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Abstract

Whooping cough caused by Bordetella pertussis is a serious disease especially for infants and young children.
Detoxified pertussis toxin is a key component of vaccines used in campaigns worldwide for the prevention of the
disease. A biochemical assay system, which measures pertussis toxin enzymatic and carbohydrate binding
activities, has been developed to measure the residual toxin activities in vaccine matrix. We report here that B.
pertussis clinical isolates show differences in pertussis toxin (PTx) activities in the in vitro biochemical assays and
these in vitro activities were also positively related to the in vivo toxic activities. In addition, interesting information on
the genetic and possible post-translational changes of PTx produced by the strains included in this study is
tentatively discussed. Of the six strains studied in details, three low- and three high-activity strains, all the DNA
sequences of the ptx gene clusters were found to be identical, except that in the high-activity strains, there was a
silent mutation with a single nucleotide change at base 681 in ptxC which coded for Cys199 of PTx subunit S3.
Mass spectrometric analysis of tryptic peptides from PTx produced by these strains detected two peptides in
subunits S1 and S3, which were present in the low-activity strains but not in the high-activity strains. This suggests
that PTx might differ in structure between these strains and this is possibly due to post-translational modification.

Keywords: B. pertussis; Strains; Pertussis toxin; Binding; Enzyme;
Histamine-sensitisation; Lymphocytosis

Abbreviations:
aP: Acellular Pertussis; ACV: Acellular Pertussis Vaccines; AEBSF:

4-(2-Aminoethyl) Benzenesulfonyl Fluoride Hydrochloride; AGP:
Human Plasma Alpha-1 Acid Glycoprotein; EDQM: European
Directorate for the Quality of Medicines and Healthcare; Fet: Fetuin;
FHA: Filamentous Haemagglutinin; Fim2 and Fim3: Fimbriae type 2
and type 3; HIST: Histamine-Sensitisation Test; hTf: Human
Transferrin; i.p: Intra-Peritoneally; NIBSC: National Institute for
Biological Standards and Control; Prn: Pertactin; ptx: Pertussis Toxin
Allele; PTx: Pertussis Toxin; ptxA: PTx Subunit S1 Allele; ptxC: PTx
Subunit S3 Allele; PTd: Pertussis Toxoid; PBSG: Phosphate Buffered
Saline Containing 0.2% (w/v) Gelatine; PFGE: Pulsed Field Gel
Electrophoresis; RNaseB; Bovine Pancreas Ribonuclease B; WCV:
Whole-Cell Pertussis Vaccines

Introduction
Pertussis (whooping cough) is still a major cause of morbidity and

mortality, especially in infants and vaccination against Bordetella
pertussis is a key component of immunisation campaigns worldwide
for the prevention of the disease. Pertussis toxin (PTx) is a protein
toxin which has a wide range of biological activities in vivo including
induction of lymphocytosis, histamine-sensitisation, increased insulin
production with consequent hypoglycaemia, potentiation of
anaphylaxis and lethality in mice and playing a possible role in

neuropathology [1-3]. Excessive residual PTx activity in acellular
pertussis (aP) combination vaccines that contain diphtheria and
tetanus toxoids (DTaP) could also cause intensified sensitisation to
components with subsequent severe local reaction to a booster dose in
an animal model [4]. Although these biological effects of PTx have
been under extensive research, its mechanism(s) of toxicity is still
unclear. Two in vivo assay procedures are commonly used for
assessing toxicity of PTx: (1) mouse lymphocytosis test which is based
on the fact that the severity of pertussis infection in infants was found
to accompany with extremely high lymphocyte counts and this
characteristic has been attributed to the PTx [5]; (2) mouse histamine
sensitisation test (HIST) where PTx, when administered in vivo,
enhances vascular permeability and therefore is capable of inducing
vasoactive amine-sensitising activities which can result in death due to
hypotensive and hypovolemic shock following vasoactive amine (e.g.
histamine) challenge of PTx-treated animals. HIST is currently the
accepted WHO and European Pharmacopoeia safety test for
determination of PTx activity in pertussis vaccines [6,7].

