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Staphylococcal food poisoning (SFP) is one of the most prevalent causes of food-borne illness throughout the
world. SFP is caused by 21 different types of staphylococcal enterotoxins produced by Staphylococcus aureus.
Among these, staphylococcal enterotoxin B (SEB) is the most potent toxin and is a listed biological warfare
(BW) agent. Therefore, development of immunological reagents for detection of SEB is of the utmost impor-
tance. High-affinity and specific monoclonal antibodies are being used for detection of SEB, but hybridoma
clones tend to lose their antibody-secreting ability over time. This problem can be overcome by the use of
recombinant antibodies produced in a bacterial system. In the present investigation, genes from a hybridoma
clone encoding monoclonal antibody against SEB were immortalized using antibody phage display technology.
A murine phage display library containing single-chain variable-fragment (ScFv) antibody genes was con-
structed in a pCANTAB 5E phagemid vector. Phage particles displaying ScFv were rescued by reinfection of
helper phage followed by four rounds of biopanning for selection of SEB binding ScFv antibody fragments by
using phage enzyme-linked immunosorbent assay (ELISA). Soluble SEB-ScFv antibodies were characterized
from one of the clones showing high affinity for SEB. The anti-SEB ScFv antibody was highly specific, and its
affinity constant was 3.16 nM as determined by surface plasmon resonance (SPR). These results demonstrate
that the recombinant antibody constructed by immortalizing the antibody genes from a hybridoma clone is
useful for immunodetection of SEB.

Staphylococcus aureus is one of the most prevalent causative
agents of food-borne illness throughout the world. The illness
occurs following ingestion of staphylococcal enterotoxins (SEs)
produced by S. aureus in the contaminated food. The symp-
toms of food poisoning include nausea, vomiting, abdominal
cramps, and diarrhea. Twenty-one different types of SEs, i.e.,
staphylococcal enterotoxin A (SEA) to staphylococcal entero-
toxin E (SEE) and staphylococcal enterotoxin G (SEG) to
staphylococcal enterotoxin V (SEV), have already been dis-
covered (33, 40). The immunomodulatory effects of SEs, such
as immunosuppression, enhancement of endotoxic shock, and
induction of cytokine release, can be attributed to the fact that
SEs are potent T-cell mitogens. The ability of SEs to induce
proliferation of T cells is somewhat similar to conventional
antigen presentation by major histocompatibility complex
(MHC) class II molecules to T-cell receptors (TCRs). How-
ever, unlike conventional antigens, the T-cell mitogenicity of
SEs does not require antigen processing and lacks the normal
specificity to the TCR for specific epitopes in response to
conventional antigens. This bypass of normal TCR specificity
for conventional T-cell epitopes results in the stimulation of a
substantial proportion of the total T-cell population, and

therefore, staphylococcal enterotoxins are referred to as super-
antigens. The stimulation of T cells leads to overproduction of
cytokines, causing clinical symptoms that include fever, hypo-
tension, and even death in severe cases (3, 30, 39).

Among SEs, SEB is the most potent toxin secreted by S.
aureus (3, 35). This is a single polypeptide containing 239
amino acids with a molecular mass of 28 kDa. SEB is highly
resistant to proteases, boiling temperature, and extremes of
pH because of its compact tertiary structure (5, 27). In humans,
3.5 �g of SEB ingested by the oral route causes emesis (5).
SEB is extremely toxic by inhalation, and as little as 30 ng is
sufficient to cause fever, respiratory complaints (cough, dys-
pnea, and retrosternal discomfort or chest pain), and gastro-
intestinal symptoms. Severe intoxication results in pulmonary
edema, adult respiratory distress syndrome (ARDS), shock,
and death (28, 37, 42). Although exposure to SEB by the
inhalation route is not a common feature of S. aureus infection,
the possibility of it makes SEB a candidate weapon for biolog-
ical terrorism and, hence, it is a listed biological warfare agent
(21, 26). Therefore, its quick and unambiguous detection is of
paramount importance.

