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ABSTRACT: Inhibitors for monoamine oxidase-B (MAO-B) were screened from
an FV library with a randomized complementarity-determining region 3 (CDR3)
region using a monoclonal antibody against dopamine. As the first step, the FV
library was expressed on the outer membrane of E. coli by site-directed mutagenesis
of the randomized CDR3 region. Among the FV library, variants with a binding
affinity to monoclonal antibodies against dopamine were screened and cloned.
From the comparison of the binding activity of the screened clones to a control
clone with a modified FV antibody (only with CDR1 and CDR2), the CDR3
regions of screened clones were determined to directly interact with the monoclonal
antibody against dopamine. These CDR3 sequences were then synthesized as
mimotopes (mimicking peptides) of dopamine. The inhibitory activity of two
mimotopes against MAO-B was analyzed using HeLa cells overexpressing MAO-B,
as well as using activated human astrocytes; their inhibitory activity was compared
to that of a commercial inhibitor of MAO-B, selegiline. The inhibition efficiency of
the two mimotopes (in comparison with selegiline) was estimated to be 67.2% and 69.4% in the HeLa cells and 64.4% and 58.0% in
the human astrocytes. The gene expression pattern in astrocytes after treatment with the two mimotopes was also analyzed and
compared with that in the human astrocytes treated with selegiline. Finally, the interaction between two mimotopes and MAO-B was
analyzed using docking simulation, and the candidate regions of MAO-B for the interaction with each mimotope were explored
through the docking simulation.

1. INTRODUCTION

Dopamine is a neurotransmitter that belongs to the same
adrenergic neurotransmitter (monoamine) family as serotonin,
epinephrine, and histamine. Dopamine is synthesized from 3,4-
dihydroxyphenylalanine (L-dopa) via decarboxylation cata-
lyzed by aromatic L-amino acid decarboxylase (EC 4.1.1.28); it
is inactivated by oxidation reaction with enzymes called
monoamine oxidases (MAOs).1,2 Usually, MAO-A is involved
in the metabolism of serotonin, noradrenaline, and dopamine,
whereas MAO-B metabolizes dopamine neurotransmitters.3

Patients with Parkinson’s disease have been reported to have
depleted amounts of dopamine and elevated levels of MAO-B
in the brain.4,5 However, dopamine cannot be administered
directly because it cannot penetrate the blood−brain barrier.
For these reasons, the remedy of Parkinson’s disease has been
focused on the administration of L-dopa and the inhibition of
the oxidative function of MAO-B to prevent the metabolic
elimination of dopamine.6,7

MAO-B is an enzyme belonging to the flavin monoamine
oxidase family, and it contains a coenzyme (FAD).8,9 MAO-B
is found in the outer membrane of the mitochondrial
membrane of star-shaped glial cells in the brain called

astrocytes.10 Selegiline is a well-known inhibitor of MAO-B
that prevents the oxidation of dopamine.11,12

This study aimed to screen a new kind of MAO-B inhibitor.
The key idea of screening the inhibitor is to identify
mimotopes (mimicking peptides) of dopamine, which can
specifically bind to monoclonal antibodies against dopamine as
well as to MAO-B as inhibitors, as shown in Figure 1a. To
identify the mimotopes, monoclonal antibodies against
dopamine were reacted with an FV library expressed on the
outer membrane of E. coli using autodisplay technology. The
FV antibody represented the FV region of immunoglobulin G
(IgG) composed of three complementarity-determining
regions (CDRs) and four framework regions (FRs),13 and
the target amino acid sequences for the specific binding to the
monoclonal antibodies against dopamine were screened from
the FV library. Then, the screened amino acid sequences were
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synthesized to obtain dopamine-mimicking peptides (i.e.,
mimotopes of dopamine), as shown in Figure 1b.
In this study, the FV library was produced by randomizing

the amino acid sequence of the CDR3 region (11 amino acid
residues) by site-directed mutagenesis,14−16 and the FV library
was expressed on the outer membrane as a fusion protein of
AIDA-1 as an anchor protein on the outer membrane of E.
coli.17,18 This expression method is called the autodisplay
technology, which has been used to express many kinds of
proteins, such as Z-domain, Ro and La antigens, streptavidin,
casein, and lipase.19−23 The advantage of using autodisplay
technology for the expression of the FV library is as follows: (1)
high surface density of expressed proteins of more than 105

proteins/E. coli and (2) a high yield (more than 90% of the
total E. coli population). Owing to the advantages of
autodisplay technology, the autodisplayed FV library could be
used for the screening of target clones without a repeated

biopanning process, which is required for the screening of
target clones using the conventional phage library.24−26

In this study, MAO-B inhibitors were screened from the FV
library with a randomized CDR3 region. As the first step, the
FV library was expressed on the outer membrane of E. coli by
site-directed mutagenesis of the randomized CDR3 region, and
then target clones with binding affinity to monoclonal
antibodies against dopamine were screened. The CDR3
regions of screened FV antibodies were determined to directly
interact with the monoclonal antibodies using a control clone
with a modified FV antibody (only with CDR1 and CDR2),
and then these sequences of CDR3 regions were synthesized as
mimotopes (mimicking peptides) of dopamine. Mimotopes
were analyzed to inhibit MAO-B in HeLa cells overexpressing
MAO-B and in activated human astrocytes. The gene
expression pattern of astrocytes after treatment with the two
mimotopes was also analyzed and compared with human
astrocytes treated with selegiline. Finally, the interaction
between two mimotopes from the screened clones and
MAO-B was analyzed using docking simulation, and the
candidate regions of interaction on MAO-B were analyzed to
interact with each mimotope.

