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a b s t r a c t

Rapid methods for the detection and clinical treatment of human norovirus (HuNoV) are needed to
control foodborne disease outbreaks, but reliable techniques that are fast and sensitive enough to detect
small amounts of HuNoV in food and aquatic environments are not yet available. We explore the in-
teractions between HuNoV and concanavalin A (Con A), which could facilitate the development of a
sensitive detection tool for HuNoV. Biophysical studies including hydrogen/deuterium exchange (HDX)
mass spectrometry and surface plasmon resonance (SPR) revealed that when the metal coordinated
region of Con A, which spans Asp16 to His24, is converted to nine alanine residues (mCon AMCR), the
affinity for HuNoV (GII.4) diminishes, demonstrating that this Ca2þ and Mn2þ coordinated region is
responsible for the observed virus-protein interaction. The mutated carbohydrate binding region of Con
A (mCon ACBR) does not affect binding affinity significantly, indicating that MCR of Con A is a major region
of interaction to HuNoV (GII.4). The results further contribute to the development of a HuNoV concen-
tration tool, Con A-immobilized polyacrylate beads (Con A-PAB), for rapid detection of genotypes from
genogroups I and II (GI and GII). This method offers many advantages over currently available methods,
including a short concentration time. HuNov (GI and GII) can be detected in just 15 min with 90% re-
covery through Con A-PAB application. In addition, this method can be used over a wide range of pH
values (pH 3.0 e 10.0). Overall, this rapid and sensitive detection of HuNoV (GI and GII) will aid in the
prevention of virus transmission pathways, and the method developed here may have applicability for
other foodborne viral infections.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Noroviruses (NoV) are non-enveloped single-stranded positive-
sense RNA viruses belonging to the Caliciviridae family, and are
divided into seven genogroups (GI e GVII) based on viral capsid
gene sequences [1e5]. The genotypes in genogroups GI, GII, and
eph@kbsi.re.kr (J. Kwon).
GIV, referred to collectively as human norovirus (HuNoV), are a
major cause of acute water- and food-borne outbreaks of viral
gastroenteritis worldwide [1,6e10]. HuNoV is responsible for more
than 90% of viral gastroenteritis and more than 50% of all gastro-
enteritis outbreaks; this virus causes acute diarrhea and vomiting,
which typically resolve within 2 or 3 days, but can result in life-
threatening dehydration in children and the elderly [7,11].

For the detection and concentration of HuNoV, extensive studies
have been performed to culture NoV in immune T and human B cell
lines; however, these systems are not a robust model due to the
low-level of viral replication and high-level of virus shedding
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[12,13]. Hence, electron microscopy, immunological tests, electro-
chemical sensing, and polymerase chain reaction (PCR) based
molecular assays have been adopted to detect NoV [14]. Despite the
fact that electrochemical biosensing, using NoV-specific aptamers,
is rapid, sensitive and accurate, reverse transcription-PCR (RT-PCR)
and real-time quantitative RT-PCR (qRT-PCR) are the gold standards
for NoV detection due to their wide applicability. However, sample
preparation for thesemethods to detect viral contamination in food
and water is complicated by factors such as large sample volumes,
low viral titers, and compounds that interfere with nucleic acid
amplification [15]. Methods available for NoV concentration, such
as swab sampling, polyethylene glycol (PEG) precipitation, ultra-
centrifugation, cationic separation, immune concentration, and
organic flocculation, have limitations due to their narrow pH
ranges, time requirements, and difficulties in handling multiple
samples at a time [16,17]. Therefore, an alternative method is
necessary to overcome the limitations of such methods.

Several lectins used as carbohydrate-binding agents have been
shown to effectively inhibit HIV and emerging viruses, such as
Ebola virus and severe acute respiratory syndrome coronavirus
(SARS), by interacting with the glycoproteins in enveloped viruses
[18e20]. Concanavalin A (Con A), a lectin from jack bean, binds
specifically to the non-reducing mannosyl and glycosyl residues of
polysaccharides, glycoproteins, and glycolipids. Preliminary reports
have demonstrated that Con A can bind to a broad range of
enveloped viruses, including varicella-zoster, infectious bronchitis,
and dengue viruses by interacting with the glycoproteins present
on the viral surface [21,22].

In this study, the interaction details between Con A and HuNoV
(GII.4) were characterized based on a comparison of the deuterium
exchange ratio for protein structural modification using hydrogen/
deuterium exchange equipped with a mass spectrophotometer
(HDX-MS). The interaction between HuNoV (GII.4) and Con A was
also characterized by surface plasmon resonance (SPR) and biolayer
interferometry (BLI) through mutational studies. Furthermore, a
rapid technique for use with PCR assay using specific primers for
the detection of HuNoV was developed to concentrate specific
HuNoV via Con A immobilization on polyacrylate beads (Con A-
PAB). This application was evaluated by measuring the recovery of
different genotypes of GI and GII HuNoV from different food
matrices at broad pH ranges. Overall, this rapid and sensitive
detection of HuNoV will aid in the prevention of virus transmission
pathways, and the method developed here may have applicability
for other foodborne viral infections, especially HuNoV (GI and GII).

