 kDa), which has a lower non-specific binding to
biotin in comparison to avidin, was isolated from Streptomyces
avidinii [7]. As summarized in Table 1, other kinds of proteins with
the biotin-binding domains were reported, such as captavidin [2],
tamavidin from fungi [2], rizhavidin from Rhizobium etli [8], zeba-
vidin from Zebrafish [9]. The interaction between biotin and biotin-
binding proteins is known to be stable under extreme pH and
temperature and is resistant to various organic solvents and de-
tergents with extremely high binding constants (KD), in the range of
10�15e10�14 M [2].

This work aimed to screen a new biotin-binding domain from
Fv-antibody library whichwas expressed on E. coli outermembrane
using autodisplay technology. As shown in Fig. 1(a), the aim of this
study was achieved by the following steps: (1) preparation of FV-
antibody library with the randomized CDR3 region on the outer
membrane of E. coli, (2) screening FV-antibodies with biotin-
binding activities from the FV-antibody library, and (3) synthesis
of the screened biotin-binding domain (CDR3) into a peptide.

As the first step, the Fv-antibody library was prepared using
site-directed mutagenesis of CDR3 region and the Fv-library was
expressed on the outer membrane of E. coli using autodisplay
technology. Usually, immunoglobulin G (IgG) is a protein composed
of four polypeptide chains, two heavy chains (VH) with a molecular
weight of 50 kDa and two light chains (VL) with a molecular weight
of 25 kDa [10,11]. Two antigen-binding sites of each IgG molecule
has three complementarity-determining regions (CDRs) for direct
interaction with antigens, which are called hypervariable regions
[12e14]. Additionally, frame regions (FR) between CDRs are known
to be used for the conformation of the antigen-binding sites [15,16].
In particular, the part of IgG proteins composed of CDR and FR re-
gions is called FV because this part are responsible for binding af-
finity to antigens using variable amino acid sequences [17,18]. A
eptiles, amphibians

myces avidinii
ium etli
sh

splayed FV-library

2

shown in Fig. 1(b) and (c), the FV-antibody library was prepared
through the randomization of the amino acid sequences at CDR3
region (11 amino acid residues) using site-directed mutagenesis
[19e21].

As the next step, the Fv-antibody library was expressed on the
outer membrane of E. coli using autodisplay technology, as show in
Fig. 2. As previously reported, the autodisplay technology has two
major advantages for the effective screening of target E. coli: (1) the
high surface density for expressed protein to be up to 105 proteins/
E. coli (in the case of bacteriophage display, the surface density of
expressed protein was known to be up to 10 proteins/bacterio-
phages) [22,23], (2) the expression yield of more than 90% for the
whole E. coli population (in the case of bacteriophage display, the
expression was known to be less than 10% for whole bacteriophage
population) [24,25]. Because of such a high expression yield as well
as a high surface density of expressed proteins on the outer
membrane of E. coli, a large number of fluorescence-labeled antigen
(for example, fluorescence-labeled biotin) can be bound to a target
E. coli with the antigen-specific FV-antibodies on the outer mem-
brane of E. coli. As shown in Fig. 3(a), the target E. coli with a
significantly high fluorescence can be effectively screened from Fv-
antibody library using fluorescence detectors of a flow cytometer.
Therefore, the target E. coli can be easily screened from the FV-
antibody library without repeating biopanning process using the
autodisplayed Fv-library on the outer membrane of E. coli
[19e21,26,27].

In this work, the Fv-antibodies with biotin-binding activity were
screened from Fv-antibody library which was autodisplayed on the
outer membrane of E. coli. For the preparation of Fv-antibody li-
brary, the CDR3 region of the Fv-antibodies (11-amino acid resi-
dues) was randomized by site-directed mutagenesis. For the
screened E. coli clones, the binding affinity (KD) of Fv-antibodies
against biotin was calculated and the binding properties of the
screened FV-antibody were analyzed through competition assay
with a synthetic peptide having the biotin-like activity. From the
FRET experiment with the synthetic peptide corresponding to the
CDR3 region of the screened Fv-antibody, the biotin-binding ac-
tivity of the screened FV-antibody was proved to be originated from
the CDR3 region. Finally, the applicability of the biotin-binding
domain was demonstrated through the co-expression with a pro-
tein called Z-domain with antibody binding activity.
KD (M) MW (kda) References