The availability of specific and high-affinity antibodies is the
major bottleneck in the development of an immunodetection
system for SEB. Any immunological detection system for SEB
requires specific and high-affinity antibodies, but SEB being a
superantigen leads to the generation of low-titered polyclonal
antibodies. The problem is further aggravated if SEB is con-
taminated even slightly with other, undesired proteins, leading
to nonspecific antiserum. Polyclonal antibodies are generated
using SEB purified by conventional protein purification meth-
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ods, which do not result in SEB that is sufficiently pure for
generation of specific and sensitive antibodies (6, 22). Alter-
natively, hybridoma technology has also been used to generate
monoclonal antibodies against SEB, but hybridoma clones
tend to lose their antibody-secreting ability over time (11, 23).
In recent times, the advent of recombinant DNA and gene
amplification technology has made it possible to clone desired
antibody genes in bacteria by using antibody phage display
technology. Such immortalization of antibody genes has made
it technically feasible to produce a monoclonal antibody called
single-chain variable-fragment (ScFv) antibody quickly in bac-
terial culture. These ScFv antibody molecules can further be
genetically manipulated for improved specificity and affinity
(8). The cost of their production is very low, and they can be
fused with a marker molecule for immunological detection of
several bacterial and viral agents (43). However, construction
of such ScFv molecules for detection of SEB has not been
reported so far. Therefore, the objective of the present study
was to construct a recombinant antibody (ScFv) against SEB
for use in immunological detection.

MATERIALS AND METHODS

Materials. All chemicals and organic solvents were reagent grade or better.
Plasmid pCANTAB 5E, Escherichia coli strains TG1 and HB2151, M13K07
helper phage, mouse anti-M13 horseradish peroxidase (HRP)-conjugated anti-
body, mouse anti-E tag HRP-conjugated antibody, and restriction enzymes SfiI
and NotI were procured from GE Healthcare UK Limited (Buckinghamshire,
United Kingdom). Cell culture media, reagents, and fetal bovine serum (FBS)
were purchased from Sigma-Aldrich Inc. (St. Louis, MO), unless otherwise
specified. Goat anti-mouse HRP-conjugated antibody was purchased from Dako
Denmark A/S (Rødovre, Denmark). PCR amplification primers listed in Table 1
were synthesized by Microsynth AG (Balgach, Switzerland). Test antigen, i.e.,
recombinant SEB (r-SEB; molecular mass, �30.5 kDa) was prepared earlier in

the laboratory. All DNA manipulations, if not described, were carried out by
standard procedures (38).

Generation of hybridoma. Eight-week-old female BALB/c mice were immu-
nized subcutaneously with SEB at 3-week intervals. The priming dose consisted
of 150 �g r-SEB per mouse in Freund’s complete adjuvant. The booster con-
sisted of 75 �g antigen in Freund’s incomplete adjuvant. Mice were test bled, and
the antiserum was checked by enzyme-linked immunosorbent assay (ELISA) to
determine the response. Mice were given a booster of 150 �g antigen 3 days prior
to fusion. Spleen cells were collected and fused with mouse myeloma cells as
described by Harlow and Lane (13). Culture supernatant from the clones was
tested in ELISA against 1 �g antigen. Positive clones were expanded and re-
peatedly tested for antibody secretion by ELISA. Monoclonal antibody culture
supernatants were also used for determining the isotype by ELISA. The hybrid-
oma clone 2F6D9G2 was selected and maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with gentamicin (50 �g/ml) and 10% (vol/vol) FBS
for RNA isolation.

Amplification of antibody variable-region genes. Total RNA was extracted
from hybridoma cells by using TRI reagent (Sigma-Aldrich, Inc., St. Louis, MO)
per the manufacturer’s instructions. cDNA was synthesized by reverse transcrip-
tion (Ominiscript RT kit; Qiagen GmbH, Hilden, Germany) using variable heavy
(VH)- and variable light (VL)-chain reverse primers (Table 1) against the con-
served 3� end of antibody variable-region genes. RS VH For mix and Lin VH Rev
mix and Lin VL For mix and RS VL Rev mix degenerate primers were used for
the amplification of VH and VL chains, respectively (Table 1). The PCR protocol
consisted of initial denaturation at 94°C for 5 min followed by 35 cycles of
denaturation (94°C, 1 min), annealing (50°C, 1 min), and extension (72°C, 2 min)
and a final extension at 72°C for 10 min. PCR products were resolved by agarose
gel electrophoresis and eluted using the QIAquick gel extraction kit.

