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Pertussis toxin is an AB; toxin comprised of protein subunits S1 through S5. The individual subunits are
secreted by a Sec-dependent mechanism into the periplasm, where the toxin is assembled. The Ptl type IV
secretion system mediates secretion of assembled toxin past the outer membrane. In this study, we examined
the time course of protein expression, toxin assembly, and secretion as a function of the bacterial growth cycle.
Logarithmic growth was observed after a 1-h lag phase. Secreted toxin was first observed at 3 h. Secretion
continued throughout the logarithmic growth phase and decreased as the culture entered the stationary phase
after about 24 h. On a per cell basis, toxin secretion occurred at a constant rate of 3 molecules/min/cell from
2 to 18 h. More of toxin subunits S1, S2, and S3 were produced than were secreted, resulting in periplasmic
accumulation. Periplasmic S1, S2, and S3 were found to be soluble in the periplasm, as well as membrane
associated. About one-half of the periplasmic S1, S2 and S3 subunits were incorporated into holotoxin.
Secretion component PtIF was present at a low level at time zero, and the level increased between 2 and 24 h
from 30 to 1,000 molecules per cell; however, the initial level of PtlF, 30 molecules per cell, supported maximal
secretion. The accumulation of both periplasmic toxin and secretion components suggests that translation
rates exceed the rate of secretion and that secretion, not toxin and Ptl complex assembly, is rate limiting.

Pertussis toxin is an AB; toxin comprised of the products of
five genes, S1 through S5 (25, 27). The A subunit of the toxin
is the S1 polypeptide, while the pentameric B subunit is com-
prised of S2, S3, S4, and S5, assembled in a ratio of 1:1:2:1 (36).
Pertussis toxin is secreted past the outer membrane of Borde-
tella pertussis by a type IV secretion system comprised of the
products of the nine pt/ (for “pertussis toxin liberation”) genes
(8, 10, 42). The ptl genes are located immediately downstream
of the pertussis toxin genes (42) and are transcribed from the
same promoter (2, 18, 31).

It is not known how many secretion complexes are present in
one bacterium during active secretion, nor is the stoichiometry
of the proteins in the complex known. The structures of other
type IV systems, such as the Agrobacterium tumefaciens virB
system (11, 38, 40), which secretes a tumerogenic T-DNA and
effector proteins into host plant cells, and the P-plasmid #ra
conjugation genes (23), have been more thoroughly studied
than the Ptl system. The extensive similarity suggests that the
Ptl proteins also form a large complex spanning both the inner
and outer membranes. Nevertheless, the Ptl secretion system
and the DNA transport systems have substantially different
substrates and functions. The most intriguing difference is that
the same basic machinery transports protein-coated DNA be-
tween the cytoplasm of two cells for the conjugation systems or
a periplasmic protein complex across the outer membrane in
the case of the Ptl system. Functionally, the DNA transport
systems need to create a pore in three membranes, while the
Ptl system only needs to create a pore in the bacterial outer
membrane. However, comparing the two systems appears to be
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less problematic due to recent reports that suggest that the
DNA transport systems also have substrates that are secreted
from the periplasm past the outer membrane (29).

While structural studies of the conjugative type IV secretion
systems have progressed rapidly, quantitative studies of DNA
transfer between cells are very difficult. In contrast, B. pertussis
secretes pertussis toxin directly into the supernatant during
growth in vitro, and this substrate is easily quantified. Mono-
clonal antibodies to the toxin are available, which allows anti-
genic determination of protein concentrations, and the con-
centration of biologically active toxin can also be determined
by examining its effect on susceptible cells. In this study, we
examined the temporal relationship among expression of toxin
subunits, Ptl proteins, and secretion of the assembled holotoxin
following initiation of transcription of the ptx-ptl operon as a
function of the bacterial growth cycle.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. pertussis strains used in the
this study were BP338, a nalidixic acid-resistant derivative of Tohama I (41), and
BPRA, a nalidixic acid- and streptomycin-resistant derivative of Tohama I con-
taining a deletion of the ptx-pt/ promoter and the genes encoding S1 through S5
(1). For routine propagation, the bacteria were grown on Bordet-Gengou (BG)
agar (BD Biosciences, Sparks, Md.) containing nalidixic acid at a concentration
of 30 wg/ml and streptomycin at a concentration of 100 wg/ml when appropriate.

