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TonB is known to be a bacterial periplasmic protein that transduces proton from the inner membrane to the outer
membrane receptor in complex with the ExbB and ExbD proteins. Actinobacillus pleuropneumoniae TonB2 protein is the
second TonB protein that is important for iron acquisition and virulence. The TonB2 protein was verified to be
immunogenic and could afford partial protection for animals from lethal infection. In the present study, the recom-
binant TonB2 (rTonB2) was overexpressed in Escherichia coli BL21(DE3) and purified. The rTonB2 was then used as
antigen to immunize BALB/c mice for the production of monoclonal antibodies (MAb). Four clones of TonB2-specific
MAb secretion hybridomas—2F2, 2G8, 3D2, and 6F10—were selected. The MAbs 2F2, 3D2, and 6F10 were classified
as IgG1 isotype and 2G8 was of IgG2a isotype. Western blot and ELISA results indicated that MAbs had specific
binding activity to rTonB2. The MAbs generated here will be used for further functional analyses of the TonB2 protein.

Introduction

I ron is an essential element in bacteria for a number of
redox processes.(1) It is highly insoluble in its ferric (Fe3 + )

form at physiological pH. To ensure that there is sufficient
iron for the requirement of cellular growth, host-adapted
pathogens have evolved strategies for high-affinity Fe3 +

uptake. For example, they use host chelators or their self-
synthesized small-molecular siderophores for iron acqui-
sition.(1) However, transposition of iron from the outer
membrane (OM) receptors to the cytoplasmic membrane
(CM) is energy dependent. It is usually considered that
the energy for this process is provided by TonB, which spans
the periplasm and interacts with OM-embedded sideropher-
binding receptors, and its accessory proteins ExbB and ExbD
in the CM. TonB is charged by the passage of a proton through
the ExbB/D complex and the energized TonB may propagate
conformational changes to OM siderophore receptors, re-
sulting in the release of siderophore into the periplasm.(2)

TonB homologues have been identified as widely distrib-
uted among Gram-negative bacteria, and except for their
function as an energy transducer during iron-chelator trans-
duction, they mediate drug and solvent tolerance(3,4) and are
essential for virulence in pathogenic bacteria.(5,6)

A. pleuropneumoniae is the causative agent of porcine pleu-
ropneumonia, a highly contagious and often fatal disease that
leads to great economic losses in industrialized pig production

worldwide.(7) Two TonB (TonB1 and TonB2) systems have
been identified in A. pleuropneumoniae.(8,9) The TonB2 system is
required for transferrin uptake and essential for virulence.(9)

The TonB2 protein was confirmed as immunogenic and
could provide partial protection for animals against lethal
challenge.(10) However, molecular mechanisms of TonB2-
mediated energy transduction for iron acquisition and the
rationale of immunogenicity of TonB2 were undetermined.
Therefore, in this article, the overexpressed A. pleuropneumoniae
TonB2 protein in E. coli was used as antigen to immunize
BALB/c mice for the production of monoclonal antibodies
(MAb). Four hybridoma cell lines secreting MAbs against
TonB2 were selected and then the MAbs were characterized.

Materials and Methods

Cell culture and preparation of rTonB2 protein

SP2/0 cells were maintained in RPMI-1640 with 10% fetal
calf serum (FCS). The cell line and the hybridoma were cul-
tured in humidified chamber with 5% CO2 at 37�C. The tonB2
gene was amplified by PCR method from the genomic DNA
of A. pleuropneumoniae 4074 (serovar 1) with the following
primers: forward: 5¢GGG GGA TCC ATG AAG AAA AAA
CAT TCT CG 3¢, with BamHI site (underlined); reverse:
5¢GGG AAG CTT TTA TTC AAT CGA GAA TTT CAC C 3¢,
with HindIII site (underlined). Then the amplicon was re-
stricted by BamHI and HindIII and ligated into the prokaryotic

1Hubei Key Laboratory of Genetic Regulation and Integrative Biology, College of Life Science, Central China Normal University, Wuhan,
Hubei, China.

2State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, Hubei,
China.

*These authors contributed equally to this work.

