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Abstract

Currently, the point of care testing (POCT) is not fully developed for subtype-specific avian influenza
virus detection. In this study, an H5N1 hemaglutinin 1 (HAT) epitope (PO: KPNDAINF) and three
modified peptides (P1: KPNTAINF, P2: KPNGAINF, P3: KPNDAINDAINF) were evaluated as POCT
elements for rapid detection of avian influenza virus. Based on modeling predictions by Autodock Vina,
binding affinity varied depending on alteration of one amino acid in these peptides. The binding energy of
P2 indicated its potential for a strong interaction with HA. Fluorescence-linked immunosorbent assay
experimentally demonstrated the interaction between these peptides and virus. The four peptides
interacted with HA1 of H5N3 with different binding affinities with P2 showing the strongest binding
affinity. When PO and P2 peptides were used in rapid fluorescent immunochromatographic test (FICT)
as detection elements, the inter-assay coefficients of variation (CV) indicated that P2—linked FICT was
more acceptable than the PO-linked FICT in the presence of human specimens. Antibody pair-linked
FICT was influenced by clinical samples more than the P2-linked FICT assay, which showed a 4-fold
improvement in the detection limit of HSN3 and maintained H5 subtype-specificity. Compared to the
rapid diagnostic test (RDT) which is not specific for influenza subtypes, P2-linked FICT could increase
virus detection. In conclusion, results of this study suggest that HA epitope-derived peptides can be
used as alternatives to antibodies for a rapid fluorescent diagnostic assay to detect avian influenza virus.
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Introduction

Avian influenza (AI) A virus with a
hemagglutinin (HA) 5 protein and a neuraminidase
(NA) 1 protein (subtype H5N1) is a highly pathogenic
virus. It causes lower respiratory tract infections
associated with a mortality rate of higher than 60%
[1]. H5N1 diagnosis should be included in differential
diagnosis of acute febrile respiratory illness in areas
where H5N1 has been identified in animals [2].
However, rapid point-of-care detection tests (POCT)
are not performed for influenza due to sensitivity

limitations in detecting H5N1 using the POCT
developed by the Centers for Disease Control and
Prevention (CDC) [2]. A commercialized H5
subtype-specific rapid diagnostic system is not yet
available. HA has been used to categorize influenza A
viruses into various subtypes. It shares high amino
acid (aa) sequence homologies among all subtypes [3],
making the development of subtype-specific antibody
based on HA antigen difficult. This is also the reason
for the lack of H5 subtype-specific rapid diagnostic

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 7

1836

system. Therefore, novel approaches are required to
develop influenza subtype-specific POCT that can
distinguish between H5N1 infection and infections
mediated by the influenza virus of other subtypes.

So far, most bioassays used in rapid diagnostic
systems are based on specific molecular interactions
such as those based on antibody-antigen. Although
antibodies have excellent advantages, they also have
limitations such as, (i) high labor cost for production;
(ii) low stability; (iii) loss of recognition functionality
in non-optimal environments; (iv) poor compatibility
with various transduction platforms [4]. Given the
difficulty in developing novel antibodies, many
researchers are seeking alternative agents such as
DNA/RNA molecules with major advantages over
antibodies for their integration into a rapid diagnostic
system [5, 6]. Recently, a major development in
influenza A (H5N1) subtype-specific diagnostic
system has been achieved by using randomized DNA
aptamers [7]. However, it is not very convenient for
POCT.

Although the development of DNA/RNA
probes has been actively pursued, only a few studies
have used peptides as diagnostic agents.
Antimicrobial peptides have been used to detect Shiga
toxin-producing Escherichia coli bacteria [8]. Also,
troponin I-specific peptides have been used to detect
heart disease by phage-display and enzyme-linked
immunosorbent assay (ELISA) [9].

Normally, epitopes can bind to targets such as
immunoglobulin  complementarity  determining
region (CDR) [10] and major histocompatibility
complex (MHC) [11]. Currently, scaffolds that
function in a manner analogous to immunoglobulin
CDR are considered appropriate for creating a
peptide aptamer library [12]. Peptide aptamers
provide a powerful alternative approach to target the
peptide-protein interaction (PPI) interface [13]. PPIs
are involved in the precise control of binding
properties of proteins. They can regulate many critical
protein functions such as their subcellular localization
and enzymatic activities [14]. However, peptide
epitopes have never been investigated in the context
of aptamers or detection agents in rapid diagnostic
systems. Developing a rapid diagnostic system using
peptides as aptamers will solve the current problem of
scarcity of Hb5 subtype-specific antibodies and
facilitate the development of novel and highly
sensitive H5 subtype-specific POCT.

