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Background: The sensor kinase BvgS controls Bordetella virulence and is modulated by nicotinate.
Results: Binding of nicotinate to the Venus flytrap domain affects the conformation and dynamics of the entire BvgS periplasmic
moiety.
Conclusion: Mechanical transmission of signals perceived in the periplasm turn the cytoplasmic moiety to phosphatase.
Significance: Deciphering signal transmission in BvgS illuminates regulation by sensor kinases with Venus flytrap perception
domains.

The two-component sensory transduction system BvgAS con-
trols the virulence regulon of the whooping-cough agent Borde-
tella pertussis. The periplasmic moiety of the homodimeric sen-
sor kinase BvgS is composed of four bilobed Venus flytrap (VFT)
perception domains followed by � helices that extend into the
cytoplasmic membrane. In the virulent phase, the default state
of B. pertussis, the cytoplasmic enzymatic moiety of BvgS acts as
kinase by autophosphorylating and transferring the phosphoryl
group to the response regulator BvgA. Under laboratory condi-
tions, BvgS shifts to phosphatase activity in response to modu-
lators, notably nicotinate ions. Here we characterized the effects
of nicotinate and related modulators on the BvgS periplasmic
moiety by using site-directed mutagenesis and in silico and bio-
physical approaches. Modulators bind with low affinity to BvgS
in the VFT2 cavity. Electron paramagnetic resonance shows that
their binding globally affects the conformation and dynamics of
the periplasmic moiety. Specific amino acid substitutions
designed to slacken interactions within and between the VFT
lobes prevent BvgS from responding to nicotinate, showing that
BvgS shifts from kinase to phosphatase activity in response to
this modulator via a tense transition state that involves a large
periplasmic structural block. We propose that this transition

enables the transmembrane helices to adopt a distinct confor-
mation that sets the cytoplasmic enzymatic moiety in the phos-
phatase mode. The bona fide, in vivo VFT ligands that remain to
be identified are likely to trigger similar effects on the trans-
membrane and cytoplasmic moieties. This mechanism may be
relevant to the other VFT-containing sensor kinases homo-
logous to BvgS.

Two-component systems represent major signal transduc-
tion pathways in bacteria (1). They regulate important cellular
programs that enable bacteria to adapt to physical or chemical
changes in their environment. Prototypical two-component
systems are composed of a sensor kinase and a response regu-
lator, serving as a signal receptor and effector, respectively (2,
3). Each component protein harbors distinct functional
domains (4). Signal perception by the extracytoplasmic
domain of the sensor kinase triggers autophosphorylation of
a conserved His of the cytoplasmic dimerization and His
phosphostransfer (DHp) domain. Phosphotransfer then
occurs between the phosphohistidine and a conserved Asp
residue in the receiver domain of the response regulator (4).
Many response regulators act as transcriptional activators
when phosphorylated.

The BvgAS two-component system of the whooping cough
agent Bordetella pertussis controls the expression of the viru-
lence regulon (5, 6). The sensor kinase BvgS phosphorylates the
transcriptional activator BvgA at 37 °C under standard labora-
tory conditions and media, setting the bacteria in the Bvg�

phase in which the virulence regulon is transcribed. The Bvg�

phase appears to be the default phase of B. pertussis. Con-
versely, low temperatures or millimolar concentrations of
chemical modulators such as nicotinate or sulfate ions turn off
the kinase activity of BvgS and turn on its phosphatase activity.
The virulence genes are no longer transcribed, and a small set of
virulence-repressed genes is up-regulated. This sets the bacte-
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ria in the avirulent, Bvg� phase. An intermediate phase occurs
at moderate modulator concentrations, in which only the
“early” virulence genes are transcribed together with interme-
diate genes (5, 7–9). The different phases of B. pertussis might
correspond to distinct stages in the development of the infec-
tious cycle. The natural, in vivo signals perceived by BvgS in its
host remain to be identified.

Structure/activity relationship studies of nicotinate analogs
have revealed that a planar aromatic ring structure and a car-
boxylate group are necessary for modulation (10, 11). There-
fore, isonicotinate and chloronicotinate are modulators
whereas nicotinamide is not. With its electron-withdrawing
substituent, chloronicotinate modulates BvgS at lower concen-
trations than nicotinate. Non-aromatic carboxylic acids such as
acetate or succinate do not modulate BvgS activity (10, 11).

Nicotinate and related modulators act on the periplasmic
portion of BvgS (12–14), which is composed of extracytoplas-
mic Venus flytrap (VFT)5 domains in tandem (Fig. 1) (15). VFT
domains consist of two lobes delimitating a cavity and joined by
a hinge. Those domains have been widely adopted throughout
the phylogenetic tree for transport or signal perception pur-
poses (16 –18). Typically, ligand binding in the interlobe cavity
of a VFT domain leads to clamshell motions that enclose the

ligand (16, 19). In the case of signaling, this conformational
change triggers downstream cellular events (17, 20). BvgS is the
prototype of a large family of bacterial sensor kinases harboring
tandem VFT domains whose mechanisms of signal perception
and transduction remain to be deciphered (21).

The periplasmic portion of BvgS forms an intricate
homodimer with open, membrane-distal VFT1 domains and
closed, membrane-proximal VFT2 domains (21) (Fig. 1). They
are followed by one helix per protomer, H19, which extends
into the membrane to form a transmembrane region leading to
a cytoplasmic Per/Arnt/Sim (PAS) domain and then to kinase,
receiver, and histidine phosphotransfer domains involved in a
phosphorelay (Fig. 1). The conformation of the periplasmic
moiety determines the mode of activity of BvgS. In the Bvg�

phase, the periplasmic portion of BvgS exerts a strain on the
transmembrane helices that sets the cytoplasmic enzymatic
moiety in a mode of high kinase and phosphotransferase activ-
ity (referred to below as the kinase mode) (21). How signal per-
ception translates into a shift to a low-kinase, high-phosphatase
mode of activity (hereafter called the phosphatase mode)
remains to be determined. In this work, we characterized the
effects of signal perception on BvgS and identified the features
of the periplasmic domain necessary for the transition from the
kinase to the phosphatase mode of activity by combining
mutagenesis and biophysical methods. For want of the authen-
tic BvgS ligand(s), we used nicotinate with the rationale that the

5 The abbreviations used are: VFT, Venus flytrap; PAS, Per/Arnt/Sim; CWEPR,
continuous wave electron paramagnetic spectroscopy; ITC, isothermal
titration calorimetry.

