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Magnesium sulfate is known to repress the expression of the virulence factors of Bordeteuia pertussis that are

coordinately regulated by the bvg locus. We have tested the time required by MgSO4 to repress the synthesis
of several bvg-regulated mRNA species and found that the promoters of the virulence genes (pertussis toxin,
adenylate cyclase, and filamentous hemagglutinin) are repressed in 6 min, while the autogenously regulated
promoters of the bvg locus (Pl, P3, and P4) are repressed only several hours later. These data show a differential
behavior between regulated and autoregulated genes of the bvg regulon.

Pathogenic bacteria have evolved a regulatory system
which responds to environmental changes in a coordinate
manner. In Bordetella pertussis, the coordinate regulation of
the virulence-associated determinants in response to envi-
ronmental stimuli is controlled by the bvg locus (17, 26, 27).
This locus codes for two proteins, BvgA and BvgS, orig-
inally called BvgABC (1, 4, 12, 13, 21, 25, 26), which by
sequence homology fall into the two-component family of
bacterial signal transduction proteins (1, 4, 16, 19, 25).
Transcription at the bvg locus of B. pertussis is controlled by
three autoregulated promoters (P1, P3, and P4) and one

bvg-independent promoter (P2) (23). The P1, P2, and P3
promoters direct mRNA synthesis for the bvg operon, and
the P4 promoter synthesizes an RNA complementary to the
5' untranslated region of the bvg mRNAs. With the excep-
tion of the P2 promoter, all of these promoters and the
promoters of the virulence factors such as pertussis toxin
(PTOX) (5, 15), adenylate cyclase (PAd) (9), and filamentous
hemagglutinin (PFHA) (3, 18, 23) are regulated by environ-
mental stimuli; that is, they are induced at 37°C and are

repressed at a low temperature (25°C) or in the presence of
50 mM MgSO4 or 10 mM nicotinic acid (5, 7, 9, 11, 13, 22,
23). It has been demonstrated that addition of MgSO4 to the
culture medium represses synthesis of pertussis toxin pro-
tein in 10 min (6).

In this study, we have investigated the modulative re-

sponse of the expression B. pertussis virulence factors by
adding 50 mM MgSO4 to the culture medium and studying in
vivo RNA accumulation driven by six bvg-regulated promot-
ers in the subsequent 8 h. We have found that the virulence-
associated genes are repressed within 6 min after treatment,
while the bvg mRNAs accumulate for several hours after
treatment.
MgSO4 blocks transcription of the virulence genes in 6 min.

To study the repression of the bvg-regulated promoters, B.
pertussis W28 (23) was grown in 500 ml of SS modified
medium (24) at 37°C in a 1-liter flask to an optical density of
0.7. Twenty-five milliliters of growing bacteria was har-
vested and chilled in a 100-ml flask containing 20 ml of frozen
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medium. Bacteria were then centrifuged and stored at
-20°C. MgSO4 was added to the growing bacteria to a final
concentration of 50 mM, and 25-ml aliquots were harvested
after 3, 6, 10, 15, 30, 60, 120, and 480 min and processed as

stated before. During this time, bacteria maintained expo-
nential growth.

Total RNA was extracted from each sample (23) and used
to investigate the patterns of transcription of the bvg-
regulated promoters by assaying the accumulation of RNA
in Si nuclease mapping experiments. Specific DNA probes
(Fig. 1), 5'-end labeled with T4 polynucleotide kinase and
[_y-32P]ATP, were hybridized with total RNA under condi-
tions which favor the formation of DNA-RNA hybrids and
then digested with S1 nuclease (2, 23). The S1 nuclease-
resistant RNA-DNA duplexes were denatured, and the
labeled DNA was visualized following fractionation on a

denaturing acrylamide gel.
Figure 2 shows the electrophoretic pattern of signals

generated by the PFHA (panel A), PTOX (panel B), and PAd
(panel C) transcripts. Before addition of MgSO4 to the
culture medium, all promoters were transcriptionally active
(lane a). Following addition of MgSO4 to the medium, the
amount of RNA dependent on the PFHA, PTOX, and PAd
promoters had decreased already by 3, 6, and 10 min (lanes
b to d). The accumulation ofRNA mapping to these promot-
ers was drastically diminishing by 15 to 30 min after treat-
ment (lanes e and f).
To correlate better the patterns of RNA accumulation

associated with these promoters during MgSO4 treatment,
the autoradiograms shown in Fig. 2, and other autoradio-
grams, were quantified by laser scanning. Figure 2D shows
that, in the first 6 min after addition of MgSO4, there is little
change in the amount of accumulated RNA; then the PFHA,
PTOX, and PAd mRNAs decay with half-lives of 4, 2, and 2.5
min, respectively. These data demonstrate that the external
signal, transduced into the cell, requires only 6 min to block
RNA transcription of the virulence-associated genes.
The autoregulation of the bvg locus is slowly repressed. It