Growth curve for de novo expression of S1 and PtIF proteins. Modulation or
suppression of the Bvg-regulated transcription of the ptx-ptl operon (26) was
achieved by growth on BG agar plates containing 40 mM MgSO,. Strains were
streaked onto modulating plates and incubated at 37°C for 72 h, and then they
were restreaked onto modulating plates and incubated at 37°C for 24 h. Suspen-
sions of modulated cells were made in 7 ml of Stainer-Scholte broth at an optical
density at 600 nm (ODgq) of 0.1 and overlaid onto BG plates containing ap-
propriate antibiotics as previously described (10). The plates were incubated at
37°C, and 1-ml aliquots were harvested by centrifugation. Supernatant samples
(for determination of secreted toxin) were filter sterilized to remove remaining
bacteria. Cell pellets (for determination of cellular components) were washed in
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FIG. 1. Standard curves for calculation of protein concentrations.
(A) Purification of polyhistidine-tagged PtIF fusion protein. Lane 1,
uninduced BL21[DE3](pAR334); lane 2, strain induced with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG); lane 3, wash; lane 4, elu-
ant. The arrow indicates the position of purified PtIF fusion protein. (B
to E) Standard curves obtained by densitometry. The volume (in pix-
els) was determined by densitometry of Western blots. (B) S1 stan-
dards (5, 10, 25, and 50 ng of purified pertussis toxin) with monoclonal
antibody 3CX4; (C) S2 standard, purified pertussis toxin, with mono-
clonal antibody 11E6; (D) S3 standard, purified pertussis toxin, with
monoclonal antibody 11E6; (E) PtIF standard, purified polyhistidine-
tagged PtIF, with polyclonal antiserum.
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1 ml of phosphate-buffered saline (pH 7.4) and suspended to an ODyg, of 8 in
phosphate-buffered saline to normalize the concentration of cells in each sample.

Pertussis toxin production. The amount of secreted toxin was determined by
using filtered-sterilized culture supernatants. The amount of periplasmic pertus-
sis toxin was determined as previously described (10, 42). Briefly, periplasmic
toxin was released from the cell suspensions by shock treatment with lysozyme
and EDTA.

Construction and purification of PtIF fusion protein. To produce a standard
in order to quantify PtIF expression antigenically, the maltose-binding protein
portion of the PtIF fusion used to generate the polyclonal antibody (30) was
replaced with a polyhistidine tag. The region of ptlF encoding amino acids 73 to
205 was amplified by PCR by using primers 5-F80 (GGCTCTAGAGACGGCT
GGCAATTCAGCC) and 3-F80 (CAGAAGCTTACCCGGTCTGAACATGA
GCC), which introduced an Xbal restriction site at the 5’ end and a HindIII
restriction site at the 3’ end (30). The PCR product was cloned into the TA
cloning vector pCR2.1 by using a TOPO TA cloning kit (Invitrogen, Carlsbad,
Calif.), cut out of the TA vector with Xbal and HindIII, and ligated into the
pRSETB vector (Invitrogen) at the Nhel and HindlII sites. The polyhistidine-
tagged PtIF fusion protein was overexpressed in BL21[DE3] cells (Novagen,
Madison, Wis.) and was purified by using an Ni-nitrilotriacetic acid spin kit
(QIAGEN, Valencia, Calif.). Purification of the fusion protein was verified
following sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) by Coomassie blue staining (Fig. 1A) and by Western blotting with
anti-polyhistidine antibody (Sigma, St. Louis, Mo.) and with anti-PtIF antibody
(30). The concentration of the purified protein was determined by the BCA
protein assay (Pierce, Rockford, IlL.).

