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A Bordetella pertussis expression system was developed to analyze the structure-function relationship, in vivo
assembly, and biosynthesis of pertussis toxin. The toxin structural gene was first deleted from the B. pertussis
chromosome; into the resulting B. pertussis strain the toxin gene was introduced on a low-copy-number,
broad-host-range plasmid. The amount of pertussis toxin produced and secreted with this expression system
was in the same order of magnitude as that produced by B. pertussis Tohama I, indicating that although the
plasmid may be present in more than one copy per cell, overproduction of the toxin was not achieved in B.
pertussis. Expression of mutant pertussis toxin genes in which the codon for Cys-41 was deleted or altered or
in which the carboxy-terminal region was deleted showed that both the single intrachain disulfide bond and the
carboxy-terminal region of S1 are essential for the stable expression, assembly, and secretion of Sl. On the
other hand, the B oligomer was efficiently secreted in the culture medium in the absence of the S1 subunit. The
secreted B oligomer contained S2, S3, and S4 subunits as evidenced by enzyme-linked immunosorbent assay
and was fully functional with respect to haptoglobin binding. Furthermore, the deletion of the hydrophobic
carboxy-terminal region has a drastic effect on S1 subunit solubility; however, inclusion of the hydrophobic
region was not sufficient for assembly and secretion, indicating that other interactions involving amino acids
beyond residue 207 of the S1 subunit are also required.

Pertussis toxin (PTX) is an exotoxin produced by virulent
Bordetella pertussis, the causative agent of whooping cough
(35). PTX is an oligomeric protein composed of five different
subunits, named Si through S5. The structure of the toxin
conforms to the A-B model for bacterial toxins (40). The A
protomer is composed of the subunit S1, which expresses
ADP ribosyltransferase and NAD glycohydrolase activities
(23). The B oligomer is formed of two different dimers, Dl
(subunits S2 and S4) and D2 (subunits S3 and S4), held
together by the S5 subunit (40). The B oligomer mediates the
binding of the holotoxin to the membrane of the eucaryotic
target cell and the subsequent translocation of the enzymat-
ically active Si subunit into the cytoplasm of the cell (41).
Among the different interactions between the five sub-

units, the interaction of the Si subunit with the B oligomer is
the weakest (40). Release of the Si subunit is promoted in
vitro by the addition of dithiothreitol, ATP or dipolar ionic
detergents such as 3-[(3-cholamidopropyl)-dimethylammo-
niol-1-propane-sulfonate (CHAPS) (8, 20, 21, 34). Reduction
of the isolated Si subunit prevents in vitro reassociation of
the Si subunit and the B oligomer (9). In addition, the
reduction and most likely the release of the Si subunit from
the B oligomer are required for the expression of both ADP
ribosyltransferase and NAD glycohydrolase activities (8, 21,
23, 33). This reduction can be achieved by glutathion in the
eucaryotic target cell (21). The gene of PTX has been cloned
(27, 36) and sequenced (30, 36). The analysis of the primary
structure of the S1 subunit revealed that this protein pos-
sesses two cysteine residues at positions 41 and 200. These
two cysteines form a disulfide bond in the S1 subunit when
the holotoxin is secreted from the bacteria. In vitro modifi-
cation of the cysteine residues (9, 20, 22) and site-directed
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mutagenesis (C. Locht, Y. Lobet, C. Feron, W. Cieplak, and
J. M. Keith, J. Biol. Chem., in press) of these residues have
shown that Cys-41 but not Cys-200 is located near the
NAD-binding site of the enzyme.
The amino-terminal portion of the S1 subunit of PTX has

amino acid homology to the A subunit of cholera toxin and
Escherichia coli heat-labile toxin, two ADP-ribosylating
subunits acting on substrates similar to that of PTX (30, 36).
Furthermore, a truncated form of the PTX S1 subunit
produced as a fusion protein in E. coli, in which the
carboxy-terminal domain was deleted, expressed NAD gly-
cohydrolase activity indistinguishable from that of the entire
S1 subunit (29), indicating that the enzyme domain is located
in the amino-terminal region of the molecule. The carboxy-
terminal portion of the cholera toxin A subunit is involved in
the binding of the A subunit with the cholera toxin B
oligomer (17). A limited tryptic digestion of the Si subunit
has suggested that the carboxy-terminal part of the molecule
is important for the in vitro association of the A protomer
with the B oligomer (6), analogous to cholera toxin.

In this study we provide direct evidence that both the
disulfide bond and the carboxy-terminal region are essential
for the in vivo assembly of the holotoxin and that the B
oligomer may be assembled in vivo and secreted in the
absence of the S1 subunit.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. B. pertussis

Tohama I was provided by P. Roelants (Smith Kline-Biolog-
icals, Rixensart, Belgium). B. pertussis Tohama I (Smr Nalr)
and B. pertussis BPRA were developed in this study. E. coli
TG1 [A(lac-pro) supE thi hsdD5IF' traD36 proA+B+ lacIq
lacZAM15] was purchased from Amersham Corp., Amer-
sham, England. E. coli SM10 (38) was provided by S. Stibitz
(Food and Drug Administration, Bethesda, Md.). Plasmids
pTOX9 (4) and pSS1129 were supplied by W. J. Black
(Stanford University, Stanford, Calif.) and S. Stibitz, re-
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TABLE 1. Plasmids used in this study