FIGURE 1. The sensor-kinase BvgS. a, schematic of the BvgS dimer. From the N to the C terminus, each monomer is composed of two periplasmic VFT domains,
a transmembrane segment, and a PAS domain, followed by histidine kinase (HisKA), receiver (RR), and histidine phosphotransfer domains that make up a
phosphorelay (arrows). BvgA is composed of a receiver domain and a DNA-binding (helix turn helix, HTH) domain and also forms dimers. b, schematic of the
periplasmic moiety of BvgS. One monomer is colored green and the second one gray. The positions of the substitutions described in this work that prevent
modulation by nicotinic acid are shown as red spheres centered on the C� of each residue. The positions of previously described substitutions that similarly
cause an unresponsive phenotype (21) are shown as yellow spheres (D160A, F230A, N231A, S287A, and R526A). Positions of the substitutions in the VFT2 cavity
that are used in this work are shown as blue spheres. The substitutions are shown only for the green monomer.
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mechanisms thus revealed would illuminate how the natural
signals perceived by the periplasmic domains of BvgS regulate
its enzymatic activity.

Experimental Procedures

Plasmids and Strains—Recombinant B. pertussis BPSM
derivatives containing chimeric bvgS genes were constructed by
allelic exchange as in Ref. 13. lacZ in transcriptional fusion with
the sequence of the first gene of the pertussis toxin operon (22)
was introduced into the different strains to measure BvgS
kinase activity.

To enhance the formation of the dimeric form of the BvgS
VFT domains, a recombinant protein with a C-terminal leucine
zipper domain was constructed by overlapping PCR. The
sequence for the zipper was amplified from pT18-zip (23) using
the 5�-caacgtatgaaacagctggaaga-3� and 5�-tactcgagcccacgttcac-
ccaccagttt-3� oligonucleotides as primers, and the 3� part of the
VFT2 sequence was amplified using the 5�-acagcatttcgaacgac-
gagc-3� and 5�-tcttccagctgtttcatacgttgctcgttgcggtaggcgtacca-3�
primers. The amplicon resulting from the overlapping PCR was
used to replace the XhoI-SfuI fragment of pGEV-VFT1�VFT2
(21). The resulting pGEV-BvgSpZIP plasmid codes for the two
VFT domains preceded by a 60-residue GB1 carrier domain
(24) and followed by two Gly residues and a Leu zipper. The
E113C and N177C substitutions were introduced by overlap-
ping PCR, and the resulting amplicons were restricted with
BamHI and SfuI and introduced into pGEV-BvgSpZIP by liga-
tion to replace the WT fragment. The L316C and D442C sub-
stitutions were introduced in pGEV-BvgSpZIP by site-directed
mutagenesis on a pUC19 derivative containing the relevant
bvgS fragment. Fragment exchange in pGEV-BvgSpZIP was
performed as above.

The plasmids encoding the BvgS-p variants were obtained by
the exchange of restriction fragments. A DraIII-SfuI fragment
from pUC19mosaic containing the F317A substitution (14) was
coligated with the BamHI-DraIII fragment from pGEV-
VFT1�VFT2 in pGEV-BvgSpZIP restricted with BamHI-SfuI.
MfeI and BstBI were used to combine the F375E/Q461E or
Q463A substitution with the N177C or L316C substitution in
pGEV-BvgSpZIP. SexAI and MfeI were used to combine the
W525A substitution with the N177C or L316C substitution,
and DraIII and MfeI were used to construct the plasmids with
the W175A/Y178A substitutions and the E113C or L316C
substitutions.

To prepare anti-BvgA antibodies, bvgA was amplified by PCR
using the 5�-ggatcctacaacaaagtcctcatcattgac-3� and BvgA-Lo
5�-aagcttctaggcgagattgttgcgtttg-3� primers, and the amplicon
was introduced into pQE30 (Qiagen). A second PCR was then
performed to amplify bvgA with the sequence of the His6 tag
using 5�-ccatggcgcatcaccatcaccatcacg-3� and BvgA-Lo. The
amplicon was introduced into pET24d (Novagen), yielding
pT7-H-BvgA, which was used to transform BL21(DE3) for pro-
tein production.

Isothermal Titration Calorimetry—Recombinant BvgS-pWT
and BvgS-pF317A were produced and purified as described pre-
viously (21) and concentrated to 100 �M (6.9 mg/ml) before
overnight dialysis against 100 mM HEPES (pH 8), 150 mM NaCl,
and 150 mM imidazole. The dialysis buffer was used to prepare

a 2 mM solution of nicotinate or chloronicotinate. The thermo-
dynamic parameters were determined using an iTC200 calo-
rimeter (MicroCal Malvern) at 25 °C. Preliminary data showed
weak binding affinities and had c values lower than 1.0 stem-
ming from the low availability of protein. However, a reliable
binding constant can be obtained at low c values using high
ligand concentrations (25). For binding of chloronicotinate to
BvgS-pF317A, a 2 mM solution was titrated into the sample cell
containing 25 �M of BvgS-pF317A. The ligand concentration was
about 80 times that of the protein so that the final molar ratio of
ligand:protein at the end of the titration was 15:20. Injection
steps were 2 �l (first injection, 0.4 �l) with 120-s spacing. Base-
line corrections were performed by titrating ligand into sample
buffer. Data were processed using Origin 7 software (Origin-
Lab) and fitted using a single binding site mechanism where n
was fixed at 2.

