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Abstract Vibrio parahaemolyticus, a halophilic gram-
negative bacterium, is a food-borne pathogen that largely
inhabits marine and estuarine environments, and poses a
serious threat to human and animal health all over the
world. The hollow “needle” channel, a specific assemble
of T3SS which exists in most of gram-negative bacteria,
plays a key role in the transition of virulence effectors to
host cells. In this study, needle protein VP1694 was suc-
cessfully expressed and purified, and the fusion protein
Trx-VP1694 was used to immunize Balb/c mice. Subse-
quently, a phage single-chain fragment variable antibody
(scFv) library was constructed, and a specific scFv against
VP1694 named scFv-FA7 was screened by phage display
panning. To further identify the characters of scFv, the
soluble expression vector pACYC-scFv-skp was con-
structed and the soluble scFv was purified by Ni*™ affinity
chromatography. ELISA analysis showed that the scFv-
FA7 was specific to VP1694 antigen, and its affinity con-
stant was 1.07 x 10® L/mol. These results offer a molec-
ular basis to prevent and cure diseases by scFv, and also
provide a new strategy for further research on virulence
mechanism of T3SS in V. parahaemolyticus by scFv.
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Introduction

Vibrio parahaemolyticus is a gram-negative, halophilic
bacterium that occasionally infects humans via wounds or
consumption of contaminated seafood [1], and often leads
to acute gastroenteritis and other serious diseases including
septicemia in aquatic species [2, 3]. The harmful outcomes
caused by this bacterium are increasingly becoming seri-
ous, especially in coastal waters and fish farms [4]. V.
parahaemolyticus infection has gradually become a major
health and economic issue in several coastal cities. Given
the harmful effects and prevalence of V. parahaemolyticus,
it is very important to develop an effective drug or antibody
for improving this situation. However, no effective anti-
bodies are available until now.

Like other gram-negative pathogenic bacteria, V. para-
haemolyticus also contains a contact-dependent type III
secretion system (T3SS) that delivers several effectors into
the cytosol of the infected host cells, leading to the death of
cells [5-10]. The needle complex is the main component of
T3SS, and the translocon is a pore-forming complex of
T3SS that directly inserts into the cytoplasm membrane of
host cells and links the needle complex to the host cell
membrane [10-13]. T3SS also contains two other impor-
tant accessories, one is the regulator that ensures the nor-
mal function of T3SS by regulating the refolding of the
target proteins [14, 15], and another is the effector (several
virulence proteins) that can induce the lysis and death of
cells [16-19]. In V. parahaemolyticus, the needle complex
is formed by a needle subunit protein (VP1694) with
88-residues, and its function only relies on a single poly-
merized protein [20-22]. The above depiction shows that
the needle subunit might be a useful target protein for
screening an effective antibody or inhibitor that can pre-
vent the formation of needle complex.
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To study the virulence mechanism of T3SS, some small
molecular inhibitors were used to block the assembly of the
T3SS. However, these studies demonstrated that blocking
of T3SS assembly was incomplete [23-26]. Hence, it is
required to develop an effective antibody or inhibitor to
enhance the blocking efficiency. Single-chain variable-
fragment antibody (scFv) generation is a versatile tech-
nology for getting antibody that is specific for a given
antigen [27]. scFv plays a critical role in several human
diseases, and may in fact also be developed into a potential
diagnostic and/or therapeutic agent. Furthermore, scFv has
strong penetrability in the host tissue and has special
neutralization against specific target [28, 29]. Combining
scFv generation with biopanning strategy provides a useful
tool that allows the selection of antibody against specific
antigen. In the present study, the needle subunit protein
was successfully expressed and a specific scFv-FA7 was
obtained for the first time by phage display technology and
the skp co-expressed scFv-FA7 was specific to VP1694.

Materials and Methods
Material

Vibrio parahaemolyticus ATCC 17802 and other E. coli
strains were from our laboratory. Balb/c mice were pur-
chased from Shanghai Laboratory Animal Center (China),
and animal experiments were performed according to rel-
evant national and international guidelines. All other
reagents were of analytical reagent grade.