Typically, peptide aptamers are defined as
affinity binders consisting of short (5-20) aa residues
stretching from variable peptide regions constrained
within a protein scaffold [12]. In this study, we
propose to use a known epitope (KPNDAINF)
derived from H5N1 HA [10] as a detection agent. We

used the peptide KPNDAINF and its several
derivatives to evaluate their usefulness as detection
elements in H5 subtype-specific rapid diagnostic
systems.

Materials and Methods

Reagents

Peptides were synthesized by PepTron Inc.
(Daejeon, South Korea). P (S/V-COOH) Europium
nanoparticle (Eu NP) beads (0.2 pm) were purchased
from Bangs Laboratories Inc. (Fishers, IN, USA).
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysulfosuccinimide
sodium salt (Sulfo-NHS) were purchased from
Thermo Scientific (Waltham, MA, USA). All other
chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA). H5 subtype-specific monoclonal
antibodies (clones 3F11 and 1C5) were kindly
provided by Dr. Chom-Kyu Chong (GenBody Inc.,
Cheonan, South Korea).

Virus stock and titration

H5N3 virus [influenza A/spot-billed
duck/Korea/KNU SYGO06/2006(H5N3)] and H7N1
[influenza A/common teal/Korea/KNU YSR12/
2012(H7N1)] were cultured by egg inoculation,
concentrated, and titrated with HA assay as described
previously [15, 16].

Production of peptide conjugates

Peptides were covalently conjugated to Eu NP
by a well-established procedure from Bangs
Laboratories. Briefly, 10 pL of Eu NP (0.2 pm, 1% w/t)
was added to 500 pL of 0.1 M Tris-HCI (pH 7.0) and
incubated for 1 h at 25 °C in the presence of 0.13 mM
of EDC and 10 mM Sulfo-NHS. Excess of EDC and
Sulfo-NHS was removed by centrifugation at 27,237 x
g for 5 min. Activated Eu NP was then mixed with 30
puL of 10 uM peptide in 500 pL of 0.1 M sodium
phosphate (pH 8.0) and allowed to react at 30 °C for 2
h. To indicate proper lateral flow through the strip,
mouse IgG (2 pmole) was also co-conjugated to the Eu
NP with the peptide. After centrifugation at 27,237 x g
for 5 min, the Eu NP-conjugated peptide was
collected, washed with 2 mM phosphate-buffered
saline (PBS) (pH 8.0), resuspended in 100 pL of
storage buffer (1% bovine serum albumin (BSA) in
PBS), and stored at 4°C. To conjugate antibody (3F11)
with Eu NP, the same molar ratio of antibody to
peptides was used.

Fluorescence-linked immunosorbent assay
(FLISA)

FLISA was performed as described previously
[16]. Briefly, a black 96-well microtitre plate (Greiner,
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Germany) was coated with 75 pL/well of various
concentrations of HS5N3 virus (125, 250, and 500
HAU/mL) and incubated at 37 °C for 2 h.
Subsequently, 75 pL/well of lysis buffer (100 mM
Tris-HCl, pH 8.0, 0.1 M EDTA, 0.2% SDS, 0.1%
Sodium azide, and 1% Tween 20) was added and
incubated at room temperature for 15 min. The plate
was washed with 200 pL of PBS, 0.1% Tween 20
(PBS-T, pH 7.4), and then blocked with 5% non-fat dry
milk at 37 °C for 2 h. After washing, 200 pL/well of Eu
NP-conjugated peptide (36 nM) was added and the
plate was incubated at 37 °C to detect antigen.
Stringent washing with PBS-T was performed five
times to remove unbound peptide followed by the
addition of 100 pL PBS/well. Fluorescence (355 nm
excitation, 612 nm emission) was then measured with
an Infinite F200 microplate reader (TECAN,
Minnedorf, Switzerland).

Fluorescent immunochromatographic test
(FICT)

Test strips consisting of four components (a
sample application pad, a conjugate pad, a
nitrocellulose membrane, and an absorbent pad) were
used. Test line (TL) of the strip was prepared by
dispensing 25 mg/mL  anti-influenza H5
subtype-specific HA1 mouse monoclonal antibody
(1C5). Control line (CL) was coated with 0.5 mg/mL
of rabbit anti-mouse IgG. The diagnostic strip was
tested after drying the membrane at 30 °C for 2 days.
Performance analysis of the peptide aptamer-based
diagnostic system was performed using previously
developed FICT [15]. After applying 2 pL of Eu
NP-conjugated peptide (0.25 pmol) to the conjugate
pad, 75 pL of sample and 75 pL of lysis buffer were
added to the sample pad and incubated at room
temperature for 15 min. During lateral flow on the
strip, the influenza virus in the sample reacted with
the Eu NP-conjugated peptide. The complexes
migrated to the immobilized antibody zone at the TL
for 15 min. Results for the ratio of TL/CL were read
with a portable strip reader (excitation 355 nm,
emission 612 nm) [17]. To evaluate the performance of
FICT, the limit of detection (LOD) was compared to
that of a commercial influenza virus A/B rapid
detection test (RDT) (Asan Pharm.Co., Seoul, South
Korea). Tests were performed according to the
manufacturer’s instructions.