Microscale Thermophoresis—Recombinant BvgS-pWT and
BvgS-pF317A concentrated to 40 �M (2.8 mg/ml) were dialyzed
overnight against 50 mM HEPES (pH 7.5), 150 mM NaCl, and
0.05% Tween 20. The dialysis buffer was used to prepare 100
mM solutions of nicotinate, chloronicotinate, and nicotina-
mide, and the pH was adjusted to 7.5 with NaOH. Proteins were
fluorescently labeled using the Monolith NT protein labeling
kit RED-NHS (NanoTemper Technologies) after dilution to 10
�M in the labeling buffer and using a dye:protein molar ratio of
3:1. The labeled proteins were diluted to 20 nM and mixed with
equal volumes of a 1:1 serial dilution of the unlabeled ligands,
yielding a concentration range from 50 mM to 1.5 �M. After 5
min of incubation, samples were loaded into standard capillar-
ies (NanoTemper Technologies), and thermophoresis was mea-
sured using a Monolith NT.115 instrument (NanoTemper
Technologies) at 25 °C with 5 s/30 s/5 s laser off/on/off times.
Instrument parameters were adjusted with 40% light-emitting
diode power and 20% IR laser power. Data from three indepen-
dently pipetted measurements were analyzed using the signal
from thermophoresis � T-jump for nicotinate and thermopho-
resis for chloronicotinate.

�-Galactosidase Measurements—Experiments were carried
out as in Ref. 26. Briefly, B. pertussis was grown on Bordet-
Gengou agar plates for 2 days at 37 °C and then cultured in
modified Stainer Scholte medium for 24 h at 37 °C. This culture
was used to inoculate Stainer Scholte medium containing the
indicated modulator concentrations at an A600 of 0.1. The bac-
teria were grown to an A600 of 1.5, and they were harvested by
centrifugation. They were lysed using a Hybaid Ribolyser appa-
ratus (30 s at speed 6 in tubes containing 0.1-mm silica spheres
as the lysing matrix). �-galactosidase activity was determined as
in Ref. 22.

Phos-Tag Assay—B. pertussis BPSM was cultured as above.
For kinetics experiments, the starting point (time 0) at which
nicotinate or an analog was added corresponds to an A600 of 1.5.
Cells from 2 ml of culture were then harvested at the indicated
time points. Lysis was carried out in 100 mM sodium phosphate
(pH 7), 10 mM KCl, and 1 mM MgSO4 using the Ribolyser appa-
ratus. The lysates were cleared by centrifugation for 15 min at
10,000 � g. Samples were mixed with loading solution at a 1:4
ratio (final composition of 1% SDS, 65 mM Tris-Cl (pH 8), 25%
glycerol, and 0.5% bromphenol blue) before loading 3 �l onto a
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SuperSep Phos-tag 12.5% gel (Wako Chemicals). Electrophore-
sis was performed at a constant voltage of 150 V at 4 °C for 1 h
15 min in 0.1 M Tris-Cl, 0.1 M MOPS (pH 8), 0.1% SDS, and 5 mM

sodium bisulfite. Gels were then washed once in transfer buffer
(25 mM Tris base, 0.192 M glycine, and 10% methanol) contain-
ing 1 mM EDTA for 10 min at room temperature and then twice
for 15 min with transfer buffer. Following the electrotransfer,
the immunoblots were saturated with milk and then incubated
using polyclonal antibodies raised in guinea pigs against recom-
binant BvgA purified on a Ni2� column in the presence of urea
(Eurogentec). The antibodies were diluted 1:1000. The second-
ary antibodies (anti-guinea pig IgG HRP-conjugated, Jackson
ImmunoResearch Laboratories) were diluted 1:10,000. The
blots were developed using the Amersham Biosciences ECL
Prime Western blotting detection system (GE Healthcare) and
analyzed using a Fuji LAS-3000 imaging system. Quantification
of the bands was performed using ImageQuantTL software (GE
Healthcare).

Continuous Wave Electron Paramagnetic Spectroscopy
(CWEPR)—The BvgS-p variants were produced and purified as
in Ref. 21, except that 0.5 mM tris(2-carboxyethyl)phosphine
(Sigma) was added to the clarified lysates before metal chelate
chromatography. 0.5 mM EDTA was added to the purified pro-
teins to remove traces of nickel. The proteins were mixed with
a 10-fold molar excess of ((1-oxyl-2,2,5,5-tetramethyl-�3-
pyrroline-3-methyl)methanethiosulfonate) (MTSL) (Toronto
Research Chemicals) and incubated under gentle overnight agi-
tation at 4 °C. A gel filtration step was performed using a PD10
column (GE Healthcare) pre-equilibrated with 10 mM Tris-HCl
(pH 8.8) and 150 mM NaCl. The elution fractions were concen-
trated on an Amicon Ultra 4-10K column (Millipore) (10 min,
4000 � g, 16 °C).

Spin-labeled BvgS-p (80 –100 �M) was injected into a glass
capillary tube. CWEPR spectra were recorded at 296 K on an
ESP 300E Bruker spectrometer equipped with an ELEXSYS
super high sensitivity resonator operating at 9.8 GHz, and the
microwave power was set to 10 milliwatt with a magnetic field
modulation frequency of 100 kHz and an amplitude of 0.1
milliTesla. The samples were recorded with an accumulation of
6 or 10 spectra depending on labeling efficiency. For the mod-

ulated spectra, the indicated modulators were mixed with the
protein before the measurements. The spectra were normalized
for presentation. The simulations of the CWEPR spectra were
performed with the Easyspin software package (Chili) under
Matlab (27).