PTx has the A-B5 type structure typical of many other bacterial
toxins, having an enzymatically active A-protomer, the monomeric
subunit S1, and a host cell binding B-oligomer which is composed of
subunits S2 through to S5 [8,9]. Intact B-oligomer is required for the
binding of the holotoxin to receptor sites on the cell surface and
enables entry of the A-protomer into the cells [9,10]. The translocated
PTx A-protomer catalyses ADP-ribosylation of the α-subunit of
eukaryote GTP-binding regulatory proteins, which results in the
prevention of the hormonal inhibition of adenylate cyclase and
subsequently, an increase in the intracellular levels of cAMP and cell
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death [10]. Recently, a biochemical in vitro assay system has been
developed to measure the residual PTx toxicity in pertussis toxoid
(PTd) and pertussis components containing vaccines [11]. The
enzymatic activity of PTx A-protomer can be assayed by measuring
ADP-ribosylation of a fluorescent synthetic peptide substrate using an
enzyme-HPLC coupled assay (E-HPLC) [12,13], while the binding
activity of B-oligomer can be measured by a carbohydrate binding
assay [14]. The relevance of this test system to some of the physio-
pathological effects of PT in vivo has already been described [15,16].

Following the introduction of B. pertussis vaccination with whole
cell vaccines (WCV) in the 1950s, the pertussis vaccine has made a
major contribution to decreasing the incidence of pertussis disease
[17]. However, pertussis still remains endemic worldwide and is an
important public health problem. Over the past decade, there has been
a resurgence of reported pertussis cases in many regions of the world
where the acellular pertussis vaccination coverage in young children is
high, e.g. Netherlands, Canada, USA, France and UK [18-20]. Waning
immunity and pathogen adaptation, involving antigenic divergence
between clinical isolates and vaccine strains, were proposed to be the
causes for the resurgence [18,19,21,22]. Recently epidemiological data
suggest more virulent B. pertussis strains associated with increased
notification in the Netherlands, Sweden and Australia have emerged
[23-25]. So far, the relative toxic activity of PTx produced by clinically
isolated strains has not been reported. In order to further understand
the mechanism of virulence in clinical isolates, in the present study we
measured their in vitro enzymatic and carbohydrate binding activities,
in vivo toxic activities and analysed the genetic and amino acids
sequences of PTx from clinical isolates.

Materials and methods

Bacterial strains
A total of 31 clinical isolates (17 ptxP1 and 14 ptxP3) collected in

Finland and The Netherlands during the period of 1999-2004 [23,26]
were first screened for PTx activity by the in vitro biochemical
methods.

ptxP ptxA prn Serotype PFGE
cluster

PRCB12 1 1 2 2 IVγ

PRCB20 1 1 2 2 IVγ

PRCB309 1 1 2 2 IVγ

PRCB529 3 1 2 3 IVβ

B1865 3 1 2 3 nk

B2903 3 1 2 2,3 nk

Alleles for the pertussis toxin promoter (ptxP), pertussis toxin A subunit (ptxA)
and pertactin (prn) are shown in addition to the serotype and PFGE type of the
strains. Abbreviation, nk, not known

Table 1: Characteristics of the B. pertussis strains included in the
study.

For investigation of the relationship of the in vitro bioactivities and
the in vivo toxic activities of these strains, due to ethical reasons on
animal experimentation, only three strains expressing the lowest and
three strains with the highest in vitro PTx activities (refer as low- and

high-activity in the text) were selected to perform in vivo toxicity
studies (Table 1). The selected six strains had the same genotypes for
PTx subunit S1 (ptxA) and pertactin. The PFGE (pulsed field gel
electrophoresis) cluster characterisation of the low-activity strains
belongs to IVγ and one of the high-activity strains belongs to cluster
IVβ [27] while the PFGE type of the other two strains were not known.
Strains were grown on charcoal agar supplemented with 10% horse
blood and incubated for 2 days at 37°C and sub-cultured once under
the same culture condition for 18 h.

Preparation of bacterial cell supernatant and purification of
PTx

Bacteria collected from charcoal agar plates were suspended into
sterile PBS containing 2 mM protease inhibitor (AEBSF: Sigma,
A8456). The suspension was sonicated for 2 × 5minutes in a sonic
water bath and was then centrifuged for 5 minutes at 5000 rpm to
remove cell debris. For each strain tested, 2-3 independent cultures
were prepared and their individual supernatants were collected for
analysis. Total protein concentration (mg/ml) in supernatant was
determined by UV at 275 nm (Perkin Elmer Lambda 800 UV/Vis
spectrophotometer) against a bovine serum albumin standard.

