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Abstract
Infection with Helicobacter pylori may result in the emergence of gastric adenocarcinoma. Among various toxins assisting
pathogenesis of H. pylori, the vacuolating cytotoxin A (VacA) is one of the most potent toxins known as the major cause of the
peptic ulcer and gastric adenocarcinoma. To isolate single-chain variable fragments (scFvs) against two conserved regions of
VacA, we capitalized on the phage display technology and a solution-phase biopanning (SPB). Characterization of scFvs was
carried out by enzyme-linked immunosorbent assay (ELISA), immunoblotting, and surface plasmon resonance (SPR).
Bioinformatics analyses were also performed in order to characterize the structural and functional properties of the isolated
scFvs and the interaction(s) between the isolated antibodies (Ab)-antigen (Ag). After four rounds of biopanning, the positive
colonies detected by scFv ELISA were harvested to extract the plasmids and perform sequencing. Of several colonies, three
colonies showed high affinity to the VacA1 and two colonies for the VacA2. Further complementary examinations (e.g., sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), western blot, SPR, and flow cytometry) displayed the high
affinity and specificity of the isolated scFvs to the VacA. Docking results revealed the interaction of the complementarity-
determining regions (CDRs) with the VacA peptide. In conclusion, for the first time, we report on the isolation of several
scFvs against conserved residues of VacA toxin with high affinity and specificity, which may be used as novel diagnostic/
therapeutic tool in the H. pylori infection.
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Introduction

Helicobacter pylori is a gram-negative bacterium, which is
colonized in the human stomach. It has infected almost half
of the world’s population, with the highest prevalence in the
developing countries due to poor health and economic back-
grounds (Adler et al. 2014; Lim et al. 2013; Oleastro and
Menard 2013). In patients with H. pylori, in the absence of
appropriate antibiotic treatment, long-term persistence of H.
pylori could contribute to possible gastritis, peptic or duodenal
ulcers, gastric adenocarcinoma, or mucosa-associated lym-
phoid tissue (MALT) lymphoma (Chey et al. 2007; Kuo et
al. 2014; Pritchard and Crabtree 2006). A number of investi-
gations have confirmed that the strong colonization of H.
pylori might give rises to stomach-related malignancies,
resulting in the classification of H. pylori as one of the main
carcinogenic agents (Hagymasi and Tulassay 2014).

While the eradication of H. pylori infection is much of a
concern, attempts for accurate detection of the infection
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appears as an ongoing challenge (Garza-Gonzalez et al. 2014).
The invasive diagnosis methods are mostly on the basis of
histology and biopsy of the stomach and further detection by
molecular methods such as polymerase chain reaction (PCR)
and fluorescent in situ hybridization (FISH) or physiological
methods like rapid urease (RU) test. Despite being the most
common method for the detection ofH. pylori, the endoscopy
and biopsy are assumed to be labor intensive for patients es-
pecially children and elderly patients (Carvalho et al. 2012).
The noninvasive serology tests proceeding based on the pres-
ence of immunoglobulin G are the most prevalently used pro-
cedures. However, there exist some drawbacks, includingmis-
interpretation of the data, and the prolonged existence of the
Igs after eradication limits the application of immunodiagnos-
tic method (Patel et al. 2014). The most prevalent procedure in
post-treatment patients is known as the urea breath test (UBT)
which may provide false-negative results after treatment with
concomitant drug combinations (Capurso et al. 2006). As a
result, in order to provide an effective therapy for eradication
of the infection with H. pylori, a new method of detection for
the infection is required.

Following the production of monoclonal antibodies
(mAbs) by Köhler and Milstein in 1986, the biopharmaceu-
tical market of commercialized mAbs has exponentially ex-
panded (Kohler and Milstein 1975; Siddiqui 2010). Even
though production of the mAbs has commenced a new era
in the diagnosis methods, some shortcomings have urged
rationalized strategies for development of mAbs, including
low yielding antibodies and time-consuming and exerting
immunological side effects in patients such as human anti-
mouse antibody (HAMA) (Liu 2014; Reichert 2012).
Among various antibody (Ab) development approaches,
phage Ab-display system is a powerful technique for pro-
duction of fully mAbs with high affinity and avidity towards
extensive types of antigens (Ags) (Tohidkia et al. 2012;
Zhao et al. 2016). Among several types of characterized
Ab formats incorporated onto the phages, scFv particles
are the most common types of Abs exploited for the estab-
lishment of phage display libraries. The main principle of
this technology is the production of a large and diverse set
of phages (the so-called library) that encompasses variable
light and heavy chains (VL and VH, respectively) reper-
toires through randomized complementarity-determining re-
gions (CDRs) and successive rounds of selection against any
desired Ags. Despite the great variety of the expressive plat-
forms, the E. coli is considered as one of the best candidates
for the amplification and expression of the phage-scFv insert
particles in vitro (Georgieva and Konthur 2011; Haque and
Tonks 2012; Sidhu 2001; Verma et al. 1998). Recursive
convenient isolation cycles and ability to simultaneously iso-
late several fragments against various epitopes of a given Ag
has made it an advantageous method of the isolation of Abs
(Ayriss et al. 2007).