In Silico Modeling—Simulation of the complexes between
nicotinate and VFT2 (PDB code 3MPK) was carried out using
GOLD (version 5.0), which is based on a genetic algorithm (28).
Docking simulations were performed on flexible ligands into
protein structures with partial flexibility in the neighborhood of
the active site. The torsion angles of Ser, Thr, and Tyr hydroxyl
groups as well as Lys NH3

� moieties were optimized during the
run so that hydrogen bond formation is favored. Default set-
tings for genetic algorithm parameters and the ChemPLP scor-
ing function were used. The interaction sphere was centered on
the VFT2 hinge, represented by the C� atom of Ala489 and
delimited by a 20-Å radius. Water molecules were removed.
Visual examination of the docking solutions was carried out
with PyMOL (PyMOL molecular graphics system, version
1.5.0.4 Schrödinger, LLC). Molecular dynamics simulations
were prepared and performed using the Gromacs suite of pro-
grams (29) using a dodecahedron system box with a minimum
distance of 0.6 nm between the protein and box edges. Electro-
static neutrality was ensured by adding the appropriate amount
of Na� counterions, and the system was equilibrated with 1000
steepest descent energy minimization followed by a short (20-
ps) molecular dynamics run with frozen protein coordinates.
The production run of 200 ns used settings as described in Ref.
21. Force field parameters for nicotinate will be described
elsewhere.

Results

Shift of BvgS Activity upon Nicotinate Addition—To directly
follow the enzymatic activity of BvgS after nicotinate addition,
we used a Phos-tag assay that detects the kinase and phospho-
transferase activities of BvgS via the level of phosphorylated
BvgA (BvgA�P) (30). Nicotinate was added to the bacterial
cultures, and aliquots were taken after increasing periods of
time. Detectable BvgA�P disappears minutes after modulation
(Fig. 2a). In contrast, compared with the fast dephosphoryla-

FIGURE 2. Nicotinate triggers fast dephosphorylation of BvgA in vivo. a, 8 mM nicotinic acid was added to B. pertussis cultures at time 0 (T0). Aliquots taken
at the indicated times (in minutes and hours) were analyzed by electrophoresis in Phos-tag gels and immunoblotting using antibodies raised against BvgA. b,
spontaneous dephosphorylation of BvgA. A lysate of B. pertussis grown under Bvg� conditions was incubated for the indicated times at 37 °C. Aliquots were
subjected to Phos-tag analysis as in a. c and d, the dephosphorylation of BvgA was performed as in a after the addition of chloronicotinate to 1 mM (c) or of the
non-modulating analog nicotinamide to 10 mM (d). The numbers below the panels show the proportions of phosphorylated BvgA present in each lane relative
to the amount present at time 0.
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tion observed in the presence of nicotinate, the spontaneous
dephosphorylation of BvgA in crude bacterial extracts incu-
bated at 37 °C in the absence of a modulator is slow, indicating
that the phosphorylated form of the response regulator is stable
(Fig. 2b).

To confirm that the effect of nicotinate is specific, we also
treated the bacteria with nicotinamide, a non-modulated mol-
ecule, and with chloronicotinate, which modulates BvgS activ-
ity in vivo at lower concentrations than nicotinate (11). Similar
to nicotinate, the addition of millimolar concentrations of chlo-
ronicotinate, but not nicotinamide, causes a rapid shift of enzy-
matic activity of BvgS from a kinase to a phosphatase of BvgA,
arguing that the in vivo effect of modulators is fast and specific
(Fig. 2, c and d). Nicotinate and related modulating molecules
can therefore be used as model signals to decipher the molecu-
lar mechanisms by which BvgS activity is regulated.

Binding of Nicotinate to BvgS—To characterize the interac-
tion of modulators with the recombinant periplasmic dimer
(BvgS-p), we performed isothermal titration calorimetry (ITC)
experiments. However, no interpretable binding curve was
obtained, indicating that the affinity may be too low for ITC and
consistent with the millimolar concentrations necessary for in
vivo effects. We therefore tested BvgS-pF317A because the
F317A substitution increases the sensitivity of BvgS to modu-
lation (14), and we used chloronicotinate because it modulates
BvgS at low concentrations (10, 11). Using BvgS-pF317A with
chloronicotinate, we could fit the ITC data with two equivalent
binding sites per dimer and a Kd of around 200 �M (Fig. 3a).

MicroScale thermophoresis (31, 32) was used to confirm the
ITC data. This technique allows for the analysis of protein-
ligand interaction from nanomolar to micromolar affinity in
solution by monitoring changes in protein diffusion between
bound and unbound states across a laser-induced temperature
gradient. We therefore determined the binding affinities of
BvgS-pF317A for chloronicotinate and nicotinate, with Kd values
of close to 200 and 1200 �M, respectively (Fig. 3b). No binding
was observed when nicotinamide was used as a control. WT
BvgS-p showed bound and unbound states using chloronicoti-
nate and nicotinate, but no Kd could be determined.

The ITC and thermophoresis data therefore indicate that
BvgS harbors a low-affinity binding site per monomer for those
modulators, although we cannot exclude the possibility of addi-
tional sites. The Kd values measured with the two methods are
in line with the in vivo modulating concentrations (14).

The effect of Nicotinate Depends on the VFT2 Conformation—
We have shown previously that nicotinate and related modula-
tors raise the denaturation temperature of the recombinant
VFT2 protein (14). Two sets of VFT2 cavity substitutions have
opposite effects. The F317A substitution increases both the in
vivo sensitivity of BvgS to modulation and the thermal stabili-
zation of VFT2 by nicotinate, whereas, conversely, the F375E/
Q461E substitutions that alter the positive electrostatic poten-
tial of the cavity abolish both the in vivo and in vitro effects of
nicotinate (14). Collectively, these observations indicate that
nicotinate exerts its effect on BvgS by binding to VFT2.