HYBRIDOMA
Volume 31, Number 5, 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/hyb.2012.0031

347



expression vector pET-28a, resulting in plasmid pET-TonB2.
E. coli BL21(DE3) carrying the recombinant expression plas-
mid pET-TonB2 was grown in LB media supplemented with
appropriate antibiotics (kanamycin, 25mg/mL) at 37�C to
A600 = 0.6, and induced with 0.8 mmol/L isopropyl-1-thio-
b-D-galactopyranoside (IPTG) at 37�C for 6 h. Recombinant
rTonB2 fusion protein with 6 · His-tag was expressed as sol-
uble protein after induction. The protein was purified by Ni2 +

affinity chromatography (Qiagen, Hilden, Germany) and then
verified by sodium dodecyl sulfate polyacrylamide gel elec-
tropheresis (SDS-PAGE).

Mice and immunization

BALB/c mice (female) were purchased from the Centre for
Disease Control and Prevention of Hubei Province. Mice were
maintained under standard animal housing conditions, with a
temperature of 22 – 1�C and a regular 12-h light/12-h dark
cycle and allowed free access to food and water. The animal
experiments were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals established by the
Centre for Disease Control and Prevention of Hubei Province.
Six-week-old BALB/c mice were injected subcutaneously
three times with 75mg rTonB2 at an interval of 2 weeks.
Complete Freund’s adjuvant and incomplete Freund’s
adjuvant (Sigma-Aldrich, St. Louis, MO) were used in the
first immunization and the subsequent two booster shots,
respectively. A final immunization with 75 mg rTonB2 was
given intravenously 3 days before euthanasia.

Cell fusion

Cell preparation and fusion were performed as described
previously.(11) Briefly, spleens from BALB/c mice immunized
with rTonB2 were harvested, and splenocytes were prepared
in Hank’s salt solution (Invitrogen, Carlsbad, CA). For hy-
bridoma preparation, splenocytes were fused with mouse
myeloma cells SP2/0 at a ratio of 10:1 in RPMI-1640 medium
at 37�C. The splenocytes and myeloma cell mixture were
centrifuged and resuspended in 1 mL 50% PEG1450 solution
(Sigma-Aldrich, St. Louis, MO) over 1 min, followed by serial
addition of 3 mL RPMI-1640 over 3 min and 10 mL RPMI-1640
over 1 min, with gentle stirring. Fused cells were centrifuged
at 1000 rpm for 5 min and resuspended in 200 mL of RPMI-
1640 medium, which contained hypoxanthine, aminopterin,
and thymidine (Sigma-Aldrich) and 10% fetal calf serum.
Fused cells were then plated at 100 mL/well into 96-well cell
culture plates (Falcon, BD Biosciences, Auckland, New Zeal-
and). Cells were incubated at 37�C, with 5% CO2 for 14 days.
Supernatant of positive wells were tested for antibody pro-
duction by ELISA screening. Positive clones were cloned three
times by limiting dilution using spleen feeders as filter cells.

ELISA screening

To select the positive hybridomas, 96-well plates were
coated with 0.4 mg rTonB2 diluted in 100mL of coating buffer
(50 mM sodium carbonate buffer, pH 9.6) at 4�C overnight.
The coated plates were washed three times with PBST (PBS
with 0.05% Tween-20) and blocked for 1 h with blocking
buffer (5% skimmed milk in PBST), then washed three times
with PBST. Cell culture supernatants (100 mL aliquots) were
added and incubated at 37�C for 30 min. After four washes,
100 mL of horseradish peroxidase-conjugated secondary anti-

body (Southern Biotechnology Associates, Birmingham, AL),
diluted to 1:5000 in PBST, was added to each well and the
plates were incubated in 37�C for 30 min. Next, plates were
washed five times with PBST, and ELISAs were developed
using 100 mL 3,3’,5,5’-Tetramethylbenzidine (TMB) color de-
velopment solution (Biotime Institute of Biotechnology, Hai-
men, Jiangsu, China); the catalytic reaction was stopped by
50 mL 1% SDS and read at 630 nm.