Besides the presence of urease as the most potential viru-
lence factor of H. pylori, the vacuolating toxin (VacA) is one
of the most crucial factors for the bacterial colonization
(Bessede et al. 2015; Cover et al. 2016). This toxin, which is
present in almost 90% of the strains, is a 140-kDaweight toxin
and produces an 88-kDa mature toxin containing two domains
known as p33 and p55 after a two-step proteolytic cleavage
(Papini et al. 2001; Salama et al. 2013). The p55 domain is
responsible for the toxin binding to various cell surface recep-
tors (e.g., receptor protein tyrosin phosphatases (RPTP) α and
β, epidermal growth factor receptor (EGFR), and lymphocyte
function-associated antigen 1 (LFA-1) in T cells), while the
functional p33 domain contributes to vacuolation and pore
formation by oligomerization on the cellular membrane
(Rieder et al. 2005). The different cytotoxic activity of the
VacA arises from the high polymorphism of the toxin among
various strains ofH. pylori. One region inside the p55 domain
(the so-called M region) is known as one of the most diverse
sequences of the toxin and based on the residues is classified
in two groups, including m1 and m2 (Figura et al. 2015).
Recent investigations determined two highly conserved re-
gions between m1 and m2, containing residues 668–678 and
730–734 at C-terminal and is hypothesized to be the surface-
exposed area responsible for the cell receptor binding
(Gangwer et al. 2007).

Former diagnostic humoral Ab-based lab tests utilized for
the detection of H. pylori were included polyclonal Abs har-
vested from patient’s serum (Hensel et al. 1999). The VacA, as
a membrane-associated protein on the H. pylori, is one of the
major toxins responsible for peptic ulcers (Fahimi et al. 2017).
Thus, development of scFvs against conserved regions of this
toxin provides a great possibility for the accurate diagnosis at
the early stages of H. pylori-mediated infection and peptic
ulcers and the precise treatment of such formidable disease.
In this study, for the first time, we report on the isolation of
scFvs from a semisynthetic phage antibody library (PAL)
against C-ter conserved domains of VacA toxin, which were
further characterized using both wet-lab and bioinformatic
techniques to attain scFvs with high binding affinity.

Materials and methods

Peptide design

Two consensus surface-exposed residues, mediating host re-
ceptors and toxin interaction, were selected as the target for
the isolation of scFvs (Fig. 1). The two mentioned residues
were separately customized by BIOMATIK (Cambridge,
Ontario, Canada) with a purity value of 98% verified by a
high-performance liquid chromatography (HPLC). The
VacA1 and VacA2 peptides (668–678 and 730–734 at C-ter-
minal, respectively) were tagged with mini polyethylene
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glycol (PEG) and biotin. As a result, mini-PEG and biotin-
tagged VacA1 (at C-terminal) and mini-PEG- and biotin-
tagged VacA2 (at N-terminal) were used for the affinity cap-
ture during the biopanning process.

Bacterial strains and library preparation

The TG1 Tr E. coli used for the amplification of scFv-phage,
HB2151 E. coli used for the production of soluble scFvs, the
semisynthetic Tomlinson library I+J, and KM13 helper phage
were purchased from Source Bioscience (Nottingham, UK).
The PAL was constructed by side chain diversification of
CDRs encompassing CDR2 and CDR3 of a single framework
from VH (V3-23/DP-47 and JH4b), VL (O12/O2/DPK9 and
Jκ1), and a CDR1 that was kept constant. The diversifications
were incorporated at 18 residues that are highly diverse in the
primary repertoire and function as Ag-binding sites.
Sequences encoding scFvs were cloned next to gene 3 protein
in phagemid vector, pIT2, with histidine (His) and myc tags.

Selection of VacA-specific scFvs by a solution-phase
biopanning

According to the Tomlinson protocol, 106 colony forming unit
(cfu) phage colonies were rescued by helper phages from the
library I and subjected to four rounds of panning with descend-
ing concentrations of peptide for VacA1 and VacA2. Briefly,
after blockage of Strep Dynabead Myone-T1 (Thermo Fisher,
Waltham, MA, USA) and phages with bovine serum albumin
(BSA) as 0.3% in phosphate-buffered saline (PBS), pre-
absorption was performed for each round in order to eliminate
the strep-binder phages. Biotinylated peptides were exposed to
the blocked phages for 120 min at room temperature. Then,
peptide-bound phages were captured by blocked strep
Dynabeads. The Dynabeads-captured phage-peptide particles
were separated by a magnetic apparatus, DynaMag-2
(Invitrogen, Karlsruhe, Germany). Stringent washing steps
(6×) were performed for all rounds of panning in order to isolate

any cross-reacting phage particles. Phages were eluted by
500 μL pancreas trypsin (1 mg/mL) (Sigma-Aldrich Co.,
Taufkirchen, Germany) for 20 min. Half of the eluates
(250 μL) were exploited for the next round of biopanning pro-
cess and transferred to TG1 E. coli at the optical density (OD) of
0.4, then plated on trypton yeast extract (TYE)media containing
100 mg ampicillin/mL and 2% (w/v) glucose (TYE-Amp-Glc)
as amplified phages for the next rounds of panning.