10�15 67e68 [2]
10�15 60 [2]
10�15e10�14 53 [2]
3.1 � 10�11 50.0e60.0 [8]
3.8 � 10�9 38.9e47.3 [9]
10�9 67e68 [2]
2.8e4.4 � 10�7 60 [2]
2.1 � 10�6 1.3 This work



Fig. 1. Preparation of the autodisplayed FV-library and screening of biotin-binding target E. coli from autodisplayed FV-library. (a) Procedure of screening the biotin-binding target
E. coli from the autodisplayed FV-library. (b) Procedure of preparing the FV-library through site-directed mutagenesis. (c) Preparation of the autodisplay vector with the FV -library.
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Fig. 2. Autodisplay of FV-library on the outer membrane of E. coli. (a) Preparation of autodisplay vector of FV-antibody with three CDRs (CDR1, CDR2, CDR3) and two CDRs (CDR1,
CDR2), and scheme of autodisplayed FV-antibody on the outer membrane of E. coli. (b) SDS-PAGE of two FV-antibodies.

S.J. Lee, J.-H. Bong, J. Jung et al. Analytica Chimica Acta 1169 (2021) 338627
2. Experimental section

2.1. Materials

High-salt Luria-Bertani (LB) was purchased from Duchefa
4

(Haarlem, Netherlands). Biotin-like peptides were synthesized
from Peptron Co (Daejeon, Korea) with 96% purity. Oligonucleo-
tides were custom synthesized by Macrogen, Inc. (Seoul, Korea).
Tween 20 was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Biotin-4-fluorescein, Dynabeads™ Protein G, Dynabeads™M� 280



Fig. 3. Screening of target E. coli with biotin-binding activity from the autodisplayed FV -library. (a) Procedure for screening of biotin-binding target E. coli from the autodisplayed
FV-library. (b) FACS analysis of FV-antibody with three CDRs (CDR1, CDR2, CDR3) and two CDRs (CDR1, CDR2) after treatment of fluorescence-labeled biotin. (c) Comparison of CDR3
of the screened E. coli from FACS analysis. (d) Fluorescence images of E. coli with the screened FV-antibody on the outer membrane and intact E. coli.
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Tosylactivated, high-fidelity Phusion polymerase, and PCR agents
were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). NucleoSpin Gel and PCR Clean-up were purchased from
Macherey-Nagel (Düren, Germany). Amicon® filter with a cutoff of
10 kDa was purchased from Millipore (Darmstadt, Germany). All
antibodies, including goat anti-human IgG, were purchased from
Abcam (Cambridge, UK). The fusion protein expression plasmidwas
custom synthesized by Cosmogenetech (Seoul, Korea).
2.2. Preparation of FV-library using site-directed mutagenesis

The single-stranded oligonucleotide with randomized CDR3 (75
bp, Table S1) wasmixedwith the reverse primer (25 bp, Table S1) in
a PCR tube, and then NE buffer (100 mM NaCl, 50 mM Tris-HCl,
10 mM MgCl2, 100 mg/mL BSA, pH 7.9) was used to make up the
volume to 50 mL [28]. After heating at 95 �C for 5 min, the
5

temperature was lowered to 36 �C at a rate of 0.3 �C/s. Klenow
enzyme (exo-, 3 mL) and dNTPs (10 mM, 8 mL) were added to
annealed oligonucleotide, and then NE buffer was used to make up
the volume to 200 mL. Thereafter, reverse primer extension was
performed at 37 �C for 15 min. The enzyme reaction was quenched
by heating at 75 �C for 20 min. The double-stranded FV-library
primer with a randomized CDR3 sequence, obtained through the
reaction, was purified using the NucleoSpin® Gel and PCR Clean-up
kit.
2.3. Autodisplay of FV-library and preparation of outer membrane
fraction