Construction of SEB-ScFv expression vector. PCR-amplified VH and VL gene
fragments containing linker overhangs were joined together by overlap extension
PCR using equimolar concentrations of VH and VL gene fragments. RS VH For
mix and RS VL Rev mix were used for the ScFv construction. The optimum PCR
conditions have been described above, except annealing (63°C for 1 min). The
assembled ScFv gene was resolved on a 1.5% agarose gel, and the DNA band was
eluted using a QIAquick gel extraction kit. The ScFv gene was digested with SfiI
and NotI restriction enzymes and ligated into an SfiI- and NotI-linearized phage-
mid vector, pCANTAB 5E. Electrocompetent E. coli TG1 cells were trans-
formed with the resulting phagemid vector, pCANTAB 5E-ScFv, by electropo-

TABLE 1. Primers used for amplification of variable heavy (VH), variable light (VL), and ScFv antibody genes

Primer name Description or sequence (5�33�)

VH reverse ...........................................Equimolar mixture of primers VHR 1, VHR 2, VHR 3, and VHR 4
VHR 1...................................................GAG GAA ACG GTG ACC GTG GT
VHR 2...................................................GAG GAG ACT GTG AGA GTG GT
VHR 3...................................................GCA GAG ACA GTG ACC AGA GT
VHR 4...................................................GAG GAG ACG GTG ACT GAG GT
VL reverse............................................Equimolar mixture of primers VLR 1, VLR 2, VLR 3, and VLR 4
VLR 1 ...................................................ACG TTT KAT TTC CAG CTT GG
VLR 2 ...................................................ACG TTT TAT TTC CAA CTT TG
VLR 3 ...................................................ACG TTT CAG CTC CAG CTT GG
VLR 4 ...................................................ACC TTG GAC AGT CAG TTT GG
RS VH For mix ...................................Equimolar mixture of primers RS VHF 1 and RS VHF 2
RS VHF 1.............................................GCG GCC CAG CCG GCC ATG GCC GAG GTB CAG CTB CAG CAG TCa

RS VHF 2.............................................GCG GCC CAG CCG GCC ATG GCC CAG GTG CAG CTG AAG SAR TCa

Lin VH Rev mix ..................................Equimolar mixture of primers Lin VHR 1, Lin VHR 2, Lin VHR 3, and Lin VHR 4
Lin VHR 1 ...........................................GGA ACC GCC GCC ACC AGA GCC ACC ACC GCC GGA CGA GGA AAC GGT GAC CGT GGT
Lin VHR 2 ...........................................GGA ACC GCC GCC ACC AGA GCC ACC ACC GCC GGA CGA GGA GAC TGT GAG AGT GGT
Lin VHR 3 ...........................................GGA ACC GCC GCC ACC AGA GCC ACC ACC GCC GGA CGC AGA GAC AGT GAC CAG AGT
Lin VHR 4 ...........................................GGA ACC GCC GCC ACC AGA GCC ACC ACC GCC GGA CGA GGA GAC GGT GAC TGA GGT
Lin VL For mix ...................................Equimolar mixture of primers Lin VLF 1 and Lin VLF 2
Lin VLF 1.............................................TCT GGT GGC GGC GGT TCC GGT GGC GGT GGC GAY ATC CAG CTG ACT CAG CC
Lin VLF 2.............................................TCT GGT GGC GGC GGT TCC GGT GGC GGT GGC GAY ATT GTT CTC WCC CAG TC
RS VL Rev mix ...................................Equimolar mixture of primers RS VLR 1, RS VLR 2, RS VLR 3, and RS VLR 4
RS VLR 1.............................................GAG TCA TTC TGC GGC CGC ACG TTT KAT TTC CAG CTT GGb

RS VLR 2.............................................GAG TCA TTC TGC GGC CGC ACG TTT TAT TTC CAA CTT TGb

RS VLR 3.............................................GAG TCA TTC TGC GGC CGC ACG TTT CAG CTC CAG CTT GGb

RS VLR 4.............................................GAG TCA TTC TGC GGC CGC ACC TTG GAC AGT CAG TTT GGb

a Bold bases indicate SfiI site.
b Bold bases indicate NotI site.
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ration. Transformed TG1 cells were recovered in 1 ml of 2� yeast extract-
tryptone (YT) medium containing 2% (vol/vol) glucose and incubated at 37°C for
1 h. Transformed cells were then plated on super optimal broth (SOB) agar
plates containing 20 g/liter glucose and 100 �g/ml ampicillin followed by over-
night incubation at 30°C. Colonies obtained on these plates were scraped and
recovered with 2� YT medium. A portion of this culture mixture was diluted to
an optical density at 600 nm (OD600) of �0.5 in 2� YT-AG (2� YT medium
containing 100 �g/ml ampicillin and 2% [vol/vol] glucose) for biopanning. Glyc-
erol stocks were prepared from the rest of the scraped cells and stored at �80°C.