Polyclonal phage enzyme-linked immunosorbent
assay (ELISA)

ELISAwas performed on polystyrene 96-well plates to monitor
the rate of enrichment of phages bound to peptides following the
panning cycles. ELISA plates coated with 2 μg/mL BSA
(Sigma-Aldrich Co., Taufkirchen, Germany) and 1 mg/mL
streptavidin (S888, Invitrogen, Karlsruhe, Germany) were
added with 100 μL/well peptide and mini-PEG respectively as
positive and negative wells and then incubated for 1.5 h at room
temperature. Following blocking, 100 μL/well of the eluted
phages of each round were incubated for 1 h at room tempera-
ture. The selected phages with target scFvs obtained from
the panning process were exposed to the primary anti-M13
mAb (GE Healthcare, Amersham, UK) and the secondary anti-
body goat anti-mouse immunoglobulin (IgG) conjugated with
horse radish peroxidase (HRP) [(ab6789), Abcam, Cambridge,
MA, USA] respectively at dilutions of 1:3000 and 1:5000. After
performing optical reaction by adding the HRP substrate
tetramethylbenzidine (TMB), the intensity of color was quanti-
fied by an ELISA reader at 450–630, ELx808™ (Biotek,
Winooski, VT, USA). All the steps were followed by three
rounds of washing with phosphate-buffered saline and tween
(PBST) 0.1%.

Soluble antibody fragment ELISA

For the production of soluble scFv fragments, 200 μL of the
non-suppressor strain of E. coli HB2151 at the exponential

Fig. 1 The p55 domain of
vacuolating toxin A (VacA) with
conserved domains. The image
was produced based on the crys-
tallography of p55 domain of
toxin. Two consensus residues at
the C-ter of p55 domain consid-
ered as receptor binding domains
of the toxin were chosen as sepa-
rate peptides for the isolation of
scFvs. VacA1 and VacA2 se-
quences are shown as red and
blue, respectively
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phase (OD 0.4) was combined with 10 μL of eluted phages of
round 4 of either VacA1 or VacA2 and incubated on water
bath 37 °C for 45 min. Single colonies resulted from the cul-
ture of eluates in HB2151 E. coli were transferred to master
plates containing 2× TY with 100 μg/mL ampicillin and 2%
(w/v) glucose (2× YT/Amp/Glc) and incubated overnight at
37 °C. A small quantity (5 μL) of each well was transferred to
200 μL 2× TY/Amp/Glc 0.1% and incubated on shaker plate
at 37 °C for 3 h to reach to OD 0.9. The production of soluble
scFvs was stimulated by addition of 25 μL induction media,
containing 9 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG), 0.4 M sucrose, and 100 μg/mL ampicillin. Then, it
was incubated on shaker plate overnight at 30 °C. After cen-
trifugation, the plates were resuspended in 50 μL periplasmic
extraction (PE) buffer (3× PE) for the extraction of periplas-
mic scFvs. The extracted soluble scFvs were exploited for
monoclonal scFv ELISA as same as polyclonal phage
ELISA as mentioned previously, except that the detection of
scFvs was carried out in one step with the addition of HRP-
Protein A at dilution 1:5000.

Sequence analysis

ScFv-encoding phagemids of each positive colony were ex-
tracted by QIAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany). The PCR analysis together with gel electrophoresis
confirmed the quality of two-strand plasmids and presence of
scFv genes inside plasmids using pHEN and LMB3 primers as
forward and reverse primers respectively (data not shown).
Having used LMB3 primer, ABI 3730XL DNA sequencer
(Applied Biosystems, Darmstadt, Germany) was exploited for
determination of sequences. The sequencing data were ana-
lyzed by Chromas 2.4.4 (Technelysium Pty Ltd., South
Brisbane, Australia), and the alignment of CDR regions was
accomplished by the VBASE2 database. Furthermore, unique
sequence alignments with the human germline genes were per-
formed using the IMGT/V-QUEST (http://www.imgt.org).

Expression of scFvs in large scale

Colonies scored the highest ODs in monoclonal scFv ELISA
with different CDRs were selected for the expression of solu-
ble scFvs in 400 mL broth culture. The overnight grown col-
onies in 400 mL 2× TY/Amp/Glc 2% were incubated for OD
0.9 to precipitate by centrifuge. Then, they were resuspended
in 400 mL 2× TY/Amp/Sucrose 0.4 M supplemented with
1 mM IPTG and incubated for 4 h at 30 °C. Following cen-
trifugation at 2800×g for 20 min, the pellets were resuspended
in 4% culture volume of ice-cold periplasmic extraction TES
buffer [Tris 0.1 mM, ethylenediaminetetraacetic acid (EDTA)
and 100 mM sucrose 2 M]. Then, the extracted scFvs in the
supernatant were collected as final samples and stored for
further steps. The expression of scFvs in large scale was

proved by SDS-PAGE 12% under reducing condition using
a Mini-PROTEAN Tetra Cell system (Bio-Rad, Munich,
Germany) and western blot. The primary antibody (c-myc)
and the secondary antibody conjugated with HRP were added
at dilutions of 1:3000 and 1:4000, respectively. Visualization
was enhanced by the addition of electrochemiluminescence
(ECL) solution of Western blotting kit (GE Healthcare,
Amersham, UK), and developed on an x-ray film.

Purification of colonies by affinity chromatography

The dialyzed expressed scFvs by 12 kDa cut-off membrane
(D9652, Sigma-Aldrich Co., Taufkirchen, Germany) under-
gone the purification process by immobilized metal affinity
chromatography (IMAC) resin TALON™ (Clontech
Laboratories, Inc. Mountain View, CA, USA) based on the
manufacturer’s protocol. Briefly, the slurry-containing resin
was applied to the resins and incubated under gentle shaking
for 20 min at room temperature. Further, the sample-resin
complex was centrifuged at 1500×g for 10 min, and the resin
was collected followed by a couple of washing. The detach-
ment of resins from the histidine-tag scFvs was accomplished
by adding of the elution buffer and collecting as final 0.5 mL
aliquots. The concentration of scFvs and the extinction coef-
ficient was measured via the ProtParam software freely avail-
able at http://web.expasy.org/protparam/. SDS-PAGE and
western blot analyses were also carried out to determine
high-throughput affinity as mentioned previously.