The autodisplay was carried out as previously reported [29e34].
To prepare the autodisplay vector, pST009 (5169 bp) was used as a
template plasmid. Desalting and concentration were performed to
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maintain the DNA ratio (260 nm/280 nm) above 1.8. The double-
stranded FV-library primer with a randomized CDR3 sequence
(0.5 mM, 5.8 mL), template plasmid pST009 (250 ng), dNTPs (10 mM,
1 mL), HF buffer (50 mM MgCl2, 10 mL), and Phusion high-fidelity
polymerase (0.5 mL) were mixed in a PCR tube, and then distilled
water was filled up to 50 mL. PCR was performed according to the
following conditions: (1) at 98 �C, 1 min for initial denaturation; (2)
at 98 �C, 30 s for denaturation; (2) at 68 �C, 1 min for annealing; (4)
at 72 �C, 5 min for elongation; (5) repeat 30 cycles; and (6) at 72 �C,
10 min for termination. The methylated template was digested
using the reaction of DpnI restriction enzyme at 37 �C for 16 h, and
then the digested PCR product was purified with the NucleoSpin®
gel and PCR Clean-up kit. Finally, the PCR product was desalted and
concentrated using the Amicon® filter with a cutoff of 10 kDa. For
the autodisplay of target proteins on the outer membrane of E. coli,
the screened E. coli was cultured in LB medium with kanamycin
(30 mg/L) at 37 �C with overnight shaking (200 rpm). Then, the
culture was inoculated in LB medium with b-mercaptoethanol
(10 mM), EDTA (10 mM), and kanamycin (30 mg/L) at 37 �C with
shaking (200 rpm) until OD600 ¼ 0.5. Then, IPTG (1 mM) was added
and incubated at 30 �C with shaking (200 rpm) for 3 h. After
centrifugation for 3 min at 3000�g, the buffer was changed to an
extraction buffer (2% Triton X-100, 50 mM Tris/HCl, 10 mM MgCl2).

For the preparation of the outer membrane fraction of E. coli, the
cultured E. coliwas lysed using an ultrasonicator (VCX 130) [35e37]
from Sonics & Materials for 20 min at the following cycle: pulse
(10 s) and rest (10 s) at 25% amplitude, and the lysate was centri-
fuged for 5 min at 7000�g [38,39]. For the rinsing of the outer
membrane fraction, the supernatant was collected and centrifuged
for 10 min at 19500 rpm, and the pellet was resuspended in
distilled water (10 mL). The rinsing step was repeated three times,
and the fraction was finally resuspended in 1 mL of distilled water.

2.4. Screening of targeted E. coli

The target E. coli with FV-antibodies with a specific binding ac-
tivity to biotin was screened as follows: (1) The atto 550
(lEx ¼ 554 nm, lEm ¼ 575 nm) labeled biotin (9.23 mM, 1.9 mL) was
incubatedwith the FV-library (100 mL, OD600¼ 1.0) at 4 �C for 1 h (2)
After incubation, the unreacted reagent was washed three times
with PBST and PBS. (3) FACS analysis was performed with the FV-
library (100 mL, OD600 ¼ 1.0). FACS analysis was carried out using a
flow cytometer at the fluorescence channel of FL2 (lEx ¼ 525 nm,
lEm ¼ 572 nm) and a forward scattering (FSC) window. The gate
setting of the FL2 channel (lEx ¼ 525 nm, lEm ¼ 572 nm) and FSC
channel was set to be 48e694 A.U. and 104e4200, respectively. For
the isolation of the target E. coli cells with the atto 550-labeled
biotin, 50,000 E. coli cells were sorted at a time using flow
cytometry.

2.5. Fusion protein expression

The pBJ007 plasmid encoding an His-tagged biotin-binding
CDR3 peptide fused to Z-domain with a linker with the amino acid
sequence of (Gly)3-Ser was synthesized by Cosmogenetech. After
electroporation into BL21 (DE3), E. coli was cultured in LB medium
(10 mL) with kanamycin (30 mg/L) at 37 �C with shaking (200 rpm)
overnight. Then, the culture was inoculated in LB medium with
EDTA (10 mM) and kanamycin (30 mg/L) at 37 �C with shaking
(200 rpm) until OD600 ¼ 0.5. Then, IPTG was added and incubated
at 30 �C under shaking (200 rpm) for 3 h. After centrifugation for
5 min at 3000�g, the cultured E. coli was lysed using an ultra-
sonicator (VCX 130) for 10 min at the following cycle: pulse (5 s)
and rest (5 s) at 70% amplitude, and the lysate was centrifuged for
10 min at 15000 rpm. The supernatant, a crude sample, was
6

collected and flowed through the nickel column. The washing step
was performed by flowing imidazole (50 mM, 1 mL), and then the
His-tagged fusion proteins were eluted by flowing imidazole
(500 mM, 1 mL). The elution step was repeated three times.