Plasmid Characteristics Source or reference

pLAFRII Mobilizable, IncP-1 plasmid, Tetr 13
pTOX9 Mobilizable, ColEl oriV, Ampr 4
pSS1129 Mobilizable, ColEl oriV, Ampr Genr Sms, derivative of pRTP1 39
pUC7 ColEl oriV, Ampr, multiple cloning site 42
pTXS11 Truncated Si cistron inserted into pUC18 29
pTXS13 S1 cistron inserted into pUC18 29
pRIT13295 pSS1129 derivative containing the PIX gene-flanking regions This study
pRIT13294 pLAFRII derivative containing the PTX gene This study
pRIT13070 pUC7 derivative containing the PTX gene This study
pRIT13374 Similar to pRIT13070 with deletion of codon 41 in the Si cistron This study
pRIT13375 Similar to pRIT13070 with TGC-to-GGC replacement of codon 41 in the S1 cistron This study
pRIT13376 Similar to pRIT13070 with TGC-to-AGC replacement of codon 41 in the Si cistron This study
pRIT13368 pLAFRII derivative containing the PTX gene from pRIT13374 This study
pRIT13369 pLAFRII derivative containing the PTX gene from pRIT13375 This study
pRIT13370 pLAFRII derivative containing the PTX gene from pRIT13376 This study
pRIT13377 Similar to pRIT13070 containing the S1 cistron deletion from codon 187 to codon 234 This study
pRIT13371 pLAFRII derivative containing the PTX gene from pRIT13377 This study
pRIT13378 Similar to pRIT13070 containing the S1 cistron deletion from codon 207 to codon 234 This study
pRIT13380 Similar to pRIT13378 containing a frameshift mutation in the S1 cistron This study
pRITi3372 pLAFRII derivative containing the PTX gene from pRIT13378 This study
pRIT13373 pLAFRII derivative containing the PTX gene from pRIT13380 This study

spectively. pSS1129 is a derivative of pRTP1 (39), in which
a 2.5-kilobase (kb) DNA fragment coding for gentamicin
resistance has been inserted. Plasmid pLAFRII (13) was

provided by J. J. Mekalanos (Harvard Medical School,
Boston, Mass.), and pUC7 (42) was provided by N. Har-
ford (Smith Kline-Biologicals, Rixensart, Belgium). pTXS11
and pTXS13, coding for rSld and rSl, respectively, were

described previously (29). The recombinant phages
cpRIT20003, upRIT20004, and pRIT20005 were described
elsewhere (Locht et al., in press). Briefly, these three phages
are M13mpl8 derivatives in which the DNA coding for rSld
has been inserted and the codon for Cys-41 has been deleted
(yRIT20003) or replaced by the GGC codon for glycine
(yRIT20004) or the AGC codon for serine (pRIT20005). All
other plasmids were developed in this study. The plasmids
used are summarized in Table 1.

E. coli strains were grown in LB broth or minimal medium
(31). Antibiotic-resistant E. coli strains were selected with
100 ,ug of ampicillin per ml or 15 ,ug of tetracycline per ml. B.
pertussis was grown on Bordet Gengou (BG) agar, or in
modified Stainer Scholte (SS) medium containing 1 g of
2,6-O-dimethyl-,-cyclodextrin per liter (19) and the relevant
antibiotics at the following concentrations: tetracycline, 15
,ug/ml; gentamicin, 15 jxg/ml; nalidixic acid, 50 ,ug/ml; and
streptomycin, 100 ,ug/ml. BG agar contained 36 g of BG agar
(Difco Laboratories, Detroit, Mich.) per liter, 10 ml of
glycerol per liter, and 200 ml of defibrinated sheep blood per

liter.
DNA manipulation. Restriction enzymes, T4 DNA ligase,

and other DNA-modifying enzymes were purchased from
Pharmacia-LKB (Uppsala, Sweden), Boehringer (Mann-
heim, Germany), or Bethesda Research Laboratories, Inc.
(Bethesda, Md.), and used as recommended by the supplier.
DNA sequencing was carried out with the T7 sequencing kit
from Pharmacia-LKB according to the instructions of the
supplier. All other DNA manipulations were performed
under standard conditions, as described by Maniatis et al.
(31). Southern blot analyses were performed with 32P-la-
beled DNA probes. The DNA was labeled by nick transla-
tion with [a-32P]dCTP (800 Ci/mmol; Dupont, NEN Re-
search Products, Boston, Mass.). The oligonucleotides used
for sequencing were synthesized on an automated solid-

phase synthesizer and had the following sequences: GGGG
ATACCTGCGACGCGCTTGTTCTGGGC (S21), ATAGAC
CTCGGTATAGCGCCGGCTG (Cl), and TTGATGATGCC
GCCGTACGCCTGGCCCAGG (S32). Chromosomal DNA
was isolated from B. pertussis by the method of Hull et al.
(18).

Bacterial conjugation. Freshly grown E. coli SM10 cells
containing pLAFRII-derived or pSS1129-derived recombi-
nant plasmids were mixed with freshly grown Nalr Smr B.
pertussis Tohama I or BPRA cells on BG agar plates by
using sterile plastic inoculating loops (Nunc InterMed,
Roskilde, Denmark). The strains were mated at 36°C for
approximately 5 h. The cells were then spread on BG plates
containing nalidixic acid and tetrac\cline, or nalidixic acid
and gentamicin, and the plates wef incubated for 5 days at
36°C. Antibiotic-resistant hemolytic B. pertussis colonies
were then grown in liquid SS mediumn containing the appro-
priate antibiotics for further analysis.

Analytical procedures. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis with 12.5% polyacrylamide slab
gels was carried out as described by Laemmli (25). Western
immunoblot analyses with monoclonal antibodies were per-
formed as described previously (29). The monoclonal anti-
bodies used in this study were described by Francotte et al.
(11), Frank and Parker (12), and Marchitto et al. (32).
Expression of the recombinant Si subunit genes in E. coli
was performed as described earlier (29).