has been shown previously that transcription of the bvg
locus is controlled by four promoters, P1, F2,P3, and P4, and
that P1, P3, and P4 are repressed by the addition of MgSO4
to the medium (22, 23).
To analyze the response of the bvg-autoregulated locus to
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FIG. 2. Time course of transcription for promoters PFHA, PTOX, and PAd upon addition of MgSO4 to the culture medium. The MluI-EcoRI
(M-E, panel A), SalI-KpnI (S-K, panel B), and SalI-BamHI (S-B, panel C) DNA fragments from plasmids pFHA/EP, pT110.2, and pAD/BS
(Fig. 1) were used for hybridization and S1 nuclease digestion analysis (2) of RNA collected 3 (lane b), 6 (lane c), 10 (lane d), 15 (lane e), 30
(lane f), 60 (lane g), 120 (lane h), or 480 (lane i) min after the addition of 50 mM MgSO4 to the culture medium. Lanes a, RNA collected 1 min
before MgSO4 treatment. Control samples were processed identically but contained no RNA and either were (lane C) or were not (lane P)
digested with Si nuclease. Si protection assays were performed by combining 2 ,ug ofRNA and -20 fmol of probe. A denatured 1-kb ladder
(Bethesda Research Laboratories-GIBCO) served as size markers (lane M). Promoters are indicated at the right of each panel. Hybridization
was performed for 15 h at the following temperatures: 54°C (A), 58°C (B), and 55°C (C). (D) Decay of accumulated RNA after addition of
MgSO4 to the culture medium. The ordinate scale is logarithmic. The amounts of RNA species, obtained by laser scanning (LKB
densitometer), were not normalized and are not comparable. The curve for each mRNA species is indicated by the promoter name, and each
half-life (see text) was determined from the slope of the curve.

MgSO4 addition, we hybridized the RNAs use
course experiment of Fig. 2 to the bvg probes
1. The results of the Si nuclease protection ass;
P2-, P3-, and P4-associated mRNAs are shown
RNAs were present in the growing cell befoi
MgSO4 (lane a), and their accumulation persist
2 h after treatment began (lanes b to h).
associated mRNAs became undetectable or
MgSO4 addition (lane i, panel A), while the P
still present, although in a lesser amount (lan
Since it has been shown (23) that the P4
repressed in cells cultured in the presence of
likely that, to be repressed, this promoter requi
for a longer time. To establish whether the pr
long-lasting RNAs was due to longer half-lives
uous synthesis, we performed an S1 nuclease e
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d for the time RNA extracted from cells treated with 100 ,ug of rifampin per
shown in Fig. ml, which blocks RNA synthesis (8). In this case, all bvg
ays of the Pl-, RNAs disappeared in 10 min (data not shown). This shows
in Fig. 3. All that the P1 to P4 promoters were active for several hours

re addition of after MgSO4 addition.
ted for at least To analyze the behavior of P1 and P2 RNAs, the autora-
Pl- and P3- diogram of Fig. 3A with a shorter exposure time, and other

ily 8 h after autoradiograms, were quantified. Figure 3C shows that
mRNA was during the first 30 min there is a rapid decrease of the P1

e i, panel B). mRNA and a corresponding increase of the P2 mRNA.
promoter is Although the P2 promoter is not regulated by environmental
MgSO4, it is stimuli, Roy and Falkow (20) demonstrated that the BvgA

ires treatment protein protects against DNase I digestion the nucleotide
-esence of the sequence from position -52 to position -84 of the P1
s or to contin- initiation transcription site which overlaps the P2 promoter
-xperiment on sequence. As a result, the BvgA protein is likely to compete

with RNA polymerase in interacting with the same DNA
region (20, 22) so that high activity of the P1 promoter results
in low activity of the P2 promoter and vice versa. This
mechanism is likely to guarantee an initial efficient transcrip-
tion of the bvg locus when external stimuli repress the

pFHA/EP transcription of the other bvg-regulated promoters.
In conclusion, we have found a differential behavior of the

bvg-regulated promoters: the promoters transcribing the
virulence genes are repressed immediately after addition of
MgSO4 to the culture medium, while those transcribing the

pTl 10.2 bvg require longer repression.

10.2 the differential response of regulated and autoregulated
promoters plays an important role during B. pertussis in-
fection is an intriguing question which requires further
studies.
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FIG. 1. Probes and plasmids used for Si nuclease protection
assays (2). Each probe is shown as a thin line. The restriction sites
used to isolate each probe from its plasmid are indicated: A, Avail;
B, BamHI; E, EcoRI; K, KpnI; M, MluI; P, PvuII; S, SaIl.

pVIR/EP Asterisks mark 5' ends that were radioactively labeled. The portion
of probes expected to be protected by hybridization to RNA
initiating at the indicated promoters are shown as solid bars. The
open tail box at the probe from plasmid pVIRJEP represents 35 bp of
vector DNA. The dotted line at the P3 transcript indicates the 5'
RNA transcription which does not hybridize to the probe DNA.
Host cells were Escherichia coli DH5 and JM101. Plasmids pVIR/
EP, pFHA/EP, and pPROM-67 have been described before (23), as
has pT110.2 (14). Plasmid pAD/BS was obtained by a polymerase

pPROM 67 chain reaction (Perkin-Elmer, Cetus) amplification procedure on the
B. pertussis chromosome and contains a 536-bp DNA fragment of
the adenylate cyclase gene spanning from nucleotides 789 to 1323
(GenBank accession number Y00545). All enzymatic manipulations
were carried out by standard procedures (10).
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FIG. 3. Time course of transcription for promoters P1 to P4 upon
addition of MgSO4 to the culture medium. The Ai'alI-PvuiII (A-P,
panel A) and EcoRI-Arall (E-A. panel B) DNA fragments from
plasmids pVlR/EP and pPROM/67, respectively (Fig. 1), were used
for Si nuclease assays. Lanes are as described in the legend to Fig.
2. The hybridization temperature was 48°C. (C) Relative amounts of
accumulated RNAs at the P1 and P, promoters upon addition of
MgSO4 to the culture medium. For each time point, the amount of
radioactivity retained at the DNA bands corresponding to the P, and
P, messages was evaluated by laser scanning. summed. and set to
100. and each relative percentage was plotted as a function of the
time after treatment. The data are the average values of four
different autoradiogram exposures of panel A.
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