To investigate the effect of the modulator on the periplasmic
moiety of BvgS for signaling, we introduced two distinct disul-
fide (S-S) bonds, Cys355–Cys442 and Cys316–Cys445, across the

FIGURE 3. Characterization of in vitro binding of modulators to BvgS.
a, chloronicotinate binding to BvgS-pF317A using isothermal titration cal-
orimetry. The ITC trace and the binding curve that fit the data using a
single binding site per monomer model are shown. b and c, binding curves
of chloronicotinate and nicotinate, respectively, to BvgS-pF317A as deter-
mined by thermophoresis. A representative curve is shown in both cases,
and the Kd values were calculated from three separate measurements for
each modulator.
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VFT2 cavity between the two lobes (Fig. 4a). The rationale was
that with a S-S bond-locked VFT2, BvgS might fail to bind to,
and to respond to, nicotinate. The BvgS variants were expressed
in B. pertussis (Fig. 4b), and we assessed the response of BvgS to
nicotinate using a reporter system in which the Bvg-regulated
ptx promoter controls the expression of lacZ (13). Like the WT
protein, both BvgSC355-C442 and BvgSC316-C445 are in the kinase
mode under standard culture conditions, but, remarkably, they
cause opposite nicotinate sensitivity phenotypes. Therefore,
BvgSC355-C442 is not modulated by nicotinate, whereas, in con-
trast, BvgSC316-C445 is more sensitive than WT BvgS (Fig. 5).
The addition of a reducing agent to the bacteria restores WT
modulation phenotypes in both cases (Fig. 5). That these S-S
bonds differently affect the in vivo response of BvgS to nicotin-
ate suggests that the transition to the phosphatase mode trig-
gered by the modulator involves a conformational change of the
VFT2s that is facilitated by the Cys316–Cys445 bond but ham-
pered by the Cys355–Cys442 bond.

We analyzed this further by performing molecular dynamics
simulations of the VFT2 structure and measuring the evolution
over time of the distances between the C� atoms of the pairs of
residues involved in the S-S bonds described above. For the
355– 442 pair, two distance distributions are observed at
roughly 5 and 6.6 Å, with a preference for the latter (Fig. 4c). For
the 316 – 445 pair, a much broader distance distribution is
observed, with a peak at 6.7 Å.

Using the VFT2 structure (PDB code 3MPK), we performed
in silico molecular mechanics docking to identify a binding site.
Analysis of the top-ranking solutions revealed a loose binding
pocket in the cavity surrounded by hydrophobic and polar res-
idues. When the docking assays were performed with the
BvgSF375E/Q461E variant that is insensitive to nicotinate (14), no
binding pocket was found. Molecular dynamics simulations
were then performed with nicotinate in the VFT2 cavity, start-
ing from the position defined with the docking procedure. Both
sets of distances decrease, which suggests that nicotinate stabi-
lizes a more compact form of VFT2 (Fig. 4c). That the two S-S
bonds differently affect the in vivo response to nicotinate sug-
gests that the Cys316–Cys445 S-S bond facilitates the stabiliza-
tion of the compact form by keeping the 316 – 445 distance
short, resulting in a hypersensitive form of BvgS. In contrast,
the Cys355–Cys442 bond most likely opposes the conforma-
tional change of VFT2, resulting in an unresponsive phenotype.

The data therefore support the idea that nicotinate binding
makes the lobes of VFT2 move relative to one another. The
resulting distortion of the VFT2 domains mechanically triggers
a shift of enzymatic activity of the cytoplasmic domain.

The Integrity of the VFT Domains Determines the Response to
Modulation—The lobes of VFT domains are considered rigid
bodies. To address the importance of lobe integrity for modu-
lation, we replaced specific residues whose side chains are
involved in interactions that contribute to maintaining the lobe
structure with Ala. We then determined the response of the
BvgS variants to nicotinate using ptx-lacZ transcriptional
fusion. The first lobes of the VFT1 domains (hereafter called
VFT1L1s) are connected to their respective H8 helices at the
center of the dimer by a Trp residue conserved in the BvgS
family, Trp280 (Fig. 1). The W280A substitution makes BvgS
highly sensitive to nicotinate (Fig. 5). In the second lobes of
VFT1s (VFT1L2s) we simultaneously replaced Asp175 and
Tyr178 with Ala. Asp175 connects the VFT1L2 � sheet to � helix
H5 in the same lobe, and Tyr178 points to the VFT1 hinge. The
BvgSD175A/Y178A variant is unresponsive to nicotinate (Fig. 5).

In VFT2, Trp525 located in the � helix H18 is in a similar
position as Trp280 in VFT1 and connects each VFT2L1 to H18 at
the center of the dimer (Fig. 1). In contrast with the W280A
substitution, W525A makes BvgS insensitive to nicotinate (Fig.
5). Similarly, the Q463A substitution in VFT2L2 abolishes the
response to nicotinate (Fig. 5). The side chain of Gln463 makes
both intra-VFT2 and inter-VFT2L2-VFT1L2 H-bonds (21).

Therefore, the two lobes of VFT1 appear to differently affect
the transition to the phosphatase mode induced by nicotinate.
The integrity of the second lobe is necessary for the transition,
whereas, in contrast, a looser first lobe facilitates the response
to the modulator. In VFT2, slackening either lobe hampers the
shift of BvgS to the phosphatase mode. The integrity of
VFT1L2s, VFT2L1s, and VFT2L2s is therefore necessary for the
transition. In line with this, we have shown previously that tight
inter-VFT1-VFT2 interactions are also necessary for the
response to nicotinate (21).