2. Materials and methods

2.1. Virus and materials

Seven genotypes of HuNoV-positive stool samples (Gwangju
Health and Environment Research Institute, Gwangju, South Korea)
were diluted to a 10% suspension in phosphate buffered saline (PBS)
at pH 7.4. The titer of HuNoV, determined by real-time reverse
transcription-polymerase chain reaction (qRT-PCR), was 106 copies/
mL. All virus suspensions were aliquoted in 1 mL EP tubes and
stored at - 80 �C until use. Con A isolated from Canavalia ensiformis
(Jack bean, C7275, Sigma, St. Louis, USA) was purchased. A mouse
monoclonal antibody specific to the norovirus capsid protein
(Abcam, Cambridge, UK) was used for Biolayer Interferometry (BLI)
analysis.

2.2. Generation of standard curves

To construct HuNoV standards for qRT-PCR, the target gene was
cloned into the pGEM T-Easy vector (Promega, USA) and then was
transformed into the DH5a competent cells (Enzynomics, Korea).
The plasmids were purified using the AccuPower plasmid mini kit
(Bioneer, Korea) and converted to copy numbers based on mea-
surements of DNA concentration using the NanoDrop 2000 system
(Thermo Fisher Scientific, USA) [23]. A ten-fold serial dilution was
prepared in diethylpyrocarbonate (DEPC)-water ranging from 101

to 108 copies/mL. A 2.0 mL template from each dilution was used to
prepare a standard curve for qRT-PCR [24].

2.3. Protein expression and purification

P-domain of HuNoV GII.4 VA387, mCon AMCR, and mCon ACBR

were expressed from a pGEX4T-1 plasmid in Escherichia coli Rosetta
2 (DE3) pLysS cells (Novagen) [25]. Cultures were grown in LB broth
containing ampicillin (100 mg/mL) and chloramphenicol (34 mg/mL)
at 37 �C to an OD600 of 0.5. Con A was induced with 1 mM CaCl2,
1 mM MnCl2, and 0.5 mM isopropyl b-D-1-thiogalactopyranoside
(IPTG) at 16 �C overnight. GII.4 VA387 was induced with 0.2 mM
IPTG at 16 �C overnight. Cells were collected by centrifugation at
7,000� g for 20min, and the pellet was re-suspended in 20mL lysis
solution (20 mM Tris-HCl pH 8.0, 150 mMNaCl, 1 mM dithiothreitol
(DTT), and 1 mg/mL lysozyme) supplemented with 1 mM phenyl-
methylsulfonyl fluoride (PMSF) and EDTA-free protease inhibitor
cocktail tablets (Roche, Switzerland). Samples were lysed by three
passes through a French press disruptor (Stansted SPCH). The
cleared lysate was centrifuged at 14,000 � g for 20 min, and
glutathione S-transferase (GST) purification was performed on a
2 mL bed volume of glutathione agarose affinity resin (Pierce) pre-
equilibrated with Tris-buffered saline (TBS, 50 mM Tris-HCl (pH
8.0) containing 150 mM NaCl). The lysate was then incubated with
glutathione-agarose resins at 4 �C for 2 h on a rotator. To remove
non-specific binding proteins, the resins were pelleted by centri-
fugation at 700 � g for 3 min and washed five times with 10 resin-
bed volumes of TBS. GST-tagged proteins were then elutedwith TBS
containing 10 mM GSH (3 mL). The purified proteins were appro-
priately concentrated using 30 kDa molecular weight cut-off
(MWCO) centrifugal filter units (Amicon Ultra-15, Merck Milli-
pore). The GST-tagged proteins were then treated with thrombin to
liberate the fusion proteins, which were subsequently purified with
a GSTrap FF (GE Healthcare, Uppsala, Sweden) and HiTrap Benza-
midine FF columns (GE Healthcare), and stored at �80 �C until use.

2.4. Hydrogen/deuterium exchange mass spectrometry (HDX-MS)

The Con A proteins from C. gladiate and C. ensiformis were
diluted to 5 pmoles in 20 mL of a buffer composed of 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
150 mM NaCl (pH 7.4) [26]. The protein mixture was diluted to 5
pmoles of Con A and 1,100 pmoles of VA387 protein of HuNoV in
20 mL of a buffer composed of 10 mM HEPES and 150 mM NaCl (pH
7.4). Hydrogen/deuterium exchange (HDX) was initiated by mixing
9.0 mL of diluted protein with 27.0 mL of the D2O buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.1% DDM (n-Dodecyl b-D-malto-
side)). The mixtures were then incubated at various time intervals
including 5 s, 10 s, 30 s and 100 s, and then quenched by adding
72.0 mL of quench buffer (100 mM K2HPO4, pH 2.4, 2.0 M Guanidine
hydrochloride) in a 1 �C tray at the indicated time points [27].