Rescue of phagemid library and biopanning of phage antibody library. Phage
particles displaying ScFv were rescued by infection with helper phage (M13K07).
Briefly, the above diluted culture was grown and helper phage was added at a
multiplicity of infection (MOI) of 20. After incubation for 30 min without
shaking and incubation for another 30 min with shaking, the culture was centri-
fuged at 1,000 � g for 10 min. The entire cell pellet was gently resuspended in 10
ml of 2� YT-AK medium (2� YT medium containing 100 �g/ml ampicillin and
50 �g/ml kanamycin). After overnight incubation at 37°C with shaking at 250
rpm, the culture was again centrifuged at 1,000 � g for 20 min at room temper-
ature and the supernatant containing recombinant phage particles was collected.
The phage particles were precipitated with polyethylene glycol (PEG)-NaCl on
ice for 1 h and collected by centrifugation at 10,000 � g for 20 min at 4°C.
Precipitated phage particles were resuspended in 2� YT medium, and their titer
was determined for subsequent biopanning experiments.

The ScFv phage library was biopanned for clones binding SEB in a 25-cm2

culture flask. For biopanning, the phage rescuing was done as described above.
The resuspended phage particles were diluted with 10 ml of 10% MPBS (phos-
phate-buffered saline [PBS] containing 10% [wt/vol] skim milk and 0.01% so-
dium azide) and incubated at room temperature for 15 min. Diluted recombinant
phage particles (20 ml) were added to the SEB-coated flask followed by blocking
with 10% MPBS for 2 h at 37°C. The flask was washed 10 times with PBST (PBS
containing 0.05% [vol/vol] Tween 20) and another 10 times with PBS. Log-phase
TG1 cells (10 ml) were added to the flask and incubated for 1 h with shaking at
37°C for reinfection with phage particles. The enriched library was then plated on
SOB plates containing ampicillin (100 �g/ml) and glucose (2%), rescued, and
used for further panning cycles. Further cycles were carried out essentially as
described above, with increasing stringency and an increasing number of wash
cycles. After four rounds of biopanning, 20 clones were randomly selected for
further analysis.

Screening for SEB-specific binding clones by phage ELISA. SEB binding
clones were selected by phage ELISA. Rescue of individual phage colonies was
carried out as described above. A Maxisorp ELISA plate was coated with SEB in
bicarbonate buffer (pH 9.6). After blocking with 4% MPBS, approximately 1012

phage particles were added and incubated for 1 h at room temperature. Bound
phage particles were detected after incubation with a 1:2,000 dilution of anti-
M13 HRP-conjugated antibody. The colorimetric reaction was performed with
ABTS [2,2�-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid)] as the enzyme
substrate. Bovine serum albumin (BSA)-coated wells were used as a negative
control. Clones were considered positive if they demonstrated at least twice the
signal developed in the negative control.

Expression of soluble anti-SEB ScFv antibodies and screening by Western
blotting. To produce soluble anti-SEB ScFv, a strong positive recombinant phage
clone was made to infect log-phase E. coli HB2151 cells. Expression of soluble
anti-SEB ScFv was induced by isopropyl-�-D-thiogalactopyranoside (IPTG; final
concentration, 1 mM). The culture was induced for 7 h at 30°C followed by
centrifugation at 1,500 � g for 20 min. Cell pellet was resuspended in ice-cold 1�
TES (0.2 M Tris hydrochloride, 0.5 mM ethylenediaminetetraacetic acid, 0.5 M
sucrose) at the rate of 2% of initial culture volume. Subsequently, ice-cold 1/5�
TES was added at the rate of 3% of initial culture volume and the mixture was
incubated on ice for 30 min to induce a mild osmotic shock. The contents were
centrifuged at 12,000 � g for 10 min. The supernatant containing the soluble
antibodies from the periplasm was transferred to fresh tubes and stored at
�20°C. Periplasmic extract containing anti-SEB ScFv antibody was resolved on
a 12% SDS-PAGE gel and stained with Coomassie brilliant blue R-250. Proteins
resolved by SDS-PAGE were blotted on a polyvinylidene difluoride (PVDF)
membrane. After the membrane was blocked with 5% MPBS, anti-SEB ScFv was
detected by incubating the blot with anti-E-tag HRP-conjugated antibodies. The
blot was developed using diaminobenzidine (DAB)-H2O2 solution. Purification
of ScFv antibodies from the periplasmic extract of E. coli was carried out using
anti-E-tag affinity column (GE Healthcare UK Limited, Buckinghamshire,
United Kingdom) according to the manufacturer’s instructions.