Affinity determination of scFvs by western blot

To determine the specificity of scFvs against peptide, immu-
noblotting was performed by running 3 μL recombinant p55
domain of VacA toxin (AMSbio LLC, Cambridge, USA) on
SDS-PAGE 10% and immunoblotted on nitrocellulose mem-
brane on a Trans-blot® SD semidry (BIO-RAD, CA, USA)
with voltage of 10 V for 25 min. After staining with purified
scFvs (20 μg/mL), detection of scFvs bound to the recombi-
nant protein was carried out by the primary polyclonal anti-
VacA IgG (AMSbio LLC, Cambridge, USA) and the second-
ary anti-rabbit HRP-conjugate IgG at dilutions 1:1000 and
1:4000, respectively.

Surface plasmon resonance (SPR) analysis

A multi-parameter SPR instrument (MP-SPR Navi 210A,
BioNavis Ltd., Tampere, Finland) and streptavidin (SA) sen-
sor from BioNavis company were applied for the biomolecu-
lar interaction analysis and investigation of kinetic parameters
in real-time. For the assay, the gold slide was exploited in both
channels at 670 nm wavelength at temperature 28 °C using
PBS as running buffer. About 10 μg/mL diluted biotinylated
peptide was injected for 7 min at a flow rate of 30 μL/min in
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the flow cell 1 (Fc1), resulting in the immobilization of 100
response units (RU) for this capture method. The Fc2, with no
peptide injection, was indicated as the reference channel. In
order to determine binding affinities, each mAb was injected
above the reference and peptide surfaces at five concentration
ratios ranged from 100 to 1000 nM. Regeneration process was
performed after Ab type alteration for three times with 1 min
injection of 10 mM glycin-HCl at pH 2.5. Data studies of all
measurements and calculation of kinetic parameters were car-
ried out using the Data Viewer and Trace Drawer software
(Bionavis).

Fluorescence-activated cell sorting (FACS) flow
cytometry analysis

The functionality of the scFvs against VacA-expressed H.
pylori was carried out using flow cytometry analysis using
BD FACS Calibur ™ (BD Biosciences, San Jose, USA).
The urease-positive biopsy samples from patients in Imam
Reza Hospital (Tabriz, Iran) were cultured on Brucella blood
agar base supplemented with 7% fresh defibrinated sheep
blood, trimethoprim (6 μg/mL), amphotericin B (7 μg/mL),
and vancomycin (10 μg/mL) under microaerophilic condition
(i.e., 10% CO2, 5% O2, 85% N2) at 37 °C for 6 days. Grown
agar plates with positive VacA on immunoblotting (data not
shown) were scrapped and harvested for further steps. About
0.5 McFarland of harvested H. pylori was centrifuged at
2500×g for 10 min, washed twice with PBS-BSA 0.1%, and
resuspended in the FACS buffer containing PBS-BSA 1% for
30 min for blocking. The scFvs were diluted 1:4 in PBS-BSA
0.1% and incubated with the prepared H. pylori samples at
4 °C for 1 h. After washing with cooled PBS-BSA, the scFv-
boundH. pylori bacteria were exposed to 1 mg/mL (diluted in
PBS-BSA) primary anti-c-myc antibody (Dallas, TX, USA)
for 1 h at 4 °C. Detection of the bound antibody was accom-
plished by addition of the fluorescein isothiocyanate (FITC)-
conjugated antibody at a dilution ratio of 1:64. A negative
control containing no scFv was also tested.

Bioinformatic analysis

Iterative Threading ASSEmbly Refinement (I-TASSER) from
the Zhang server was used for the homology modeling of the
selected scFvs. I-TASSER has been ranked as one of the most
applicable servers for the prediction of protein structure in
CASP7-CASP11 experiments, which benefits from cutting-
edge algorithms to predict the 3D structure and function of
proteins (Roy et al. 2010; Yang et al. 2015; Yang and Zhang
2015; Zhang 2008). Further, the secondary structure of the
scFvs was predicted using PSSpred, which is a neural network
based algorithm for the prediction of protein secondary struc-
ture (Yan et al. 2013). The first step of I-TASSER pipeline was
the identification of templates by the Local Meta-Threading-