The expression of biotin-binding CDR3 and Z-domain fusion
protein was confirmed using 15% SDS-PAGE gel. The fusion protein,
bovine serum albumin (BSA), and Z-domain were each bound to a
microplate at a concentration of 100 mg/mL (100 mL) in a carbonate
buffer (pH ¼ 9.4) for 16 h at 4 �C. Thereafter, FITC (lEx ¼ 488 nm,
lEm ¼ 535 nm) labeled biotin was allowed to react in the range of
6.25 mMe25 mM, and Alexa 555 (lEx ¼ 553 nm, lEm ¼ 568 nm)
labeled antibody was reacted in the range of 6.25 mg/mL to 25 mg/
mL, respectively, with each protein-bound microplate to analyze
the non-interfering independent function of biotin-binding CDR3
and Z-domain. PBST and three PBS washes were performed during
each step.

3. Results and discussion

3.1. Screening of biotin-binding FV-antibody from autodisplayed FV-
library on E. coli

The FV-region of the IgG-heavy chain (VH), that is “FV-antibody”,
was composed of CDR1, CDR2, and CDR3 of the IgG-heavy chain
(VH) and converted into a FV-library by randomizing the amino acid
sequence of CDR3 (11 residues) through site-directed mutagenesis
[19e21]. As shown in Fig. 1(a), the FV-library was expressed on the
surface of the outer membrane of E. coli using autodisplay tech-
nology [22]. This work aimed to screen FV-antibodies with biotin-
binding activity from the autodisplayed FV-library on E. coli using
flow cytometry. Such an autodisplayed FV-library on E. coli was
prepared through the (1) formation of a FV-library sequence
through site-directed mutagenesis and (2) transformation of
autodisplay vectors with the FV-library as passenger sequences. As
the first step, the FV-library sequence was prepared as shown in
Fig.1(b). The primers with a randomized CDR3 sequencewith 33 bp
for the eleven amino acids of CDR3 were synthesized to have 75 bp,
and double-stranded primers were made through PCR using the
primer sequences as summarized in Table S1 [19e21]. Site-directed
mutagenesis at CDR3 was carried out by annealing the double-
stranded primers to a template plasmid (pST009), as shown in
Fig. 1(c). Then, PCR followed by DpnI reaction was carried out to
produce the FV-library plasmid with 5,169 bp. The prepared FV-li-
brary plasmid (mutated pST009) was transformed into E. coli, and
the diversity of the FV-library was calculated to be 1.7 � 105 clones
from the random sequencing of clones [22].

As the next step, the prepared FV-library plasmid with the
autodisplay apparatus, such as the sequence of signal peptide,
linker, and beta-barrel, was transformed into E. coli, and the auto-
display was carried out using IPTG induction, as shown in Fig. 2(a).
The autodisplay of the FV-library was carried out (1) by assembling
of beta-barrel structure in the outer membrane of E. coli, and then
(2) through the autotransportation of the expressed FV-antibody to
the outside of the E. coli outer membrane through the beta-barrel
structure [22]. Finally, the FV-library with CDR1, CDR2, and CDR3
was autodisplayed on the outer membrane of E. coli. As a negative
control, the FV-antibody with only CDR1 and CDR2 was also auto-
displayed (FV-antibody with deleted CDR3). As shown in Fig. 2(b),
the SDS-PAGE gel of the outer membrane fraction of E. coli showed
that the FV-antibodies with three CDRs (64.2 kDa) as well as FV-
antibodies with deleted CDR3 (63 kDa) were expressed on the outer
membrane of E. coli. The difference in molecular weight between
the two types of FV-antibodies was observed to be 1.2 kDa.By
comparing the area of protein bands using densitometry [40], the
expression level was estimated to be 21,840 proteins/E. coli for FV-
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antibodies with three CDRs and 11,970 proteins/E. coli for FV-anti-
bodies with deleted CDR3.