To probe the interplay between VFT domains, we combined
specific substitutions and determined the in vivo response to
nicotinate using the ptx-lacZ reporter. The F375E/Q461E sub-
stitutions in the VFT2 cavity, which cause an unresponsive phe-
notype, were combined with W280A in VFT1L1, which gives a
hypersensitive phenotype. The resulting BvgS variant is insen-

FIGURE 4. Two distinct disulfide bonds across the VFT2 cavity have opposite effects on the response to nicotinate. a, two S-S bonds were introduced
across the interlobe cavity. The Cys316–Cys445 S-S bond (red) increases BvgS sensitivity to nicotinate, whereas the Cys355–Cys442 bond (blue) has the opposite
effect (see Fig. 5). b, immunoblot analyses showing the BvgS variants in membrane extracts of B. pertussis. The samples were not reduced prior to electropho-
resis, and, therefore, the S-S bond variants migrate slightly faster than WT BvgS (left). �-mercaptoethanol was added to the samples (right). c, distributions of
the distances between Leu316 and Ser445 and between Thr355 and Asp442 over the course of molecular dynamics simulations of VFT2 (PDB code 3MPK), alone
(top, apo) or with nicotinate in the interlobe cavity (bottom, holo). Histograms represent the fractional occupancy of the distances between the � carbons of
Leu316 and Ser445 (red) and of Thr355 and Asp442 (black).
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sitive to nicotinate, consistent with the inability of the modified
VFT2 cavity to accommodate nicotinate (14) (Fig. 5). F317A in
the VFT2cavity that causes a hypersensitive phenotype (14) was
combined with W525A in VFT2, which causes an unresponsive
phenotype. This yielded a BvgS variant insensitive to nicotinate
(Fig. 5). We also combined the same F317A substitution in VFT2

with D175A/Y178A in VFT1L2, which gives an unresponsive phe-
notype. The resulting variant is also not responsive to nicotinate.
The similar phenotypes of the latter two variants show that
enhanced nicotinate binding cannot compensate for the increased
slackness of the second lobe of VFT1 or the first lobe of VFT2.
Together, the data support the idea that nicotinate causes a con-

FIGURE 5. �-galactosidase activities of the recombinant strains harboring BvgS variants with substitutions in the periplasmic domains. The ptx-lacZ
reporter was used to determine the basal activity and response to nicotinate. The data for the recombinant strains harboring BvgSC355-C442 or BvgSQ463A are
from Ref. 21. The concentrations of nicotinate in the growth medium are given in micromolar. The reducing agent tris(2-carboxyethyl)phosphine was added
to the cultures at 10 mM when indicated. Note that tris(2-carboxyethyl)phosphine has no effect on WT BvgS (21). The measurements were performed at least
three times, and the mean � S.E. are shown. They are expressed in arbitrary enzymatic units, calculated as described in Ref. 22.
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formational transition involving most of the periplasmic domain,
whose integrity is necessary to trigger the shift of the cytoplasmic
moiety from kinase to phosphatase mode.

Interdomain Communication Probed by EPR Spectroscopy—
To detect changes of the conformation and dynamics of the
periplasmic domains caused by nicotinate binding, we per-

formed site-directed spin labeling and CWEPR experiments.
We used single Cys BvgS-p variants that retain WT BvgS activ-
ity and response to modulation (21) and covalently labeled
them with the sulfhydryl-reactive spin probe MTSL (Fig. 6).
The modified Cys residue is called R1. BvgS-p does not contain
natural Cys residues, and, therefore, the labeling is site-specific.

FIGURE 6. Nicotinate affects the dynamics of the second VFT1 lobe in vitro, as shown by CWEPR. a, left panel, the model indicates the positions of the spin
labels, called R1, in BvgS-p. One monomer is shown in blue and the other in gray. The spheres (yellow for 113-R1, red for 177-R1, and orange for 316-R1) are
centered on the C � of the respective residues in one monomer. Center panel, the normalized spectra of BvgS-p variants alone (black) or in the presence of 20
mM nicotinate (red) are shown, with the position of the spin probe indicated above. The magnetic field is in gauss. The inset presents an enlargement of the first
part of the spectrum (boxed region). The arrowheads and asterisks indicate the slow and fast components, respectively. Right panel, the schematic represents the
modification of Bvg-p after nicotinate (NA) perception. The increase of the slow component in the BvgS-p177-R1 spectrum suggests the strengthening (con-
vergent arrows) of the VFT1L2-VFT2L1 interface (oval). The resulting compact block formed by the VFT2s and the VFT1L2s affects the H19 helices so that the
cytoplasmic moiety shifts to the phosphatase mode (Pase). b, the spectra in a were simulated and are shown in stippled gray lines on top of the recorded spectra
in full black lines. The correlation times (nanoseconds) of the spectral components and the occupancy of each state (percent) are indicated. c, spectra of
BvgS-p177R1 with 1, 5, 10, or 20 mM nicotinate. The effect of nicotinate is detected at the same concentrations as in vivo. d, effects of various compounds on the
spectrum of BvgS-p177R1, all used at 20 mM. Chloronicotinate and isonicotinate are in vivo modulators, unlike nicotinamide and succinate.
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The four Cys side chains are surface-exposed and located on the
outer rims of the lobes. Three of them (113 in VFT1L1, 177 in
VFT1L2, and 316 in VFT2L1) were labeled successfully (Fig. 6a),
whereas hardly any labeling of Cys442 in VFT2L2 was obtained.
The shapes of CWEPR spectra at room temperature provide infor-
mation on the conformation and the overall mobility of the spin
label, which depends on its position on the protein (33). Because
the VFT lobes form rigid bodies, the CWEPR spectra will reflect
the rates at which the spin label experiences changes in its envi-
ronment, which depends on its own motions and on the dynamic
properties of the region to which it is attached (34, 35).