For proteomic analysis, bacterial cultures were grown in Stainer and
Scholte liquid media for 24 h and supernatant was used for the
purification of PTx according to the method described by Sato et al
[28] and Pourahmadi, et al [29]. In brief, protein solution (2-4 mg)
was loaded onto a hydroxyapatite column and PTx was eluted with
100 mM potassium phosphate (pH 8) buffer. PTx in the elution
fractions were identified by PTx specific sandwich ELISA (see below)
and those fractions with highest concentrations were pooled. The
pooled PTx was concentrated and further purified by affinity
absorption onto fetuin bound magnetic beads (Thermo Scientific, Cat
# 88826) which were prepared according to the manufacturer’s
protocol. Samples and beads were allowed to mix on a shaker (600
rpm) at 4°C overnight and magnetic beads were separated by placing
on a magnetic stand for 3-5 min. After the removal of supernatant,
beads were washed twice with Tris buffered saline (0.05M Tris/HCl,
0.15M NaCl, pH7.6) and bound PTx was eluted from the beads using
elution buffer (4 M MgCl2, 0.05 M Tris/HCl, pH 7.4). The
concentration of PTx was determined by a PTx specific sandwich
ELISA.

Determination of concentration of PTx
Immune-dot blotting and sandwich ELISA methods were used for

determining the PTx concentration. PTx reference, NIBSC 90/518 [30]
was included in each assay as reference for calculation purposes. The
immune-dot blotting assay was performed similar to the method
described by Stott [31]. In brief, samples and the reference were
serially diluted and 200 µl/well was transferred to the dot-blot
apparatus containing nitrocellulose membrane (Amersham Life
Sciences, RPN203G). After the samples had drained through, the
membrane was removed, washed and blocked with 5% (w/v) Marvel
skimmed milk in PBS-0.05% (v/v) Tween-20 for 1 h at 37°C. After
washing, the membrane was treated with anti-PTx sheep serum
(NIBSC, 97/572) for 2 h at 37°C. After washing, the membrane was
treated with anti-sheep HRP-conjugate (Sigma, A3415) for 2h at 37°C
and then treated with 3,3’-diaminobenzidine substrate solution
(Sigma, D4418) for 15 min according to the manufacturer’s
instruction. The coloured dot density was measured under white light
on a bio-imaging system (UVP Lab Products, UK) and estimated by
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the Lab Works computer software (Version 3.0.02.00). Parallel line
analysis was carried out using the CombiStats software (Version 4.0,
EDQM) to calculate the concentration of PTx against the reference.

The PTx specific sandwich ELISA was performed according to the
method described by Sato et al. [32]. In brief, 96-well plate wells were
coated with monoclonal antibody (Mab) to PTx subunit S1 (NIBSC
code 99/506) overnight at 37°C. After washing and blocking, samples
and the reference were added to the coated plate and serially diluted
and incubated at room temperature for 1.5 h. After washing, guinea-
pig antiserum to PTx (in-house reagent) was added into the plate and
incubated at room temperature for 1.5 h. After washing, 100 μl of anti-
guinea pig IgG HRP-conjugate was added to each well and incubated
for 1.5 h. OPD peroxidase substrate (Sigma, P9187) solution was then
added to each well and incubated for 10-15 min in the dark. The
reaction was stopped by the addition of 50 μl of 3 M HCl to each well
and the absorbance at 492 nm was measured in an ELISA plate reader
(Labsystem Multiscan MS, UK). Parallel line analysis was carried out
using the CombiStats software (Version 4.0, EDQM) to calculate the
concentration of PTx against the reference.

Enzymatic-HPLC coupled assay and carbohydrate-binding
assay

The determination of PTx ADP-ribosylation activity in bacterial cell
supernatant was performed using a synthetic fluorescein-tagged
peptide substrate, F-Gαi3C20 (Cat #HCAM-2; AnaSpec Inc., San Jose,
CA, USA) coupled with an HPLC method for the separation and
quantitation of the ADP-ribosylated product as described previously
[13]. PTx reference preparation (NIBSC, 90/518) was used as a
standard. All other chemicals, unless specified otherwise, are of
analytical grade and purchased from either Sigma-Aldrich or VWR-
BDH (Poole, UK) as stated previously [13].