The target E. coliwith biotin-binding activity was screened from
the autodisplayed FV-library through a 2-step process, as shown in
Fig. 3(a). For the screening of the target E. coli with biotin-binding
activity from the autodisplayed FV-library, fluorescence (atto
550)-labeled biotinwas allowed to react with the autodisplayed FV-
library. Then, E. coli with fluorescence was sorted using flow
cytometry. As shown in Fig. 3(b), the dot plot of flow cytometry was
measured after the reaction between the atto 550-labeled biotin
and the autodisplayed FV-library. The sorting zone for the target
E. coliwas selected by comparing three different dot plots from (1)
intact E. coli, (2) E. coli with autodisplayed CDR3 deleted FV-anti-
body, and (3) E. coliwith the autodisplayed FV-library. As the target
E. coliwith biotin-binding activity was included in the case of E. coli
with an autodisplayed FV-library, the fluorescence signal from the
reacted fluorescence-labeled biotin was observed at a specific re-
gion of the dot plot, and the gating zone for the separation (sorting)
of targeted E. coli was determined in this specific region. After
sorting the E. coli from the gating zone, it was cultured on an agar
plate. From the culture plate with 55 cm2 cell growth area, ten
colonies were randomly selected and assayed again for the binding
of fluorescence labeled biotin using flow cytometry. As shown in
Fig. 3(c), four colonies among the tenwere observed to have biotin-
binding activity. After comparing with the CDR3 sequence of the
template plasmid, one clone (Clone No. 6) was selected to have the
correct nucleotide sequence of 33 bp for CDR3. The other three
colonies were determined to have a stop codon (Clone No. 3), frame
shift from the deletion of one base pair (Clone No. 8), and insertion
of four base pairs (Clone No. 9). For the confirmation of the binding-
activity of E. coli from the screened Clone (No. 6), fluorescence
images were taken after the reaction with fluorescence (atto-550)
labeled biotin. As shown in Fig. 3(d), the screened E. coli showed a
far higher fluorescence in comparison with the intact one, which
represented the specific biotin-binding activity of the screened
E. coli.

3.2. Properties of the screened biotin-binding FV-antibody

The biotin-binding activity of the screened E. coli (Clone No. 6)
was investigated to determine whether the autodisplayed FV-an-
tibodies recognized biotin or the fluorescent dye (atto 550) used to
label the biotin molecule. The screened E. coli with the autodis-
played FV-antibody on the outer membrane was separately treated
with different concentrations of atto 550-labeled biotin and atto
550. The binding of two kinds of molecules to the screened E. coli
was analyzed by measuring the fluorescence intensity. As shown in
Fig. 4(a), the mean fluorescence intensity increased 7-fold from 27
(A.U.) to 186 (A.U.) with the increase in the concentration of atto
550-labeled biotin from 0.07 mM to 9 mM. A control experiment
with the same E. coli was carried out by treatment with only atto
550 instead of atto 550- labeled biotin in the same concentration
range. As shown in Fig. 4(b), the mean fluorescence intensity did
not significantly increase in the same concentration range. As
another control experiment, intact E. coli without any autodis-
played FV-antibody on the outer membrane was tested in the same
concentration range of atto 550-labeled biotin. As shown in
Fig. 4(c), the increase in the mean fluorescence intensity was
observed to be insignificant in comparisonwith the screened E. coli.
These results showed that (1) the screened FV-antibody had a
specific binding activity to biotin molecule, and (2) the non-specific
binding of atto 550-labeled biotin to the outer membrane of E. coli
was not significant in comparison with the binding to the FV-anti-
body. The binding affinity (KD) of screened autodisplayed FV-anti-
bodies on the screened E. coli was estimated using Hill's plot [41].
7

As shown in Fig. 4(d), the binding affinity (KD) of FV-antibodies to
biotin was estimated to be 2.07 mM (R2 ¼ 0.98).