Server (LOMETS) from the Protein Data Bank (PDB) library.
The LOMETS is a meta-server threading approach containing
multiple threading programs, where each threading program
can generate tens of thousands of template alignments (Wu
and Zhang 2007). Each threading programs are sorted by the
average performance in the large-scale benchmark test exper-
iments and then one template with the highest Z score is se-
lected from each threading program. In this work, 10 top-
ranked templates were selected from the LOMETS threading
programs. For each target, I-TASSER simulation process gen-
erates a large ensemble of structural conformations, called
decoys. In the next step, the SPICKER program clustered all
the decoys based on the pairwise structure similarity, then the
best model was selected with consideration of C score (Zhang
and Skolnick 2004). The models with the highest C scores
were refined by Princeton the TIGRESS server (atlas.
princeton.edu/refinement/first) (Khoury et al. 2014).
Furthermore, the Frustratometer server was applied to assess
the landscape of energy distribution in the refined model,
which helped to understand the molecule sites that have a
higher level of energy serving important roles such as the
interaction with other molecules and active sites (Parra et al.
2016). Evaluation of refined models have done by Verify3D
(Eisenberg et al. 1997), Protein Structure Analysis (ProsA)
(Wiederstein and Sippl 2007), and ERRAT (Colovos and
Yeates 1993). To evaluate the 3D structure of refined scFv
models, Ramachandran plots were created by the RAPPER
server (Fig. S4 and Table S1) (http://mordred.bioc.cam.ac.uk/
~rapper/rampage.php). The Computed Atlas of Surface
Topography of proteins (CASTp) was used to specify the
packets and cavities on the surface of the scFvs (Dundas et
al. 2006). To predict ligand binding sites, a consensus ap-
proach (COACH), which is a meta-server approach to
protein-ligand binding site prediction, was applied (Brylinski
and Skolnick 2008; Capra et al. 2009; Roy et al. 2012; Yang et
al. 2013). The pepATTRACT server was used to predict the
best state of docking between scFvs and intended peptides
(Schindler et al. 2015). The best-predicted docking model
was selected based on the lowest energy and experimental
results. The visualization of PDB files and screening to find
the interactions between CDR regions of scFvs and VacAwas
performed using the Byet another scientific artificial reality
application^ (YASARA) (Krieger et al. 2002; Krieger and
Vriend 2014) and PyMOL (Schrodinger 2015).

Results

Determining binding specificities of cross-reacting
polyclonal phage particles by ELISA

For affinity selection of recombinant phages, biopanning steps
were performed in four successive rounds accompanied by a
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subtractive approach for the non-specific binder omission.
Amplified phage-scFvs related to each round of selections
were coated with biotinylated peptide and mini-PEG in posi-
tive and negative wells respectively. The panning of the li-
brary directed against VacA1 and VacA2 was assessed
through the count of eluted phages, which determined a dra-
matic increase up to 100-fold in the last round corresponding
to the enrichment of VacA-specific phages (data not shown).
Polyclonal phage ELISA was performed for each round in
order to assess the reactivity of scFv-phages with peptides.
As shown in Fig. 2, peptides determined an exponential in-
crease in the absorbance after the first round of panning.

Isolating soluble scFv fragments and scFv ELISA

The binding specificity of the selected phage clones was
assessed by the production of soluble scFvs via infection of
the E. coli HB2151 with the phage-scFvs. Unlike TG-1, the
amber stop codon located upstream of the gene III is not

suppressed in this strain, thus producing free scFv fragments.
Soluble scFvs were produced from the TYE plates of the last
enriched steps of biopanning for both VacA1 and VacA2. The
binding activity of soluble scFvs was confirmed by scFv
ELISA with the criterion of optical density higher than 0.1-
and 2-fold greater absorption ratio for positive binders. As
illustrated in Fig. 3, about 18 and 21 positive colonies showed
specificity to the VacA1 and VacA2 peptides, respectively.

Analysis of scFv diversity by DNA sequencing

Of the panning process, 22 individually derived scFvs
from the selection round #4 were subjected to phagemid
DNA extraction and sequencing. The panning process
yielded intact antibodies in all the colonies of VacA1
and two of the VacA2 (data not shown). Homology align-
ment of colonies determined a broad diversity among
VacA1-specific scFvs and two diverse colonies for
VacA2. The DNA segments encoding the scFv gene were
also analyzed by the IMGT/V-QUEST tool to identify any
similarity between the framework of scFvs and the human
germline V, D, and J segments. As illustrated in Table 1,
for the heavy chain, clones of VacA1 determined no di-
versity in the V and J segments representing IGHV3-
23*01 F and IGHJ4*02 F, respectively. The highest dif-
ference observed in the D segment with four immuno-
globulin heavy constant delta (IGHD) genes (i.e.,
IGHD3, IGHD1, IGHD4, and IGHD5) so as the IGHD3
gene determined the most occurrence. For the light chain,
all the V and J segments were completely conserved, in-
cluding immunoglobulin kappa variable (IGKV)1-39*01
F and IGKJ1*01 F, respectively. Furthermore, as shown in
Table 2, the alignment of VacA2 colonies confirmed the
identical V and J segments of IGHV3-23*01 F and
IGHJ4*02 F and also the high rated diversity in the D
segment in IGHD2 gene, including IGHD2-8*02 F,
IGHD2-21*01 F, and IGHD3 gene containing IGHD3-
3*01 F, IGHD3-10*01 F and IGHD3-16*01 F fragments.
Same as the VacA1, the light chain was consistent with
two IGKV1-39*01 F and IGKJ1*01 F genes for the V and
J segments.

Expression and purification of soluble scFvs

Intact positive colonies with high reactivity in scFv
ELISA from VacA1 (i.e., F10, D1, A5, and G12 colonies)
and VacA2 (i.e., H1 and F4 colonies) were produced, and
the supernatant was examined using SDS-PAGE and im-
munoblotting assays for further confirmation. The SDS-
PAGE results of expressed scFvs harboring PelB leader
for directing to periplasmic environment confirmed the
presence of scFvs with the molecular mass of 28 kDa as
well as immunoblotting (Fig. 4a, b). The expressed scFvs

Fig. 2 Polyclonal phage enzyme-linked immunosorbent assay for the
VacA1 (a) and VacA2 (b) specified phage particles. PEG-precipitated
combinatorial phage eluates were utilized to recognize peptide-specific
phage-scFv particles. Negative and positive wells contain mini-PEG and
peptide, respectively. VacA, vacuolating toxin A; PEG, polyethylene
glycol
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were also purified by the affinity chromatography
exploiting their polyhistidine-tag. The quality of purified
scFvs by TALON metal affinity resins following expres-
sion was observed through SDS-PAGE and western blot
as well (Fig. 5a, b).