The quenched samples were digested online by passing through
an immobilized pepsin column (2.1 � 30 mm, Life Technologies,
Carlsbad, CA) at a flow rate of 100 mL/min with 0.1% formic acid in
H2O at 20 �C. Pepsin digested peptides were subsequently collected
on a C18 VanGuard trap column (1.7 mm � 30 mm, Waters) for
3 min desalting with 0.1% formic acid in H2O, and then separated by
ultra-performance liquid chromatography (UPLC) using ACQUITY
UPLC C18 column (1.7 mm, 1.0 � 100 mm, Waters, Milford, MA) at a
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flow rate of 40 mL/min with an acetonitrile gradient by using two
pumps, which started with 10% acetonitrile containing 0.1% formic
acid and increased to 85% acetonitrile over the next 12 min. The
mobile phase A was 0.1% formic acid in H2O. To minimize the back-
exchange of deuterium to hydrogen, the sample, solvents, trap and
UPLC column were all maintained at pH 2.5 and 0 �C during anal-
ysis. Mass spectral analysis was performed with a Synapt G2-Si
equipped with a standard ESI source (Waters, Milford, MA). The
mass spectra were acquired in the range of m/z 100e2000 for
16 min in the positive ion mode.

2.5. Peptide identification and HDX data processing

Peptic peptides were identified in non-deuterated samples with
ProteinLynx Global Server 3.0 (Waters, Milford, MA). Peptide search
parameters were strictly applied, those being a maximum of 1
missed cleavage for non-specific enzymes, a 10 ppm MS/MS ion
search, and a peptide ion tolerance of 1 ppm. To process HDX data,
the deuterium exchange ratio in each peptide was determined by
measuring the centroid of the isotopic distribution using HDExa-
miner 2.0 (Sierra Analytics Inc., Modesto, CA).

2.6. Circular dichroism (CD) spectroscopy

Protein structural changes of Con A, VA387, and complex of Con
Awith VA387 in 10 mM PBS (pH 7.4) weremonitored using a JASCO
J-710 Spectropolarimeter (Jasco Corp., Tokyo, Japan), which was
usedwith a 0.1 cm path length cuvette from200 to 260 nm at a scan
speed of 50 nm/min. Control spectra obtained with titrations of
vesicle suspensions in buffer alone were subtracted from the
experimental spectra. An average of four accumulations was
collected for each sample, and data was plotted using Kaleidagraph
4.1.3 (Synergy Software, Reading, PA).

2.7. Modification of sensor chip surface

The Au chip was cleaned with Piranha etch solution [10 mL of
H2SO4 (97.5%, v/v): 5 mL of H2O2 (30%, v/v)] for 2 min followed by
extensive washing with ultra-pure water (UPW) [28]. As a pre-
liminary cleaning step, an Au sensor chip covered with a 50-nm-
thick layer of unmodified gold was cleaned in ethanol for 2min. The
sensing surface of the Au sensor chip was immersed in diethylene
glycol alkanethiol [HS-(CH2)11-EG2-OH] and carboxyl-terminated
diethylene glycol alkanethiol[HS-(CH2)11-EG2-OCH2COOH] for
24 h to form self-assembled monolayers on the sensor surface [28].
After cleaning with ethanol, a solution consisting of 0.2 M 1-Ethyl-
3-(3'dimethylaminopropyl)-carbodiimide (EDC) and 0.1 M N-hy-
droxy succinimide (NHS) in ethanol was added onto the sensor
surface and incubated for 1 h to activate the terminal carboxyl
group. Subsequently, the sensor surface was washed with ethanol,
and was incubated for 1 h in 2 mL of HuNoV (104 copies/mL) in PBS.
HuNoV solution was rinsed with 5 mL of PBS buffer and distilled
water. As a negative control chip, HuNoV-free solution was incu-
bated with 1.0 M ethanolamine (pH 8.5) for 1 h by quenching the
NHS-activated sites.

2.8. Surface plasmon resonance (SPR) analysis

The Biacore 2000 instrument (BIAcore AB, Uppsala, Sweden)
was set to a constant temperature of 25 �C. On the day of the sample
measurement, the sensor chip was activated twice with degassed
physiological running buffer (50mM Tris pH 7.4; 150mMNaCl; and
1 mM CaCl2) and equilibrated at a flow rate of 50 mL/min until a
stable baseline was achieved. Before the sample measurement, at
least three injection and regeneration cycles were performed by
injecting 10 mL of 30 mM NaOH at a flow rate of 20 mL/min. Stabi-
lization time of the baseline after each regeneration cycle was set to
1 min at 20 mL/min. A concentration series (250; 125; 62.5; 31.3;
15.6; 0 nM) of C. ensiformis Con A, C. gladiate Con A, mutated metal
coordinated region of Con A (mCon AMCR), or mutated carbohydrate
binding region (mCon ACBR) were prepared in physiological running
buffer and injected starting with the lowest concentration.
Regeneration was performed after each measurement. All analysis
was performed at 25 �C using the KINJECT command defining an
association time of 180 s and a dissociation time of 180 s at a flow
rate of 20 mL/min. BIAevaluation 3.1.1 software (BIAcore AB) was
used for data analysis and for the calculation of dissociation con-
stants (KD) by fitting the data to a 1:1 binding with a drifting
baseline algorithm.