The PTx carbohydrate-binding activity in bacterial cell supernatant
was performed as described by Gomez et al. [14]. Glycoproteins
containing different N-glycans types were purchased from Sigma-
Aldrich, UK: bovine pancreas ribonuclease B (RNaseB, R7884), foetal
calf serum fetuin (Fetuin, F3004), foetal calf serum asialofetuin
(AsFetuin, A4781), human plasma alpha-1 acid glycoprotein (AGP,
G9885) and human transferrin (hTf, T3309) were used as
carbohydrate ligands. Anti-PTx sheep serum (NIBSC Code: 97/572),
monoclonal antibodies to S1 (NIBSC code 99/506), S2 and 3 (NIBSC
code 99/534) and S4 (NIBSC code 99/554) subunits [33] were used as
the detection antibody respectively. The relative potency of PTx
binding activity in bacterial cell supernatant to PTx reference (90/518)
was calculated using parallel line assay (CombiStats software, version
4.0, EDQM).

Animal Experiments

Ethics statement for animal
All animal experiments were approved by the Ethical Committee,

National Institute for Biological Standards and Control, UK and
regulated under the Animal Scientific Procedures Act (1986), UK.

Lymphocytosis test
All experiments were carried out using female NIH strain mice,

aged approximately 3-4 weeks, obtained from Harlan, UK and
maintained in pathogen-free conditions. Mice (10 per group) were

injected intra-peritoneally (i.p.) with 0.5 ml of either PTx reference
(NIBSC, 90/518) at 5.25, 1.75 and 0.58 IU/dose in phosphate buffered
saline containing 0.2% (w/v) gelatine (PBSG) or bacterial strain
supernatants with a PTx concentration of 100 ng/mouse. The negative
control groups received PBSG only. At four days post administration,
tail bleeds were taken from mice into a microfuge tube containing
heparin solution (final heparin concentration of~10 units/ml). After
mixing, leucocytes in the whole blood were counted using a Coulter
counter (Coulter Ac.T 8 Series Analyser; Beckman Coulter, UK). The
counts were expressed as the geometric mean of the number of
lymphocytosis per µl of blood.

Dermal temperature histamine sensitisation test (HIST)
The histamine sensitisation test (HIST) was carried out as described

previously by Ochiai [34]. In brief, mice (10 per group) were
inoculated i.p. with 0.5 ml PBSG as negative control, PTx reference
(90/518) at 5.25, 1.75 and 0.58 IU/dose in PBSG or with bacterial cell
supernatant with a PTx concentration of 100 ng/mouse. Five days after
inoculation, the mice were challenged i.p. with 0.5 ml of histamine
solution (2 mg histamine base per dose) (Sigma, H7375). The dermal
temperature of each mouse was measured 30 min after challenge using
an infrared thermometer (IT-550, Horiba Ltd., Japan). The HIST
activity in each bacterial cell supernatant was calculated in comparison
to that of the reference toxin groups and expressed as IU/dose.

DNA sequencing
Strains were grown on charcoal agar for two days at 37°C. DNA was

extracted using GenElute Bacterial Genomic DNA Kit (Sigma)
according to the manufacturer’s instructions. The target genes were
amplified by PCR using the following forward and reverse primers
(Invitrogen) for each gene; ptxA: ptxA PCR F,
CCCCCTGCCATGGTGTGATC, ptxA PCR R,
AGAGCGTCTTGCGGTCGATC; ptxB: ptxB PCR F,
TGTACTACGAAAGCATCG, ptxB PCR R,
TCACCAGCACATAAGGAA; ptxC: ptxC PCR F,
CTTCCGGAGGTTTCGACGTTTC, ptxC PCR R,
TCTTTCAAGGGATTCATTCGC; ptxD: ptxD PCR F,
GCTGCGGAAAATGCTTTA; ptxD PCR R,
TGGACAGTGAAGTTCTTG; ptxE: ptxE PCR F,
GCCGTCTTCATGCAACAAC, ptxE PCR R,
AGGATGGGCAGAATGTGA. PCR was performed using a final
volume of 50 µl which contained 10 µl 5X Green GoTaq Flexi Buffer, 4
µl 25 mM MgCl2, 1 µl dNTP mix, 0.25 µl Taq DNA Polymerase (all
Promega), and 27.75 µl d H2O, 2 µl DNA sample, 2.5 µl of each primer
pair at 10 µM. The following cycle was used: 1 cycle at 95°C for 2 min;
step 2 was 30 cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 30 s;
the third step was 1 cycle at 72°C for 10 min. The products were
analysed on 2% agarose gels (SeaKem) and purified from the gel using
High Pure PCR Cleanup Micro Kit (Roche) according to the
manufacturer’s instructions. Sequencing was performed using BigDye®