Expression and Purification of VP1694

The needle subunit gene (VP1694 gene) was amplified
from V. parahaemolyticus ATCC 17802 genome with
primers VP1694-F(5'-CCCCGAATTCATGTCATTTTAC
G-3’) and VP1694-R (5'-TTACTCGAGCACCTTCTGCA
GGA-3'), and the VP1694 gene was designed for cloning
into the pET32a (4) and pGEX-6p-1 vectors. The con-
structed vectors were transformed into E. coli BL21 by
electroporation, and a single colony from the selection
plate was inoculated into 5 mL LB liquid media containing
100 pg/mL ampicillin for the expression of VP1694. The
expressed protein was purified using Ni*™ or GST affinity
chromatography .

Immunization and Anti-Serum Titer Assay
Six-week-old female Balb/c mice were immunized with a
mixture of 100 pg purified fusion protein and equal volume

of complete Freund’s adjuvant by s.c route as the first
immunization. After 3 weeks, mice were given first booster
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dose using incomplete Freund’s adjuvant [27]. After sec-
ond booster dose, the anti-serum titer was detected by
indirect enzyme-linked immunosorbent assay (ELISA)
[30].

Construction of Phage-Antibody Library Against
VP1694

Total mRNA was extracted from isolated spleens by Trizol
method. First-strand cDNA was synthesized by reverse
transcription-PCR (RT-PCR) with reverse transcriptase and
random hexadeoxyribonucleotide primers. The variable
regions of the heavy chain (Vi) and light chain (V) were
amplified by PCR using cDNA as a template. Then the
assembled scFv gene was amplified using the products
derived from first-step PCR as a template. Subsequently,
these amplified scFv fragments were cloned into pCAN-
TAB-5E vector, and transformed into E. coli TG1 com-
petent cells by electroporation. To count colonies, 100 puL
of diluted transformed cells or untransformed negative-
control cells was plated onto SOB-AG plates and incubated
at 30 °C overnight.

Biopanning

All the transformants were used for phage rescue with
M13KO7 helper phage, and recombinant phages were col-
lected by centrifugation for further biopanning. To obtain
the specific scFv antibody, the phage display and phage-
ELISA were used. A 96-well micro-plate was coated with
diluted GST-VP1694 antigen (2.5 pg/mL) in PBS buffer,
and incubated at 4°C overnight. After washing and block-
ing, the recombinant phage was then diluted and added to a
pretreated plate (100 puL/well). After incubation at 37 °C
for 2 h, the plate was washed 20 times with PBS and then 20
times with PBST (PBS containing 0.05 %Tween 20) to
remove unbound phage. Phage which reacted with VP1694
was eluted with 10 mL triethylamine followed by 10 mL of
Tris—HCI (pH7.4) to neutralize the reaction. Eluted phage
was used to infect log-phase E. coli TG1 cells, and 10 pL of
infected E. coli cells were plated onto SOB-AG (SOB
medium containing 100 pg/mL ampicillin and 2 % glu-
cose) plates for screening of individual colonies.

Screening of Specific Antibody Against VP1694

After six rounds of biopanning, 100 single clones were
individually picked out and cultured in a tube with
M13KO7 for rescue. A 96-well micro-plate was coated
with purified GST-VP1694 antigen at 5 pg/mL, followed
by blocking with PBSM (PBS solution containing 5 %
non-fat milk) and subsequent washing. The binding activity
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of bound phage was detected with an anti-M 13 monoclonal
antibody and mouse monoclonal antibody conjugated with
horseradish peroxidase (HRP). TMB was used as substrate,
and the reaction was stopped by 2 M H,SO,4. Absorbance
was determined at 450 nm by microplate reader. The wells
showing higher binding activity were marked and chosen
for further verification.