2.9. Biolayer interferometry (BLI) analysis

The binding of HuNoV to Con A was measured with bio-layer
interferometry-based BLItz system (ForteBio Inc., CA) as previ-
ously described. Amine reactive second generation (AR2G) bio-
sensorswere hydrated in distilledwater for 10min, and activated in
10 mM sulfo-N-hydroxysuccinimide (s-NHS) and 20 mM EDC. The
HuNoV (GII.4) was immobilized on biosensors at concentrations of
106 copies, and then 2 mM of Con A (C. ensiformis), BSA (bovine
serum albumin, Sigma-Aldrich), SBA (soybean agglutin, Sigma-
Aldrich), and Con AMCR were measured at 25 �C, respectively. To
measure the interaction between Con A and HuNoV (GII.4), the
association and dissociation times were 180 and 240 s, respectively.
Sensorgrams were measured on a BLItz system and referenced
against the buffer reference signal using the Data Analysis software
7.1.0.36 (ForteBio Inc., CA).

2.10. Preparation of the Con A immobilized polyacrylate beads (Con
A-PAB)

Carboxylic acid functionalization of the polyacrylate bead (WK-
60L, Samyang Co., Korea) was determined using the concentration
of carboxylic acid groups (43 mmoL/g) as determined by methylene
blue sorption measurement [29]. Polyacrylate beads (0.4e1.2 mm
diameter) were used as the filler and support for Con A immobili-
zation and 1 g of these beads were added to 2 mL of a solution of
pentafluorophenol (79mg, 430 mmol) and EDC (41mg, 215 mmol) to
activate the beads. The beads were then gently rotated on a Dynal
sample mixer at low speed (approximately 20e30 rpm) for 2 h at
room temperature. After activation of carboxylic acid groups, the
beads were washed with absolute ethanol three times and Con A
(3.0 mg) was dissolved in sodium bicarbonate buffer (0.2 M
NaHCO3, 0.5MNaCl, pH 8.3). The beads were immersed and rotated
in the Con A solution for 2 h at room temperature, and 50 mM
ethanolamine was used to block to residual carboxylic acid. Con A
conjugated beads were stored in PBS at 4 �C.

2.11. Concentration and viral RNA extraction by Con A-column

A model system consisting of 200 mL of a solution of (a) phos-
phate buffered saline (PBS), pH 7.4, (b) 100 mM Tris-HCl, 50 mM
glycine, 1% beef extract, pH 9.5 (TGEB), and (c) 0.25M glycine, 0.3 M
NaCl, pH 7.5 (Glycine) with 200 mL of HuNoV (102 copies/mL) were
used to investigate the qRT-PCR compatibility of HuNoV concen-
tration by Con A-column. This was performed for each of seven
genotypes of HuNoV including GI.3, GI.8, GII.2, GII.4, GII.6, GII.8, and
GII.17.

A ConA-column was designed as a solid phase extraction col-
umn (SPE column) for the rapid concentration of HuNoV (GI.3, GI.8,
GII.2, GII.4, GII.6, GII.8, and GII.17) from liquid samples. A syringe
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(10 mL Norm-Ject; Henke Sass Wolf, Germany) was packed with
3.0 g of Con A conjugated beads (0.4 e 1.2 mm diameter) and
equilibrated with 10 cartridge volumes of PBS buffer. The spiked
200 mL samples were then poured through the column via gravity
for 15 min at a speed of 13.5 mL/min. PBS buffer (50 mL) was
sequentially added to the column from the top to remove unbound
or non-specifically bound molecules. Total viral RNA was extracted
using AccuPrep Viral RNA extraction kit (Bioneer) according to the
manufacturer's instructions. The final elutes (50 mL) were used
immediately or were stored at stored at - 80 �C for PCR assays.
2.12. Quantitative reverse transcription (qRT)-PCR assay

Primer sets that amplify a conserved region within the RNA-
dependent RNA polymerase gene were used as previously adop-
ted for the qRT-PCR assay [30,31]. RT-PCR primer sets targeted the
capsid protein (VP1) gene in ORF2. Sequences were compared
against those listed in GenBank by using the basic local alignment
search tool (BLAST) to ensure a high level of specificity against
HuNoV. Primers used in this study are listed in Table 1. qRT-PCR
reactions were carried out in 96-well blocks with a CFX-96 Real-
Time PCR System (Bio-Rad) using a TaqMan probe mix in a reaction
volume of 25.0 mL, which contained 2.0 mL of the primary cDNA
reaction mixture, 2 � Ex Taq HS Mix (Takara), and the primer pair.
The thermocycling condition was applied as follows: activation at
95 �C for 3 min, followed by denaturation of 45 cycles at 95 �C for
10 s, annealing at 56 �C for 10 s and a final extension at 72 �C for
30 s. All qRT-PCR reactions were performed in biological triplicate.
The threshold cycle (Ct) was automatically determined for each
reaction by the CFX-96 Real-Time PCR System set with default
parameters. Each qRT-PCR reaction set included a negative control
of water instead of cDNA.
2.13. Recovery of HuNoV from artificially contaminated food

Locally purchased lettuce and strawberries were disinfected
with UV irradiation to eliminate contaminating microorganisms.
Samples of lettuce (20 g) and whole strawberries (20 g) were
spiked with a 200 mL aliquot of fecal samples containing HuNoV
(GII.4, 102 copies/mL). HuNoV spiked food samples were air dried for
30 min at room temperature to allow attachment of the virus.
HuNoV (GII.4) from the spiked samples was eluted in 200 mL of
elution buffer (100mM Tris-HCl, 50 mM glycine,1% beef extract, pH
9.5) [32]. Milk (200 mL, pasteurized at high temperatures for a
short time) was also inoculated with a 200 mL aliquot of fecal
samples.