Enzyme-linked immunosorbent assay (ELISA). The wells
of polystyrene microdilution plates (4-39454; Nunc) were
coated overnight at 4°C with 50 pJl of haptoglobin (2 ,ug/ml,
H-1511; Sigma Chemical Co., St. Louis, Mo.) or purified
polyclonal rabbit anti-PTX antibodies (2 ,ug/ml) in 100 mM
carbonate buffer (pH 9.5). The plates were washed three
times with phosphate-buffered saline (PBS) containing 0.1%
Tween 20 (PBS-Tween). Nonspecific binding sites were
blocked with PBS-Tween containing 1% bovine serum albu-
min and 4% newborn calf serum (saturation buffer) for 6 h at
room temperature. The plates were washed again three times
with PBS-Tween. PTX (List Biological Laboratories, Inc.,
Campbell, Calif.) or culture supernatant samples (50 ,ul) in
serial dilutions were then added to each well in PBS-Tween
containing 1% bovine serum albumin. After overnight incu-
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bation at 4°C, the plates were washed again three times with
PBS-Tween. Mouse polyclonal anti-PTX antiserum (1/
10,000 dilution) or subunit-specific monoclonal antibodies (5
,ug of 22A2 [anti-Si], F6D1 [anti-S2], 59F4 [anti-S3], or
43H10 [anti-S4] per ml) were then added in PBS-Tween
containing 1% bovine serum albumin for 2 h at 37°C. After
three washes with PBS-Tween, biotinylated anti-mouse im-
munoglobulin G (RPN.1001; Amersham) was added at a
1/500 dilution for 1.5 h at 37°C in PBS-Tween. The plates
were washed again three times with PBS-Tween and then
incubated with the streptavidin-biotinylated horseradish per-
oxidase complex (RPN.1051; Amersham) at a dilution of
1/1,000 for 30 min at 37°C in the saturation buffer. The plates
were washed again three times with PBS-Tween and then
developed with 0.4 mg of O-phenylenediamine dihydrochlo-
ride (P-4664; Sigma) per ml and 1 ,ul of hydrogen peroxide
per ml in 0.1 M citrate buffer (pH 4.5) at room temperature
in the dark. The plates were read on a Nunc immunoreader
NJ2000.
CHO cell cytotoxicity assay. The Chinese hamster ovary

(CHO) cell assay was performed essentially as described by
Hewlett et al. (15), with minor modifications. Briefly, the
CHO cells were grown in RPMI medium (GIBCO Labora-
tories, Grand Island, N.Y.) supplemented with 2 mM L-
glutamine, 50 IU of penicillin per ml, 50 IU of streptomycin
per ml, and 10% newborn calf serum at 37°C at 5% CO2.
After trypsinization the cells were suspended in the same
medium at 105 cells per ml, and 200 ,ul of this suspension was
added to 96-well microdilution plates in the presence of 50 Iul
of the PTX samples or B. pertussis culture supernatants in
serial dilutions. After incubation for 48 h at 37°C, the cells
were washed with PBS and fixed with methanol. The cells
were then Giemsa stained and examined under a light
microscope.

RESULTS

Deletion of the structural PTX gene from the B. pertussis
chromosome. To avoid possible homologous recombination
between the wild-type PTX gene on the B. pertussis chro-
mosome and mutated genes on incoming plasmids, the
chromosomal gene was deleted from the B. pertussis To-
hama I strain. Plasmid pTOX9 containing the complete PTX
operon and its flanking regions was digested with KpnI and
BglII and then treated with Bal 31 exonuclease to remove an
additional 150 to 200 bp at either end, such that the PTX
promoter with its regulatory sequences (14), as well as the
cistrons of subunits S1, S2, S4, and S5 and the 5' end of the
S3 cistron (Fig. 1), were removed. After digestion the DNA
was treated with T4 DNA polymerase in the presence of all
four nucleotides, ligated, and introduced into E. coli TG1 by
transformation. The E. coli clones were then analyzed by
colony blot hybridization with the two DNA probes shown
in Fig. 1. Plasmid DNA of clones that hybridized with probe
2 but failed to hybridize with probe 1 was purified and
analyzed by Southern blot hybridization with the same
probes and by DNA sequencing with oligonucleotide S32 as
a primer. The plasmid containing the B. pertussis DNA
sequence shown in Fig. 1 was then digested with ClaI, and
the resulting 7-kb DNA fragment containing the PTX gene-
flanking regions was inserted into the unique HindIll site of
pSS1129, after treatment of the DNA with T4 DNA poly-
merase in the presence of all four nucleotides. The recom-
binant plasmid, designated pRIT13295, was then used to
delete the PTX operon in the B. pertussis chromosome.

E. coli SM10(pRIT13295) was mated with B. pertussis
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FIG. 1. Schematic representation of the PTX gene region. (a)

Wild-type PTX gene and its flanking region. Probes 1 and 2
represent the lengths and positions on the PTX genes of the two
probes used for hybridization. The arrows show the length, direc-
tion, and position on the chromosome of the PTX subunit cistrons.
Pr indicates the promoter-regulatory region. The open box repre-
sents the portion of the PTX gene that is deleted. The hatched boxes
and the solid line represent the part of the PTX gene and its flanking
regions that remained after deletion. Restriction sites: C, ClaI; E,
EcoRI; K, KpnI; B, BgIII. (b) DNA sequence and derived protein
sequence of the junction after deletion. The nucleotides are grouped
in triplets and in frame with the S3 subunit cistron. Amino acids are
shown by the single-letter code. The remaining portion of the S3
subunit cistron is indicated by the arrow.