Identification of the Specific scFv Clone

The enriched clones were identified by PCR and restriction
enzyme digestion. Once the positive clone was obtained,
DNA sequence was performed for further identification.
The sequence of scFv gene was blasted with known murine
genes for homology analysis from the Genbank/EMBL
database [31], and IMGT/V-Quest database of mouse was
also used for the homology analysis of scFv [32].

Specificity Analysis of Positive scFv Against VP1694

To test the specificity of positive scFv-FA7 against
VP1694, phage-ELISA was carried out in this study.
Briefly, associated V. parahaemolyticus proteins (TDH,
TLH, VopQ, VP1694), Homologous protein HrpA, and
PBS were used to coat the 96-well micro-plate and incu-
bated at 4 °C overnight. After blocking with PBSM, pre-
cipitated phage particles were added into the reaction wells
and incubated at 37 °C for 2 h. The specificity of anti-
VP1694 scFv-FA7 was detected with an anti-M13 mono-
clonal antibody and mouse monoclonal antibody conju-
gated with HRP, and the following steps were done in the
same way as above.

Soluble Expression and Purification

To express the soluble scFv protein, primers scFv-f (5'-
TTGACGAATTCCCAGGTCCAACTG CA-3') and scFv-
R(5’-CCCCCCAAGCTTCCGTTTTATTTCCA) with EcoR 1
and Hind II restriction sites respectively were designed
according to the sequence of scFv-FA7 and used for cloning
scFv-FA7 gene into the co-expressed vector pACYC-Duet-1-
skp, which was containing skp chaperone for helping scFv
soluble expression. After sequencing, the scFv-FA7 protein
was expressed in E. coli BL21 (DE3) strain by adding 1 mM
IPTG and purified by Ni*" affinity chromatography.

Western Blot

To further investigate the interaction between scFv-FA7
and VP1694, western blot was performed as described [27].
First, the purified GST-VP1694 antigen was transferred
from SDS-PAGE gel onto a polyvinylidene difluoride

membrane, and the membrane was treated with the purified
anti-VP1694 scFv and anti-His tag IgG. After washing and
blocking, the membrane was subsequently incubated with
HRP-conjugated anti-mouse IgG. Signals were visualized
by enhanced chemiluminescence.

Affinity Determination

Indirect ELISA was used to determine the affinity of scFv-
FA7 as described by Wang et al. [26]. Serially diluted GST-
VP1694 antigens (5, 2.5, 1.25 and 0.625 pg/mL) was used to
coat the 96-well micro-plate and incubated at 4 °C over-
night. After blocking with PBSM, different concentrations of
the purified anti-VP1694 antibody were added into well
accordingly and incubated at 37 °C for 2 h, and the follow-
ing steps was same as described for phage-ELISA. The
affinity constant of scFv-FA7 (Kaff) were calculated using
the equation Kaff = (n — 1)/(n[Ab2] — [Ab1])[33].

Results
Expression and Purification of VP1694

After sequencing, the similarity of VP1694 was identified
through BLAST. The BLAST results of protein sequence
identity VP1694 with its counterparts including YscF, PscF,
MixH and EscF are shown in Fig. 1a, and the VP1694 has
high similarity (about 43-56 %) with needle genes in other
gram-negative bacterium. The results of protein expression
and purification were analyzed by SDS-PAGE. As shown in
Fig. 1b, ¢, GST-VP1694 and Trx-VP1694 were success-
fully expressed and purified, respectively.

Construction of Phage-Antibody Library Against
VP1694

In this study, Trx-VP1694 antigen was used to immunize
the mouse, while GST-VP1694 fusion protein was chosen
to detect the anti-serum titer via indirect ELISA. As shown
in Fig. 2a, both mouse A and mouse B generated a similar
anti-VP1694 serum titer, and the serum titer reached to 1:
16000 (Fig. 2a), indicating that both mice had a positive
and high titer of serum antibody against VP1694.