Antigen binding assay for anti-SEB ScFv antibodies. The SEB binding assay
for the anti-SEB ScFv antibodies was done by both ELISA and Western blotting.
For direct measurement of antigen binding activity, ELISA plate wells were

coated with 250 ng SEB in bicarbonate buffer (pH 9.6). After blocking with 5%
MPBS, different dilutions of anti-SEB ScFv antibodies were incubated for 1 h at
room temperature. Untransformed HB2151 periplasmic extract was used as a
negative control. Bound SEB-ScFv was detected with anti-E-tag HRP-conju-
gated antibodies.

Binding of anti-SEB ScFv with SEB was also confirmed by Western blotting.
For this, 1 �g SEB was run on a 12% SDS-PAGE gel and blotted on a PVDF
membrane. After being blocked with 5% MPBS, the blot was incubated with
anti-SEB ScFv antibodies. The blot was then incubated with anti-E-tag HRP-
conjugated antibody and developed using DAB-H2O2 solution.

Nucleic acid analysis of anti-SEB ScFv antibody gene. The anti-SEB ScFv
antibody gene cloned in pCANTAB 5E phagemid vector was sequenced using
vector-specific primers, pCANTAB5-S1 (5�-CAACGTGAAAAAATTATTATT
CGC-3�) and pCANTAB5-S6 (5�-GTAAATGAATTTTCTGTATGAGG-3�).
Sequences were delineated and analyzed using LaserGene version 5.07/5.52
software (DNAStar Inc., Madison, WI) and were submitted to the NCBI
GenBank. Both the heavy- and light-chain variable-region sequences were num-
bered per the Kabat rule (20). Canonical classes of each of the complementarity-
determining regions (CDRs) were identified per the work of Chothia and Lesk
(7) by using online software (http://www.bioinf.org.uk/abs/). The anti-SEB ScFv
sequence was also analyzed online using the V-Quest software provided by the
International ImMunoGeneTics information system (IMGT) (http://imgt.cines
.fr) for identification of germ line origin of VH/VL regions (12). Homology
searches for nucleotide and protein sequences were done using BLAST (1).

Affinity determination of SEB-ScFv by SPR. The biomolecular interaction and
affinity of SEB-ScFv was measured using a two-channel cuvette-based electro-
chemical surface plasmon resonance (SPR) system (Autolab ESPRIT; EcoChemie,
Netherlands). The SPR measurement was automatically monitored by data ac-
quisition software version 4.3.1 supplied along with the instrument. All the SPR
measurements were carried out at 25°C. SEB antigen was immobilized on a
carboxymethyldextran modified gold disc per the manufacturer’s instructions. A
flow rate of 16.5 �l/s was maintained during the SPR interaction measurements,
and a set of five anti-SEB ScFv dilutions (10 nM to 1 �M) prepared in PBS were
performed for 700 s. After each anti-SEB ScFv dilution, the chip was regenerated
with 10 mM HCl for 120 s. The affinity constant was calculated using Kinetic
evaluation software version 5.0 supplied with the SPR.

Specificity profile of anti-SEB ScFv. The specificity of the anti-SEB ScFv
antibody was determined by ELISA against staphylococcal enterotoxins (SEA,
SEC1, SEC2, SEC3, and SED) that are frequently associated with staphylococcal
food poisoning (SFP) outbreaks. Anti-SEB ScFv bound to antigen was detected
by incubation with anti-E-tag HRP-conjugated antibody. The colorimetric reac-
tion was performed with ABTS as the enzyme substrate.

Nucleotide sequence accession number. The nucleotide sequence of 4PCL2
ScFv was submitted to GenBank (NCBI accession no. GQ465983).

RESULTS

Generation of mouse monoclonal antibody. The hybridoma
was generated by using a stringent screening method as
described above. After immunization the titer of mouse
antiserum was 1:51,200 as observed by ELISA. Ten ELISA-
positive clones were obtained after fusion. After repeated
subcloning, one clone, 2F6D9G2, showing an IgG1 isotype,
was expanded further for ScFv construction.