2. EXPERIMENTAL SECTION

2.1. Materials. Monoclonal antibodies against dopamine
(NB 110−2538) and FITC-labeled monoclonal antibody
against dopamine (NB110 − 2538F) were purchased from
Novus Biologicals (Littleton, CO, USA). The monoamine
oxidase B(MAO-B) inhibitor screening kit (K797) was
purchased from Biovision Inc. (Milpitas, CA, USA), and a
monoamine oxidase activity assay kit was purchased from
PromoCell (Heidelberg, Germany). Luria−Bertani (LB) broth
and LB agar were obtained from Duchefa Co (Haarlem, the
Netherlands). Phosphate-buffered saline (PBS) buffer (20×)
was obtained from CUREBIO Co (Seoul, Korea). Kanamycin
and isopropyl β-D-1-thiogalactopyranoside (IPTG) were
purchased from Kisan Bio (Seoul, Korea). Microplates (96-
well, black, Maxisorp) and Dynabeads Protein G, interferon-γ
(IFN-γ) high-fidelity Phusion polymerase, and PCR reagents
were purchased from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). Bovine serum albumin (BSA) and other chemicals
were purchased from Sigma-Aldrich (Seoul, Korea). PCR
Clean-up and NucleoSpin Gel kits were purchased from
Macherey-Nagel Co. (Düren, Germany). For site-directed
mutagenesis, primers (forward and reverse) were synthesized
by Macrogen Co (Seoul, Korea), and Klenow (exo-)
polymerase and NEBuffer 2 were purchased from New
England Biolabs (Ipswich, MA, USA). Moreover, the peptides
listed in Table 1 were synthesized from Peptron Co (Daejeon,
Korea) with a purity of more than 90%. An Amicon Ultra filter
was purchased from Millipore Co (Darmstadt, Germany).
Lipopolysaccharide (LPS) was purchased from Cell Signaling
Technology (Danvers, MA, USA).

Figure 1. Antibody-medicated screening principle of dopamine
mimotopes (mimicking peptides of dopamine). (a) Metabolism of
dopamine and the inhibition of MAO-B using dopamine mimotopes.
(b) Screening of dopamine mimotopes with the binding activity to
monoclonal antibodies against dopamine from the FV library.

Table 1. Sequence Information of Screened CDR3 Regions and Synthesized Mimotopes

sequences MW

Mimotope-1 (FACS sorted) Oligonucleotide 5′-1GGCAG 6GAGGC 11CCATA 16GTTAT 21TAGTA 26TGGAT 31TA 33C-3′ 1792 g/mol
Mimotope(peptide) 1GRRPI6VISMD 11Y (12K-FAM)a

Mimotope-2 (MACS sorted) Oligonucleotide 5′−1GGCCG 6CCCAC 11TCATC 16AATCC 21GGGAC 26GGGAT 31TT 33C-3′ 1793 g/mol
Mimotope (peptide) 1GRPLI6NPGRD 11F (12K-rhodamin B)a

aLysine(K) was added to label FAM and Rhodamine B on the C-terminus of each peptide (Mimotope-1 and Mimotope-2).
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2.2. Preparation of FV Library. The FV library primer was
prepared as previously described.24−26 First, a single-stranded
forward primer with randomized CDR3 oligonucleotide
sequences (2 μL) and a reverse primer (2 μL, Table S1)
were mixed with NEBuffer 2 (4 μL). Finally, the total volume
was adjusted to 40 μL with distilled deionized water (DW),
followed by the following steps: incubation for 5 min at 95 °C
and cooling up to 36 °C at the cooling rate of 0.3 °C/s. After
the annealing process, Klenow (exo-) enzyme (3 μL), 10 mM
dNTPs (8 μL), and NEBuffer 2 (16 μL) were mixed and
distilled water was added for a total volume of 200 μL. The
extension process was performed for 15 min at 37 °C and then
20 min at 75 °C. Finally, the PCR product (double-stranded
FV library primer with randomized CDR3 sequence) was
purified using a PCR Clean-up kit and a NucleoSpin Gel.
Autodisplay was performed as previously reported.18,24,25 The
preparation of the FV library plasmid with randomized CDR3
was performed by polymerase chain reaction (PCR). Three
hundred nanograms of template plasmid (pST009), the
double-stranded FV library primer (2 μL), 10 mM dNTPs (2
μL), HF buffer (10 μL), and Phusion high-fidelity polymerase
(0.5 μL) were mixed, and the total volume was adjusted to 50
μL using DW. PCR was performed using the following steps:
(1) initial denaturation (1 min at 98 °C), (2) denaturation (30
s at 98 °C), (3) annealing (1 min at 68 °C), (4) elongation (5
min at 72 °C), (5) 30 cycles of (2)−(4), and (6) termination
(10 min at 72 °C). After the PCR, template plasmid digestion
was performed using the Dpn1 restriction enzyme (16 h at 37
°C) and further purified using a PCR Clean-up kit and the
NucleoSpin Gel. Finally, the purified PCR product was filtered
using a 10 kDa Amicon Ultra filter. Autodisplay of the FV
library on the outer membrane of E. coli was performed using
the following steps. First, the previously prepared autodisplay
vector was transformed into competent E. coli BL21(DE3)
cells by electroporation. The transformed E. coli was then
cultured by shaking in LB broth medium containing 50 mg/L
kanamycin (KM) for 16 h at 37 °C (200 rpm). After overnight
culture of the transformed E. coli, the culture was inoculated in
LB broth medium mixed with 10 μM EDTA, 50 mg/L KM,
and 10 mM β-mercaptoethanol at 37 °C with shaking (200
rpm) until the value of OD600nm becomes 0.5. The induction of
FV library expression was initiated by adding 1 mM IPTG (3 h
at 30 °C, 150 rpm). After IPTG induction, centrifugation (3
min at 3000g) was performed and then resuspended in an
extraction buffer (2% Triton X-100, 50 mM Tris/HCl, 10 mM
MgCl2).
2.3. Screening of Mimotopes from the FV Library. For

magnetic bead-activated cell sorting (MACS) screening,
targeted E. coli with FV antibodies with a specific binding
activity to a monoclonal antibody against dopamine was
screened by the following steps: (1) Dynabeads Protein G (5
μL) and anti-dopamine IgG antibody (1 mg/mL, 5 μL) were
mixed with 0.1% PBST (0.1% Tween 20, 185 μL) for 2 h. (2)
A magnet was used to filter the monoclonal antibody-bound
magnetic beads, and unbound monoclonal antibodies against
dopamine were washed five times with 0.1% PBST and PBS
buffer. (3) The monoclonal antibody-bound magnetic beads
were then mixed with the FV library (OD600 = 1.0, 100 μL) at 4
°C for 1 h. (4) The monoclonal antibody-bound magnetic
beads with bound E. coli were then filtered by the magnet and
washed ten times with 0.1% PBST and PBS. (5) The filtered
monoclonal antibody-bound magnetic beads with bound E. coli
were finally resuspended in LB broth medium (100 μL), and