The Vy and Vi, gene encoding the scFv fragments were
amplified by PCR using the cDNA as template (Fig. 2b),
and the scFv fragment was assembled by joining the Vy
and V| together with a linker DNA (Fig. 2¢). Primers with
Sfi 1 and Not 1 restriction enzyme sites were used for
cloning of the scFv genes into the pPCANTAB-5E vector.
An initial phage-scFv library was constructed, and its
capability was up to 1.4 x 10’ CFU/mL.
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Fig. 1 Expression and purification of VP1694. a Homology analysis
of the needle gene among several gram-negative bacteria. b Expres-
sion and purification of Trx-VP1694 fusion protein. M molecular
weight of marker proteins, Lanes I negative control (pET32a), Lane 2
the expressed products of pET32a-scFv, Lane 3 the purified protein of

Screening and Identification of Specific Antibody
Against VP1694

After six rounds of biopanning, the capability of eluted
phage-scFv library was approximately up to 1 x 10° and a
stable capability was maintained (Fig. 3a). At last, five
high capability positive clones were selected. One clone
showed the highest activity and much better binding to
VP1694 than the others, and was named scFv-FA7. It was
selected for further analysis (Fig. 3b).

Bioinformatics Analysis of scFv-FA7

The length of scFv-FA7 gene was 729 nucleotides and
encoded 245 amino acids, containing the Vg, Vi and
Linker DNA sequence. The IMGT/V-QUEST results
showed that scFv-FA7 had high similarity to other reported
mouse scFv, and contained the complementary determining
regions of Vy-CDRI1, Vy-CDR2, Vy-CDR3, and V-
CDR1, V_ -CDR2, V. -CDR3 (Fig. 4a). The homology
analysis classified Vy gene as IGHVS, IGHJ2 and IGHD2

@ Springer

GST-VP1694

Trx-VP1694. ¢ Expression and purification of GST-VP1694 fusion
protein. M molecular weight of marker proteins, Lanes I negative
control (pGEX-6p-1), Lane 2 the expressed products of pGEX-6p-
scFv, Lane 3 the purified protein of GST-VP1694

while Vi gene was classified as IGKV4 and IGKJ2. Also,
the graphical two-dimensional representation of scFv-FA7
was obtained by IMGT/Collier-de-Perles (Fig. 4b), and a
result similar to the IMGT/V-QUEST was obtained.

Co-expression and Purification of scFv-FA7

As shown in Fig. 5a the target protein was expressed and
purified successfully, and that the apparent molecular
weight of the target scFv-FA7 was consistent with its
corresponding  theoretical molecular weight (about
29 kDa). Western blot was performed to test the interaction
between scFv-FA7 and VP1694. As shown in Fig. 5b, a
clear band was revealed from western blotting (Fig. 5b,
lane 3), demonstrating that the GST-VP1694 band at
35 kDa could be recognized by scFv-FA7.

Specificity Analysis and Affinity Determination

As shown in Fig. 6a, the scFv-FA7 antibody reaction with
VP1694 was significant (P < 0.01), but not with HrpA,
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Fig. 3 Screening and identification of specific antibody against VP1694. a Biopanning of specific antibody against VP1694. b The binding
activity analysis of five scFv clones

TDH, TLH, and VopQ. These results indicated that the Discussion

scFv-FA7 antibody is a specific antibody against VP1694

antigen. Besides, the indirect ELISA results showed thatits ~ In the past decades, antibody has been widely utilized in
affinity constant to VP1694 was 1.07 x 10® M~' (Fig. 6b). ~ pharmaceutical and clinical applications. However, its high