Determination of MAb specificity

The specificity of the MAbs was evaluated by the ELISA
methods described above with rTonB2 and Western blot (WB),
while the same molar concentration of E. coli BL21(DE3) cell
lysate containing pET-28a was used as a negative control. For
WB analysis, the protein samples were dissolved in protein
loading buffer, immediately boiled for 5 min, and then sepa-
rated by 12% SDS-PAGE. After separation, the proteins were
transferred to a nitrocellulose membrane. The membrane was
washed once with TBST (10 mM Tris-HCl [pH 8.0], 150 mM
NaCl, 0.05% Tween-20) for 10 min and blocked with 5%
skimmed milk in TBST at 4�C overnight. Then the blot was
rinsed twice with TBST and incubated with MAbs against
rTonB2 at room temperature for 30 min, followed by second-
ary antibody for 30 min, and then washed. Finally, immuno-
reactive sites in the membrane were revealed by TMB reagent.

Results

Preparation of rTonB2

The recombinant TonB2 protein was expressed in E. coli
BL21(DE3) after induction by IPTG and separated by
SDS-PAGE. As shown in Figure 1, the rTonB2 exhibited an

FIG. 1. Expression and purification of the rTonB2 protein.
Protein samples were separated by SDS-PAGE and stained
with Coomassie brilliant blue. Lane M, pre-stained protein
marker (Fermentas, Vilnius, Lithuania); lane 1, successful
induction of rTonB2 in E. coli BL21(DE3) transformed by
pET-TonB2; lane 2, lysate of E. coli BL21(DE3) containing
plasmid pET-28a; lane 3, rTonB2 was purified by Ni2 + af-
finity chromatography column.
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apparent molecular weight of 45 kDa, which was 10 kDa lar-
ger than the deduced molecular weight of rTonB2 (Fig. 1, lane
2). Since the molecular mass of rTonB2 was predicted to be
30 kDa, the molecular mass of fusion tag was about 4 kDa. The
correctness of the band was confirmed by sequence analysis
and WB using porcine anti-A. pleuropneumoniae polyclonal
antibody (data not shown). The recombinant protein that
existed in the supernatant of the E. coli cell lysate was purified
with Ni2 + affinity chromatography, and the protein was then
found to have a relatively high purity (Fig. 1, lane 3).

Immunization

75 mg purified rTonB2 was administrated to mice with and
without adjuvant. Blood was collected from the tail vein be-
fore every immunization and before euthanasia, and serum
samples were prepared. Antibody titers against the antigen

were evaluated by indirect ELISA. Results indicated that all
the immunized mice had high antibody titers (from 1:10000 to
1:100000) after three booster immunizations.

Preparation of hybridoma cell lines, screening,
and MAb characterization

At the end of the immunization period, the splenocytes
from the BALB/c mice with the highest levels of antibodies
were prepared and used as fusion partner cells for SP2/0
myeloma cells through conventional hybridoma technology.
Supernatants from the positive wells were detected by ELISA.
Eventually, four hybridomas secreting the MAbs against
rTonB2 were selected following limiting dilution analysis and
designated as 2F2, 2G8, 3D2, and 6F10, respectively. Isotyping
results indicated that MAbs 2F2, 3D2, and 6F10 were of sub-
class IgG1 and 2G8 was of subclass IgG2a.

FIG. 2. Expression of rTonB2 (A) and WB analysis of MAbs (B–E). Protein samples were separated by SDS-PAGE and
transferred to nitrocellulose membranes, then reacted with MAbs 2F2 (B), 2G8 (C), 3D2 (D), and 6F10 (E), separately. Lane M,
pre-stained protein marker; lane 1, E. coli BL21(DE3) cell lysate containing plasmid pET-28a; lane 2, rTonB2.