Tohama I (Nalr Smr), a spontaneous mutant isolated by two
consecutive selections of hemolytic B. pertussis Tohama I,
first on BG agar containing nalidixic acid and then on BG
agar containing streptomycin. After mating, the B. pertussis
clones with pRIT13295 integrated into their chromosomes
were selected on BG plates containing nalidixic acid and
gentamicin. The gentamicin-resistant clones were then
plated on BG agar containing streptomycin to select for a
second homologous recombination event. After the selection
steps approximately 100 hemolytic B. pertussis clones were
analyzed by colony blot hybridization with probes 1 and 2
(Fig. 1). Chromosomal DNA from clones that hybridized
with probe 2 but not with probe 1 was purified and analyzed
by Southern blot hybridization after digestion with EcoRI or
PstI. Figure 2a shows a Southern blot analysis of one of
these clones, designated B. pertussis BPRA, compared with
that of B. pertussis Tohama I. Probe 2 (Fig. 1) hybridized to
a 4.7-kb EcoRI DNA fragment from B. pertussis Tohama I,
whereas it hybridized to an approximately 2-kb EcoRI DNA
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FIG. 2. Southern blot (a) and Western blot (b) analyses of B.
pertussis Tohama I and BPRA. Southern blot analysis was per-
formed with probe 2 (Fig. 1) hybridized with genomic DNA (1 Fg per
lane) from B. pertussis Tohama I (lanes 1 and 5) and BPRA (lanes 2
and 6), plasmid pTOX9 (20 ng per lane) (lanes 3 and 7), and
pRIT13295 (20 ng per lane) (lanes 4 and 8) digested with EcoRI
(lanes 1 through 4) or PstI (lanes 5 through 8). The sizes in kilobases
of some of the hybridizing DNA fragments are shown in the left
margin. Western blot analysis was performed on 500 ,ul of trichloro-
acetic acid-precipitated culture supernatants of B. pertussis Tohama
I (lane 1) and BPRA (lane 2) and 1 ,ug of purified PTX (lane 3) with
a mixture of monoclonal anti-PTX antibodies. The antibodies used
were anti-Si 5C2, anti-S2 PllBlO (12), anti-S3 F19B2, anti-S4
43H10, and anti-S5 83H1 (11). The molecular weights are shown in
the left margin.

fragment from strain BPRA, indicating that 2.7 kb of the
EcoRI fragment containing the PTX operon in B. pertussis
Tohama I was deleted in strain BPRA. Southern blot analy-
sis with the same probe on DNA digested with PstI showed
that the deleted fragment in BPRA originally contained the
DNA coding for Si, S2, S4, and S5 subunits, as well as the
promoter-regulatory region, and the 5' end of the S3 cistron.
Western blot analysis (Fig. 2b) indicated that strain BPRA
did not produce any of the PTX subunits, whereas B.
pertussis Tohama I was able to produce holotoxin under the
same growth conditions. The growth rate in SS medium and
the production of other virulence factors such as filamentous
hemagglutinin (FHA) were not significantly altered in strain
BPRA, as compared with B. pertussis Tohama I, indicating
that at least in these growth conditions the presence of the
PTX gene provides no growth advantage and does not
influence FHA production.

Expression in B. pertussis of the PTX gene on a recombinant
plasmid. Lee et al. (26) have shown that pMA2, a pLAFRII
derivative containing the PTX gene, can be introduced into
and will replicate in Bordetella spp. However, the plasmids
appeared to be rather unstable in B. pertussis Bp357
(ptx-::Tn5), which produced a small amount of cell-associ-
ated PTX, indicating that the overproduction of PTX in B.
pertussis is detrimental to the bacterium. In our efforts to
develop a B. pertussis expression system, it was important
to investigate whether the PTX gene in pLAFRII derivatives
could be stably maintained and expressed in B. pertussis
BPRA. The 4.7-kb EcoRI DNA fragment containing the PTX
operon (27, 36) was therefore inserted into the unique EcoRI

FIG. 3. Western blot analysis of PTX synthesized by B. pertussis
BPRA containing various plasmids. After growth for 4 days in 5 ml of
SS medium containing tetracycline and cyclodextrin, the B. pertus-
sis BPRA cells containing pRIT13294 (lanes 2 and 3), pLAFRII
(lanes 4 and 5), or pRIT13368 (lanes 6 and 7) were separated from
the culture medium by centrifugation. The cells were suspended in
200 Fl of PBS. Then 100 [lI of triple-strength electrophoresis sample
buffer (25) was added, and 10-,ul samples were loaded on lanes 2, 4,
and 6. The culture media were precipitated with 10% trichloroacetic
acid and suspended in 100 pJ of PBS. A 50-,u sample triple-strength
electrophoresis sample buffer was added, and 15-pA samples were
loaded on lanes 3, 5, and 7. After electrophoresis and electroblot-
ting, the S1 and S2 subunits were detected as described previously
(29) with a mixture of anti-Si monoclonal antibody B2F8 (32) and
anti-S2 monoclonal antibody PllBlO (12). Lane 1 contains 1 ,ug of
purified PTX. Molecular weights of markers are shown in the left
margin.

site of pLAFRII, and the resulting recombinant plasmid,
pRIT13294, was introduced into B. pertussis BPRA by
conjugation. The hemolytic Tetr B. pertussis clones were
then grown in SS medium in the presence of tetracycline and
cyclodextrin for further analysis. After growth, both the
cells and the culture medium were analyzed for the presence
of PTX subunits by Western blots with monoclonal anti-Si
(B2F8 [32]) and anti-S2 (PllBlO [12]) antibodies. BPRA
(pRIT13294) produced and secreted PTX subunits that re-
acted with the monoclonal antibodies (Fig. 3). Although no
anti-S3 antibody was used in this experiment, the S3 subunit
was nevertheless detected because of a slight cross-reac-
tivity of the anti-S2 antibody PllBlO with S3, most likely
due to the high degree of homology between S2 and S3 (30,
36). In contrast, in BPRA(pLAFRII), no PTX subunits were
detected. These results indicate that the PTX gene can be
expressed from a low-copy-number plasmid in B. pertussis
and that consequently the vir gene-dependent regulation acts
in trans.