Binding characterization of scFvs to the recombinant
VacA

Binding profile of the soluble scFvs was characterized by
immunoblotting against the recombinant p55 domain of the

Fig. 3 Binding efficiency of the
single colonies to the VacA1 (a)
and VacA2 (b) peptides.
Individual clones of the last round
of selection were expressed in the
non-suppressor strain of E. coli,
HB2151 in order to yield soluble
antibody fragments. Harvested
soluble scFvs were added to an
enzyme-linked immunosorbent
assay plate coated with biotinyl-
ated peptides and the effective-
ness of the Ag-Ab interaction was
measured on 450–630 wave-
length. VacA, vacuolating toxin A

Table 1 The most similar human
germline genes to the VacA1-
specific scFv

VacA1

scFv Heavy chain Light chain

V D J V J

D4 IGHV3-23*01 F IGHD5-12*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

C1 IGHV3-23*01 F IGHD4-11*01 IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

A5 IGHV3-23*01 F IGHD3-9*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

A4 IGHV3-23*01 F IGHD3-16*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

G9 IGHV3-23*01 F IGHD1-7*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

B4 IGHV3-23*01 F IGHD3-3*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

G12 IGHV3-23*01 F IGHD3-9*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

F10 IGHV3-23*01 F IGHD3-9*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

D1 IGHV3-23*01 F IGHD3-10*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

The human germline gene similarity to the isolated scFvs were recognized by IMGT/V-QUEST analyses
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VacA toxin under reducing condition. As shown in Fig. 6,
results of the western blot analyses confirmed retained binding
affinity of the F10, G12, and A5 colonies to the VacA1 and F4
and H1 to the VacA2. The D1, specified clone with the sig-
nificant binding capacity to the VacA1, determined no positive
signal after visualization.

Peptide-scFv binding kinetic measurement by SPR
analysis

For investigating the affinities of selected phage clones to
VacA1 peptide, SPR analysis was performed. In the

adsorption step, the RU test upon the clones D1, F10, and
G12 confirmed the high affinity of the clones against the
VacA1 peptide (Fig. S1). However, the clone A5 determined
the same RU signal of the PBS, suggesting no affinity to the
VacA1 peptide. The binding kinetics of each clone is summa-
rized in Table 3.

Binding specificity analysis by flow cytometry

Immunofluorescent analysis was performed to investigate the
binding of the scFvs to the membrane-associated VacA on H.
pylori. ScFvs bound to the FITC-conjugated antibody

Table 2 The human germline
genes showing similarity to the
scFvs specified to VacA2

VacA2

scFv Heavy chain Light chain

V D J V J

A12 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

D1 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

E1 IGHV3-23*01 F IGHD3-3*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

F1 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKJ1-39*01 F IGKJ1*01 F

F7 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

H1 IGHV3-23*01 F IGHD3-3*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

C3 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

C1 IGHV3-23*01 F IGHD3-16*01 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

D2 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

F4 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

A8 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

G2 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

F12 IGHV3-23*01 F IGHD2-8*02 F IGHJ4*02 F IGKV1-39*01 F IGKJ1*01 F

The human germline gene similarity to the isolated scFvs were recognized by IMGT/V-QUEST analyses

Fig. 4 SDS-PAGE and immunoblot analysis of the individual unique
clones. Expression analysis of scFvs by Coomassie brilliant blue (a)
and western blot (b). UN T IPTG-uninduced cell lysates incubated for
4 h, IN T IPTG-induced cell lysates incubated for 4 h after without

periplasmic buffer, UN P.P uninduced sample incubated for 4 h and
periplasmic extraction. G12, A5, D1, F10, F4, and H1 IPTG-induced
samples for 4 h and periplasmic extraction assembly determined with
the name of clones. IPTG, isopropyl β-D-1-thiogalactopyranoside
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demonstrated a fluorescent signal and were compared to the
negative control sample containing no scFv. As shown in
Fig. 7, all the isolated scFvs showed a fair binding capacity
to H. pylori.

Docking results evaluated by bioinformatic analysis

While the ligand binding analyses validated the specific
binding of the isolated scFvs (Fig. S7 and Table S2), the
docking between scFvs and VacA epitopes as ligands was
carried out using the pepATTRACT server that performed a
novel docking protocol in a fully blind manner for protein-
peptide docking (Fig. 8). A summary of the CDR regions of
the light and heavy chains of scFvs interacting with VacA
ligand is shown in Table 4. Furthermore, as presented in
Table 4, the sequences of scFVs were submitted to the
DNA Data Bank of Japan (DDBJ). The structural and phys-
iochemical details of each colony are presented in Figs. S2
to S8. The 3D structures and sequences of the isolated scFvs
are shown in Fig. 9.