Terminator v3.1 Cycle Sequencing Kit and ABI PRISM 3130xl Genetic
Analyzer (Applied Biosytems) according to the manufacturer’s
instructions. Briefly, a 10 µl amplification mix was prepared which
contained 0.5 µM of the forward or reverse primer for the appropriate
gene plus 4 µl purified H2O, 3 µl BigDye Terminator Ready Reaction
Mix, 0.5 µl BigDye 5X Sequencing Buffer (all Applied Biosytems) and
1.5 µl DNA template. Amplification was performed with 30 cycles at
96°C for 30 s, 50°C for 15 s and 60°C for 30 s. Amplified DNA was
precipitated by ethanol/EDTA according to the manufacturer’s
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instructions. The DNA was then re-suspended in 10 µl HiDi (applied
biosytems), sequenced and sequencing data was analysed using
Geneious 6.1.3.

Tandem mass spectrometric analysis
Purified PTx samples from strains PCRB12, PCRB20, B1865 and

B2903 were diluted with 200 mM triethylammonium bicarbonate to
bring the pH to 8.0 and denatured at 100°C for 5 min in the presence
of RapiGest, an enzyme-compatible and acid-labile detergent (Waters,
Milford, MA, USA). Once cooled, tryptic digestion was carried out at
37°C for 3h using manufacturer’s recommendation (Promega,
Madison, USA) followed by adding HCl (0.45 N) to terminate the
reaction and breakdown of RapiGest. The digests were desalted by the
use of Pierce C18 spin columns following the manufacturer’s
instruction (Product #89870PR; Thermo Scientific, Rockford, USA).

Mass spectrometric analysis was performed using a LTQ-Orbitrap
Discovery mass spectrometer, coupled with an Ultimate 3000 nano-LC
system (Thermo Fisher Scientific, UK). MS scan and MS/MS
fragmentation were carried out in Orbitrap and LTQ respectively
using top 5 data-dependent acquisition with dynamic exclusion mode
enabled. The total cycle time was approximately 30 milliseconds. Data
analysis including mass spectra processing and database searching
were carried out using Thermo Proteome Discoverer 1.4 with built-in
Sequest using UniProt FASTA database (released 2014_08). Initial
mass tolerances by MS were set to 10 ppm. Up to two missed tryptic
cleavages were considered and methionine oxidation was set as
dynamic modification. All peptides at rank 1 with high confidence are
considered to be unambiguously sequenced.

Figure 1: Enzymatic and carbohydrate-binding activities of PTx
derived from clinical isolates. Enzymatic and carbohydrate
activities of PTx derived from 31 clinical strain isolates were
measured by E-HPLC (A) and binding assay using fetuin
glycoprotein as coat and polyclonal anti-PTx as detection antibody
(B). The x-axis shows the numbers of strains studied. Six strain
isolates were selected according to their lowest (low-activity) and
highest (high-activity) biochemical activity and their mean
activities were compared: E-HPLC (C) and carbohydrate-binding
(D). The experiment was performed three times and a
representative result is shown. The black bars represent the average
activity of the three strains and the differences between the two
groups are significant at p<0.05 in both assays.

Statistical analysis
Student’s T-test was used to compare the difference of bioactivities

between groups. A p-value ≤ 0.05 was considered as statistically
significant.