Analysis by ELISA with rabbit and mouse anti-PTX
polyclonal antibodies to detect and quantify PTX indicated
that BPRA(pRIT13294) secreted similar but somewhat lower
amounts of PTX (3.2 pig/ml) as compared with the Tohama I
strain (6.5 jxg/ml). BPRA containing no plasmid or pLAFRII
secreted no detectable PTX (<0.05 jig/ml).

Role of the disulfide bond in the assembly and biosynthesis
of PTX. To directly investigate the role of the disulfide bond
of the S1 subunit in the assembly and biosynthesis of PTX,
Cys-41 of the S1 subunit was deleted or replaced by Gly or
Ser. To introduce site-specific mutations in the PTX operon,
the entire gene was inserted into pUC7 as an EcoRI DNA
fragment. The resulting plasmid, pRIT13070, was then used
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TABLE 2. Analyses of mutant PTX produced by B. pertussis BPRA containing various plasmids

% of bound toxind
BPRA containing: Concna (,ug/ml) Haptoglobin binding' (%) CHO toxicityc

Si S2 S3 S4

pLAFRII <0.008 <2
pRIT13294 2.5 100 32 100 100 100 100
pRIT13368 (C41A) 1.5 88 <2 <0.9 82 117 90
pRIT13369 (C41G) 2.5 105 <2 <0.7 113 94 100
pRIT13370 (C41S) 1 74 <2 <0.9 105 120 60
pRIT13371 (1RA187) 1.5 74 <2 <0.9 75 76 80
pRIT13372 (S1A207) 2 100 <2 <1 110 93 87
pRIT13373 (S1A&207') 6 136 <2 <0.14 140 87 138

a The concentrations of culture supernatants were determined by sandwich ELISA with rabbit anti-PTX antisera as coating antibodies and mouse polyclonal
anti-PTX antisera as developing antibodies.

b The haptoglobin-binding capacities were assayed by the addition of serial dilutions of culture supematants to haptoglobin-coated microdilution plates and
quantification of the bound toxin analogs with mouse polyclonal anti-PTX antibodies. The amounts of toxin analogs bound to the plates were compared with their
respective concentrations in the culture media and expressed as percentages of bound toxin produced by BPRA(pRIT13294).

Highest dilution of the culture supernatants at which CHO cell cytotoxicity was observed (see Materials and Methods).
d The different subunits were quantified by ELISA with haptoglobin-coated microdilution plates and monoclonal antibodies as described in Materials and

Methods. The amounts of the subunits bound to the plates were compared with the concentrations of the respective toxin analogs in the culture media and are
expressed as percentages of bound toxin produced by BPRA(pRIT13294).

to introduce the various mutations of the Si subunit cistron.
E. coli TG1 cells were infected with pRIT20003, wpRIT20004,
or pRIT20005, recombinant M13 phages containing DNA
coding for the catalytic domain of the Si subunit with a
deletion of codon 41, its replacement by GGC coding for
Gly, or AGC coding for Ser, respectively. The double-
stranded replicative DNA forms were isolated and digested
with AccI. The 300-base-pair (bp) AccI fragments were then
inserted into AccI-digested pRIT13070 to yield pRIT13374,
pRIT13375, and pRIT13376, respectively. The modified PTX
genes of these three plasmids were then isolated as 4.7-kb
EcoRI DNA fragments and inserted into the EcoRI site of
pLAFRII to yield pRIT13368, pRIT13369, and pRIT13370,
respectively. E. coli SM10 was then transformed with each
of the three recombinant plasmids and conjugated with B.
pertussis BPRA. The three BPRA strains containing these
plasmids were then analyzed for the production and secre-
tion of PTX. Western blot analysis of the culture medium
and the B. pertussis cells with anti-Si and anti-S2 monoclo-
nal antibodies indicated that all three mutant genes ex-
pressed PTX-cross-reactive material, but that, in contrast to
the wild type gene on pRIT13294 in BPRA, no Si subunit
could be detected either in cell-associated form or in the
culture supernatants. The S2 subunit was readily detected in
the culture supernatant, although a significant amount re-
mained cell associated (Fig. 3). With the ELISA, subunits S3
and S4 were also detected (Table 2). This result indicates
that Cys-41 is essential for the stable synthesis of Si in B.
pertussis, most likely through its involvement in the unique
disulfide bond, and that the S2 subunit as part of the B
oligomer can be synthesized and secreted in the culture
medium in the absence of the Si subunit.

Role of the carboxy-terminal hydrophobic region in the
solubility of the Si subunit. Preliminary results indicated that
a carboxy-terminal truncation of a recombinant Si subunit
produced in E. coli increased its solubility (3, 29). Hydrop-
athy plots (24) of the Si subunit indicate that the carboxy-
terminal part of the molecule is rather hydrophobic. To
investigate in more detail the influence of the carboxy-
terminal region of the Si subunit on its solubility, the
truncated recombinant Si subunit rSld, which is produced
in E. coli (29) and lacks the 47 carboxy-terminal amino acids,
was compared with the full-length rSi protein in a cell
extraction analysis. E. coli cells producing either Si mono-
mer synthesized a protein that was reactive with anti-Si

monoclonal antibody B2F8 in roughly similar amounts (Fig.
4). When cells were washed with PBS or distilled water, very
little rSi leaked out from the E. coli cells, whereas consid-
erable amounts of rSld were released especially after the
second, hypotonic wash. After lysis of the cells and centrif-
ugation of the lysates, very little rSi was detected in the
supernatant fraction, and none was detected in the subse-
quent washes (Fig. 4). The majority of rSi was present in the