Western blotting and densitometry. Western blotting was performed essen-
tially as previously described (43). Briefly, samples were mixed 1:1 with loading
buffer. The samples were boiled for 10 min, and 20 pl was loaded into each well.
For nonreducing gels, samples were mixed with loading buffer lacking B-mer-
captoethanol. Purified pertussis toxin (List Biologicals, Inc., Campbell, Calif.)
and a purified polyhistidine-tagged PtIF fragment (described above) were loaded
as standards. A 24-h cell sample of wild-type strain BP338 and a 24-h cell sample
of the pertussis toxin mutant BPRA were loaded on each gel as positive and
negative controls. Proteins were separated by discontinuous SDS-PAGE per-
formed with a Mini Protean II gel system (Bio-Rad, Richmond, Calif.) by using
12% acrylamide-Tris-glycine gels and transferred onto nitrocellulose mem-
branes by using a Trans-Blot Cell wet blotting apparatus (Bio-Rad). The mem-
branes were probed with a monoclonal anti-S1 antibody, either 3CX4 (17) or 1B7
(32), with a monoclonal antibody that recognizes both S2 and S3, 11E6 (34), or
with a rat polyclonal anti-PtIF antibody (30). Samples probed with antibody 11E6
were electrophoresed in the absence of reducing agents, as previously described
(33, 34). S2 and S3 migrate at different masses as determined by SDS-PAGE but
exhibit about 70% amino acid identity. Monoclonal antibody 11E6 was raised
against S2. This antibody reacts with both S2 and S3, although it reacts more
strongly with S2 (34). Signals were detected by chemiluminescence by using a
Dupont Western blot Renaissance kit (NEN Research Products, Boston, Mass.).

To quantify protein expression by Western blotting, a dilution series of puri-
fied protein was loaded onto each gel. For quantification of S1, 50, 25, 10, and 5
ng of purified pertussis toxin (List Biologicals, Inc.) were used. For quantification
of S2 and S3, 75, 50, 25, and 10 ng of purified pertussis toxin were used due to
the lower affinity of monoclonal antibody 11E6. For quantification of PtIF, 75, 50,
25, and 10 ng of purified polyhistidine-tagged PtIF were used. The signal strength
(“volume” in Fig. 1) of the standards was determined by densitometry by using
the program ImageQuant, version 5.1 (Molecular Dynamics), and the values
were plotted against the concentrations of the standards. The best-fit line was
calculated by using the linear regression function of Microsoft Excel (Fig. 1B
through E), and the equation of the line was used to determine the protein
concentrations in the unknown samples by using the sample signal strength. If
necessary, a sample was diluted so that the amount of protein loaded for the
sample fell within the linear range of the standards. Relative levels of protein
expression were determined by comparing the unknowns to the 24-h sample as
an internal standard.

To determine the amount of protein on a per cell basis, protein values were
divided by the number of cells corresponding to the optical density of the culture
at the time that the sample was collected. An ODy, of 1 corresponded to 3 X
10° bacteria per ml (39). Bacterial samples containing 10 ul of cells at an ODy
of 8 contained 2.4 X 10® bacteria. For protein expression and secretion rates,
trend lines were plotted by using Excel, and equations were calculated by linear
regression and were used to determine rates of change and x-intercept values.

CHO cell assay. Chinese hamster ovary (CHO) cell assays were performed as
previously described (10). Briefly, serial twofold dilutions of samples were made
in Ham’s F-12 medium containing 1% fetal bovine serum. Samples were added
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to CHO cell monolayers in 96-well plates and incubated for 48 h at 37°C with 5%
CO,. Pertussis toxin causes CHO cells to lose contact inhibition and to produce
a cluster-of-grapes morphology (14). The cell morphology in wells containing test
samples was compared to that in wells containing twofold dilutions of purified
pertussis toxin (List Biologicals, Inc.) and to that in control wells with no toxin.
Each sample was assayed in duplicate, and there were four independent repeats
of each experiment. The limit of detection for purified pertussis toxin was
determined on each plate, and the last positive well of the test samples was
assigned that value. In this study, the average limit of detection was 1 ng/ml. The
standard error of the mean was graphed, and the Student ¢ test was used to
determine statistical significance.