Docking studies for modeling peptide-HA1
complexes
A computational docking approach was used to

analyze the structure of complexes between HA1 and
each of four different peptides to improve peptide

specificity. First, PEP-FOLD3 [18] and I-TASSER [19]
were used to model the peptide or HA1 for docking
studies. Docking was then carried out by using
PEP-FOLD3 [18] and I-TASSER [20] to model the
structure of peptide and antigen. PyRx of AutoDock
Vina docking software was used to predict binding
energies and root-mean-square deviations (RMSD)
[21, 22]. PYMOL Molecular Graphics System was used
to visualize interactive residues between peptides and
antigen [23].

Clinical study

Patient specimens were collected in Wonkwang
University Hospital. Influenza-negative
nasopharyngeal samples were mixed with the virus
for FICT. The study was approved by the Institutional
Review Board of Wonkwang University Hospital
(Approval No. WKUH201607-HRBR-078).

Statistics

Mean and standard deviation (SD) values were
calculated. One-way and two-way analysis of
variance (ANOVA) were performed. All analyses
were conducted using GraphPad Prism 5.0 software.

Results

Characterization of peptides

Even though previous studies [7, 24] have
reported the development of aptamer-based H5
subtype-specific diagnostic systems, their application
as rapid diagnostic systems has not been fully
explored. Here, we investigated whether peptide
epitopes that could recognize HA1, a subtype-specific
antigen of influenza A virus, could be used as
alternatives to antibodies. For this, we used the low
pathogenic H5N3 virus as a representative H5
subtype in this study.

We  compared the aa sequence of
A/Anhui/1/2005 (H5N1) HA1 (GenBank accession
no., ABD28180) [10] to that of H5N3 HA1 (GenBank
accession no., AEB89892). As shown in Figure 1, they
showed more than 95% sequence similarities among
all H5 subtypes. Additionally, the conserved linear
epitope KPNDAINF of H5N1 HA1l was found in
H5N3 HA1 (aa 249-256) (Figure 1A). An extensive
comparison of the epitope aa sequences among
several influenza A subtypes was also conducted to
determine its diversity (Figure 1B). KPNDAINF was
conserved in all H5N1 and H5N3 strains, although
other strains than the ones used in this study showed
one-aa alteration. By contrast, in other influenza A
subtypes (HIN1, H7N1, and H7N9), the epitope
showed a low degree of sequence identity (< 50%).
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Figure 1. Characterization of the epitope KPNDAINF. The well-known H5N1-specific and conserved epitope sequence (KPNDAINF) is present at aa
residues 249-256 of HSN3 HAI(A). Homology of the aa sequence of this epitope was examined by comparing it to other H5 subtypes and representative influenza
A subtypes (B). An asterisk () indicates the KPNDAINF position in HA1 of each subtype. Red, blue, and green arrows indicate the original HA1 of A/Anhui/1/2005
(H5NT), H5N3, and H7NI tested in this study. Identical aa sequence is shown in dark cyan. Similarity is indicated in gray. The red-line box indicates the KPNDAINF
sequence in subtypes.

were cloned and recombinant HA1 (rHA1) was
expressed in E. coli (Figure S1). Information about the
cloning primers is listed in Table S1.

Docking studies for modeling HAI in
H5N3-peptide complexes

The goal of this analysis was to determine
whether peptide aptamers with relatively conserved
sequence could be improved by computational
designing to recognize the virus more efficiently and
thus be more suitable for developing a rapid
diagnostic system based on peptide aptamers instead
of antibodies.