PCR amplification of variable-region genes and cloning of
ScFv gene. VH and VL chain genes were amplified by PCR
from the 2F6D9G2 hybridoma clone. The VH gene product
formed a band at �340 bp and the VL gene product formed
a band at �325 bp, as revealed on an agarose gel (Fig. 1A).
The VH and VL fragments containing linker overhangs were
joined to generate a single-chain variable fragment at �750
bp (Fig. 1B).

ScFv library construction and biopanning. A phage anti-
body library on the order of 6.5 � 1011 PFU/ml in size was
obtained by cloning the ScFv genes in pCANTAB 5E phage-
mid vector. After four rounds of biopanning, 20 clones were
randomly selected for binding with SEB antigen. One of the
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clones, 4PCL2, showing maximum reactivity against SEB, was
selected for further studies.

Expression of soluble anti-SEB ScFv antibody. The anti-
SEB ScFv antibody was expressed in soluble form in 4PCL2-
infected HB2151 cells after induction with IPTG. A protein
band at �29 kDa, corresponding to the expected size of anti-
SEB ScFv, was detected in the periplasmic extract of 4PCL2-
infected HB2151 cells (Fig. 2A). The presence of an anti-SEB
ScFv band at �29 kDa shown by Western blotting using anti-
E-tag HRP-conjugated antibody further confirmed its expres-
sion (Fig. 2B).

SEB binding activity and affinity determination of anti-SEB
ScFv antibody. The SEB binding activities of different dilutions
of anti-SEB ScFv were studied by ELISA. It was observed that
with an increase or a decrease in the concentration of anti-SEB
ScFv there was an increase or a decrease in binding with SEB
as revealed by OD values (Fig. 3A). The effective binding of
anti-SEB ScFv with SEB antigen was further confirmed by
Western blotting, and the result is depicted in Fig. 3B. Further,
the affinity of anti-SEB ScFv for the SEB antigen was studied
by SPR using the SEB immobilized sensor chip. It was ob-
served that an increase in the concentration of the antibody
increases the SPR response linearly. The SPR data were used
for the quantitative determination of the affinity constant of
the anti-SEB ScFv antibody. The calculated affinity constant of
anti-SEB ScFv was in the low-nanomolar range (3.16 nM) as
determined by Kinetic evaluation software, version 5.0.

Sequence analysis of variable-region genes. The nucleotide
sequence of 4PCL2 ScFv was submitted to GenBank (NCBI
accession no. GQ465983). The nucleotide and amino acid se-
quences of the variable heavy-chain (Fig. 4) and variable light-
chain (Fig. 5) regions of 4PCL2 ScFv aligned with mouse germ
line genes. Analysis of the amino acid sequences revealed that
CDR L1, CDR L2, CDR L3, and CDR H1 belong to the type
1 canonical class. CDR H2 belongs to class 2, and the 7-resi-

FIG. 1. Agarose gels showing VH, VL, and ScFv gene amplicons.
(A) Lane 1, 100-bp DNA ladder (Fermentas); lane 2, VH gene
amplicon (�340 bp); lane 3, VL gene amplicon (�325 bp). (B) Lane
1, 100-bp DNA ladder (Fermentas); lane 2, ScFv gene amplicon
(�750 bp).

FIG. 2. SDS-PAGE (A) and Western blot (B) profiles showing
expression of anti-SEB ScFv in soluble form. (A) Lane 1, molecular
mass markers (66, 45, 29, 20, and 14.2 kDa); lane 2, uninduced culture
of 4PCL2-infected HB2151 cells; lanes 3 and 4, induced culture and
periplasmic extract of 4PCL2-infected HB2151 cells, respectively,
showing the anti-SEB ScFv band at �29 kDa. (B) Lane 1, molecular
mass markers (97.4, 66.2, 45, 31, 26.6, and 14.4 kDa); lane 2, uninduced
culture of 4PCL2-infected HB2151 cells; lanes 3 and 4, induced culture
and periplasmic extract of 4PCL2-infected HB2151 cells, respectively,
showing the anti-SEB ScFv band at 29 kDa.

FIG. 3. ELISA (A) and Western blot (B) showing binding of anti-
SEB ScFv with SEB antigen. ELISA was performed with different
dilutions of soluble anti-SEB ScFv antibody. Periplasmic extract of
untransformed HB2151 cells was used as a negative control (OD,
0.0945). (B) Lane 1, prestained molecular mass markers (70, 55, 35, 27,
and 15 kDa); lane 2, r-SEB band at 30.5 kDa showing binding with
anti-SEB ScFv. The bound anti-SEB ScFv antibody was detected using
anti-E-tag HRP-conjugated antibody.
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due-long CDR H3 has a kinked profile. A homology search
using V-Quest software revealed that the heavy-chain variable
region of 4PCL2 is 94.10% identical to the mouse germ line
VH gene IGHV1-58*01 (IMGT accession no. AC0871666).