Results

PTx ADP-ribosyltransferase and carbohydrate-binding
activities in strains

A total of 31 strains were examined for their PTx enzymatic and
carbohydrate-binding activities. PTx ADP-ribosyltransferase activities
were detected in all the strains and with a wide range from 0.005 to
0.545 EU/ng PTx (Figure 1). Of the six selected strains (3 low-and 3
high-activity), triplicate experiments of culture and respective assays
were performed. The low-activity strains showed a range of enzymatic
activities from 0.007-0.033 EU/ng PTx while the high-activity strains
had a range of 0.120-0.195 EU/ng PTx (p<0.005) (Figure 1). Similarly,
using an anti-PTx polyclonal antibody for detection, a wide range of
carbohydrate-binding activities of PTx to glycoprotein fetuin was also
observed (2.758-86.323 BU/ng PTx; Figure 1).

Results from triplicate experiments for the low-activity strains
showed a range of 2.758 to 4.061 BU/ng PTx. The high-activity strains
were approximately 20 fold higher binding activity (range of
81.193-82.262 BU/ng PTx) than the low-activity strains (p<0.005)
(Figure 1).

Monoclonal antibodies to different PTx subunits S1, S2 and 3 and
S4 were also used as detection reagents to further investigate if the
observed binding activities were strain specific (Figure 2).

Figure 2: Carbohydrate binding activities of PTx derived from
clinical isolates using PTx subunit specific monoclonal antibodies
and various glycoprotein capture ligands. (A) Carbohydrate-
binding activities of PTx from low- and high-activity strains to
glycoprotein fetuin detected with polyclonal and monoclonal
antibodies: Polyclonal, pAb to PTx; S1, mAb to subunit S1; S2/3,
mAb to subunit S2 and 3 and S4, mAb to subunit S4. The
experiment was performed three times and the black bars represent
the average activity of the three strains±SD. (B) Binding activity of
PTx from low- and high-activity strains to different glycoproteins
with different types of N-glycan structures using polyclonal
antibody as detection antibody. RNaseB has only high mannose
structures, to which PTx does not bind and serves as a negative
control (data not shown). Numbers of sialic acid moiety in the
major glycan component of the glycoproteins are: Fetuin=3;
AsFetuin=0; H alpha 1 AGP=3 and 4; htf=2. The experiment was
performed three times and a representative result is shown. The
black bars represent the average activity of triplicate±SD.
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In vivo toxicity activities in selected strains
The selected strains were also assessed for their in vivo toxicity by

their ability to promote lymphocytosis. Mice injected with
supernatants from the three high-activity strains showed higher
lymphocyte counts compared to the low-activity strains although the
difference was not significant (p=0.256; Figure 3). Further toxicity
assessment, based on their ability to cause histamine sensitisation was
carried out using the HIST model. All three supernatants from the
high-activity strains showed significantly higher HS activities, by
approximately 50%, than the low-activity strains (p=0.05; Figure 3).

DNA sequence and mass spectrometric analysis of PTx
subunits

To further investigate the underlying mechanisms of the observed
differences in the functional activities between these strains, genomic
DNA sequencing and mass spectrometric analysis of PTx subunits
were performed. The DNA sequences of the PTx gene clusters for all
six strains were found to be identical (data not shown), except that
there was a silent mutation of a single nucleotide change in ptxC
(subunit S3) at base 681, where all the three low-activity strains
contained cytosine in this location while all the three high-activity
strains contained thymine (Table 2). This is a silent mutation as both
codons code for the same amino acid cysteine (Cys199), the C-
terminal residue of subunit S3.

Mass spectrometric analyses of tryptic peptides from subunits S1-S5
of PTx derived from four of these strains (two each of the low- and
high-activity) were also carried out. Subunits S1 to S4 were clearly
identified in all the PTx preparations and the amino acid sequence
coverages compared favourably with published data [35,36]; for
example, the data for strain PCRB12 were 86% for subunit S1, 35% for
S2, 47% for S3, 53% for S4 while S5 was not detected. The tryptic
peptides profiles of subunits S2 and S4 from all these strains were very
similar (data not shown). However, there were differences amongst the
cysteine containing tryptic peptides for subunits S1 and S3 between
the high- and low-activity strains. In low-activity strains, cysteine
containing tryptic peptides were identified between Cys41 and Cys201
regions of subunit S1 and at the C-terminal Cys199 region of subunit
S3 (containing the silent mutation at base 681) (Table 2); and these
peptides were not detected in the high-activity strains.