Discussion

The VacA toxin is known as one of the most potent toxins of
H. pylori, which is involved in the pathogenesis of the bacteria
in the digestion system of hosts (Fig. 1). It is an essential part
of the Ag-based diagnosis for patients with the peptic ulcer
(Palframan et al. 2012). Despite the high importance of the
VacA in the development of diseases such as peptic ulcer and
gastric cancer, to the best of our knowledge, no VacA-based
monoclonal antibody against all subtypes of VacA has been
recognized. Perhaps, the high occurrence of polymorphisms
in this overwhelming toxin has made it difficult to generate
mAbs against the VacA species regardless of their diversity
(Figura et al. 2015). Notwithstanding, almost most of the di-
agnostic methods of H. pylori infection are based on the his-
tologic samples obtained from the infected patients. Such
sampling is an invasive procedure and often associated with
some errors, in large part due to an uneven distribution of H.
pylori in different sections of the organ. Further, most of the
methods used for the diagnosis of the infections seem to be
somewhat imprecise, providing possible false outcomes. The

Fig. 5 Purification confirmation by Coomassie brilliant blue (a) and immunoblotting (b). The flow-through fractions are wwash, G12, A5, D1, F10, F4,
and H1 eluates after sequestering scFvs from resins

Fig. 6 Binding specificity of the
individual G12, A5, D1, F10, F4,
and H1 clones against the
recombinant VacA toxin in the
66 kDa region. VacA, vacuolating
toxin A; com, commercial anti-
VacA polyclonal antibody as the
positive control
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Ab-based diagnosis procedures are deemed to minimize pos-
sible inaccuracies of the currently used detection methods in
patients infected with H. pylori (Pourakbari et al. 2013).

In this study, we aimed to produce fully human scFvs by
capitalizing on a semisynthetic PAL containing diverse scFvs
and SPB procedure. Considering possible polymorphism(s) in
VacA gene, two surfaces of conserved domains involved in
the binding of the toxin to the host cell should be taken into
account, which can result in possible isolation of scFvs against

all types of the VacA toxin (Gangwer et al. 2007). Having
considered such fact, we hypothesized that exploiting these
regions would produce efficient scFvs for diagnosis of the
H. pylori infection by the VacA toxin.

For the isolation of human scFvs against two conserved
domains of VacA, the Tomlinson library I was applied using
the SPB procedure. The SPB, which enables the reaction be-
tween target and phage particles on an affinity matrix, pro-
vides some advantages over the traditionally used
immobilized selection methods. Among them, an enhanced
accessibility of the target to scFv-containing phage particles
and conformational endurance of the target due to lack of
extreme immobilizing conditions causing target denaturation
are counted as the advantages of SPB (Aghebati-Maleki et al.
2016). Further, as washing steps separate immobilized targets
on a solid surface, the evaluation of the exact concentration of
the target is often impossible/hard to be accomplished. Given
that the SPB is supplemented with mobile Ags in a solution,
the calculation of precise Ag amount based on the kinetic
properties and capacity of the phage infection appears to be

Table 3 Binding kinetics of the selected scFvs against the VacA1
peptide

Clone ID Ka Kd KD (Kd/Ka)

F10 1.00 × 104 1.01 × 10−3 1.01 × 10−7

A5 – – –

G12 1.00 × 104 1.01 × 10−3 1.01 × 10−7

D1 1.00 × 104 1.00 × 10−3 1.00 × 10−7

The KD values for the selected clones are almost identical (i.e., ~ 100 nM)
except for A5 that showed no affinity to the VacA1 peptide

Fig. 7 FACS analysis of isolated
scFvs against membrane-
associated VacA toxin of H.
pylori bacteria. a–f The isolated
scFvs named G12, D1, A5, F10,
F4, and H1, respectively. The red
curve in all histograms shows
untreated bacteria and the black
curve indicates the scFv-treated
bacteria. VacA, vacuolating toxin
A
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plausible (Ahmad et al. 2012; Tikunova and Morozova 2009).
On the other hand, exploiting low volumes of the peptide with
decreasing concentration on each roundmay result in isolation
of high-affinity scFv fragments (Fellouse and Pal 2015).

The IMGT/V-QUEST analysis was used to detect any hu-
man germline gene similarity to the isolated scFvs (Tables 1
and 2). Further steps were applied for the validation of the
scFvs isolated by biopanning steps (Fig. 2) using several tech-
niques such as western blot and ELISA. Among various pos-
itive colonies of VacA1 and VacA2 resulted from the screen-
ing step, four colonies of VacA1 and two colonies of VacA2
indicated high optical density in the monoclonal scFv ELISA
(Figs. 3, 4, and 5), even though the expression of the desired
colonies in the suppressor strain, TG1, showed some differ-
ence of the OD when phage particles were loaded scFvs on
their surface. This phenomenon seems to be a prevalent com-
plication pertinent to the antibody phage display. The most

frequent reason seems to be the presence of various stop co-
dons inside the gene responsible for the expression of the
scFvs; hence, the protein translated from the gene could be
defective/destructed (Barderas et al. 2006; Tohidkia et al.
2012). The second cause may attribute to the nature of the
ELISA in each method. In the soluble scFv ELISA, the pro-
duced signal is based on the interaction of the tags bound to
scFv and reporting antibody, while the pv coat protein of
phage bound to scFvs is the substrate of the primary antibody,
which is approximately 2700 times more frequent than the p
on the surface of the phage. As a result, the OD of the phage
ELISA is much significant than the scFv ELISA (Jensen et al.
2002;Wang et al. 2004). It should be noted that the production
of scFvs in the non-suppressor E. coli strain, HB2151, could
provide high yielding antibody fragments in comparison with
phage-scFv particles. Therefore, it may compensate the low
absorbance of scFv clones in the scFv ELISA.