The light-chain variable region belongs to V� class 4 and is
95.65% identical to mouse germ line genes IGKV4-61*01
(IMGT accession no. AJ231209) and IGKV4-68*01 (IMGT
accession no. AJ231222). Figure 6 shows an IMGT “collier de

FIG. 4. Homology of 4PCL2 ScFv heavy chain with mouse germ line genes. Nucleotide and amino acid sequences of 4PCL2 ScFv heavy-chain
variable region aligned with the most homologous germ line V region (IGHV1-58*01, IMGT accession no. AC087166). In the case of germ line
genes, only the differences in nucleotides and amino acids are shown. Amino acids are numbered according to the Kabat numbering scheme. The
NCBI accession number for the sequence of 4PCL2 ScFv is GQ 465983.

FIG. 5. Homology of the 4PCL2 ScFv light chain with mouse germ line genes. Nucleotide and amino acid sequences of 4PCL2 ScFv light-chain
variable region aligned with the most homologous germ line V region (IGKV4-61*01, IMGT accession no. AJ231209). In the case of germ line
genes, only the differences in nucleotides and amino acids are shown. Amino acids are numbered according to the Kabat numbering scheme. The
NCBI accession number for the sequence of 4PCL2 ScFv is GQ465983.
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perle” (pearl necklace) graphical two-dimensional (2-D) rep-
resentation of 4PCL2 ScFv. Differences between 4PCL2 ScFv
and the amino acids encoded by the mouse germinal genes
most similar to 4PCL2 ScFv are indicated in the figure.

DISCUSSION

SFP caused by SEs is one of the most prevalent causes of
gastroenteritis worldwide (4, 32). Among different types of
SEs, SEB is the most potent and is also a listed biological
warfare agent (21, 26). Therefore, development of immunodi-
agnostic reagents against SEB is of the utmost importance.
Any immunological detection system for SEB requires specific
and sensitive antibodies, but SEB being a superantigen leads to
the production of low-titered antiserum in animal models.
Contamination of SEB with other proteins results in nonspe-
cific antiserum generation as conventional purification meth-
ods do not yield homogenously pure SEB (6, 22). The problem
of nonspecific and low-titered antibodies was addressed with
the generation of monoclonal antibody by using hybridoma
technology. However, hybridoma clones secreting monoclonal
antibody are genetically unstable and tend to lose the antibody-
secreting ability in the course of time; however, the reasons for
this are not very well understood (11, 23). These problems
were overcome with the advent of a new molecular biology tool
called antibody phage display technology. Antibody phage dis-
play technology is one of the most remarkable achievements in
antibody engineering. With this technique, the repertoires of
VH and VL genes are amplified and joined together by PCR

and finally inserted into a phagemid (17). After transformation
into E. coli, phage displaying the desired antibody fragment,
called ScFv, on its surface is enriched and selected by a tech-
nique called biopanning. In this way, the antibody phage dis-
play technique links the phenotype of ScFv to its genotype,
which can be cloned into an E. coli host secreting soluble ScFv
antibodies (19, 25). Therefore, antibody phage display technol-
ogy permits the immortalization of monoclonal antibody-en-
coding genes from a hybridoma clone. This technique also
facilitates gene manipulation to improve the affinity of the
antibody.

In the present study, we report the construction of a highly
reactive and specific ScFv antibody fragment from a phage
display library suitable for SEB detection. The gene encoding
the monoclonal antibody reactive against SEB was immortal-
ized by cloning in E. coli by using antibody phage display
technology, and the resultant recombinant antibody was char-
acterized. The VH and VL chain genes were amplified sepa-
rately along with a 15-amino-acid-long (Gly4-Ser)3 linker mol-
ecule. Both these genes were joined by a single-step method
called overlap extension PCR, which minimizes the possibility
of mutations associated with multiple-step PCR (15). Usually a
15-residue hydrophilic sequence, (Gly4-Ser)3, is used for the
linker, but short linker molecules from 5 to 10 amino acids
result in the multimerization of ScFv molecule, leading to
enhanced avidity (24, 41). The ScFv gene was cloned into
pCANTAB 5E vector, and a large repertoire of antibody li-
brary (6.5 � 1011 PFU/ml) was obtained. The size of the library
is dependent on and governed by the transformation efficiency,