As a prerequisite, a peptide aptamer candidate
involved in PPIs with HA1 must be defined and a
model of the peptide-HA1 complex must be built.
Here, we performed a docking study with epitope
peptides and HA1 as epitope possessing high binding
affinity [25]. It has been reported that pro-region
peptides can selectively inhibit the enzymatic activity
of cognate antigen [26]. Therefore, HSN3 HA1 aa
residues 55-310 (GenBank accession no. AEB89892)

Modeling an active conformation of linear
peptides was predicted using PEP-FOLD3 software
and visualized in PyYMOL Molecular Graphics system
(Figure 2A). Final docking models of complexes
between peptides (PO, P1, P2, and P3) and rHA1
antigen obtained from a typical VINA run are shown
in Figure 2B. Because the binding site was unknown,
the docking grid around the rHA1 was chosen. Figure
2B shows nine bound conformations explored by the
peptide on rHA1. Two main spots were predicted as
interactive sites. One of them was involved in the
interaction between the native peptide and rHA1. The
site of interaction between the native peptide and
rHA1 is shown in Figure 2C. Binding energy and
RMSD values as parameters for predicting ligand
binding affinity using PyRx and Autodock Vina have
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been reported elsewhere [22]. The lower and upper
RMSD (A) values for the nine bound configurations
were calculated with respect to the native peptide on
HAI1. The binding energy (VINA docking score) and
RMSD values for the nine top scoring peptide
conformations are shown in Table 1. Values of
binding affinity to rHA1 obtained in this study were
-5.6 - -5.0 kcal/mol for the original epitope PO
(KPNDAINF), -54 - -50 kcal/mol for P1
(KPNTAINF), -6.6 - -63 kcal/mol for P2

(KPNGAINF), and -63 - -6.1 kcal/mol for P3
(KPNDAINDAINEF), with lower energy signifying
higher binding affinity. The RMSD cut-off value of 3A
is typically used as the criterion for correct prediction
of bound structure [27]. Based on both binding
affinity and RMSD, P2 was predicted to have a
stronger binding affinity to HA1 than the other
peptides tested.

[
1
[
L

Figure 2. Modeling of the docking interaction between peptides and antigen. 3D modeling was performed for linear peptides and active conformation was
generated (A). Each image shows the nine top-scoring docking configurations of each peptide on HAI of the H5N3 antigen (B). The rectangular image indicates the
site of interaction of native peptide on rHA1 of H5N3. Each native peptide (in yellow color) is shown in stick on HAT (C).

Table 1. Docking output of peptides tested and HA1 of H5N3.

Mode PO (KPNDAINF) P1 (KPNTAINF) P2 (KPNGAINF) P3 (KPNDAINDAINF)
Affinityx ~ RMSDLb® RMSDubc Affinity RMSD1b. RMSDub. Affinity RMSDLb. RMSD ub. Affinity RMSD Lb. RMSD u.b.

0 5.7 0.0 0.0 5.5 0.0 0.0 7.0 0.0 0.0 -6.5 0.0 0.0

1 56 9217 15.621 54 6.483 9.695 6.6 23173 27943 63 24876 32.296
2 55 2441 7511 52 2231 26.088 65 25154 30638 63 3.024 12.996
3 52 2256 6.27 51 22553 26,082 65 6343 12343 -63 23801 29224
4 52 312 8453 5.0 27089  30.03 6.4 2672 4578 62 25119  31.664
5 5.1 3187 7.061 5.0 2024 26138 63 3.679 11133 -62 2.606 10.573
6 5.1 3.101 8.384 5.0 20852 26836 -6.3 5.224 9316 6.2 25854 32772
7 5.0 18.06 22.355 5.0 2746 26054 63 2773 27203 61 21106 28615
8 5.0 2.468 7.093 5.0 6.226 9.654 63 4782 7.602 6.1 24404 28963

3, binding energy (kcal/mol); A typical output from a docking run with Autodock Vina shows the calculated binding affinity in descending order for peptides and HA1
b, root mean square deviation lower bound;
¢, root mean square deviation upper bound.
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Figure 3. Assessment of the interaction between avian influenza virus and peptides tested in this study. Schematic depiction of the FLISA principle (A).
The presence of virus was detected by Eu NP-conjugated peptides or antibody using a fluorescence microplate reader (excitation at 355 nm, emission at 612 nm) (B).
Data (n = 3) are shown as mean % SD (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). A pair of H5 subtype-specific antibodies (3F11 and 1C5 clone) was tested in FLISA for
comparison with the peptides. PO, KPNDAINF; P1, KPNTAINF; P2, KPNGAINF; P3, KPNDAINDAINF; 3F11, antibody for detection; 1C5, antibody for capturing;

RFU, relative fluorescence unit; a.u., arbitrary unit.