The relative binding activity of FV-antibodies on the screened
E. coli was estimated using biotin and a biotin-like peptide (HPQ)
[42]. As shown in Supplementary Fig. S1(a), a competition assay
was carried out using biotin at a fixed concentration of the HPQ.
First, the HPQ at a fixed concentration of 15.3 mM was added to the
screened E. coli with autodisplayed FV-antibody on the outer
membrane, and then biotin solutions with different concentrations
of fluorescein-labeled biotin (Biotin-FITC) was sequentially added
as shown in Fig. S1(b). The change in the mean intensity of fluo-
rescence level increased 200-fold from 10.9 (A U) to 2031.0 (A U)
with the increase in the concentration of Biotin-FITC from 0.12 mM
to 1910 mM. These results showed that HPQ was released from the
autodisplayed FV-antibody caused by the binding of fluorescein-
labeled biotin. As a control experiment, the same competition
assay was carried out using intact E. coli and E. coli with FV-anti-
bodies with only CDR1 and CDR2. As shown in Fig. S1(c), the in-
crease in the mean fluorescence intensity for intact E. coli was
observed to be insignificant from 7.3 (A.U.) to 168 (A.U.) at the same
concentration range. For the E. coli with autodisplayed FV-anti-
bodies with only CDR1 and CDR2, the increase in fluorescence
mean intensity did not change significantly from the baseline, as
shown Fig. S1(d). These results showed that (1) the binding activity
of CDR3 in autodisplayed FV-antibody to biotin was far higher than
that of HPQ and (2) the non-specific binding of fluorescein-labeled
biotin to the outer membrane of E. coli was not so significant in
comparison to the binding toward an FV-antibody. From this
experiment, the binding affinity (KD) of FV-antibody to
fluorescence-labeled biotin was estimated through fitting based on
the plot. As shown in Fig. S1(e), the binding affinity of the FV-
antibody was estimated to be 850.9 mM (R2 ¼ 0.66). The autodis-
played FV-antibodies on the outer membrane of E. coli showed that
(1) a specific binding activity occurred with biotin in comparison
with the fluorescence label, (2) the binding activity toward biotin
occurred from CDR3, (3) a far higher binding activity occurred with
biotin than with the biotin-like peptide (HPQ), and (4) an insig-
nificant non-specific biotin-binding activity occurred at the outer
membrane of E. coli compared to the biotin-binding activity of the
autodisplayed FV-antibody.

3.3. Properties of biotin-binding sequence as a synthesized peptide
and an expressed fusion protein

CDR3 (11 residues) of the screened FV-antibody (Clone No. 6)
was determined to have the amino acid sequence of
DKVTVWACQDN, as summarized in Table 2. The binding domains
were reported to be S16 Y33 T35 A39 T40 W70 S73 S75 T77 N118 for
avidin and neutravidin, N23 S27 Y43 N49 W79 S88 T90 D128 for
streptavidin, and N22 S26 Y48 N50 G56 S90 T92 D128 for hoefavidin, as
shown in Fig. 5(a). From the comparison of the amino acid sequence
of these biotin-binding domains, the screened CDR3 of FV-antibody
(Clone No. 6) was determined to have a completely different
interaction with biotin molecules [2]. Such core-interactions be-
tween biotin and avidin, neutravidin, streptavidin, and hoefavidin
are known to form through the tyrosine (Y) residue in the biotin-
binding domain [3e8]. From the docking simulation using Auto-
dock 4 (version: AutoDock 4.2.6) from Scripps Research, the
screened FV-antibody was estimated to form interactions between
the biotin molecule and amino acid residues of aspartic acid (D) and
lysine (K) in CDR3, as shown in Fig. 5(b). These results showed that
the screened FV-antibody had a new biotin-binding domain, which
was completely different from the reported biotin-binding
proteins.

In order to confirm that the binding activity of the FV-antibody



Fig. 4. Biotin-binding property of screened E. coli. Results of FACS analysis after treatment with (a) atto 550-labeled biotin, (b) atto 550 without biotin, and (c) atto 550-labeled
biotin on intact E. coli. (d) Standard curve for the binding of atto 550-labeled biotin to the screened E. coli.
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resulted from CDR3 of the screened FV-antibody, a synthetic pep-
tide was prepared that possessed the amino acid sequences of
CDR3 of eleven residues. The biotin-binding activity of the CDR3-
peptide labeled with rhodamine was estimated using a FRET
8

assay. For the observation of the biotin-binding activity of the
CDR3-peptide, FRETassay was carried out using fluorescein-labeled
biotin (lex ¼ 488 nm, lem ¼ 535 nm) and a rhodamine-labeled
CDR3 peptide (lex ¼ 525 nm, lem ¼ 572 nm). As shown in



Table 2
Comparison of biotin-binding domain.