?- Cl) CfI

rSl rSld

.....~~~~~~~~~~~I C' _C. _ .. _.-_.O.. ....._

< <<
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FIG. 4. Western blot analysis of the partitioning of rSl and rSld
produced in E. coli. One-litre cultures of E. coli cells producing the
indicated recombinant Si subunit analogs were harvested by cen-
trifugation and suspended in 10 ml of PBS (TOTAL). The cells were
washed once with 10 ml of PBS (WASH I) and once with 10 ml of
distiled water (WASH II). The cells were then suspended in 10 ml of
25 mM Tris hydrochloride (pH 7.6) and 25 mM NaCl and disrupted
in a French pressure cell. The lysates were centrifuged, and the
supernatant was analyzed. The pellets were washed twice with 10 ml
of the same buffer (WASH Ia and WASH Ila), and the washed pellet
was suspended in 10 ml of the same buffer (PELLET). For the
Western blot analysis 0.01-ml samples of each fraction were mixed
with an equal volume of double-strength electrophoresis sample
buffer (25) and heated to 95°C for 5 min. After electrophoresis the
proteins were transferred to nitrocellulose and probed with mono-
clonal anti-Si antibody B2F8 as described elsewhere (29).
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pellet fraction and could only be solubilized with 6 M urea.
In contrast, the majority of rSld was detected in the super-
natant fraction of the cell lysates. Only trace amounts could
be detected after the first wash, and none was detected after
the second wash or in the pellet (Fig. 4). These results
demonstrate the direct influence of the carboxy-terminal
region on the solubility of the Si subunit.

Closer examination of the hydropathy plot reveals the
presence of two hydrophobic regions at the carboxy-ter-
minal end of the Si subunit, both deleted in rSld. By using
a similar cell extraction analysis, the importance of the major
hydrophobic region (extending from amino acid residues 183
to 196) on solubility of Si was analyzed. Therefore the
SalI-XbaI DNA fragment of pTXSll was replaced by a
300-bp SalI-AluI DNA fragment encoding the major hydro-
phobic region of Si, up to amino acid residue 207. For this
construction pTXSll (29) was first digested with XbaI,
treated with T4 DNA polymerase in the presence of all four
nucleotides, and then digested with Sall. pRIT13070 was
digested with Salf and A1uI, and the resulting 300-bp Sall-
AluI DNA fragment was inserted into pTXS11. After ligation
and transformation in E. coli TG1, the synthesis and solu-
bility of this truncated Si subunit were analyzed by Western
blotting after fractionation; the truncated Si subunit
(rSlA207) was found in the particulate fraction (data not
shown).

Role of the carboxy-terminal region in the assembly and
biosynthesis of PTX. To investigate the role of the carboxy-
terminal region and its hydrophobic portion on toxin biosyn-
thesis and assembly, the Si subunit cistron in the PTX gene
was replaced by DNA coding for its rSld analog and
truncated Si analogs containing the hydrophobic portion.
pTXSi1, coding for rSld, was digested with Sall and XbaI,
and the resulting 240-bp DNA fragment was inserted into
SalI-XbaI-digested pRIT13070 to yield pRIT13377. The re-
sulting PTX gene contained a truncated Si cistron, coding
for amino acids 1 to 187 (Fig. 5). This gene was then inserted
into pLAFRII to yield pRIT13371. In addition, the 380-bp
SalI-XbaI DNA fragment of pRIT13070 was replaced by the
300-bp SalI-AluI fragment described above. After ligation,
transformation, and DNA sequencing, one plasmid, named
pRIT13378, was found to contain the correct junction, with
the stop codon immediately following the Ser-207 codon,
whereas one plasmid, named pRIT13380, contained a read-
ing frame shift at the junction resulting in a cistron coding for
amino acid residues 1 through 207 of Si and 11 residues from
a different reading frame of the same gene (Fig. 5). Both
DNA fragments were inserted into pLAFRII, yielding
pRIT13372 and pRIT13373. Plasmids pRIT13371,
pRIT13372, and pRIT13373 were then introduced into B.
pertussis BPRA, and the expression products were analyzed
by Western blotting with anti-Sl and anti-S2 monoclonal
antibodies. As in the case of the mutant proteins containing
alterations in the Cys-41 position of Si, the carboxy-terminal
deletions resulted in no detectable Si subunit in the culture
supernatant or in a cell-associated form, whereas S2 was
efficiently synthesized and secreted. These results indicate
that, in addition to the disulfide bond, the carboxy-terminal
region of the Si subunit is essential for the stable expression
of the Si cistron and the secretion of Si in the culture
medium. Furthermore, hydrophobicity alone is not respon-
sible for the interaction of Si with the B oligomer, and
probably more precise interactions involving residues down-
stream of amino acid 207 are necessary.