Different concentration methods were performed to compare
the efficiency of HuNoV recovery. For the polyethylene glycol (PEG)
concentration method, the resulting supernatants (200 mL) were
mixed with an equal volume of 16% (w/v) PEG 6000 (Sigma) con-
taining 0.525 M NaCl and incubated for 16 h on ice to precipitate
the viruses. The samples were centrifuged at 10,000 � g for
Table 1
Sequences of the primers used for qRT-PCR detection of HuNoV (GI and GII).

Geno-group Primer Locationa Sequence (5

GI COG1F 5291e5310 CGY TGG A
COG1R 5354e5375 CTT AGA CG
RING1 (a) 5329e5349 FAM-AGA T

GII JJV2F 5003e5028 CAA GAG T
COG2R 5081e5100 TCG ACG CC
RING2P 5048e5067 FAM-TGG G

a Genome location of primers for GI is based on the sequence of Norwalk/68/US [GenBa
Y ¼ C/T; I ¼ inosin; FAM ¼ fluorescein; BHQ ¼ black hole quencher.
30 min at 4 �C, and the pellet was re-suspended in 2 mL of sterile
PBS before viral RNA extraction [30]. Virus recovery (%) was
calculated as the percentage ratio between the “recovered number
of HuNoV genomic copies” and the “spiked number of HuNoV
genomic copies”. Three independent trials were conducted for all
samples. Statistical analysis was performed using Tukey tests, and p
values < 0.05 were considered significant.
3. Results and discussion

3.1. Interactions between HuNoV (GII.4) and Con A

Interactions between Con A and the purified P-domain of
HuNoV (GII.4) were characterized by HDX studies in order to
identify putative interaction regions (Fig. 1A and Supporting
Figs. 1e3), since the GII.4 strain of HuNoV is a major cause of viral
infections. Time-dependent HDX showed that the metal coordi-
nated region (MCR), including Ile17, Gly18, and Asp19 of Con A
(Fig. 1B and C), interacts with the P-domain of HuNoV (GII.4) as
indicated by significant deuterium exchange alterations in this re-
gion from the Con A only and Con A-P-domain conjugated exper-
iment. The structural analysis based on preliminary reports
proposed that MCR is positioned on the outer region of Con A, and
that it coordinated with metal ions including Mn2þ and Ca2þ. The
HDX results from Con A alone support that amino acids from Thr15
to Asp16 show high deuterium exchange rates, and Ile17 and Gly18
show to be rapidly changed starting from 5 s exposure
(Supplementary Figs. 2 and 3). These results suggested that MCR
may generate a complex between HuNoV (GII.4) and Con A. Con A
have shown that hetero-metal ions are essential for the proper
orientation of the key residues that mediate the carbohydrate
specific interactions with hydrogen bonds, but coordination is
required to control the directions of the side andmain chains in Con
A. Our mutational studies of MCR and CBR confirmed that metal
coordination is crucial for HuNoV (GII.4) interactions (shown
below). In addition to these amino acid regions, the dimerization
region (DR), which is involved in dimer formation in Con A, is slow
to deuterium exchange as shown in Fig. 1D [33]. The results from
time-dependent HDX suggested that Con A interacts with the P-
domain of HuNoV (GII.4) primarily through the MCR, because the
carbohydrate binding region (CBR) of Con A, including L99, Y100,
does not show significant changes in deuterium exchange rate. The
HDX results provide valuable information for the understanding of
interactions between Con A and HuNoV (GII.4).

To provide further evidence of the interaction between Con A
and HuNoV (GII.4) observed by HDX-MS, the circular dichroism
(CD) spectra of Con A and HuNoV (GII.4) were measured in the UV
range (200e260 nm, Supporting Fig. 4). When Con A interacts with
the P-domain of HuNoV (GII.4), the signal around 222 nm becomes
more negative compared to that of GII.4 alone. This is because the
CD spectra analysis enables the evaluation of changes in secondary
structure including a-helices and b-sheets of proteins. These
0 e 30) Size (bp) Accession No.

TG CGN TTY CAT GA 85 M87661
C CAT CAT CAT TYA C
YG CGA TCY CCT GTC CA-BHQ
CA ATG TTT AGG TGG ATG AG 98 AY032605
A TCT TCA TTC AC
AG GGC GAT CGC AAT CT-BHQ

nk: M87661] and for GII on the sequence of Lordsdale/93/UK [GenBank: AY032605];



Fig. 1. Hydrogen/deuterium exchange (HDX) profile of concanavalin A (Con A), defining the interaction regions between Con A and HuNoV (GII.4). (A) Heat map at 5, 10, 30, and
100 s. Regions of the protein are highlighted as follows: the green box is the metal coordinating region (MCR); the cyan box is the carbohydrate binding region (CBR); and the red
box is the dimerization region (DR). (BeD) X-ray crystallographic structure of regions of Con A (PDB accession: 3NWK). The residues of the MCR are depicted in B and C. (B)
Coordination of amino acids, including Glu8, Asp10, His24, and Asp19 with metal ions (Ca2þ and Mn2þ). (C) Deuterium exchanges between Ile17 and Asp19 of Con A due to the
presence of the P-domain (GII.4) (D) Participation of the b-strand from Ala125 to Lys135 in the formation of a Con A dimer with the equivalent portion of another Con A monomer,
forming the DR. One monomer of Con A (green) interacts with the second monomer (gray) through the b-strand (bright orange) for dimerization. Eight hydrogen bonds were
detected between these two b-strands (PDB accession 1GIC).
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changes in the CD spectra indicate alterations in structure, which
could result from interactions between Con A and the P-domain of
HuNoV (GII.4).