then the bound E. coli was spread over a solid LB agar plate to
obtain the monoclonal antibody against dopamine-bound-E.
coli clones.
For fluorescence-activated cell sorting (FACS) screening,

targeted E. coli with FV antibodies with a specific binding
activity to a monoclonal antibody against dopamine was
screened by the following steps: (1) FITC (λEx = 488 nm, λEm
= 525 nm)-labeled monoclonal antibodies against dopamine (1
mg/mL, 1 μL) were mixed with the FV library (OD600 = 1.0,
100 μL) at 4 °C for 1 h. (2) After incubation, the unbound
FITC-labeled monoclonal antibodies were washed five times
with 0.1% PBST and PBS buffer. (3) FACS analysis was
performed using a FACSCalibur flow cytometer. The analysis
was done at the fluorescence channel of FL1 (λEx = 488 nm,
λEm = 525 nm) and a forward scattering (FSC) window. The
sorting gates of the FL1 channel (λEx = 488 nm, λEm = 525 nm)
and FSC channel were set to be 30−500 AU and 200−2000
AU, respectively. For the isolation of the autodisplayed E. coli
with the FITC-labeled monoclonal antibody against dopamine,
50,000 E. coli cells were sorted by the FACSCalibur flow
cytometer, then spreading of the bound E. coli onto LB agar
plate was finally performed.

2.4. Inhibition Assays. HeLa cells from the Korean Cell
Line Bank (Seoul, Korea) were cultured in DMEM (Thermo
Fisher Scientific) supplemented with 10% (FBS bovine serum
FBS (Hyclone, Logan, UT, USA) and 1% penicillin/
streptomycin (P/S). Immortalized human astrocytes, fetal-
SV40 (Applied Biological Materials Inc., Richmond, Canada),
were cultured in Prigrow IV medium (Applied Biological
Materials Inc.) with 10% FBS, 10 ng/mL human EGF, 1% L-
glutamine, and 1% P/S on a type I collagen (Sigma-Aldrich)-
coated cell culture plate. For the overexpression of MAO-B,
HeLa cells (1 × 105 cells/mL) were seeded on 6-well plates
and incubated for 18−24 h before transfection (70−80%
confluency). HeLa cells were transfected with 1 μg of MOCK
vector or pCMV-myc-MAO-B plasmid using Lipofectamine
Transfection Reagent (Thermo Fisher Scientific). After the
indicated incubation time, cells were incubated with 20 μM
mimotope for 24 h. Western blotting was performed as
previously described. The primary antibodies used were as
follows: MYC-tag (Cell Signaling Technology, Danvers, MA,
USA; #2278; dilution 1:5000), MAO-B (Novus1:1000), GFAP
(DAKO, 1:500), and β-actin-HRP (Santa Cruz Biotechnology,
Dallas, TX, USA; C4; dilution 1:1000). Western blotting
experiments from biological replicates showed similar
expression, attesting to the reproducibility of the results. The
amount of delivered peptides was estimated as follows:
Mimotope-treated cells were trypsinized and homogenized
with MAO Assay Buffer (0.1 mg/μL). MAO-B activity was
measured using the Monoamine Oxidase Activity Assay Kit
(PromoCell GmbH, Heidelberg, Germany) according to the
manufacturer’s instructions. For the activation of human
astrocytes (1 × 105 cells/mL), they were seeded on type I-
collagen-coated 6-well plates and incubated until 70−80%
confluency. Human astrocytes were treated with 10 ng/mL
IFN-γ and 20 ng/mL LPS for 24 h. Then, cells were incubated
with 20 μM mimotope for 24 h. Western blotting and the
activity of MAO-B were measured in the same manner as HeLa
cells.
For fluorescence imaging, HeLa cells (1 × 105 cells/mL)

were plated on poly L-lysine-coated coverslips and incubated
until 70−80% confluency. Transfection with 1 μg of MOCK
vector or pCMV-myc-MAO-B plasmid using Lipofectamine for
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48 h was performed. Human astrocytes (1 × 105 cells/mL)
were seeded on type I-collagen-coated coverslips and treated
with IFN-γ (final concentration of 10 ng/mL) and LPS (final
concentration of 20 ng/mL) for 24 h. Both cells were
incubated with 20 μM mimotope for an additional 24 h. To
determine the cellular localization of mimotopes, cells were
additionally incubated with Mitotracker (100 ng) for 30 min.
For immunocytochemistry (ICC), both cells were fixed in 4%
paraformaldehyde for 30 min and were performed as
previously described. The primary antibody against the
MYC-tag in blocking solution was incubated overnight at 4
°C. The next day, the cells were washed three times with PBS
and incubated with diluted secondary antibody (1:200,
Invitrogen, Carlsbad, CA, USA) in blocking solution for 1 h.
After washing the cells in PBS, Hoechst 33258 was used to
stain the nuclei. Images were acquired using an Olympus BX53
microscope with the Olympus Cell Sens software (Carl Zeiss,
Jena, Germany).
2.5. Gene Expression Profiling and Cell Viability

Analysis. Human astrocytes (1 × 105 cells/mL) were seeded
on 6-well plates and incubated for 18−24 h before treatment
(70−80% confluency). Human astrocytes were treated with
IFN-γ (10 ng/mL) or LPS (20 ng/mL). Cells were incubated
with non-treated (CTL), 500 nM selegiline (Promocell, SEL),
FACS sorted-mimotope (Mimotope-1, 20 μM), and MACS
sorted-mimotopes (Mimotope-2, 20 μM) for an additional 24
h. For RNA expression profiling, total RNA was extracted from
cells using the RNeasy Mini Kit (QIAGEN). RNA sequencing
and data analysis were carried out using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
annotation tool (https://david.ncifcrf.gov).27 To measure cell
viability, human astrocytes were incubated with SEL,
Mimotope-1, or Mimotope-2 (0−100 μM). Cells were
incubated for an additional 24 h, and cell viability was
measured using WST-1 colorimetric assays (Roche, Man-
nheim, Germany). Absorbance at wavelengths of 440 and 640
nm was measured using a microplate reader (Molecular
Devices, CA, USA).
2.6. Blood Brain Barrier (BBB) Permeability Test. The

blood brain barrier (BBB) permeation of two screened
peptides (Mimotope-1 and Mimotope-2) was estimated
using a commercial artificial membrane permeability test kit
from BioAssay Systems (Hayward, CA, USA).28−30 The test
kit estimates the BBB permeability of an analyte compound
using an artificial membrane, and it supplies the permeability
standards such as promazine (high permeability), clonidine
(medium permeability), and diclofenac (low permeability) to
compare the permeability of the analyte compound.30,31 For
the evaluation of BBB permeability, the permeability rate (Pe)
was calculated using the following equation:

= × − −P Cpermeability rate( ) log 1
OD
OD

cm/se
A

B

i
k
jjjjj

y
{
zzzzz

=
×

+ × ×
C

V V
V V( ) area time

cm/sB A

B A

where C was calculated to be 7.72× 10−6 (based on incubation
for 18 h) and ODB (or ODA) represented absorbance or
fluorescence intensity of analyte solution before and after
permeation of membrane, respectively. VB (or VA) represented
the volume of the vessel for analyte solution before the
membrane permeation (or after the membrane permeation).

The overall permeation assay was carried out according to the
manufacturer’s instruction. The permeability rate (Pe) of the
two screened peptides (Mimotope-1 and Mimotope-2) was
estimated using the test kit. For the fluorescence-labeled
mimotopes, the fluorescence intensity was measured before
and after the membrane permeation using a fluorescence
spectrometer (Victor5) from PerkinElmer Co (Waltham, MA,
USA). For the unlabeled mimotopes, the absorbance was
measured at the wavelength of 205 nm using a Nanodrop
spectrophotometer (DS-11 Spectrophotometer) from DeNo-
vix Inc. (Wilmington, DE, USA). The permeability rate (Pe) of
three different controls for high permeability (promazine),
medium permeability (clonidine), and low permeability
(diclofenac) was calculated by measuring the absorbance at
wavelengths of 250, 250, and 270 nm, respectively.

2.7. Metabolic Stability Assay. The metabolic stability of
screened peptides was estimated using the liver microsomal
metabolic stability assay.32 The quantification of mimotopes
before and after this assay was performed using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) with an internal standard.33 Human liver
microsome and NADPH were purchased from Sigma-Aldrich
(Seoul, Korea). The procedure of liver microsomal metabolic
stability assay was performed by the following steps: The
mimotope sample (total volume of 50 μL) was prepared by
mixing 0.5 mg/mL liver microsome, 20 μM peptides
(Mimotope-1 and Mimotope-2), and 50 mM Tris−HCl (pH
= 7.4). The microsome reaction was initiated by adding 1 mM
NADPH and ended by adding three volumes of ice-cold
acetonitrile (ACN). The reaction was conducted at 37 °C in a
water bath at different incubation times (0, 30, 60, and 120
min). After the termination of the reaction, samples were
centrifuged (10 min at 10,000g, 4 °C), the supernatant was
evaporated using a centrifugal evaporator (CVE-3110) from
EYELA (Tokyo, Japan), and then the samples were
resuspended with ACN (25 μL) and trifluoroacetic acid (25
μL). For quantitative analysis of Mimotope-1 (1300 Da) and
Mimotope-2 (1240 Da), MALDI-TOF MS was performed
using a CHCA matrix and an internal standard. As an internal
standard, angiotensin II (1046 Da) at a concentration of 5 μM
was mixed with standard samples. The metabolic half-life time
(t1/2), which represented the time to reach the half of initial
concentration, was estimated using the following equation:32,34

− =t khalf life time( )(min) 0.693/1/2

= −kelimination constant( ) ( gradient)

where k represents the elimination constant, which meant the
amount of analyte eliminated in the liver microsomal metabolic
reaction per unit time.

3. RESULTS AND DISCUSSION
3.1. Screening of Mimotopes (Mimicking Peptides)

from the FV Library. The FV library was expressed on the
outer membrane of E. coli using autodisplay technology. As
shown in Figure 2a, the CDR3 region of the FV antibody
composed of 11 amino acids (33 bp) was randomized by site-
directed mutagenesis. The single-stranded oligonucleotide
corresponding to the CDR3 region was synthesized, and
then PCR products were prepared using forward and reverse
primers, as summarized in Table S1. The oligonucleotides with
a randomized CDR3 region were prepared to be inserted to an
autodisplay plasmid, which were based on a template plasmid
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with the genetic sequence of the FV antibody against thyroid
peroxidase, as shown in Figure 2b. The FV library was
autodisplayed on the outer membrane of E. coli through
transformation of the autodisplay plasmids and IPTG
induction. As a control strain, the autodisplay plasmid with
the FV antibody was composed of only two CDR regions,
CDR1 and CDR2, as shown in Figure 2c. The diversity of the
FV library was estimated to be 2.5 × 105 clones/library by a
random selection method. After autodisplay of FV antibodies,
the protein bands of FV antibodies composed of three CDR
regions (64.2 kDa) and two CDR regions (63 kDa) were
observed by SDS-PAGE of the outer membrane fraction, as
shown in Figure S1. From the densitometry of protein bands in
comparison with protein bands of known expression levels, the
amount of autodisplayed FV antibodies on the outer membrane
of E. coli was estimated to be 2.02 × 105 molecules/E. coli for
each E. coli in the FV library and 1.14 × 105 molecules/E. coli
for the control strain.
The FV antibody with a binding affinity to the monoclonal

antibody against dopamine was screened from the FV library.
The screening was carried out using two different methods:
FACS sorting and MACS sorting. FACS sorting was carried
out by (1) treatment of fluorescence-labeled monoclonal
antibodies against dopamine to the FV library and (2)