Analysis of the mutant PTX analogs. By using an ELISA,
the mutant proteins were analyzed for their ability to bind to
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FIG. 5. Schematic representation of the carboxy-terminally trun-
cated S1 subunits. The solid line Si represents the length of the
entire Si subunit. The hatched boxes show two regions of the Si
subunit with sequence homology to the cholera toxin A subunit. C's
above the numbers 41 and 200 show the positions of the two cysteine
residues of Si. The interrupted line indicates the disulfide bond
linking Cys-41 to Cys-200. SA1i87 represents the length of the S1
molecule from which amino acid residues 187 to 234 were deleted
and therefore lacking Cys-200 and the disulfide bond. S1A207 and
SiA207' represent the Si molecules from which amino acid residues
207 to 234 were deleted. S1A207' contains in addition 11 amino acids
from a different reading frame, indicated by the wavy line. The
following are the carboxy-terminal sequences starting at position
180 (for SUAM87) or 200 (for SlA207 and SiA207') with the uppercase
letters indicating the amino acid residues of Si: .... SRRSVASII
(Si1A87) ... .CMARQAES (SiA207), and ... .CMARQAESrpgpap
pnsgn (S1A207').

haptoglobin, as a model system for the interaction of PTX
with its receptors (11). Serial dilutions of the culture super-
natants from BPRA containing no plasmid, pLARFRII, or
pLAFRII derivatives with the wild-type PTX gene or the
mutant genes were incubated on haptoglobin-coated micro-
dilution plates, and the amounts of haptoglobin-bound ma-
terial were detected with polyclonal anti-PTX antibodies.
The absorbance in the linear range was then compared with
the concentration of the various PTX proteins and expressed
in percent binding as compared with that of the wild-type
molecule. All mutant PTX proteins showed similar hapto-
globin-binding capacity as compared with the wild type
[BPRA(pRIT13294)] (Table 2), suggesting the functional
integrity of the B oligomer and indicating that the absence of
the Si subunit does not appear to modify the ability of PTX
to bind to haptoglobin.
The cytotoxicity of the proteins was measured by using

the CHO cell assay. None of the mutant proteins showed
any significant CHO cell cytotoxicity (Table 2), whereas the
culture supernatant fraction of BPRA(pRIT13294) was cyto-
toxic up to a 32-fold dilution. This result indicates that, since
the receptor-binding site of the mutant proteins is probably
not affected, the absence of the Si subunit causes the loss of
the CHO cell cytotoxicity, which confirms the findings by
Burns et al. (7) that CHO cell cytotoxicity is dependent on
ADP ribosylation by the Si subunit.
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To further study the integrity of the secreted B oligomers
and the absence of the Si subunit, ELISAs were performed
on serial dilutions of the B. pertussis culture supernatants.
After binding to haptoglobin-coated microdilution plates, the
PTX proteins were detected and quantified by using mono-
clonal antibodies specific for Si, S2, S3, and S4. None of the
mutant proteins contained any detectable Si subunit. On the
other hand, all proteins contained stoechiometrically com-
parable S2, S3, and S4 subunits and were in that respect very
similar to the PTX protein synthesized and secreted by
BPRA(pRIT13294), indicating that the absence of Si did not
alter the composition of the B oligomer and strongly suggest-
ing that the B oligomer was secreted in an assembled form in
the absence of Si. ELISAs with anti-S5 monoclonal anti-
bodies (11) did not allow the reproducible quantification of
the S5 subunit in the mutant proteins or the parents toxin,
presumably because S5 may be buried in the holotoxin
molecule and not be readily accessible to antibodies (40).

DISCUSSION

PTX, the most complex bacterial protein exotoxin studied
so far, has attracted much attention lately because of its
potential as an essential component in the new acellular
pertussis vaccines (1). Much effort has been focused on the
elucidation of the enzymatic mechanism and the identifica-
tion of essential residues in the ADP ribosyltransferase
activity of the Si subunit (3, 5, 28, 37). In contrast, little is
known about the assembly of the different subunits, the
regions important for these interactions, and the biosynthe-
sis of the holotoxin. Although cloning vectors have been
developed (39) that are useful for the study of the holotoxin
biosynthesis by recombinant DNA technology, these sys-
tems are time consuming and labor intensive when a large
number of mutants are analyzed. Therefore a simplified
system was developed based on the expression of PTX and
PTX-cross-reactive mutant genes on low-copy-number,
broad-host-range plasmids. With plasmid pLAFRII-derived
vectors used in this study, the PTX gene was expressed at
levels comparable to those of the chromosomal gene in B.
pertussis Tohama I. Although pLAFRII-derived plasmids
could be present in more than one copy per cell (10),
overexpression of the PTX gene was not achieved, consis-
tent with the idea that overproduction of PTX may be
detrimental to B. pertussis (26). Since even enzymatically
inactive mutant proteins (after deletion of Cys-41) were not
overproduced, this deleterious effect is independent of the
ADP ribosyltransferase activity of Si. It may be due to the
activities of the B oligomer, possibly through such mecha-
nisms as channel formation in the B. pertussis membranes.
Alternatively, the lack of overproduction may be the result
of a gene dosage effect in the mechanism of the vir-depen-
dent PTX gene expression. Studies are in progress to inves-
tigate whether the functional PTX gene on pLAFRII deriv-
atives has an effect on the plasmid copy number.
By using the developed cloning system, the effect of the

disulfide bond in Si on the biosynthesis and the in vivo
assembly of the holotoxin molecule was examined. When
Cys-41 of Si was deleted by site-directed mutagenesis, no Si
subunit was detected in the culture supernatant by Western
blot analysis or ELISA with anti-Sl monoclonal antibodies.
It can be ruled out that the absence of reaction in Western
blots and ELISAs was due to the destruction of the epitopes
on Si by the mutation, since the same mutation in recombi-
nant Si produced in E. coli did not alter the reactivity of the
Si analog with these monoclonal antibodies (Locht et al., in