Separation of membrane and soluble proteins. B. pertussis BP338 or BPRA
was grown in Stainer-Scholte broth on BG plates as described above. The cells in
10 ml of a 24-h culture were pelleted by centrifugation, washed two times in 10
ml of 4°C Tris-NaCl (20 mM Tris-HCI [pH 7.4], 200 mM NaCl, 1 mM EDTA),
and suspended in 10 ml of Tris-NaCl containing 20 wl of protease inhibitor
cocktail (catalog no. P 8465; Sigma). The cells were broken by sonication for 8
min in a sonicating water bath (Branson Ultrasonics Corp., Danbury, Conn.) in
2.5-ml aliquots. The sonicated cultures were centrifuged at 9,000 X g for 10 min
to remove unbroken cells. Samples were then centrifuged at 100,000 X g for 1 h
to separate the membrane and soluble fractions. The membranes were sus-
pended in 1 ml of Tris-NaCl by sonication for 1 min and divided into 100-wul
aliquots. The soluble fraction was precipitated with trichloroacetic acid at 20%
saturation for 30 min on ice, suspended in 1 ml of Tris-NaCl, and divided into
100-pl aliquots. The 10X-concentrated aliquots of the soluble fraction and mem-
brane fraction were stored at —80°C until they were used. The soluble and
membrane fractions were examined by Western blotting for the presence of the
membrane protein pertactin by using monoclonal antibody BB05 (5).

RESULTS

Bacterial growth and pertussis toxin secretion. Bacterial
growth and pertussis toxin secretion were monitored as B.
pertussis was shifted from modulated conditions in the pres-
ence of MgSO,, in which virulence factor expression was sup-
pressed, to conditions that permitted expression of the bacte-
rial virulence factors, including pertussis toxin. A lag phase of
about 1 h was observed, and this was followed by a period of
logarithmic growth and then a gradual decrease in the growth
rate; entry into the stationary phase began at about 24 h (Fig.
2). Pertussis toxin secretion (Fig. 3 and 4), as indicated by the
presence of antigenic pertussis toxin subunit S1 (13 ng of toxin
per ml) in the culture supernatant, was first observed at 3 h.
The greatest increase in the amount of secreted pertussis toxin
was observed between 12 and 24 h, and secretion tapered off
during the stationary phase, so that the final concentration was
3,700 ng/ml at 48 h. The amount of biologically active toxin
secreted at 24 h was determined to be 2,674 = 892 ng/ml by
using the CHO cell assay (Fig. 3). This value is consistent with
the amount of pertussis toxin calculated from the amount of
antigenic S1 recovered, 2,709 *= 548 ng/ml at 24 h, suggesting
that all of the secreted S1 was incorporated into pertussis toxin
holotoxin.

As shown in Fig. 2, bacterial growth occurred, and a different
number of cells contributed to pertussis toxin production at
each time point. To determine the amount of S1 produced on
a per cell basis, the molar amount of S1 was determined and
divided by the number of bacteria present in the culture for
each time point. S1 accumulation in the supernatant was fairly
linear (Fig. 4) between 2 and 18 h. The rate of pertussis toxin
secretion over this 16-h period was 173 molecules per cell per
h (R* = 0.9902) or about 3 molecules of pertussis toxin se-
creted per cell per min.

The presence of extracellular pertussis toxin represents the
end of a multistep process involving transcription, translation,
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FIG. 2. Growth curve for B. pertussis BP338. Optical density is
plotted as a function of time in culture. The data are averages *+
standard errors for four independent experiments. A linear trend line
was calculated by using the early time points, and the time at which
cultures entered the logarithmic growth phase was determined to be
1h.
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assembly, and secretion. We wanted to examine the accumu-
lation of toxin intermediates and components of the secretion
complex to begin to dissect the steps of this complex process.