Discussion
B. pertussis is extremely homogenous and most variation observed

so far has been in its virulence genes, for example: ptxA, pertactin and
fimbriae [19,22]. In the present study, the strains tested had the same
ptxA gene sequence. Since the 1990s the major PFGE group of B.
pertussis circulating in Europe has been group IV [37,38] and this
PFGE group IV is further divided into three subgroups, α,β and γ. In
2004, when isolates from eight European countries, including Finland
and The Netherlands, were compared, isolates with subgroup IVβ
were found to be dominant [37]. The ptxA gene codes for the A-
protomer (subunit S1) of PTx which is an NAD hydrolase and an
ADP-ribosyltransferase which catalyses the ADP-ribosylation of
guanine nucleotide inhibitory (Gi) protein of eukaryotic cells. The B-
oligomer (formed from subunit dimers S2-S4 and S3-S4 and subunit
S5), which binds preferentially to multi-sialylated N-glycans structures
[14], is responsible for the binding of the toxin to host cell receptors
thereby facilitating entry of the A-protomer into the cell.

Figure 3: Relative lymphocytosis and histamine sensitisation (HS)
activities of low- and high-activity clinical isolates. (A) Numbers of
lymphocytes in blood four days after injection with bacterial strain
supernatants with a PTx concentration of 100 ng/dose were
determined. Three bacterial strain supernatants from each group
were used. Ten mice per group were injected intra-peritoneally
(i.p.) with 0.5 ml of PTx reference (NIBSC, 90/518) at 5.25, 1.75 and
0.58 IU/dose or with 0.5 ml of bacterial strain supernatants with a
PTx concentration of 100 ng/mouse. At four days post
administration tail bleeds were taken from mice and lymphocytes
in the whole blood were counted. LogLY, Log of number of
lymphocytes; the bars represent the average lymphocytes of the
three strains. Although not statistically significant, number of
lymphocytes was markedly higher in the high-activity than the low-
activity strains. Insert-PTx reference at 3 doses: 0.58 IU, 1.75 IU
and 5.25 IU/dose. (B) Ten mice per group were injected with
bacterial strain supernatants with a PTx concentration of 100 ng/
dose and their HS activities were determined against the PTx
reference (IU/dose) at three different doses (0.58 IU, 1.75 IU and
5.25 IU). The bars represent the average HS activity of the three
strains. High-activity strains had significantly higher PTx activity
than the low-activity strains in HIST, p=0.05.

PTx is known to mediate bacterial attachment both to epithelial
cells of the respiratory tract and to macrophages via its B-subunits
[39,40]. In the present study, we measured the enzymatic and cell-
binding function of the PTx [13,14] from clinically isolated strains and
it was found that the high and low activities observed in the in vitro
assays were mirrored the in vivo toxicity tests. This indicates a positive
correlative relationship between the two in vitro assay methods and
the in vivo methods. Furthermore, this in vitro biochemical assay
system has been successfully used for the evaluation of PTx activities
of different purified toxin preparations and residual toxin activities in
vaccine matrices [11] and this is the first time it is applied to assessing
the PTx toxic activities of clinical B. pertussis strains.

It has been reported that the B. pertussis population has changed
after the introduction of vaccination [22]. One of these changes
involves the promoter for PTx (ptxP) and strains carrying the ptxP1
allele haven been replaced by those carrying a novel variant, ptxP3.
There is evidence that the ptxP3 strain-type is associated with
increased incidences of pertussis [23,24]. There are certainly strong
merits to further study these two pertussis strain types in terms of their
in vitro activities, genetic make-ups and the relationship of PTx
structure to bioactivities. In the present study, a total of 31 clinical
isolated strains (17 ptxP1 strains and 14 ptxP3 strains) were assessed
for PTx enzymatic and carbohydrate binding activities and a wide
range of activities were found for both assay systems. Interestingly the
three strains with highest in vitro activities belonged to the ptxP3 type
and the three strains with the lowest activities belonged to the ptxP1
type. However, not all ptxP3 strains showed higher activity than ptxP1
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strains and there was no statistical significant difference between these
two groups with all strains tested (data not shown). Therefore, the
present study was unable to establish a clear difference between these
two types of strains in terms of their enzymatic and carbohydrate
binding activities. Future study involving larger number of ptxP1 and
ptxP3 strains would provide a better definitive analysis.