Interaction of peptides with the virus and
target antigen

Eu NP-conjugated peptides based on the
formation of a stable amide bond were generated and
used for FLISA as detection elements. To conduct
FLISA, black 96-well plates were coated with different
amounts of two virus subtypes (H5N3 and H7N1). To
evaluate the interaction of peptides with the target
antigen, binding of Eu NP-peptide conjugates to avian
influenza virus (H5N3 and H7NI1) was tested by
FLISA. Figure 3A illustrates FLISA schematically.
Covalently conjugated peptides to Eu NP were
prepared by a well-established procedure based on
EDC/NHS chemical reaction, where NHS ester could
react with peptide primary amines (N-terminus of K
residue) to yield a stable amide bond.
Eu-NP-conjugated peptides were used in FLISA to
detect the virus.

FLISA results showed that PO peptide
(KPNDAINF) could detect both subtype viruses

H5N3 and H7N1 at a titer of at least 500 HAU/mL
(Figure 3B). However, there were no significant
differences in FLISA results between H5N3 and
H7N1, implicating that the epitope was not specific
for the detection of influenza A subtypes (Figure 3B,
P0). On the other hand, at virus titer of 500 HAU/mL,
the fluorescence signals obtained with P1 peptide
(KPNTAINF) were significantly (P < 0.05) different
between HS5N3 and H7N1 (Figure 3B, P1). The
difference in detection between the two virus
subtypes was even more (P < 0.01) pronounced when
P2 peptide (KPNGAINF) was used (Figure 3B, P2),
implicating that the one aa difference might be able to
induce subtype-specific interactions. P3 peptide
(KPNDAINDAINF) showed no subtype-specific
binding despite its relatively high binding affinity
(Figure 3B, P3). These results were consistent with
those of docking analysis regarding both binding
affinity and RMSD parameters. Results obtained from
peptide-mediated FLISA were compared to those
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obtained from antibody-mediated FLISA using a pair
of H5 subtype-specific antibody comprising an
antibody (3F11 clone) for detection and an antibody
(1C5 clone) for capturing. When the same molar ratio
of antibody to peptides was applied to FLISA, the
3F11 antibody-mediated FLISA showed remarkably
strong binding affinity to any virus, even with
negative antigen (the protein concentrated from egg
allantoic cavity), indicating that specificity was not
necessary when the antibody was used as a detection
element (Figure 3B, 3F11). In contrast, the H5
subtype-specific antibody (1C5 clone) showed a
positive signal only with H5N3 at a titer of 250
HAU/mL (P < 0.001), but not with the H7N1 virus,
confirming that it was specific for the H5 subtype
(Figure 3B, 1C5). These results also showed that the
binding affinity of the studied peptides was at least
two-fold lower than that of the 1C5 antibody.

Next, we tested interactions between peptides
and recombinant HA (rHA) antigens. The rHA1 from
H5N3 (aa 55-310), rHA?2 from H5N3 (aa 343-518), and
rHA1 from H7NI1 (aa 106-295) were expressed in E.
coli and purified wusing Ni-NTA (Figure S1).
Interactions between rHA antigens (5, 10, and 20
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ng/well) with Eu NP-conjugated peptides were tested
by FLISA. Results (Figure 4) showed that all four
peptides recognized rHA1l from H5N3 at a
concentration of at least 20 pg/mL. Peptides P1 and
P3 detected rHA1 of H5N1 at 10 pg/mL. However,
peptides PO and P2 could not detect rHA1 of H5NT1 at
this concentration. In contrast, none of these peptides
could recognize rHA2 from H5N3 or rHA1l from
H7NT1 at any concentration tested, indicating that the
epitope or epitope-derived peptides were specifically
targeting HA1 from H5N3.

Performance of peptides on rapid FICT

In peptide-linked FICT, Eu NP-conjugated
peptides instead of antibodies were used as the
detection elements. To normalize the value of test line
(TL) by each control line (CL), minimum mouse IgG
(mlgG) was added to peptide conjugates.
Optimization of the suitable mIgG was conducted by
adding differential molar ratios of mlIgG. Finally, 2
pmole of mIgG was chosen for co-conjugation with
the peptides. Detailed results of the co-conjugation of
mlgG can be found in the Methods section of
Supplementary Materials (Figure S2).

P1
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Figure 4. Dose-response interactions between peptides and the target antigen. Black 96-well plates were coated with recombinant antigens (520 pig/mL)
and Eu NP-conjugated peptides were added to detect recombinant antigens. Fluorescence intensity was measured with a microplate reader (excitation at 355 nm,
emission at 612 nm). Data (n = 3) are shown as mean + SD (*¥, P < 0.01; ***, P < 0.001). PO, KPNDAINF; P1, KPNTAINF; P2, KPNGAINF; P3, KPNDAINDAINF.
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As shown in Figure 5A, the fluorescence signal
from TL and CL of the strip was measured with a
portable fluorescence detector (excitation at 355 nm
and emission at 612 nm).