3.2. Complex generation between HuNoV (GII.4) and Con A

The interactions among native Con A, mutated MCR of Con A
(mCon AMCR, 16DIGDPNYPH24 / 16AAAAAAAAA24) and mutated
carbohydrate binding region (mCon ACBR) including Y12F, N14G,
L99E, Y100F, and D208G, with HuNoV (GII.4) were measured via
SPR (Fig. 2A and C) to identify the interaction regions of Con A. The
dissociation constant (KD) value indicates the interaction kinetics of
an analyte and ligand; the KD values for the interaction of native
Con A, mCon ACBR, and mCon AMCR with HuNoV (GII.4) were



Fig. 2. Interaction between Con A and HuNoV (GII.4). Sensograms obtained by surface plasmon resonance (SPR) analysis using Au sensor chips with a concentration series (250, 125,
62.5, 31.3, 15.6, and 0 nM) of (A) native Con A (C. ensiformis PDB accession: 3NWK), (B) metal coordinating region (MCR)-mutated Con A (mCon AMCR), and (C) carbohydrate binding
region (CBR)-mutated Con A (mCon ACBR) (n ¼ 3, mean values). The interaction model was used to determine the equilibrium dissociation constant (KD); KD values were
71.5 ± 6.7 nM, 22.0 ± 17.0 mM, and 110.8 ± 7.5 nM for native Con A, mCon AMCR, and mCon ACBR, respectively. Mutations of Con A around the MCR and CBR are shown in (B) and (C).
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71.5 ± 6.7 nM, 110.8 ± 7.5 nM, and 22.0 ± 17.0 mM, respectively.
These values indicate that the interaction kinetics of mCon AMCR

with HuNoV (GII.4) was greatly reduced compared to native Con A
and mCon ACBR, suggesting that the MCR (residues 16e24) partic-
ipates in the interaction with HuNoV (GII.4), whereas the CBR does
not show significant changes in dissociation constant. A previous
study reported that HuNoV interacts with carbohydrates [34],
which suggests its binding to multiple monosaccharide moieties
present in food materials. For example, glycan, a milk oligosac-
charide, was reported to interact with HuNoV capsids [35]. Hy-
droxyl moieties in carbohydrates cause non-specific hydrogen
bonding with the main and side chains of lectins [36], but the MCR
of Con A was proposed as a major binding region of HuNoV (GII.4)
through mutational studies. The mCon AMCR lost its binding affinity
due to structural disruption of the MCR. The mutated residues of
MCR and CBR in Con A (PDB accession: 3NWK) are depicted inmesh
(Fig. 2B and C) [37]. In addition, apo-Con A (metal-free Con A) also
showed decreased binding affinity when compared tometal-bound
Con A (Fig. 3). This result indicates that chelating Ca2þ and Mn2þ

ions with EDTA could affect the secondary structures required for
specific interactions with HuNoV, which supports the involvement
of the MCR in binding to HuNoV. The subtle differences in structure
between metal coordinated- and apo-Con A were observed around
the MCR in a superimposed image (Fig. 3B). These results proposed
that metal ions coordinated through residues in the MCR were
positioned properly to interact with HuNoV (GII.4), since the
superimposed structures of the MCR proved that atoms from the
side and main chains have different directions.

To determine the specificity of the interaction between Con A
and HuNoV (GII.4), we investigated HuNoV binding with another
lectin, soybean agglutinin (SBA) [38e40]. The binding affinities of
Con A, SBA, and mCon AMCR were further validated as shown in
Fig. 2. SBA has a high structural similarity (r.m.s. ¼ 0.846) to Con A
(Fig. 4A); however, BLI assays demonstrated that SBA does not
interact with HuNoV as shown in Fig. 4B. Results indicated that Con
A had strong binding affinity, whereas mCon AMCR and SBA did not
specifically interact with HuNoV (GII.4). Moreover, secondary
structures including the overall loops located at the MCR and CBR
are identical (PDB accession: 3NWK and 1SBD, Fig. 4A), although
alignment of amino acid sequences suggested that the sequence
identity between Con A and SBA is only 16% (Fig. 4C). The inability
of SBA to interact with the HuNoV (GII.4) could be due to low
sequence identity, despite almost identical structures. Further-
more, the MCR of Con A does not show sequence similarity to SBA.
The MCR of these residues generates specific interactions with
HuNoV (GII.4), because the amino acids of this site could potentially
form specific secondary structures including a-helices and loops.
These results indicated that the interaction between Con A and



Fig. 3. Differences of binding affinity from the structures of apo-Con A and metal coordinated Con A. (A) Biolayer interferometry (BLI) assay between Con A and HuNoV (GII.4). The
coordinated metal ions lost their coordination when Con Awas treated with EDTA. Apo-Con A (EDTA treated Con A) loses binding affinity compared to that of wild type Con A due to
the change in the environment of the metal coordinated region. (B) Metal-free Con A (apo-Con A, PDB accession 1DQ1, orange) [38,39], superimposed images (middle), and metal
coordinated Con A (holo-Con A, PDB accession 3NWK, gray) are depicted. Subtle changes were observed in the loop regions that were affected by metal coordination. Marine and
orange spheres represent Mn2þ and Ca2þ ions, respectively.