screening of E. coli with fluorescence (from the bound
fluorescence-labeled antibodies) with FACS. FACS analysis
was performed by plotting forward scattering (X axis) and
fluorescence signals from channel 1 (λex = 488 nm and λex =
525 nm, Y axis). As shown in Figure S2a, E. coli with the FV
library showed a gating region at a higher fluorescence in
comparison with intact E. coli without any FV antibodies on the
outer membrane. The E. coli at the selected gate was sorted
and cultured on an agar plate to screen targeted clones with FV
antibodies with binding affinity to monoclonal antibodies
against dopamine. Six variants were randomly selected from
the agar plate, and the genetic sequence of the CDR3 region
for each variant was analyzed, as shown in Figure S2b. Two
variants were analyzed to have the same CDR3 regions as the
template plasmid, and the other three variants were found to
have an addition of one base pair (bp), deletion of two bp, and
inclusion of a stop codon, respectively. Finally, one variant with
the target FV antibody (Clone-1) was screened to have a
different CDR3 region from the template sequence.
The MACS sorting was carried out by (1) the reaction of

magnetic beads with immobilized monoclonal antibodies
against dopamine and (2) the isolation of E. coli bound to
the magnetic beads with an external magnet, as shown in
Figure S2c. The magnetic beads were cultured on an agar plate
to screen targeted clones with FV antibodies with binding
affinity to monoclonal antibodies against dopamine. Five
clones were randomly selected from the agar plate, and the
genetic sequence of the CDR3 region for each clone was
analyzed, as shown in Figure S2d. Three clones were analyzed
to have the same CDR3 regions as the template plasmid, and
other clones were found to have deletion of one bp and two
bp. Finally, one clone with the target FV antibody (Clone-2)
was screened to have a different CDR3 region from the
template sequence.
The region of interaction between the screened FV

antibodies and the monoclonal antibody against dopamine
was analyzed using a control strain with only two CDR regions
(CDR1 and CDR2) and intact E. coli, as shown in Figure 3a.
When the fluorescence-labeled monoclonal antibody against
dopamine (at a concentration of 10 μg/mL) was reacted with
the screened clone with specific FV antibodies (Clone-1), E.
coli at the proportion of 84.2% showed a fluorescence signal of
more than 30 AU. In the case of the control strain with only
two CDR regions and intact E. coli, the fluorescence signal of
more than 30 AU was estimated to be 2.4% for the control
strain and 2.7% for intact E. coli. Similar trends were found
when the other screened clone (Clone-2) was used for the
reaction with the fluorescence-labeled monoclonal antibody
against dopamine. These results indicated that (1) the binding
to the monoclonal antibody against dopamine was made to the
CDR3 regions of the screened clones, and (2) the CDR3
regions were recognized as dopamine molecules by the
monoclonal antibody against dopamine. The binding constant
(KD) for the interaction between the screened FV antibodies
and the monoclonal antibody against dopamine was analyzed
using FACS with a control strain with only two CDR regions
(CDR1 and CDR2) and intact E. coli, as shown in Figure 3b.
When the fluorescence-labeled monoclonal antibody against
dopamine in the concentration range of 1.3−40 μg/mL was
reacted to the screened clones with FV antibodies (Clone-1
from FACS sorting and Clone-2 from MACS sorting), the
peak of the fluorescence signal was quantitatively increased
according to the monoclonal antibody concentration, as shown

Figure 2. Preparation of the FV library. (a) Site-directed mutagenesis
of the CDR3 region of the FV antibody. (b) Preparation of the
autodisplay plasmid of the FV library. (c) Autodisplay of the FV library
with the randomized CDR3 region and a control strain with only the
CDR1 and CDR2 regions.
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in Figure 3c. In the control strain with only two CDR regions
and intact E. coli, the fluorescence signal was maintained at the
baseline level. From the analysis of the fluorescence signal from
two screened clones, the binding constant (KD) was estimated
to be 0.104 μM for the FV antibody of Clone-1 and 0.100 μM
for the FV antibody of Clone-2 by fitting with Hill’s plot.35−39

These results showed that (1) the monoclonal antibody against
dopamine could bind quantitatively to the screened FV
antibodies of two clones, and (2) the CDR3 regions could
be used as mimotopes (mimicking peptides) of the dopamine
molecule for binding with the monoclonal antibody against
dopamine. The amino acid sequences of the two mimotopes

were made to be 11 amino acid residues for the synthesis of
peptides from the genetic sequences of the CDR3 regions (33
bp). Two glycine residues were added at the N- and C-
terminals of each peptide, and the fluorescence label was
covalently attached at the C-terminus, as shown in Table 1.

3.2. MAO-B Inhibition Properties of Screened
Mimotopes. The inhibition activity of the two mimotopes
was estimated using purified MAO-B. For the MAO-B
inhibition assay, the conventional inhibitor (selegiline) was
used as a positive control and the MAO-A inhibitor was used
as a negative control. The inhibition assay of MAO was carried
out using a commercial kit from BioVision (Milpitas, CA,
USA), as shown in Figure 4a. The MAO-B inhibition assay was

performed for two mimotopes (Mimotope-1 and Mimotope-2)
in the concentration range of 0−100 μM. MAO-B activity was
maintained for the negative control, and it decreased steeply
after treatment with the positive control (selegiline), as shown
in Figure 4b. After treatment with two mimotopes (Mimotope-
1 and Mimotope-2), MAO-B activity also decreased according
to the amount of mimotope. These results showed that both
mimotopes (Mimotope-1 and Mimotope-2) could be used as
inhibitors of MAO-B. The MAO-A inhibition assay was
performed for two mimotopes (Mimotope-1 and Mimotope-2)
in the same concentration range as the MAO-B inhibition
assay, as shown in Figure 4c. MAO-A activity decreased steeply
after treatment with the MAO-A inhibitor. When the
conventional MAO-B inhibitor (selegiline) and two mim-
otopes were used, MAO-A activity was maintained at the

Figure 3. Binding activity of screened clones to the monoclonal
antibody against dopamine using flow cytometry. (a) Flow cytometric
binding assay to monoclonal antibody against dopamine using
screened clones (Clone-1 and Clone-2), a control strain with
CDR1 and CDR2, and intact E. coli. (b) Quantitative binding assay
with screened clones (Clone-1 and Clone-2), a control strain with
CDR1 and CDR2, and intact E. coli. (c) Standard curve for screened
clones (Clone-1 and Clone-2), a control strain with CDR1 and
CDR2, and intact E. coli.