press). The same effect was observed when Cys-41 was
replaced by the isosteric serine residue or by glycine.
Glycine was chosen because this substitution resulted in
consistently higher residual enzymatic Si-specific activity
than any other substitution, including serine. This, together
with the fact that all these mutant proteins, when synthe-
sized in E. coli, react with a panel of monoclonal antibodies
that are specific for conformational epitopes (11), suggests
that no important conformational changes had occurred by
the amino acid substitutions. Truncation of the carboxy-
terminal region of Si up to residue 187 or to residue 207,
including the second cysteine (Cys-200), which is essential
for the formation of the intrachain disulfide bond, had the
same effect as modification of Cys-41. The Si subunit was
not detectable with monoclonal antibodies in any of the
mutants tested, although the same truncations of recombi-
nant Si analogs synthesized in E. coli yielded molecules that
were reactive with all (more than 50) anti-Si monoclonal
antibodies tested so far (11). Furthermore, recombinant
truncated Si produced in E. coli expressed enzymatic NAD
glycohydrolase activity indistinguishable from that of the
full-length molecule, indicating that the truncation of the
carboxy-terminal region does not alter the overall tertiary
structure in an important way (3, 29).
The lack of detectable Si in the culture supernatant in the

absence of its disulfide bond or when its carboxy-terminal
region is deleted indicates a defect in the binding of Si
subunit with the B oligomer. Burns and Manclark (9) have
recently shown that after reduction of the disulfide bond of
the isolated Si subunit its in vitro reassociation with the B
oligomer was affected. This binding to the B oligomer
appears thus to be important for the secretion of the Si
subunit in the culture medium, suggesting that individual
subunits are not secreted from B. pertussis. This is consis-
tent with the results of Marchitto et al. (32), who showed that
insertion of a Tn5 transposon (43) in the S3 subunit cistron
(30) resulted in the lack of secretion of the PTX subunits into
the culture medium, although some subunits could be de-
tected when solubilized whole cellular material was analyzed
by Western blotting.
Whereas Si was barely detectable, the S2 subunit ap-

peared to accumulate probably in the periplasmic space of
the Tn5 mutants. We therefore thought that the holotoxin
had to be assembled in the periplasmic space before it was
secreted into the culture medium. However, functional B
oligomer could be assembled and secreted in the absence of
Si (Fig. 3). The fact that significant amounts of S2 in the
mutant molecules are still cell associated as compared with
the wild-type holotoxin may suggest that secretion of the B
oligomer is not as efficient in the absence of Si as in its
presence. Surprisingly, no Si could be detected in cell-
associated form. It has been reported that the biogenesis of
S2 and S4 requires the uninterrupted expression of the Si
cistron (4). It is unlikely that the absence of Si in the mutant
proteins is due to the lack of the transcription or translation
caused by the mutations, since the other cistrons of the
operon are expressed. Furthermore, in other bacterial
expression systems no decrease in the Si gene expression
level was observed when the Cys-41 codon was mutated
(Fig. 4). On the other hand, because of the absence of the
disulfide bond or the deletion of the carboxy-terminal region
and the resulting deficiency in assembly of Si with the B
oligomer, the unassociated Si may readily be degraded after
or during translation and translocation through the inner
membrane of B. pertussis. It is known that the isolated Si
subunit is more rapidly digested by proteases than Si, which
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is associated with the B oligomer (6). This situation may be
very similar to that of the E. coli heat-labile toxin, in which
the enzymatically active A subunit is rapidly degraded in the
periplasmic space of E. coli during biosynthesis (16). Future
work with pulse-chase experiments may help to clarify the
question concerning the turnover rate of the Si subunit in
the absence of the disulfide bond and the carboxy-terminal
region.

Black and Falkow (4) reported that mutations in the S5
subunit cistron adversely affected the synthesis or stability
of Si. The reasons for this instability were not clear. It is
likely that in the absence of S5 the Si subunit cannot be
assembled into a holotoxin molecule; consistent with our
findings, the unbound Si subunit is then rapidly degraded in
the periplasmic space. It may be possible that the association
of the Si subunit with the B oligomer occurs via its direct
interaction with S5. Alternatively, the S5 subunit may act as
a connecting subunit between the two dimers (S2-S4 and
S3-S4); in the absence of S5, no assembled B oligomer is
formed (40) and no association of Si with the B oligomer
would be possible.
Under conditions of low ionic strength and neutral pH, the

majority of a full-length recombinant Si subunit remained
associated with the particulate fraction, whereas a truncated
recombinant Si subunit (rSld) appeared in the soluble
fraction of the disrupted cells. The differential partitioning
cannot be attributed to differences in the amounts of protein
produced by the two expression plasmids and likely reflects
the relatively hydrophobic character of the 47 carboxy-
terminal amino acids and their influence on solubility via the
promotion of self-aggregation or association with other mol-
ecules. Inclusion of the hydrophobic amino acids 188 to 207
in SiA207 and R1A207' rendered the truncated Si subunits
insoluble under the same conditions. Although the insolubil-
ity of the Si molecule could therefore be attributed to the
major hydrophobic region including amino acid residues 188
to 207, this hydrophobioity was not sufficient for the assem-
bly of Si with the B oligomer and its secretion in the culture
medium. Although it cannot be ruled out that the hydropho-
bic region plays a role in binding of the Si subunit to the B
oligomer, other residues downstream of amino acid 207 are
essential for this interaction. Experiments are now under
way to more precisely define these residues.
The B-oligomer molecules isolated from the described

culture media contain no detectable Si, as evidenced by
ELISA and CHO cell assays. Antibodies raised in mice
against purified B oligomer are able to neutralize PTX-
mediated cytotoxicity and to provide protection against
challenge with PTX. Therefore the B oligomer was proposed
as a possible component candidate for a safer new vaccine
against whooping cough (2). However Si-free B oligomer is
difficult to prepare, and many biochemically purified B-
oligomer preparations contain detectable amounts of Si
(data not shown). In addition, the conditions described for
the purification of B oligomer are partially denaturing be-
cause of the presence of urea in the buffers used (40). The
genetic alteration of Cys-41 or the carboxy-terminal region
of the Si subunit cistron as described in this paper may
therefore provide a useful alternative for the production and
purification of the B oligomer of PTX.
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