Characterization of periplasmic S1 and holotoxin. Previous
studies have shown that both pertussis toxin subunit S1 and
assembled pertussis toxin accumulate in the bacteria (10, 42).
All of the cell-associated S1 migrated in SDS gels at the mass
of the processed peptide lacking the secretion signal sequence
(12), which is consistent with periplasmic accumulation but not
cytoplasmic accumulation. The pool of periplasmic toxin could
represent secretion precursors. Alternatively, intracellular
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FIG. 3. Accumulation of pertussis toxin in supernatant. The
amount of secreted pertussis toxin as a function of time in culture was
determined by assessing the amount of S1 in filter-sterilized culture
supernatant by densitometry of Western blots with monoclonal anti-
body 3CX4 (Antigenic S1). Samples taken at 24 h were also assessed
by the CHO cell activity assay (Toxin). The data are averages *
standard errors for four independent experiments.
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FIG. 4. Toxin secretion on a per cell basis. The amount of secreted
S1 on a per cell basis was determined as a function of time in culture.
The data are averages * standard errors for four to seven independent
experiments. The trend line was plotted by linear regression for time
points corresponding to 3 to 18 h in culture and was found to have a
slope of 173 molecules/cell/h and an x intercept of 2 h.

toxin could accumulate because secretion of pertussis toxin is
rate limiting. We examined accumulation of cell-associated
toxin as a function of the growth cycle. In contrast to secreted
S1, the amount of which increased by 3 h in culture (Fig. 4),
cell-associated S1 (Fig. 5) did not accumulate until after 4 h in
culture.

The periplasmic pool of antigenic S1 could consist of unas-
sembled S1 subunits or S1 incorporated into pertussis toxin.
CHO cell assays were performed to determine the amount of
periplasmic S1 incorporated into holotoxin. Very little
periplasmic S1 was detected before 6 h in the culture, and
samples obtained at 12 and 24 h were selected for character-
ization (Fig. 5). The amount of S1 incorporated into pertussis
toxin, as detected by the CHO cell assay, was about one-half of
the total amount of antigenic S1. The active toxin levels were
421 = 69 molecules per cell at 12 h and 353 = 124 molecules
per cell at 24 h. These values were not significantly different
from each other but were significantly less than the concentra-
tion of antigenic S1 at 24 h. The accumulation of a pool of
periplasmic toxin subunits and assembled toxin after secretion
was initiated suggests that pertussis toxin secretion, not assem-
bly, is rate limiting.

Much of the periplasmic S1 has been reported to be associ-
ated with the bacterial outer membrane (12). Cell fraction-
ation was performed with the 24-h samples to determine the
relative amounts of membrane and soluble (cytoplasmic and
periplasmic) proteins (Fig. 6A). In addition to S1, the cell
fractions were examined for the presence of pertactin (4) and
the secretion component PtIF (16), two known membrane pro-
teins. Pertactin (Fig. 6B) and PtIF (Fig. 6C) were found to
localize in the membrane fraction. In contrast, equivalent
amounts of antigenic S1 were detected in the soluble and
membrane fractions (Fig. 6A, compare lanes 3 and 4), as de-
termined by densitometry, suggesting that one half of the S1 is
soluble and the other half is membrane associated. Holotoxin
is soluble and accounted for one-half of the cell-associated
antigenicity (Fig. 5), suggesting that all of the soluble S1 is
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FIG. 5. Periplasmic S1 and periplasmic toxin. The amount of
periplasmic antigenic S1 was determined by densitometry by using
monoclonal antibody 3CX4 and was expressed on a per cell basis as a
function of time in culture. The amount of S1 assembled into pertussis
toxin (Toxin) was determined by the CHO cell assay. The data are
averages * standard errors for four independent experiments. The
concentration of toxin detected by the CHO cell assay at 24 h was
significantly different from the concentration of S1 detected by densi-
tometry (P < 0.0001).

assembled into holotoxin. The remaining S1 is membrane
bound, which is consistent with the suggestion that S1 has a
membrane-associated intermediate prior to incorporation into
soluble holotoxin (12).