FIG. 6. IMGT collier de perle graphical 2-dimensional representation of 4PCL2 ScFv. (A) Variable heavy chain (VH). (B) Variable light chain
(VL). Collier de perle representations are displayed according to IMGT unique numbering. Asterisks indicate differences between 4PCL2 ScFv and
the mouse germ line genes most similar to 4PCL2 ScFv. Hydrophobic amino acids (those with positive hydropathy index values, i.e., I, V, L, F,
C, M, and A) and tryptophan (W) are shown in blue circles. All proline (P) residues are shown in yellow circles. The complementarity-
determining region (CDR-IMGT) sequences are delimited by amino acids shown in squares (anchor positions), which belong to the
neighboring framework region (FR-IMGT). Hachured circles correspond to missing positions according to IMGT unique numbering. Colors
of circle outlines indicate regions: in the VH domain, red for CDR1-IMGT, orange for CDR2-IMGT, and purple for CDR3-IMGT; in the
VL domain, blue for CDR1-IMGT, green for CDR2-IMGT, and turquoise for CDR3-IMGT. Residues at positions 23 (first cysteine), 41
(tryptophan), 89 (hydrophobic amino acid), 104 (second cysteine), and 118 (hydrophobic amino acid) are conserved and shown in red letters.
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which is the major limitation of antibody phage display tech-
nology (2). Screening of the phage antibody library revealed
the expression of anti-SEB ScFv on the phage surface. The pIII
protein fused upstream of anti-SEB ScFv facilitates its trans-
portation onto the phage surface. This helps in selection of
ScFv molecules reactive against the desired antigen, i.e., SEB.
After four rounds of biopanning, the clone 4PCL2, showing
maximum binding with SEB, was selected for further studies.
The recombinant phage (4PCL2) displaying anti-SEB ScFv
antibody was made to infect a nonsuppressor E. coli strain,
HB2151. In this E. coli strain, translation is aborted after the
synthesis of ScFv due to recognition of a stop codon. This
results in the production and secretion of soluble ScFv anti-
bodies into the periplasmic location of the bacteria (16). In this
study, soluble anti-SEB ScFv (�29 kDa) was successfully ex-
pressed in the periplasmic extract of E. coli. The nucleic acid
sequence analysis of the antibody heavy and light chains indi-
cates that it belongs to the canonical class of 1-2-1-1-1 (i.e.,
H1-H2-L1-L2-L3). Homology search using IMGT/V-Quest re-
vealed variation in VH and VL genes of anti-SEB ScFv from
the mouse germ line genes. This variation is attributed to 14
replacements and three silent mutations in the VH gene and
nine replacements and three silent mutations in the VL gene of
anti-SEB ScFv. The ratio of replacement to silent mutations in
the CDRs was 4/0 and 2/2 in VH and VL genes, respectively. If
replacement mutation takes place randomly, the expected
number of replacement mutations at CDRs would be 5.6 in VH

and 3 in VL genes (18). The affinity of anti-SEB ScFv antibody
is very high (3.16 nM), which shows that SEB antigen and its
corresponding anti-SEB ScFv antibody interact with high af-
finity. Mechaly and coworkers (31) reported ScFv antibodies
against Bacillus anthracis spores with an affinity in the low-
nanomolar range (30 nM). On the other hand, even a picomo-
lar level of KD (affinity constant) (41 pM) has also been re-
ported for ricin toxin (36). Further, anti-SEB ScFv antibody
did not cross-react with SEs (SEA, SEC1, SEC2, SEC3, and
SED) commonly implicated in SFP outbreaks, making it useful
for SEB detection.

Reports on the construction of recombinant antibodies for
the detection of food-borne pathogens (29, 34), toxins (9, 10),
and biological warfare agents (9, 10, 14, 31, 36) are scanty.
Recombinant Fab antibodies, isolated from a phage display
library, have been used in detection of botulinum toxin (9, 10).
Phage display was also utilized for the construction of ScFv
antibodies against biological warfare agents like anthrax (31),
Brucella melitensis (14), and ricin (36). This study on construc-
tion of the first ScFv antibody against SEB will facilitate spe-
cific detection of SEB in cases of SFP and in the event of
biological terrorism.
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