Fig. 4. High structural similarity and low sequence homology between Con A and SBA. (A) Structural alignment of Con A with SBA. Secondary structure of Con A (gray, PDB
accession: 3NWK), SBA (green, PDB accession: 1SBD), and super imposed structures (middle) [37e40]. (B) Sensograms representing the interaction of Con A, soybean agglutinin
(SBA), and mCon AMCR with HuNoV obtained by Bio-Layer Interferometry (BLI). BSA, bovine serum albumin. (C) Alignment of amino acid sequence of Con A and SBA. The highlighted
green box indicates the MCR.
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HuNoV (GII.4) is unique, in which HuNoV (GII.4) recognizes not
only structural features, but also specific amino acid sequences.

The ability of HuNoV (GII.4) to bind Con A compared to a com-
mercial HuNoV antibody was examined via BLI (Supporting Fig. 5)
to confirm the binding. The association between Con A and HuNoV
(GII.4) was 10-fold greater than that between the HuNoV antibody
and Con A, demonstrating the high binding specificity of Con A
(Supporting Fig. 5). The binding ability of Con A and mutated Con A
was further applied to viral hemorrhagic septicemia virus (VHSV)
genotype IVa, an enveloped virus, in order to investigate the
binding affinity with an enveloped virus (Supporting Fig. 6). The
SPR results demonstrate that wtCon A has aweaker binding affinity
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to VHSV (KD¼ 710.3 ± 238.6 nM) comparedwith its binding affinity
to HuNoV (GII.4), and that mCon ACBR has a comparably low binding
specificity to VHSV (KD ¼ 54.9 ± 26.4 mM).
3.3. Detection of HuNoV using Con A-PAB

The interaction between Con A and HuNoV (GII.4) implies the
potential application of Con A as a bait for HuNoV. Thus, the
application of Con A to concentrate HuNoV for the rapid detection
of the virus in food was tested. The conventional PEG concentration
method is both time consuming and has a low sampling number,
which makes it a stumbling block for the rapid analysis of HuNoV.
Instead, Con A-immobilized polyacrylate beads (Con A-PAB) were
developed, as explained in themethods section (Fig. 5A), to be used
in our new concentration method. The ability and stability of Con A
to detect HuNoV (GII.4) was tested over pH ranges from 3 to 10 as
HuNoV is usually found in contaminated foods of varying pHs
(Fig. 5B). The percentage of viral recovery was not significantly
affected by changes in pH, demonstrating an advantage of using
Con A-PAB as a concentration tool over some of the currently
available methods. This attribute is an improvement over other
HuNoV detection methods that are limited to a narrow range of pH
[17]. HuNoV was detected up to 101 RT-PCR units/mL, which meets
the standard PCR detection level. This method was successful in
recovering HuNoV (GII.4), with a virus recovery (%) of more than
Fig. 5. Detection and recovery of HuNoV (GII.4) through Con A-PAB. (A) Modified SPE chrom
HuNoV (GII.4) using Con A-PAB under different (B) pHs, (C) copy numbers of virus, and (D)
letters above the bar or line indicate significant differences at p < 0.05.
77% when samples were spiked with virus concentrations ranging
from 103 to 106 RT-PCR units/mL as determined by PCR (Fig. 5C).
Moreover, using Con A-PAB containing 3.0 g of Con A immobilized
beads, the capacity of HuNoV (GII.4) capture was up to 104 copy
numbers. However, the performance of the Con A-PAB could be
enhanced by increasing the amount of Con A and the surface areas
of the concentration tool. Using Con A-PAB, HuNoV recovery
reached more than 90% in 15 min at an eluent flow rate of 13.5 mL/
min (Fig. 5D). From these initial results, we found that the stability
of Con A is great for detection, and it maintains interaction with
HuNoV (GII.4) in a broad range of pHs and flow-rates, suggesting
that the Con A-PAB could serve as a novel concentration tool with
high recovery of HuNoV (GII.4). Besides this, Con A-PAB, a method
based on solid phase extraction, has other advantages, such as ease
of handling several samples concurrently and speed for concen-
tration of the virus.

Next, the ability of Con A-PAB to interact with various genotypes
of HuNoVwas tested. Among seven HuNoV genogroups (GI - GVII),
GI and GII, consisting of 9 and 19 genotypes, respectively, are the
most common cause of human infections. The binding specificity of
Con A-PAB with these genotypes was analyzed in seven samples,
comprising two and five different genotypes of the GI and GII
genogroups, respectively. These genotypes had varying recoveries
ranging from 41.8% to 90.6% (Fig. 6A, Supporting table 1). Among
them, GII.4, which has been associated with the majority of global
atography column used for the concentration of HuNoV. Recovery efficiency of spiked
concentration time. All experiments were conducted in triplicate (n ¼ 3), and different



Fig. 6. Con A-PAB shows high recovery rate for HuNoV from different genogroups. (A) Recovery of different genotypes of genogroups I and II (GI and GII) using Con A-PAB. All
experiments were conducted in triplicate (n ¼ 3), and different letters above the bar or line indicate significant differences at p < 0.05. (B) Superimposed structures of HuNoV GI.8
(orange) and GII.4 (green) strains which show high structural similarity.