Characterization of B-subunit protein expression. The
periplasmic A-subunit protein (S1) was found in excess of
folded toxin in the cells (Fig. 5). To determine whether this was
also true for proteins in the B oligomer, we quantified expres-
sion of S2 and S3 at 24 h (Fig. 7) using monoclonal antibody
11E6, which recognizes both S2 and S3 under nonreducing
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FIG. 6. Localization of cellular S1. (A) Amounts of S1 from various
cell fractions determined by Western blotting by using monoclonal
antibody 3CX4. The lanes contained 50 ng of purified pertussis toxin
(Purified PTX), BP338 whole cells (Whole Cells), the BP338 soluble
fraction (Soluble), the BP338 membrane fraction (Membranes), and
BPRA (pertussis toxin mutant) whole cells (APTX) as a negative
control. (B) BP338 whole cells and soluble and membrane fractions
probed with anti-pertactin antibody BB05. PRN, pertactin. (C) BP338
whole cells and soluble and membrane fractions probed with anti-PtIF
antibody.
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FIG. 7. Periplasmic S2 and S3 and pertussis toxin. (A) Western
blotting with monoclonal antibody 11E6. The lanes contained three
individual 24-h samples of BP338 (WT Samples), a 24-h sample of
pertussis toxin mutant BPRA (APTX), and 75, 50, 25, and 10 ng of
purified pertussis toxin (Purified PTX) (from left to right).
(B) Amounts of antigenic S2 and S3 per cell compared to the amounts
of active holotoxin and antigenic S1 at 24 h.

conditions (33, 34). The levels of these proteins, 1,524 = 156
molecules per cell for S2 and 1,088 = 286 molecules per cell
for S3, correspond to slightly more than a twofold excess over
the amount incorporated into active toxin, which is similar to
the amount of S1 detected under reducing conditions. In cell
fractionation studies we detected S2 and S3 in both the mem-
brane and soluble fractions (Fig. 8).
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FIG. 8. Localization of cellular S2 and S3. The amounts of S2 and
S3 from various cell fractions were determined by Western blotting by
using monoclonal antibody 11E6. The lanes contained BP338 whole
cells (Whole Cells), the BP338 soluble fraction (Soluble), the BP338
membrane fraction (Membranes), 50 ng of purified pertussis toxin
(Purified PTX), and BPRA (pertussis toxin mutant) whole cells (PTX
Mutant).
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FIG. 9. Accumulation of PtIF. (A) Amount of PtIF expressed on a
per cell basis determined as a function of time in culture. The data are
averages =+ standard errors for four independent experiments, and the
trend line was determined by linear regression for time points corre-
sponding to 3 to 24 h in culture. (B) Comparison of PtIF and total S1
expressed on a per cell basis as a function of time in culture. The total
amount of S1 was calculated by determining the amount of secreted S1
plus the amount of periplasmic S1, and the standard error was calcu-
lated by error propagation.

Expression of PtIF protein. The amount of cell-associated
PtIF was determined by Western blotting (Fig. 9A). Cells
grown under modulating conditions (time zero) were found to
have about 30 molecules of PtIF per cell, and this level did not
change by the 3-h time point, when secreted pertussis toxin was
detected. From 3 to 24 h, a linear increase in the amount of
PtIF was observed (R? = 0.9697). Accumulation stopped after
24 h, and there were 1,072 molecules per cell at 24 h and 1,078
molecules per cell at 48 h. The amount of PtIF was less than
the total amount of S1 (cell associated and secreted) at all time
points, and the ratio of S1 to PtIF was 4:1 at 24 h (Fig. 9B). The
rate of pertussis toxin secretion on a per cell basis was constant
throughout the logarithmic phase (Fig. 4) despite a 30-fold
increase in PtIF expression, suggesting that the basal level of
PtIF protein expression (30 molecules per cell) is sufficient for
maximum pertussis toxin secretion.
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ptl genes

ptx genes

FIG. 10. Model of pertussis toxin assembly and secretion. In step 1,
toxin subunits are transported through the inner membrane via Sec. In
step 2, S1 and other subunits associate with the outer membrane and
disulfide bonds are formed. In step 3, the B subunit assembles and
associates with the A subunit (S1), forming holotoxin. In step 4, holo-
toxin is secreted through the outer membrane via the Ptl secretion
system.