FIG. 3. MAb titers against rTonB2. MAbs were collected from the supernatants of hybridomas and serially diluted, then
added into the rTonB2-coated 96-well ELISA plates, respectively. Supernatant from SP2/0 cells was used as negative control.
The ELISA analyses were performed at least in triplicate.
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The specificity of the MAbs obtained here was further in-
vestigated by WB and ELISA analyses. Results showed that
all four MAbs do not react with E. coli BL21(DE3) lysate
containing plasmid pET-28a (Fig. 2, lane 1), but they were
directed against the rTonB2 (Fig. 2, lane 2). Hybridization
bands at approximately 45 kDa were observed, consistent
with the expected site of the recombinant proteins (Fig. 2, lane
2). The affinity of MAbs to rTonB2 was measured by ELISA
using serial dilutions of MAbs. The results indicated that these
MAbs had high titers with the protein, and the supernatant
from SP2/0 myeloma cell culture was negative in the ELISA
analysis (Fig. 3).

Discussion

A. pleuropneumoniae causes porcine pleuropneumonia,
which leads to severe economic losses for the worldwide
pig industry. Increased antibiotic resistance of A. pleuro-
pneumoniae presents a threat to the drug treatment of the
disease.(12) Of late, more attention has been focused on vac-
cination prevention of bacterial infection. Understanding the
pathogenesis of the bacterium is one of the most impor-
tant aspects for vaccine development. To date, infection of
A. pleuropneumoniae has been extensively studied. Data sug-
gest that pathogenesis is a complex process involving various
virulence factors of the bacterium.(13) However, many cellular
mechanisms and pathways involved in the infection cycle of
A. pleuropneumoniae are still unknown. Limited knowledge of
the characterizations of A. pleuropneumoniae has been used to
design new vaccines, which can offer partial protection for
animals against all serotypes, such as killed bacterins, subunit
vaccines, and live attenuated vaccines.(14,15)

As a wide existence of TonB proteins in Gram-negative
bacteria and their important roles for growth and pathogenicity
of many microorganisms, TonB family proteins have been ex-
tensively investigated,(16) including A. pleuropneumoniae TonB
proteins. The TonB2 protein of A. pleuropneumoniae shares some
common features of the TonB family proteins. It can be divided
into three functional domains according to the amino acid se-
quence analysis. First is the N-terminal region (1 to 33 aa),
which may be required for anchoring TonB in the CM, and
which participates in energy transduction processes with
ExbB/ExbD.(17) The N-terminal region is followed by a proline
rich region (34 to 186 aa), which contains a series of Pro-Glu and
Pro-Lys repeats, and is proposed to be essential for linking
energy transduction to spatially distant receptors.(18) The C-
terminal domain of TonB2 (187 to 285 aa) may interact directly
with the TonB-dependent receptors, particularly with TonB
box.(19) However, it appears that there are some differences
between TonB2 and TonB1. For example, unlike tonB1, tonB2 is
not positionally associated with any iron uptake genes, and
TonB2 seems to be more important for A. pleuropneumoniae
survival in vivo and cannot be substituted by TonB1, especially
for the acquisition of heam, hemoglobin, and ferrichrome.(9) In
addition, antigenic prediction by EMBOSS explorer indicates
that many potential epitopes were included in TonB2, and that
the TonB2 protein was demonstrated to be immunogenic and
can be used as a potential vaccine candidate.(10)

To further elucidate the mechanisms of TonB2 in cellular
processes and infection, MAbs against rTonB2 were produced
in this study. WB and ELISA results showed that the MAbs
have high affinity, stability, and specificity. Therefore, the

MAbs obtained here will provide useful tools in the functional
studies of TonB2. Since there is little information about the
structural features of TonB2 protein, except for a C-terminal
domain of the TonB2 protein (residues 106–206) of Vibrio an-
guillarum,(20) so the structural analysis of the TonB2 protein of
A. pleuropneumoniae was carried out. However, we found that
the crystal of the protein was difficult to obtain. Then the
MAbs could be used as stable and specific ligands to co-
crystallization and to obtain the crystal of TonB2 for structural
analysis. The resolution of the TonB2 structure will be useful
for function elucidation and structure-based drug design in
the future, as well as to explain the molecular basis of the
differences between TonB2 and other TonB proteins. In ad-
dition, generation of these four MAbs enables us to map the
epitopes of TonB2 and obtain an insight into the immunoge-
nicity of TonB2. Relevant additional work is now underway.
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