Figure 4. Analysis of MAO-B inhibition activity. (a) Principle of the
MAO-B inhibition assay. (b) MAO-B inhibition assay and (c) MAO-
B inhibition assay using screened mimotopes (Mimotope-1 and
Mimotope-2), MAO-B inhibitor (selegiline), and MAO-A inhibitor
(clorgiline).
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negative control level. These results indicate that the two
mimotopes are selective inhibitors of MAO-B and that they
cannot be used for the inhibition of MAO-A.
The inhibition activity of two mimotopes was estimated

using HeLa cells overexpressing MAO-B (labeled with Myc).
Overexpression of MAO-B was confirmed by western blotting
(Figure 5a) and immunohistostaining with anti-Myc antibodies
labeled with fluorescence (Figure 5b). In the case of MOCK-
transfected cells, no fluorescence signal was observed after
treatment with anti-Myc antibodies labeled with fluorescence.
When HeLa cells overexpressing myc-MAO-B were treated
under the same reaction conditions, the fluorescence signal was

observed from the overexpressed MAO-B, as shown in Figure
5c. When the same HeLa cells were treated with both anti-Myc
antibodies labeled with fluorescence as well as a mimotope
(Mimotope-1 labeled with green fluorescence), green fluo-
rescence signals were found around the location of MAO-B.
The same reaction was performed with the other mimotope
(Mimotope-2 labeled with red fluorescence), and red
fluorescence signals were also found around the location of
MAO-B, as shown in Figure 5d. The level of inhibition by two
mimotopes within MAO-B-overexpressing HeLa cells was
estimated by measuring MAO-B activity.
As shown in Figure 5, the MAO-B inhibition assay results

showed that the saturation was reached at a concentration of
20 μM for selegiline as well as for two screened peptides. For
the inhibition test, the concentration was set to 20 μM (final
concentration) for Mimotope-1 and Mimotope-2.
In comparison with the MAO-B activity (100%) before the

treatment of peptides, MAO-B activity was estimated to
decrease to 32.8% for Mimotope-1 and 30.6% for Mimotope-2,
as shown in Figure 5e. These results showed that (1) the
mimotopes were delivered to the cytosol of HeLa cells
overexpressing MAO-B, (2) the mimotope was specifically
bound to MAO-B within the HeLa cell, and (3) both
mimotopes inhibited MAO-B within HeLa cells.
The inhibition activity of the two mimotopes was estimated

using human astrocytes after activation with lipopolysaccharide
(LPS) and interferon (IFN)-gamma. Increased levels of MAO-
B expression were confirmed by western blotting (Figure 6a).
Overexpression of MAO-B was also confirmed by the
measurement of MAO-B activity after treatment of a MAO-B
inhibitor (selegiline). As shown in Figure 6b, the MAO-B
activity was significantly decreased after the treatment of the
MAO-B inhibitor (selegiline). After treatment with a
mimotope (Mimotope-1 labeled with green fluorescence),
the fluorescence signal was increased in active astrocytes
compared to non-active astrocytes, as shown in Figure 6c. As
previously mentioned, MAO-B is mainly located in the
mitochondrial membrane of astrocytes. In the case of the
activated astrocytes, a significant green fluorescence signal
from the mimotope was observed around MAO-B. The same
reaction was performed with the other mimotope (Mimotope-
2 labeled with red fluorescence), and red fluorescence signals
were also found around the location of mitochondria, as shown
in Figure 6d. The level of inhibition by two mimotopes within
astrocytes was estimated by measuring the MAO-B activity.
For the inhibition test, the concentration was set to 20 μM
(final concentration) for Mimotope-1 and Mimotope-2. In
comparison with the MAO-B activity (100%) before the
treatment of peptides, MAO-B activity was estimated to
decrease to 35.6% for Mimotope-1 and 42.0% for Mimotope-2,
as shown in Figure 6e. These results showed that (1)
mimotopes were delivered to the cytosol of the activated
human astrocytes through the cell membrane, (2) the
mimotope was specifically bound to the MAO-B within the
astrocyte, and (3) two mimotopes inhibited MAO-B within
astrocytes.
The blood brain barrier (BBB) permeation of two screened

peptides (Mimotope-1 and Mimotope-2) was estimated using
a commercial artificial membrane permeability test kit from
BioAssay Systems (Hayward, CA, USA).28−30 The test kit
estimates the blood brain barrier (BBB) permeability of an
analyte compound using an artificial membrane, and it supplies
the permeability standards such as promazine (high perme-

Figure 5. MAO-B inhibition activity in HeLa cells with overexpressed
MAO-B. (a) Western blotting of HeLa cells overexpressing MAO-B.
(b) Transfer efficiency of fluorescence-labeled mimotopes to HeLa
cells. (c) Fluorescence image of HeLa cells after treatment of
Mimotope-1. (d) Fluorescence image of HeLa cells after treatment of
Mimotope-2. (e) MAO-B inhibition activity of Mimotope-1 and
Mimotope-2.
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ability), clonidine (medium permeability), and diclofenac (low
permeability) to compare the permeability of an analyte
compound.30,31 The permeability rate (Pe) of two screened
peptides (Mimotope-1 and Mimotope-2) was estimated using
the test kit. From the measurement of fluorescence intensities
before and after the permeation of membrane, the permeability
rate (Pe) was estimated to be 3.63 × 10−6 cm/s for FAM-
labeled Mimotope-1 and 4.05 × 10−6 cm/s for Rhodamine B-
labeled Mimotope-2. As shown in Figure 7a, the permeability
rate (Pe) for the three different controls was estimated to be
5.13 × 10−6 for promazine (high permeability), 3.73 × 10−6 for
clonidine (medium permeability), and 1.45 × 10−6 cm/s for
diclofenac (low permeability). These results showed that two
screened peptides had the medium level of BBB permeability
rate in comparison with control compounds.
In order to avoid the influence of labeled fluorescence dyes

to the permeability of mimotopes, the permeability rate (Pe)
was also estimated using unlabeled mimotopes (Mimotope-1
and Mimotope-2) using the same test kit. As shown in Figure
7b, the permeability rate (Pe) was estimated from the

measurement of absorbance before and after the permeation
of membrane at the wavelength of 205 nm to be 3.18 × 10−6

cm/s for unlabeled Mimotope-1 and 3.60 × 10−6 cm/s for
unlabeled Mimotope-2. In comparison with the permeability
rate (Pe) of three different controls, these results showed that
the unlabeled mimotopes also had the medium level of BBB
permeability rate. Additionally, the fluorescence dyes labeled to
the mimotopes was estimated to slightly promote the BBB
permeation of mimotopes.
For the feasibility test of screened mimotope as inhibitors of