Using serially diluted H5N3 virus, the FICT LOD
was determined using the limit of blank (LOB) as
described previously [28]. The computed TL/CL
values for LOB and LOD are shown in each graph.
The virus titer was analyzed for each LOD value. As
seen in Figure 5B, the TL/CL value of LOD was
below that of 20 HAU/mL of H5N3 virus for PO and
P2 peptides. Thus, the LOD was determined to be 20
HAU/mL for PO and P2 peptide-linked FICT. P1 and
P3 peptide-linked FICT showed an LOD value of 40
HAU/mL for the virus (Figure 5B). The Kg4
(equilibrium dissociation constant) value of each
peptide was assessed by the experimental application
using Eu NP-conjugated peptide against H5N3 virus
(saturation binding curve) and the results supported
the highest binding affinity of P2 (Figure S3).

For each peptide, quantitative range of FICT was
determined using different titers of the virus by linear
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regression. Results showed that P2 had the highest
coefficient of variation (R?= 0.9449) between 10 and
160 HAU/mL. This indicates that, among the four
peptides tested, P2 had the best performance for FICT.
PO showed a fair linearity (R2= 0. 9116) in this range of
virus while P1 and P2 showed moderate (R2 = 0. 8760)
and poor linearity (R> = 0.7659), respectively.
Furthermore, serially diluted rHA antigens (2.5-40
ng/mL) were tested in FICT to determine where the
peptides potentially recognize HA1 and HA2 in FICT
assay. Results are shown in Figure 5C. All peptides
could bind to rHA1, with P2 and PO having high
linear regression (R = 0.978 and R2? = 0.950,
respectively). The TL/CL value of LOD was below 2.5
ng/mL and 5 pg/mL for P2 and PO, respectively. P1
and P3 peptide-linked FICT showed a LOD value of
20 pg/mL of rHA1. Therefore, PO and P2 were
suitable for quantitative detection of the target in
FICT. All raw FICT results for virus and antigen are
shown in Supplementary Materials (Figure S4 and
Figure S5).
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Figure 5. Quantitative analysis by rapid FICT. FICT was carried out on diagnostic strips with Eu NP-conjugated peptides. The fluorescence signal was
measured with a portable strip reader after 15 min of incubation (A). Serially diluted H5N3 virus (10—160 HAU/mL) (B) or recombinant antigens (2.5—40 pg/mL) (C)
were measured by FICT to determine the LOD and linear regression in this range for each peptide conjugate. Data (n = 3) are shown as mean * SD. Linear regression
is shown in dotted line using GraphPad Prism 5.0 software. Blue arrow indicates the virus titer corresponding to the TL/CL value of LOD. PO, KPNDAINF; P1,
KPNTAINF; P2, KPNGAINF; P3, KPNDAINDAINF; RFU, Relative fluorescent unit.
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FICT analysis of human nasopharyngeal
samples containing H5N3 virus

A variety of proteolytic degrading enzymes are
present in human nasopharyngeal specimens [29],
implicating that they might affect the stability of
peptide. To determine if the proposed diagnostic
system could be wuseful for detecting highly
pathogenic HA 5 subtype present in human
nasopharyngeal samples [30], the performance of
peptide-linked FICT was assessed using H5N3
virus-spiked specimens.

Since PO and P2 peptide-conjugates showed
excellent performance to quantitatively detect the
H5N3 virus in FICT than the other two peptides,
human nasopharyngeal samples (n = 10) were tested
by FICT using these two peptide-conjugates. Negative
specimens or spiked with the virus were also used.
The virus titer of spiked specimens was adjusted to 20
HAU/mL or 40 HAU/mL, by mixing 10 pL of the