Biotin-binding domains Origin KD(M) Length Reference

AEGEFCSWAPPKASCGDPAK Phage library ~10�9 20 aa [43]
MAFSLRSILEAGKMELRNTPGGS Peptide library conjugated to Lac repressor protein ~10�9 23 aa [44]
ACCGA …. CAUAGGCUCGGA …. CGAAAAGCCUAUG Aptamer library ~6 � 10�6 110 bp [45]
A/A2-1 domain DNA shuffling library based on phage display 1.0 � 10�7 125 aa [46]
Single-chain dimer Biotin-binding domain Phagemid library 10�5e10�6 ~ 30 kDa [47]
MEA …. .VEAMKMMNQ …. Biotin binding domain of acetyl CoA carboxylase N/A ~87 aa [48]
RGEFTGTYITAVT Biotin binding domain of avidin (aa 145e157) N/A 13 aa [49]
DKVTVWACQDN Autodisplayed FV-library 2.1 � 10�6 11 aa This work
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Fig. 6(a), no fluorescence was observed from rhodamine (FRET
acceptor) at an excitation wavelength of 488 nm. When
fluorescein-labeled biotin (FRET donor) was bound to the
rhodamine-labeled CDR3-peptide, the fluorescence emission from
rhodamine could be observed at an excitation wavelength of
488 nm through the absorption of the emitted fluorescence from
fluorescein-labeled biotin. As shown in Fig. 6(b), no fluorescence
was observed from the rhodamine-labeled CDR3-peptide at an
excitation wavelength of 488 nm. After the introduction of
fluorescein-labeled biotin to the rhodamine-labeled CDR3-peptide,
a FRET signal was observed at the emission wavelength of rhoda-
mine (580 nm). This FRET signal was observed to increase with the
concentration of rhodamine-labeled CDR3-peptide at a fixed con-
centration of fluorescein-labeled biotin. These FRET results showed
that the synthesized CDR3-peptide exhibited a specific binding
activity with biotin, as in the case of the screened FV-antibodies on
the outer membrane of E. coli.

As described in introduction, the part of IgG proteins composed
of CDR and FR regions is called FV-antibody with the molecular
weight of 64.2 kDa (Fig. 2(b)). For the application the biotin-binding
domain as a part of fusion proteins, it need to be as small as possible
in comparison with the co-expressed protein for effective expres-
sion and high activity of the fusion protein. From the FRET experi-
ment with the synthetic peptide corresponding to the screened
CDR3 region (11 amino acid residues) the screened Fv-antibody, the
biotin-binding activity of the screened FV-antibody was proved to
be originated from the CDR3 region which corresponded to be
1.3 kDa. Such a size of biotin-binding domain was estimated to be
far smaller than the other kinds of biotin-binding proteins, as
summarized in Table 1. In order to show the applicability of the
biotin-binding CDR3 peptide to fusion proteins, the CDR3-peptide
was expressed as a fusion protein with Z-domain, which specif-
ically binds to the FC region of immunoglobulin (IgG) proteins
[31e34]. The CDR3-peptide (1.3 kDa) and Z-domain (6.5 kDa) was
expressed as a fusion protein (10.6 kDa). After expression of the
fusion protein, purification was carried out using a His-Tag column,
and the expressed fusion protein was observed using SDS-PAGE, as
shown in Fig. 7(a). The binding activity of the fusion proteins was
tested using two different kinds of ligands, fluorescein-labeled
biotin for the CDR3-peptide and fluorescence (Alexa555)-labeled
IgG for the Z-domain. First, the purified fusion protein was immo-
bilized on a microplate and fluorescein-labeled biotin was treated.
As a negative control, BSA and Z-domain without CDR3-peptide
were separately coated on the microplate. As shown in Fig. 7(b),
the fluorescein-labeled biotinwas bound only to the fusion protein,
which represented the specific binding of fluorescence-labeled
biotin to the CDR3 peptide part of the fusion protein. After treat-
ment with the negative control (BSA) and Z-domain, the fluores-
cence level was observed to be insignificantly low.When the fusion
protein was mobilized on the microplate, the fluorescence signal
was observed to increase according to the concentration of
Alexa555-labeled antibody, as shown in Fig. 7(c). This increase in
9