Table 2
Comparison of recovery (%) of human norovirus (HuNoV) from different food
matrices using polyethylene glycol (PEG) precipitation and Concanavalin A-immo-
bilized polyacrylate beads (Con A-PAB).

Food Sample HuNoV recovery (%)a

PEG precipitation Con A-PAB

Milk ND 60.8 ± 1.7
Lettuce 71.5 ± 7.4* 89.5 ± 11.5*
Strawberry 56.1 ± 9.2 70.8 ± 4.3

Asterisks indicate significant differences between PEG and Con A-PAB determined
by Student's t-test; (*p < 0.05).
ND, non-detectable.

a HuNoV recovery (%) is calculated as the percentage ratio of HuNoV genomic
copy number of the recovered sample to that of the spiked sample. All experiments
were performed in triplicate (mean ± SD).
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epidemics in the past decade [41], was recovered at the highest
level (90.6%), followed by GII.2, GII.8, GII.17 and GII.6 (85.2%, 77.8%,
61.4 and 41.8% recovery, respectively). Among tested genotypes,
GII.4, GII.2 and GII.6 are responsible for the majority (77.5%) of total
HuNoV outbreaks in the US from 2009 to 2013 [42]. However, ge-
notypes of GI including GI.3 and GI.8 were recovered at only 68.5%
and 56.2% levels, respectively. The variability between GI and GII
could be due to subtle differences in amino acid sequences between
these subtypes. For example, the VP1 domains of HuNoV strains
from the same genogroups have 70e90% P-domain sequence sim-
ilarity; however, different genogroups have less than 50% sequence
similarity [42,43]. Superimposed structures of the P-domain of GI.8
and GII.4 show high structural similarity (r.m.s. ¼ 1.15, Ca align-
ment), which may explain the ability of Con A to bind to the P-
domain of both subtypes despite sequence differences (Fig. 6B).
HuNoV from genogroup I shows different sequences from gen-
ogroup II, but GI.3 and GI.8 have greater than 50% recovery. The
percentages of virus recovery of HuNoV from GII.2 and GII.4 were
greater than 80% with the Con A-PAB when the virus copy number
was higher than 103, which is sufficient to amplify the viral RNA in
order to confirm HuNoV contamination in food samples. These
results demonstrate that Con A-PAB can be successfully applied for
the detection of HuNov (GII.2, GII.4, and GII.8) and other genotypes
(GI.3, GI.8, GII.6, and GII.17).

3.4. Recovery of HuNoV from food samples using Con A-PAB

The recovery of GII.4 from different food samples using Con A-
PAB was compared to the recovery using the PEG precipitation
method, which is usually recommended for a wide variety of vi-
ruses. Different food samples (200 mL) were spiked with 4.7 � 104

copies of HuNoV (GII.4). Tris-glycine beef extract buffer was used as
an elution buffer for recovery of GII.4 from food samples [44]. The
ability of Con A-PAB to concentrate the virus from different foods,
such as lettuce, strawberries, and milk, was evaluated. Con A-PAB
exhibited significantly higher viral recovery from lettuce compared
to that of the PEG precipitation (p ¼ 0.035). Both methods showed
similar recovery from strawberries (Table 2). Interestingly, Con A-
PAB was successful in recovering GII.4 from milk with 60.8% re-
covery, whereas the PEG method was not successful for this
application. These results suggest that the performance of Con A-
PAB is less affected by food types than PEG precipitation. Using Con
A-PAB, the maximum level of HuNoV was recovered in 15 min,
whereas PEG required more than 4e6 h. These results demonstrate
that the use of Con A-PAB exhibits comparable viral recovery to the
conventional PEG method, and enables faster concentration.

4. Conclusion

Biophysical assays in this study proved that Con A displayed
strong interactions with HuNoV (GII.4), and these binding events
were dependent on the MCR. The mutational studies of MCR and
CBR proved that interaction between Con A and HuNoV are
dependent on metal coordination and sequence around the MCR
because SBA and apo-Con A did not show specific intractions to
HuNov. These results proved that the orientations of side and main
chains are critical for the generation of specific interactions with
HuNoV (GII.4). A HuNoV concentration tool, Con A-PAB, was
developed by adapting the simple operation principle of solid-
phase extraction, which made it possible to handle multiple sam-
ples simultaneously. The tool was also capable of concentrating
different GI and GII genotypes, although the viral recoveries
showed variation due to their subtle differences in sequence and
structure. The compatibility of the tool with PCR was demonstrated
by 15 min concentration and detection of HuNoV from contami-
nated food samples (200 mL) using qRT-PCR. Although Con A had
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previously been shown to interact with enveloped viruses, this
study demonstrated its potential for interaction with non-
enveloped viruses (HuNoV). Despite the practical feasibility of
concentrating HuNoV with Con A-PAB, the applicability of this tool
should be further confirmed by competition with other non-
enveloped viruses.
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