MAO-B, metabolic stability of two screened peptides was
estimated using the liver microsomal metabolic stability
assay.32 For quantitative analysis of Mimotope-1 (1300 Da)
and Mimotope-2 (1240 Da), MALDI-TOF MS was performed
using the CHCA matrix and an internal standard.33 As an
internal standard, angiotensin II (1046 Da) at a concentration
of 5 μM was mixed with standard samples. The standard curves
were prepared in the concentration range of 0.01−100 μM for
Mimotope-1 (Figure S4a) and Mimotope-2 (Figure S4b).
According to the reaction time, the mass spectra of two
mimotopes were obtained and the mass peaks of Mimotope-1
(Figure S5a) and Mimotope-2 (Figure S5b) were observed to
be decreased. The incubation time of zero min represented the
sample before the addition of NADPH for the initiation of
microsomal reaction. In the case of Mimotope-1, the amount
was decreased to be 51.4% after incubation of 30 min and
40.1% after 2 h as shown in Figure 8a. From fitting the decay
curve, the metabolic half-life (t1/2) to reach the half of initial

Figure 6.MAO-B inhibition activity in activated human astrocyte. (a)
Western blotting of the activated human astrocyte. (b) Transfer
efficiency of fluorescence labeled mimotopes to the human astrocyte.
(c) Fluorescence image of the human astrocyte after treatment of
Mimotope-1. (d) Fluorescence image of the human astrocyte after
treatment of Mimotope-2. (e) MAO-B inhibition activity of
Mimotope-1 and Mimotope-2.

Figure 7. Analysis of the blood brain barrier (BBB) permeation of
two screened peptides (Mimotope-1 and Mimotope-2) was estimated
using a commercial artificial membrane permeability test kit. (a)
Permeability rate (Pe) of two screened peptides (Mimotope-1 and
Mimotope-2) labeled with fluorescence dyes. (b) Permeability rate
(Pe) of two screened peptides (Mimotope-1 and Mimotope-2)
labeled with fluorescence dyes. The permeability of two screened
peptides was compared with three permeability controls: high
permeability control (promazine), medium permeability control
(clonidine), and low permeability control (diclofenac).
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concentration of Mimotope-1 in human liver microsomes was
calculated as 14.4 ± 3.6 min. In the case of Mimotope-2, the
amount was decreased to be 24.3% after incubation of 30 min
and 15.1% after 2 h as shown in Figure 8b. From the fitting of
the decay curve, the metabolic half-life (t1/2) of Mimotope-1 in
human liver microsome was calculated as 8.4 ± 2.7 min. These
results showed that the two screened peptides had a different
metabolic stability and Mimotope-1 was estimated to be more
stable than Mimotope-2 with a 1.7-fold longer half-life time
(t1/2) in comparison with Mimotope-2.
The gene expression profiles were assessed to compare the

differences in gene expression between selegiline-treated
reactive astrocytes (SEL) and mimotope-treated reactive
astrocytes (Pep-1: Mimotope-1-treated human astrocytes,
Pep-2: Mimotope-2-treated human astrocytes). From the
analysis of dysregulated genes, the most significantly involved
pathway was searched from the gene ontology (GO)
annotation analysis using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) online tool
(https://david.ncifcrf.gov).27 Selegiline treatment has ex-
hibited neuroprotective properties, antioxidant, and anti-
inflammatory effects.40 In line with previous studies,
dysregulated genes after selegiline treatment were identified
as biological processes (BP) related to immune function, such
as the type I interferon signaling pathway (p-value = 3.7 ×
10−17) and to cellular response to DNA damage stimuli (p
value = 2.5 × 10−6). As shown in Figure S3, heatmap analysis
was carried out through hierarchical clustering of dysregulation
genes after treatment with selegiline, Mimotope-1, and
Mimotope-2 in activated human astrocytes (>1.5-fold, p <
0.05). The gene expression pattern was observed to be more
similar for the SEL and Pep-1 pairs than for the SEL and Pep-2
pairs. The commonly dysregulated genes for the pair of SEL
and Pep-1 were estimated for 908 genes among 3754 genes.
From the GO analysis, the dysregulated genes shared by SEL
and Pep-1 (908 genes) were identified as BP, including type I

interferon signaling, immune response, and response to
interferon-gamma, as shown in Figure 9a. The expression of
inflammation-associated cytokines and chemokines is modu-
lated by MAO-B inhibitors in various cells.41−43

In our study, cytokine-related genes, such as CX3CL1,
CXCL12, CXCL9, CXCL10, and CXCL11, were dysregulated
in both SEL and Pep-1. The BP of genes, which is dysregulated
only in Pep-1, was included in the peptide catabolic process (p
value = 2 × 10−2) and anti-apoptosis process (p value = 1.7 ×
10−2), such as BCL3, DDIT4, and PHLDA3. The expression
pattern of the astrocytes treated with Mimotope-2 was also
analyzed using the same method, and the significantly
dysregulated genes was 192 genes out of 2305 genes (>1.5-
fold change). Dysregulated genes in both SEL and Pep-2 were
analyzed to be endoplasmic reticulum (ER) membrane stress
sensor PERK (PKR-like ER kinase)-mediated unfolded protein
response, protein transport, and response to ER stress, as
shown in Figure 9b. ER stress caused by the accumulation of
unfolded proteins is known to play an important role in
Parkinson’s disease.44 MAO-B inhibitors against ER stress have
also been found to be effective in dopaminergic cell lines.45

The BP of dysregulated genes only in Pep-2 included those
related to the cell cycle (p value = 9.7 × 10−4). These results
showed that (1) the dysregulated genes after mimotope
treatment had a similar trend to the conventional MAO-B
inhibitor (selegiline), (2) gene expression pattern of Pep-1 was
observed to be more similar to SEL in comparison with Pep-2,
and (3) Pep-1 and Pep-2 had an effect to the anti-apoptosis
and cell cycle pathway.
To investigate the interaction between two mimotopes from

the screened clones and MAO-B, a docking simulation was
performed using AutoDock 4 (version: AutoDock 4.2.6),

Figure 8. Analysis of metabolic stability of two screened peptides was
performed using the liver microsomal metabolic stability assay. The
proportion of (a) Mimotope-1 and (b) Mimotope-2 was estimated
after reaction with liver microsomes.