appropriate virus stock with 90 pL of nasopharyngeal
specimen. The ratios of TL/CL derived from all
experiments were plotted in the same graph to allow
comparison between negative and virus-spiked
specimens (Figure 6A). Comparison of fluorescent
signals between negative and virus-spiked specimens
showed a significant difference (P < 0.001). However,
the TL/CL values measured by PO peptide-linked
FICT had a wider distribution than those measured by
P2 peptide-linked FICT (Figure 6B, 6C, and 6D),
implicating that P2 peptide might be more suitable for
quantitative assay by the peptide-linked FICT than PO
peptide. The analytical error rate was computed by
inter-assay coefficients of variation (CV) (Figure 6E).
The inter-assay CVs of PO and P2 were 15. 39 and
10.11, respectively, demonstrating that P2 would be
acceptable because the range of inter-assay CVs was
below 15% [20]. All raw FICT results are shown in
Figure S6.
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Figure 6. Efficiency of PO and P2 as detection elements in FICT for human nasopharyngeal specimens. Ten normal nasopharyngeal samples were
chosen and mixed with the virus at a 1:10 dilution ratio. After mixing, 75 pL of the sample was tested by PO- or P2-linked FICT (**¥, P < 0.001). (A) All data; (B)
Nasopharyngeal samples without virus; (C) Nasopharyngeal samples with H5N3 virus (20 HAU/mL); (D) Nasopharyngeal samples with H5N3 virus (40 HAU/mL). (E)
Coefficients of variation (CV) of PO- and P2- linked FICT results with virus (20 and 40 HAU/mL) in specimens.
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The detection limit of the P2 peptide was
evaluated by comparing it to that of an antibody (3F11
clone) using serially diluted H5N3 virus (10-160
HAU/mL) in the human nasopharyngeal specimens.
First, the performance of 3F11 antibody-linked FICT
was tested with the virus in the absence or presence of
clinical samples. As shown in Figure 7A, the
fluorescence signal ratio of the TL/CL was linearly
increased (R? = 0.9029) with increasing virus titer
when the virus was diluted in distilled water (DW).
However, in the presence of a specimen, the signal
was decreased by about 2-fold, indicating that the
presence of clinical samples interfered with the
antigen-antibody reaction, resulting in a moderately
linear relationship (R?= 0.8450). The TL/CL values for
LOB and LOD are shown under each graph. The virus
titer corresponding to the LOD value was determined.
The TL/CL of LOD values of FICT employing 3F11
antibody was below the value corresponding to 10
HAU/mL and 80 HAU/mL for H5N3 virus diluted in
DW and clinical specimens, respectively.

P2 peptide-linked FICT was then performed
with the same amount of H5N3 in the absence or
presence of nasopharyngeal samples. Results are
shown in Figure 7B. When the virus was mixed with
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DW, P2 peptide-linked FICT detected the virus in a
linear manner (R? = 0.9449), but the LOD was 20
HAU/mL, indicating a 2-fold decreased performance
compared with antibody-linked regular FICT. In the
presence of clinical samples, the fluorescence signals
were decreased with increasing virus titre. The
linearity between signal and virus titer was also
decreased (R = 0.8735). However, the LOD was
computed to be 20 HAU/mL, indicating that P2
peptide-linked FICT was less influenced by the
presence of clinical samples than antibody pair-FICT.

Hb5 subtype-specificity was confirmed by testing
H1N1 and H7N1 virus in DW or clinical specimens at
a titer of 100 and 1,000 HAU/mL, showing all
negative reactions in P2-linked FICT (Figure 7C). The
raw FICT results are presented in Figure S7. The
commercial RDT only provided information for
influenza virus A/B. Its LOD was 80 HAU/mL for the
H5N3 virus in DW or specimen, indicating that P2
aptamer-liked FICT increased the virus detection
capacity by at least 4-fold compared to the
commercial RDT (Figure 7D). Reliability of this
proposed assay was confirmed by applying the P2
conjugate to sandwich FLISA using a 96-well plate
assay (Figure S8).
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Figure 7. Comparison between regular FICT employing the 3F11 antibody and P2 peptide-FICT. Human nasopharyngeal clinical samples were mixed
with the virus at a 1:10 dilution ratio and subjected to FICT test. The ratio of fluorescence (TL/CL) was measured using antibody (3F11) conjugate-linked FICT assay
(A) and peptide (P2) conjugate-linked FICT assay (B) in the absence or presence of clinical samples. To confirm the specificity of H5 subtype, other influenza A
subtypes (HINI and H7NT1) were tested at 100 and 1,000 HAU/mL in P2-linked FICT assay (C). Data (n = 3) are shown as mean * SD. Linear regression is shown
by the dotted line using the GraphPad Prism 5 software. A commercialized RDT for influenza A/B was tested with serially diluted H5N3 virus in the absence or
presence of nasopharyngeal specimens (D). The blue arrow indicates the LOD in the presence of DW while the red arrow indicates LOD in the presence of