DISCUSSION

Type IV secretion systems of gram-negative bacteria medi-
ate the transfer of complexes of biomolecules across mem-
branes for at least two diverse processes, conjugation and pro-
tein secretion. The assembly and structure of the type IV
conjugation systems have been extensively studied (3, 6, 11, 19,
38); however, the studies have been performed largely in the
absence of the target recipient cells, and the results likely are
results for the inactive, closed secretion complex. The pertussis
toxin secretion system of B. pertussis has nine proteins, PtIA to
Ptll, which is fewer than the conjugation systems have. Much is
known about the secretion substrate, pertussis toxin, and the
dynamics of the secretion process. The steps in pertussis toxin
secretion (Fig. 10) include transcription and translation of the
ptx-ptl operon, Sec-mediated secretion of the subunits into the
periplasm, proteolytic removal of the signal peptides, intramo-
lecular disulfide bond formation, periplasmic assembly of the
toxin subunits and the secretion apparatus, and finally toxin
secretion. We were able to examine several of these steps in
this study.

The ptx-ptl operon (Fig. 10) is large, about 13 kb. Ribosome
binding sites have not been detected for the downstream genes
of the ptx-ptl operon, suggesting that translation must initiate
at S1 and continue down the mRNA and that PtlH is the final
protein to be translated. A predicted stem-loop structure lo-
cated between the ptx structural gene and the prl secretion gene
has been proposed to act as a translational terminator (31) and
could play a role in differentially regulating levels of the per-
tussis toxin and the secretion proteins. Our data indicate that
both PtIF and pertussis toxin S1 accumulate at linear rates
(Fig. 9B), although PtIF accumulates at a lower rate. These
results suggest that translation of the p#/ genes may be atten-
uated with respect to translation of the pertussis toxin struc-
tural genes.

It has been suggested that membrane-associated S1 may
constitute a nucleation site for assembly of the holotoxin on
the periplasmic face of the outer membrane (12), as shown in
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Fig. 10, step 3. We found that the soluble pool of periplasmic
S1 was equivalent to the pool of soluble, assembled pertussis
toxin, suggesting that all of the unassembled S1 was associated
with the membrane fraction. Similarly, membrane-associated
and soluble pools of the B-subunits S2 and S3 were found. The
C-terminal portion of S1 has been proposed to mediate asso-
ciation with the membrane (12); however, the C-terminal por-
tion of S1 is required for association with the B pentamer (20),
and assembly into holotoxin would promote disassociation of
S1 from the membrane. In previous studies workers have iden-
tified a domain on S1 (amino acids 55 to 57), distal from the C
terminus, which is required for secretion of pertussis toxin (9).
This region is thought to mediate recognition of pertussis toxin
by the Ptl secretion complex; however, it is currently not known
how the Ptl secretion system can discriminate among the se-
cretion substrate, assembled pertussis toxin, and unassembled
subunits.