Fig. 8 The pepATTRACT server
performed docking analysis for
each scFv and the peptide
interacting with. Green:
complementary determining
region. Red: peptide. Blue:
single-chain variable fragment

Table 4 Summary of interactions
between the CDRs of the selected
scFvs and VacA peptides in
docking analysis

Heavy chain Light chain

scFv
DDBJ Accession
No.

Energy of
docking CDR1 CDR2 CDR3 CDR1 CDR2 CDR3

F10 LC373561 − 15.161126288 ✓ ✓ ✓ ✓ ✓ ✓

F4 LC373559 − 16.0377721194 ✓ ✓ ✓ ✓ ✓ ✓

H1 LC373560 − 14.8619841052 x x ✓ x x x

G12 LC373563 − 16.8547135454 ✓ x ✓ x ✓ x

A5 LC373562 − 18.5745782656 ✓ x ✓ ✓ ✓ ✓

D1 LC373564 − 16.7291445544 ✓ x ✓ ✓ ✓ x
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Further, the immunoblot analyses confirmed that three colo-
nies of the VacA1 (i.e., A5-G12-F10) and two colonies of the
VacA2 (F4 and H1) as strong VacA binders (Fig. 6). Given that
the immunoblotting assay is on the basis of denaturing the 3D
structure of the peptide, the D1 could possibly interact with the
conformational epitope of the peptide, but not the linear structure
(Forsstrom et al. 2015; Trott et al. 2014).

The functionality of the scFvs analyzed by the flow cytome-
try method confirmed that all the isolated scFvs show high cell-
associated fluorescence signal when they are linked to the sur-
face of the VacA toxin on the surface of H. pylori (Fig. 7).
Furthermore, the binding affinity calculation performed by
SPR analysis showed an overall dissociation equilibrium con-
stants (KD) of 100 nM for all the scFvs (Table 3).

Despite the overall similarity between the scFv sequences,
bioinformatic results showed that this small diversity in se-
quence might lead to the significant difference in conforma-
tional structures and consequently functional characterization
of each scFv (Figs. S2, S6, and S8). Such sequence diversity
causes the formation of the biggest pocket in different sites
and also possible changes in the density of frustration index in

scFv structures (Figs. S5 and S6). The aforementioned struc-
tural and consequently physicochemical diversity might even-
tuate difference in the tendency of CDR regions to target pep-
tides (Table 4). For example, in silico docking result indicates
only CDR3H of H1 scFv is involved in the interaction with the
VacA2 peptide, while all CDRs from F10 were found to
interact with the VacA1 (Fig. S8). Bioinformatic analyses
confirmed almost all the experimental results; nonethe-
less, the D1 and A5 colonies showed somewhat deviation
from the in silico results in western blot analysis for D1
and VacA1 and SPR analysis for A5 and VacA1. Despite
that pocket finder analysis showed overlap between major
scFv regions and pockets as cavities that define potential
interacting capacity (Table S3), docking results proved
that affinity for interacting antigen with CDR is more than
the off-sequential regions such as myc-tag and linker tak-
ing part in cavity formation (Figs. 8 and S8). Taken all, the
3D structures and sequences of the isolated scFvs were
fully determined (Fig. 9).

Two scenarios can be assumed by the comparison of bio-
informatic results with the Western blot and SPR analyses.

Fig. 9 The 3D structures and
sequences of the isolated scFvs. a,
c, e, g, i, k The G12, D1, A5, F10,
F4, and H1 clones, respectively.
Sphere residues indicate the
biggest pocket in each scFv. Red,
blue, cyan, white, and dirty pink
residues represent CDRs, residues
consisting the pocket, residues of
CDRs from scFvs that have
overlap with pockets, residues
from the myc-tag that involved in
pocket formation, and residues
from linker that have role in
forming the packet, respectively.
b, d, f, h, l Define sequences of
the G12, D1, A5, F10, F4, and H1
scFvs, respectively. Highlighted
regions indicate residues
consisting pockets
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First, there is a false-negative result in western blot analysis of
D1 and VacA1 SPR analysis for A5 and VacA1, even though
in silico docking results confirmed desirable affinity of D1 and
A5 to VacA2 and VacA1, respectively. Second, there is a
false-positive response in SPR analysis of D1 and VacA2
and also a false-positive response in the western blotting anal-
ysis of A5 and VacA1.

It should be noted that a high in vitro blocking capacity of
the IgAs has already been reported, in which IgAwas shown
to display high stability in the gastric environment with good
avidity and to the membrane-associated proteins of H. pylori
(Berdoz and Corthesy 2004). Further, new drug delivery
agents resistant to mucus barrier of the stomach have brought
new insights to the efficient delivery of antimicrobial agents
(Jain et al. 2012; Jain and Jain 2013).

Altogether, it seems that the conventional treatments of the
H. pylori-mediated gastric diseases are shifting towards
immunopharmaceuticals. In brief, in this present study, we
isolated scFvs against VacA toxin of H. pylori for the first
time by means of a solution-phase biopanning. The isolated
scFvs displayed high binding affinity confirmed by experi-
mental and bioinformatic approaches. On the basis that a por-
tion of the VacA is attached to the bacterial membrane and the
high affinity of the isolated scFvs to the surface-exposed areas
of the VacA toxin, we propose the selected scFvs as new Ab
fragments that can be further developed towards both research
and clinical applications in the H. pylori-infected patients.
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