the fluorescence signal represented the specific binding of anti-
bodies to the Z-domain part of the fusion protein. These results
showed that (1) the CDR3-peptide could have biotin-binding ac-
tivity, (2) the CDR3-peptide could be expressed as a fusion protein
with other proteins to have biotin-binding activity, and (3) the co-
expressed protein with the CDR3-peptide as a fusion could have its
own activity without any interference from the CDR3 peptide.
4. Conclusions

This study aimed to isolate FV-antibodies with biotin-binding
activity from a FV-antibody library that was successfully screened
on the outer membrane of E. coli. The aims were achieved by (1)
preparing a library of FV-antibodies on the outer membrane of
E. coli using autodisplay technology, (2) screening the FV-antibodies
with biotin-binding activity from the FV-antibody library, and (3) a
synthesizing peptide from the biotin-binding amino acid sequence
of the screened FV-antibody. As the first step, the Fv-antibody li-
brary was prepared using site-directed mutagenesis of CDR3 region
with site-directed mutagenesis. The diversity of the FV-library was
estimated to be 1.7� 105 clones from the random countingmethod.
And then, the library of FV-antibodies with three CDRs (64.2 kDa) as
well as another FV-antibody with only CDR1 and CDR2 (63 kDa)
were autodisplayed on the outer membrane of E. coli, and the
expression level was estimated to be 21,840 proteins/E. coli for FV-
antibodies with three CDR regions. After screening of Fv-antibody
library, ten clones were screened to have biotin-binding activity
and finally one clonewas screened from genetic sequencing to have
the FV-antibody with the biotin-binding activity. For the screened
Fv-antibody, the binding affinity (KD) was estimated to be 2.07 mM
using fitting based on Hill's plot (R2 ¼ 0.98) with atto 550-labeled
biotin at different concentrations From the competitive assay, the
screened FV-antibody was determined to have a far higher binding
activity with biotin thanwith the biotin-like peptide (HPQ) and the
labeled atto 550. Additionally, the non-specific binding of
fluorescein-labeled biotin with the outer membrane of E. coli was
not so significant in comparison with the specific binding of biotin
with the autodisplayed FV-antibodies. From FRET assay with the
synthetic peptide with the amino acid sequence of the screened
CDR3 region, the biotin-binding activity of the screened FV-anti-
body was determined to occur from the CDR3 of the screened FV-
antibody. The applicability of the CDR3-peptide with biotin-
binding activity with fusion proteins was demonstrated by pre-
paring a fusion protein composed of the CDR3-peptide and Z-
domain, which could specifically bind to the FC region of IgG pro-
teins. These results indicated that (1) the CDR3 sequence of the
synthetic peptide could have biotin-binding activity, (2) the CDR3
peptide could be co-expressed with other proteins to have biotin-
binding activity, and (3) the co-expressed protein with the CDR3-
peptide could have its own functions without any interference
from the co-expressed CDR3-peptide.



Fig. 5. Simulation of interaction between biotin and biotin-binding domains using docking analysis. (a) Analysis of interaction between biotin and biotin-binding domains of avidin,
streptavidin, and hoefavidin. (b) Docking analysis of biotin and the screened biotin-binding domain of the FV-antibody.
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Fig. 6. FRET analysis for the interaction of biotin labeled with fluorescein and the synthesized biotin-binding peptide (CDR3-peptide) labeled with rhodamine B. (a) FRET
configuration for the interaction of biotin and CDR3-peptide. (b) Result of FRET analysis according to the concentration of biotin and CDR3-peptide.
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Fig. 7. Expression of a fusion protein of Z-domain with CDR3-peptide. (a) SDS-PAGE of fusion protein (10.6 kDa) of Z-domain (8.6 kDa) with CDR3-peptide (1.8 kDa). (b) Biotin-
binding activity of the fusion protein of Z-domain with CDR3-peptide. (c) IgG-binding activity of the fusion protein of Z-domain with CDR3-peptide.
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