A.

676 679 682

Consensus
sequence

Strains (type)

A T A T G Y T G A

PRCB12 (ptxP1) • • • • • C • • •

PRCB20 (ptxP1) • • • • • C • • •

PRCB309 (ptxP1) • • • • • C • • •

PRCB414 (ptxP3) • • • • • T • • •

B1865 (ptxP3) • • • • • T • • •

B2903 (ptxP3) • • • • • T • • •

B.

Strains

PTx

Subu
nit

Peptide amino-acid
sequence

PCRB12

(ptxP1)

PCRB20

(ptxP1)

B1865

(ptxP3)

B2903

(ptxP3)

S1 SCQVGSSNSAFVSTSS
SR (40-57)

+ + - -

S3 VHVSKEEQYYDYEDAT
FQTALTGISLCNPA-
ASIC (167-199)

+ + - -

Table 2: (A) DNA sequences of ptxC coding for subunit 3 from ptxP1
and ptxP3 strains at the single point mutation region (base 681) and
(B) Mass spectrometric analysis of pertussis toxin (PTx) purified from
ptxP1 and ptxP3 strains showing differences in tryptic peptides in
subunits S1 and S3 that contain cysteine residues (underlined);  (+)
detected and (-) not detected.

The positive relationship between the two biochemical functional
activities and the in vivo toxic activities in those clinical isolates is
interesting. One could speculate that the significantly higher
carbohydrate binding activity to various N-glycans structures of
glycoproteins by the high-activity strains (type ptxP3) found in this
study may explain their increased colonising ability and toxicity in
relation to the low-activity strains (type ptxP1) by enhanced host cell
binding activities [41]. Genotype analysis does not directly account for
differences in specific activities between the two strain types, as the
DNA coding for PTx of all strains are the same, except for the silent
point mutation in ptxC (subunit S3) at base 681 in high-activity strains
relative to low-activity ones. The three low-activity strains contained
cytosine at this location, whereas high-activity strains contained
thymine and this finding is in agreement with a previous report [23]. It
has been suggested that naturally occurring silent single nucleotide
polymorphisms (SNPs) can affect in vivo protein folding and
consequently affect protein function via altered translational kinetics
of mRNA, which in turn might affect final protein conformation [42]

and therefore give rise to a protein product with the same amino acid
sequence but different structural or functional features [43,44].
Another explanation for the different specific activities may be due to
differences in post-translational modification of PTx subunits in low-
and high-activity strains. This may explain why mass spectrometric
analysis showed differences in the peptides detected when PTx from
the low- and high-activity strains were compared. Under non-
reducing conditions, tryptic peptides with free cysteine residues were
detected in subunits S1 and S3 from the low-activity strains which
would indicate disulphide bonds were not formed in those peptide
regions. In contrast, those same peptides were not detected from the
high-activity strains, which would suggest disulphide bonding
amongst those cysteine residues. Absence of a peptide might also
indicate post-translational modification. Genetic loci, located outside
the PTx gene cluster may be involved in post-translational
modification. In this context it is significant that the genomes of low-
and high-activity strains differ in 31 genes of which, four are of
unknown functions [45]. In future, more detailed proteomic studies
are required to understand, and to explore any differences in post-
translational modifications between the two types of strains, and how
these affect the enzymatic and carbohydrate binding activities.
Preferably, a larger number of clinical isolates from different countries
should be examined.

In conclusion, in the present study, we report for the first time that
PTx produced by clinically isolated strains showed differences in their
enzymatic and carbohydrate binding activities. The positive
relationship between the in vitro and in vivo assays indicate that the
biochemical assay results reflect in vivo toxicities and provides
evidence that the in vitro assay system could be applied to the
evaluation of clinical isolates. It is also interesting to note that the
difference between low- and high-activity strains could be related to
differences in PTx structure and/or due to post-translational
modification. These findings should give impetus for further studies
on the subtle differences between strains producing this key virulence
factor of B. pertussis and vaccine antigen critical to whooping cough
disease prevention.
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