specimen.
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Discussion

H5-subtype of Al virus has long caused serious
health problems both locally and globally. It has the
potential to acquire human pandemic dimensions [31,
32]. Since Al viruses could mutate and gain the ability
to spread easily between humans, the Centers for
Disease Control and Prevention (CDC) considers
monitoring of human Al infections and
person-to-person transmission of Al to be extremely
important for public health [33]. Currently, Al testing
depends on molecular and structural studies to
determine the subtype of the virus [33]. However, an
RDT system that can distinguish between different Al
subtypes is not yet commercially available. A faster
on-site control/surveillance system for detecting the
H5 Al virus subtype is required to prevent the spread
of this highly pathogenic avian virus. H5
subtype-specific rapid diagnostic systems are less
studied than H7 subtype-specific diagnostic kits due
to the difficulties in producing subtype
specific-antibodies as there is a relatively high HA1
homology among influenza A subtypes compared to
H7 subtype. To overcome this obstacle, a sandwich
diagnostic assay based on aptamer-antibody or
aptamer-aptamer interaction has been recently
developed [7, 34]. However, it utilizes sophisticated
equipment for surface plasmon resonance (SPR)
analysis, making it incompatible with RDT.

For a successful diagnostic system, development
of efficient aptamers is necessary. For novel
antibody-based diagnostics and therapeutics, a better
understanding of the principle governing antibody
affinity and specificity is required. Antibody
paratopes are rich in aromatic residues such as Y and
W. A binary-code library containing Y and S has been
useful in selecting functional antibodies through PPIs
[35, 36]. However, another study on serine
protease-inhibitor has reported that PPIs are different
from the antibody-antigen interface as only 12
interacting residue pairs contribute to over 40% of the
interaction energy in antibody-antigen interactions
whereas PPIs use a larger set of residing types [37].
Other drawbacks are, PPI characterization is
incomplete and the development of specific peptide
aptamers is labor-intensive. It has been suggested that
in silico prediction of key amino acids in combination
with experimental verification by screening library of
ligands against the target antigen will help identify
better peptide aptamers [38]. Although emphasis has
been given to the design of peptide scaffolds as the
first step in creating a peptide library, a
computational design is still under development and
evaluation [12].

In this study, we analyzed the binding potential

of a well-conserved epitope peptide, KPNDAINF
sequence (P0), to its cognate antigen (HA1) of Al virus
despite the lack of information about the function of
this epitope as a detection agent. To understand the
value of this epitope sequence (P0O) as a probe,
docking analysis between the epitope and its cognate
target antigen (HA1) is essential. The binding affinity
of the best scoring model obtained by docking (-5.6
kcal/mol) suggested that the interaction is relatively
weak compared with another affinity peptide
reported elsewhere [39]. To modify the binding
energy, the charged aa D in the middle of the PO
sequence was mutated to T, a polar aa (peptide P1:
KPNTAINF). Conversely, when D was mutated to
hydrophobic aa G, it contributed to a tight protein
(peptide P2: KPNGAINF). Finally, to increase the
number of hydrogen bonds between peptide and
HA1, P3 (KPNDAINDAINF) was designed to form a
helix through the twice repetition of sequence DAIN.
Our docking models suggested that peptides PO and
P2 had a similar pocket of HA1, whereas peptides P1
and P3 bound on the opposite site of HAT.

Consistent with a previous report suggesting
that polar residues dominate antibody-antigen
interactions rather than PPI [37], the energy values
calculated from our docking models showed weaker
affinity of P1 than PO but a stronger affinity of P2 than
PO. The higher affinity of P2 might be due to a larger
surface area of P2 buried in HA1 because of the
smaller size of G than D. In contrast, P3 with its large
helical structure might not be able to fully access the
pocket. This result was confirmed by the saturation
binding curve using differential peptide concentration
against virus showing that P2 possessed the best Kq
value among the peptides tested.

Subsequently, we applied the epitope-derived
peptides to a rapid diagnostic system (FICT) using
clinical samples. The peptide aptamers showed
similar detection limits in clinical specimens
suggesting their wutility in clinical diagnostics.
Notably, P2 peptide-linked FICT had an excellent
performance with respect to specific and rapid
detection of the H5N3 virus in clinical specimens. Its
specificity was 4-fold higher than antibody-linked
FICT possessing H5 subtype and an RDT (for
influenza A/B) which could not distinguish between
different influenza A subtypes.

In summary, we successfully developed an
epitope-derived peptide-linked rapid fluorescent
diagnostic system for H5 subtype-specific detection
of Al virus in this study. Peptide binding energy was
used to optimize the peptide sequence. To the best of
our knowledge, this is the first report of an
epitope-derived peptide to detect a cognate antigen.
Furthermore, we demonstrated the great potential of

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 7

1846

molecular modeling when used in conjunction with
experimental results. This approach is expected to
contribute to future development of novel peptide
aptamers-linked rapid fluorescent diagnostic systems
for H5 subtype avian influenza virus.

Supplementary Material

Supplementary figures.
http:/ /www.thno.org/v07p1835s1.pdf
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