Figure 9. Gene expression analysis of activated human astrocytes after
treatment of selegiline (SEL), Mimotope-1, and Mimotope-2 (Pep-1:
Mimotope-1-treated human astrocytes, Pep-2: Mimotope-2-treated
human astrocytes). (a) Gene oncology (GO) analysis of the
commonly dysregulated genes shared by SEL and Pep-1. (b) Gene
oncology (GO) analysis of the commonly dysregulated genes shared
by SEL and Pep-2.
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which was developed by Scripps Research.46,47 The structure
of MAO-B (PDB ID: 2BYB) was obtained from PDB (www.
rcsb.org), and the interaction with the conventional MAO-B
inhibitor, selegiline, was performed as shown in Figure 10a.
The docking results showed that the inhibitor bound to the
entrance gate region of MAO-B with a loop of the substrate
cavity where the inhibitor was observed to block the
interaction with the cofactor of MAO-B (FAD) for the
oxidation of dopamine. The amino acids of MAO-B that
hydrophobically interacted with selegiline were C172, I199, Y326,
F343, and Y398, while I171 and Y435 of MAO-B formed hydrogen
bonds with selegiline.
When the mimotope (Mimotope-1) interacted with MAO-

B, the docking results showed that the mimotope (Mimotope-
1) bound to the upper side of the entrance gate region of
MAO-B, as shown in Figure 10b. At this location, the
mimotope could interact with the loop of the substrate cavity
and influence the approach of the substrate (dopamine) to the
cofactor of MAO-B (FAD) for the oxidation of dopamine. The
amino acids of MAO-B that hydrophobically interacted with I5
of mimotope-1 were K93 and K95, while K93, G94, K95, S96, Y97,
P98, W107, and K370 of MAO-B formed hydrogen bonds with
G1, Y11, R2, I5, V6, M9, D10, and P4 of the mimotope. Moreover,
E321 of MAO-B electrostatically interacted with G1 of the
mimotope. When the other mimotope (Mimotope-2)
interacted with MAO-B, the docking results showed that the
mimotope (Mimotope-2) bound to near the entrance gate
region of MAO-B, as shown in Figure 10c. At this location, the
mimotope (Mimotope-2) could interact with the loop of the
substrate cavity more closely than the previous mimotope
(Mimotope-1). In addition, it seems to influence the approach
of the substrate (dopamine) to the cofactor of MAO-B (FAD)
through the interaction with the loop of the substrate cavity.
The amino acids of MAO-B that electrostatically interacted
with D10 of mimotope-2 were R100, while E84, N203, P476, and
T478 of MAO-B formed hydrogen bonds with of R9, N6, and I5
of the mimotope (Mimotope-2). The interactions of MAO-B
with selegiline and two mimotopes are summarized in Table 2.

4. CONCLUSIONS
This study aimed to screen a new kind of inhibitor of MAO-B
by screening mimotopes (mimicking peptides) of dopamine,
which can specifically bind to monoclonal antibodies against
dopamine as well as to MAO-B as inhibitors. The targeted
mimotopes were screened from the FV library with a
randomized CDR3 region using a monoclonal antibody against
dopamine. As the first step, the FV library was expressed on the
outer membrane of E. coli by site-directed mutagenesis of the
randomized CDR3 region. The amount of autodisplayed FV
antibodies on the outer membrane of E. coli was estimated to
be 2.02 × 105 molecules/E. coli for E. coli with the FV library,
and 1.14 × 105 molecules/E. coli for E. coli with a FV library
(only with CDR1 and CDR2) was used as the control strain.
Among the FV library, variants with a binding affinity to
monoclonal antibodies against dopamine were screened and
cloned. Two clones with the target FV antibody (Clone-1)
were screened to have a different CDR3 region from the
template sequence. From the comparison of the binding
activity of the screened clones to a control clone with a
modified FV antibody (only with CDR1 and CDR2), the
CDR3 regions of screened clones were determined to directly
interact with the monoclonal antibody against dopamine. From
the analysis of the fluorescence signal from two screened

clones, the binding constant (KD) was estimated to be 0.104
μM for the FV antibody of Clone-1 and 0.100 μM for the FV
antibody of Clone-2 by fitting with Hill’s plot. These results

Figure 10. Analysis of interaction between MAO-B and mimotopes.
The docking analysis was carried out for the interaction of MAO-B
(PDB ID: 2BYB from PDB (www.rcsb.org)) and (a) a clinical
inhibitor (selegiline), (b) a mimotope of dopamine (Mimotope-1),
and (c) a mimotope of dopamine (Mimotope-2).
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showed that (1) the monoclonal antibody against dopamine
could bind quantitatively to the screened FV antibodies of two
clones, and (2) the CDR3 regions could be used as mimotopes
(mimicking peptides) of the dopamine molecule for binding
with the monoclonal antibody against dopamine. These CDR3
regions were then synthesized as mimotopes (mimicking
peptides) of dopamine to be 11 amino acid residues for the
synthesis of peptides from the genetic sequences of CDR3
regions (33 bp). Two glycine residues were added at the N-
and C-terminals of each peptide, and the fluorescence label was
covalently attached at the C-terminus. The inhibitory activity
of two mimotopes against MAO-B was analyzed using HeLa
cells overexpressing MAO-B as well as using activated human
astrocytes in comparison with a commercialized inhibitor
(selegiline) of MAO-B. The inhibition efficiency of the two
mimotopes (with respect to selegiline) was estimated to be
67.2% and 69.4% for HeLa cells and 64.4% and 58.0% for
human astrocytes. The gene expression pattern of astrocytes
after treatment with the two mimotopes was also analyzed and
compared with that of selegiline. Finally, the interaction
between two mimotopes from the screened clones and MAO-B
was analyzed using docking simulation, and the candidate
regions on MAO-B were analyzed to interact with each
mimotope.
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