@ Springer



148

Indian J Microbiol (Apr—June 2014) 54(2):143-150

A

cag gtc caa ctg cag cag tca ggg g8t gsc tta gtg cag cct gga ggg tce ctg

o v e L @ @ s 6 6 & L v @ P & G S5 L
VH-CDRI1

asa ctc tcc TYT goa goc TOT gga TUC ACT TLC agt aac

XK L s C A A s & = T F s N

Tat ggc atg toct tgg grt cgc
Y & M s W VvV R
VH.CDR2
cag act cca gac aag agg ctg gaa tit gtc gca aac att aat ggt aat agr gge
o T P D K R L E F Vv A N I [ = N c e

aaa acc tat tat cca ggc agt gtg aag ggc cga TIT acc atc TCC aga gac aat goc aag
x T ¥ Y ® G s V K G R F T s R D N A K

aac acc ctg tac ctg caa atg agc agt Ctg aag tCt gag gac aca goc atg tat tat tgt
N T L Y L_Q M S s L x s E D T A M ¥ Y C

gta agas grg gocc trt gat

gte tcc tca
v s s

t ggc ggt ggc gga tca gac att
S D I

a ggc =
c & & & s G & & & s & & @& G

gag ctc acc cag tct cca gca atc atg TCt goa tCt Cta gdg gaa ©gg gLc acc atg acc
EL T Q2 s P A I ¥ s A S L G E R ¥V T M T

VL-CDRI
tgc act gec age rca agt gt
c T A s s s v

tSc 1o coc aama ctc tgs att tat asc ace toc aac ctg gt tot gga gic cca
s s P K L W I Y s 5 N L A s [ ®
gct CgC ttc agt ggc agt ggg TOT ggg acc TCT tac TOT CTC aca atc agc age atg
A R F 5 & s & s @& T s ¥ s M

cag tat cat cgr tcc cca coc acg

gag gct gaa gat gcot goc act tat tac Tgce cac
E A E D A A T Y Y <C & Q Y H R s ® F T

ttc gga ggg 9gg acc aag ctg gaa ata aaa cgg
F & 6 & T K L E I K R

l

Hydrophobic (1,V,L,F,C,M,A,W
COR1-IMGT (Heavy) F COR2-IMGT (Heawy) drophabic( ’

CORI-IMGT (Light)

COR3-IMGT (Heavy)

Neutral (G,T,S,Y,P,H)

R2IMGT Light) COR3-IMGT (Light)

.
(|
|

Hy drophilic (D,N,E,Q,K,R)
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molecular weight is not beneficial for application in ther-
apy, and its yield is limited since there is no effective
means of production until now. Single chain variable
fragment (scFv) as drugs are being rapidly developed in
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various clinical areas because they have many advantages.
Firstly, they have effective penetrability as they are com-
posed of Vg, Vi, so it can easily be manipulated for
immunological application. Secondly, they can be easily
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produced at large scales using engineered cloning vectors
in bacterial hosts [34, 35].

Compared to traditional methods of hybridoma devel-
opment, phage display technology has many benefits. Most
importantly, phage display technology is a fast screening
method that takes the place of the tedious and time-con-
suming hybridoma development. In addition, the biopan-
ning process can be repeated several times to enrich the
population of phages with highest affinity and specificity of
the scFv for specific antigen. So phage display has become
a more widely used method than bacterial surface display,
ribosomal display, puromy display and yeast surface dis-
play [28, 36].

During the process of preparing anti-VP1694 scFv, there
were some questions we confronted. We were able to solve
these problems by designing the experiments carefully. To
avoid the false positive antibody generation, two prokary-
otic recombinant vectors were constructed to express GST-
VP1694 and Trx-VP1694, which were used for immuni-
zation and biopanning respectively. The second challenge
was to obtain the high affinity antibody, so six rounds of
biopanning were carried out and the clone showing highest
binding activity (scFv-FA7) was successfully obtained.
What’s more, the yield of functional scFv antibody is a
limiting factor in its clinical application. To solve this
problem, the co-expression vector of pACYC-Duet-1-skp
was used to help the expression of scFv in cytoplasm of
E. coli cells [27, 37].

In conclusion, a specific and high affinity scFv antibody
against VP1694 (needle subunit) was obtained for the first
time by phage display technology, and a soluble scFv
antibody was easily expressed at low cost in E. coli cells.
But the reaction with needle subunit during the assembly in
T3SS is not known for anti-VP1694 scFv. Therefore, fur-
ther studies are required to identify the effect of this scFv in
inhibiting assembly of T3SS.
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