The spectrum of BvgS-p113-R1 (i.e. with a spin label at posi-
tion 113 in VFT1L1) is composed of sharp peaks, indicating
rather fast nitroxide motions (Fig. 6a). Accordingly, the rota-
tional correlation times of the spin label are in the nanosecond
range (Fig. 6b). For BvgS-p177-R1 with a spin label in VFT1L2, the
spectrum is broader, and the peaks are less sharp, showing that
the second lobe of VFT1 has a more limited mobility (Fig. 6a).
Finally, for BvgSp-316-R1 with a spin label in VFT2L1, the
CWEPR spectrum mainly shows a broad peak, indicating a
conformational ensemble of very limited dynamics (Fig. 6a).
The high rotational correlation time of the major form indi-
cates that the reorientational motions of the nitroxide are
completely restricted (Fig. 6b). In all three cases, the occur-
rence of several spectral components may reflect conforma-
tional heterogeneity.

The addition of nicotinate modestly but reproducibly
increases the proportion of the slow-mobility spectral compo-
nent and decreases that of the fast one for BvgS-p177-R1 (Fig.
6a). This effect is seen at concentrations similar to those that
modulate BvgS in vivo (Fig. 6c). The low amplitude of the
changes may be due to the weak affinity of the BvgS-nicotinate
interaction, but the high reproducibility of the results makes
such changes meaningful. To validate our observation, we used
other modulators, chloronicotinate and isonicotinate, and two
non-modulating molecules, nicotinamide and succinate (11).
The latter two cause no detectable spectral changes, whereas
the former have the same effect as nicotinate (Fig. 6d). The fact
that the binding of modulators to VFT2 decreases the mobility
of the second lobes of the VFT1s demonstrates long-distance,
mechanical communication between domains. The observa-
tion that the very restrained mobility of the VFT2s negatively
affects the dynamics of the VFT1L2s also suggests that the
VFT1L2-VFT2 interfaces tighten in the modulated state. This is
in line with earlier findings indicating that the integrity of the
VFT1-VFT2 interfaces is necessary for the response to modu-
lation (21). For the other two positions of the spin probe, the
addition of nicotinate does not affect the spectra (Fig. 6a).
Therefore, the mobility of the spin label in VFT1L1 remains fast
in the presence of the modulator, as seen with BvgS-p113-R1. As
for BvgS-p316-R1, the spectrum does not change, most likely
because the mobility regime of R1 at position 316 is already near
the rigid limit in the basal state (Fig. 6b).

We used EPR to analyze the effects of specific substitutions
that make BvgS insensitive to nicotinate. Therefore, we first
tested the F375E�Q461E substitutions in VFT2 that hamper
nicotinate binding. The spectra of the BvgS-pF375E�Q461E vari-
ants with R1 at positions 177 or 316 are similar to those of their

WT counterparts (Fig. 7a). Unlike with the WT protein, nico-
tinate does not modify the spectrum of BvgS-p177-R1 with the
spin probe in VFT1L2 (Fig. 7b). We then selected substitutions
that affect signaling rather than nicotinate binding. The side
chain of Gln463 in VFT2L2 interacts with VFT1L2 of the other
monomer and with the hinge within VFT2 (21). Its replacement
with Ala increases the proportion of the fast spectral compo-
nent of BvgS-p with a spin label at position 316 in VFT2L1 (Fig.
7a). In addition, the broadening of the slow spectral component
and the decrease of its rotational correlation time indicate a
somewhat less constrained conformational ensemble (Fig. 7c).
The CWEPR spectrum of BvgS-p with R1 at position 177 in
VFT1L2 is not modified by the Q463A substitution. Unlike that
of the WT protein, however, it is not affected by nicotinate (Fig.
7b). This substitution therefore appears to make VFT2 a little
more slack and to disrupt interactions that participate in inter-
VFT2-VFT1 communication.

The W525A substitution in VFT2L1 increases the proportion
of the slow component of the BvgS-p spectrum with the spin
label at position 177 (Fig. 7, a and c). In contrast, the spectrum
of BvgS-p with the label at position 316 in VFT2L1 is not mod-
ified by the W525A substitution. Neither is affected by the
addition of nicotinate (Fig. 7b). The somewhat reduced dynam-
ics of the spin probe in VFT1L2s suggests that disrupting the
structural integrity of the VFT2L1s by the W525A substitution
enhances VFT1L2-VFT2L1 contacts. In vivo, however, BvgS
does not react to the presence of nicotinate, probably because
the VFT2s are more slack. We also tested the substitutions
D175A/Y178A in VFT1L2, which revealed an increased propor-
tion of the high-mobility component in the spectrum of BvgS-p
with a label at position 316 in VFT2L1 and a slight decrease of
the slow mobility one (Fig. 7, a and c). Nicotinate does not
modify the spectrum (Fig. 7b). Therefore, the slacker VFT1L2s
slightly increase the VFT2L1s dynamics, which might cause the
unresponsive phenotype of this variant. These substitutions
were not tested in BvgS-p177-R1 because their proximity to the
spin probe was liable to cause local effects. CWEPR shows spe-
cific alterations of the conformation and dynamics of the VFT
domains, which are related to the phenotypes of the nicotinate-
unresponsive variants.

Discussion

BvgS regulates the pathogenicity of B. pertussis. In response
to specific cues, BvgS shifts from a kinase mode of activity, in
which expression of the virulence genes is maximal, to a phos-
phatase mode, in which the bacteria are avirulent. We have
shown previously that the default kinase activity of BvgS
depends on its periplasmic moiety exerting a strain onto the
transmembrane � helices (21). The strain maintains those heli-
ces in specific conformation and dynamics that consequently
determine the mode of activity of the cytoplasmic enzymatic
moiety. Here we characterized the changes of the BvgS VFTs in
response to the modulator nicotinate and identified structural
features of the periplasmic domain involved in the transition.