By analogy with the VirB system, PtIF is thought to form the
actual secretion pore in the outer membrane (6). As few as 30
molecules of PtIF per cell were present when pertussis toxin
secretion was first observed. The closest homolog of this pro-
tein, VirB9, forms multimers (19), and PtIF is also thought to
multimerize, but the number of molecules per secretion com-
plex is not known for either protein. The secretion pores of the
type IV secretion systems can be compared to the secretion
pores of filamentous phage. The filamentous phage particle is
a protein-coated DNA molecule, as are the substrates secreted
by many of the type IV systems. The phage is secreted through
a pore in the outer membrane composed of multimerized pIV
(24). The structure of the pIV secretion pore of filamentous
phage f1 has been characterized, and the pIV protein forms
tetradecamers (28). The stoichiometry of PtIF in the Ptl secre-
tion complex is unknown, but if by analogy with pIV 14 PtIF
subunits are incorporated into each pertussis toxin secretion
complex, then maximal pertussis toxin secretion (3 molecules
of toxin per cell per min) can occur with only two secretion
complexes per cell. In contrast, at 24 h, each cell expressed
about 1,070 molecules of PtlF, enough for 76 secretion com-
plexes containing 14 molecules of PtIF. However, the rate of
pertussis toxin secretion per cell was the same at 3 h, when 30
molecules of PtIF were present, as at 18 h, when hundreds of
molecules of PtIF were present, suggesting that a pool of in-
active PtIF had accumulated, similar to the pool observed for
the pertussis toxin structural subunits S1, S2, and S3. It is likely
that the subunits in biologically active secretion complexes
fractionate in different compartments than inactive protein,
confounding analysis of the secretion process. Our studies sug-
gest that secretion should be examined early in the growth
cycle before inactive complexes have accumulated in the cells.
Functional complex assembly may be limited to only certain
sites on the membrane. Polar localization would limit the num-
ber of active secretion complexes to two per cell. Polar local-
ization has been observed for some extracellular bacterial com-
plexes (35), such as flagella, pili, and the IcsA complex, which
mediates intracellular spreading in Shigella. Several of the
VirB proteins, VirB8, VirB9, and VirB10, localize to a few
discrete foci in the membranes of bacterial cells (22), and
about one-half of these foci exhibit polar localization; however,
it has not been established whether all of these foci represent
active secretion complexes. The A. tumefaciens VirD4 protein,
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which is required for transfer of cytoplasmic substrates via the
VirB secretion complex, exhibits polar localization (21), sug-
gesting that secretion of cytoplasmic substrates may be re-
stricted to the polar VirB complexes. It remains to be deter-
mined whether secretion from the VirB and Ptl secretion
complexes is limited to polar sites.

B. pertussis invests a great deal of resources to produce and
secrete pertussis toxin; however, our studies suggest that it is a
surprisingly inefficient process. The maximum secretion rate
was only 3 molecules per min. Furthermore, over the time
course characterized in this study, about 12% of the assembled
pertussis toxin detected by the CHO cell assay was retained in
the periplasm, and a vast excess of the secretion component
PtIF accumulated. Secretion, not assembly of pertussis toxin,
appears to be the rate-limiting step.

In contrast to pertussis toxin secretion, Vibrio cholerae se-
cretes over 95% of its folded cholera toxin into the supernatant
(15). Cholera toxin is secreted by the type II secretion system
also used for secretion by the cholera toxin-encoding filamen-
tous phage CTX¢ (7), and a type II system for secretion of
heat-labile enterotoxin has recently been identified in entero-
toxigenic E. coli (37). Unlike V. cholerae and enterotoxigenic E.
coli, B. pertussis has no reservoir other than the human host,
and to maintain itself as a species it must be capable of per-
sisting in the presence of an immune response. Pertussis toxin
inhibits the ability of the host to generate an immune response.
It is likely that improperly assembled pertussis toxin could
elicit toxin-neutralizing antibodies and defeat the objective of
pertussis toxin. It may be that the Ptl secretion system has
evolved to ensure release of properly assembled toxin at the
expense of efficiency.

While the process of pertussis toxin secretion may be inef-
ficient, the amount of toxin secreted by B. pertussis is substan-
tial, 3 pg/ml in 24 h. For comparison, the total amount of
cholera toxin secreted in 24 h (0.36 wg/ml) (7) and the total
amount of heat-labile toxin secreted in 24 h (0.19 wg/ml) (37)
were 10-fold lower. Only 2.5 pg of pertussis toxin is needed to
kill susceptible strains of mice (13), and it is likely that a higher
rate of secretion would be counterproductive to the organism’s
survival.
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