The natural ligands of BvgS and the in vivo niches or condi-
tions in which its activity is regulated remain unknown. How-
ever, the ability of BvgS to shift from kinase to phosphatase is
conserved among B. pertussis clinical isolates (13), arguing that
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the bacterium down-modulates virulence factors expression at
some point during its infectious cycle. Moreover, the residues
that line the VFT cavities are invariant (13), strongly arguing
that they perceive ligands in vivo, in line with the classical bind-
ing paradigm of VFT domains (16). In the absence of bona fide
ligands, nicotinate has served here as a model signal to decipher

the molecular mechanisms of sensory transduction. We
hypothesize that the mechanistic principles revealed by this
study will also be true for the natural BvgS ligands.

The conformations and dynamics of the periplasmic domain
of BvgS differ between the basal and the nicotinate-bound
states. EPR shows that nicotinate binding to the VFT2s induces

FIGURE 7. Specific substitutions that make BvgS unresponsive to nicotinate affect BvgS-p dynamics in vitro. a, the CWEPR spectra (black) of WT
BvgS-p177-R1 or BvgS-p316-R1 are superimposed onto those (red) of the indicated variants labeled at the same positions. See Fig. 6 for details. The schematics on
the right show the positions of the substitutions (brown dots) and provide interpretations of their effects (shown only for one side of the dimer). Lobes colored
in paler shades of blue or gray are slackened by the substitutions relative to the WT protein. First row, the F375E/Q461E substitutions at the surface of the cavity
hinder nicotinate binding (crossed arrow between nicotinate (NA) and BvgS). Second row, the Q463A substitution slackens the VFT2s. The looser VFT2-VFT1L2
interface that presumably results from slacker VFT2s is represented by divergent arrows. Third row, the small mobility decrease of VFT1L2 is most likely caused
by the W525A substitution loosening the VFT2L1 away from the center of the dimer, therefore enabling its closer contacts with VFT1L2 (convergent arrows).
Fourth row, the D175A/Y178A substitutions in VFT1L2 slightly increase the mobility of VFT2L1, likely because of looser interlobe contacts (divergent arrows). b,
the effect of nicotinate on the CWEPR spectra of the BvgS-p alone (black) or in the presence of 20 mM nicotinate (red). Second row, the Q463A substitution
slackens the VFT2s (see a), and, consequently, nicotinate addition does not affect the BvgS-p177-R1 spectrum, unlike for the WT protein. Third row, similarly, the
slackened VFT2sW525A prevents the effect of nicotinate on BvgS-p177-RI. Fourth row, the D175A/Y178A substitutions in VFT1L2 make the VFT2s slacker (see a),
and nicotinate does not rigidify them. c, spectra of interest were simulated as described in Fig. 6.
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long-distance changes in the periplasmic domain of BvgS, nota-
bly by decreasing the mobility of the second VFT1 lobes. Their
reduced dynamics probably stem from the formation of tighter
VFT2-VFT1L2 interfaces, with the rigid VFT2s affecting the
conformation and dynamics of the VFT1L2s. The resulting rigid
VFT2-VFT1L2 block most likely impacts the H19 helices, causing a
shift of the cytoplasmic moiety of BvgS to the phosphatase mode.
The loss of kinase activity upon closing the VFT1 cavities suggests
that the VFT1s might be the true environmental sensors of BvgS
(21). If this is the case, we hypothesize that ligand binding to VFT1
affects the conformation and dynamics of the periplasmic moiety
in a similar manner, with the same consequences for the enzy-
matic moiety as for those caused by nicotinate.

We identified two groups of BvgS variants with a modified
response to nicotinate. There are a few hypersensitive variants.
They include BvgSF317A (14), BvgSC316-C445 with an S-S bond
across VFT2 (this work), and BvgSW280A (this work). The first
substitution enhances the binding of nicotinate to the VFT2
cavity (14). For the second variant, it is likely that the confor-
mational change of VFT2 upon nicotinate binding is facilitated
by the S-S bond-induced constraint. Finally, BvgSW280A indi-
cates that looser VFT1L1s promotes the changes of the periplas-
mic moiety caused by nicotinate. We also generated a larger
number of insensitive variants. Substitutions that abolish the in
vivo response to nicotinate have specific in vitro effects on
BvgS-p, as seen by CWEPR. Such substitutions slacken the VFT
lobes or weaken the connections between domains. This argues
that the shift to phosphatase in response to nicotinate implies a
tense structural transition involving a large part of the periplas-
mic moiety of BvgS. Nicotinate cannot exert its effect on the
insensitive variants, most likely because the VFT2-VFT1L2
block is slackened by the substitutions.

In addition to the Bvg� and Bvg� phases, B. pertussis can be
in an intermediate phase, in which a subset of virulence factors
are expressed together with specific intermediate genes (5,
7–9). In vitro, intermediate levels of activity occur at interme-
diate concentrations of nicotinate. Nevertheless, we propose
that BvgS exists in two distinct, stable states that interconvert
rather than in several different states. According to the two-
state model, the kinase state of BvgS is overwhelmingly popu-
lated in the Bvg� phase, the phosphatase state is overwhelm-
ingly populated in the Bvg� phase, and intermediate levels of
activity correspond to the two states being populated simulta-
neously. In the default kinase state of BvgS, the periplasmic
moiety exerts a strain on the transmembrane helices. Substitu-
tions such as W535A or R472A/Y473A that weaken the con-
nections between VFT2L2s and the transmembrane helices
cause BvgS to shift to the phosphatase mode without a modu-
lator (21). We propose that, similarly, nicotinate binding dis-
rupts periplasmic interactions essential to maintain the cyto-
plasmic moiety in the kinase mode. This disruption allows the
transmembrane helices to rearrange in a stable manner, and
their modified conformation and dynamics therefore set the
cytoplasmic moiety to the phosphatase mode. The possibility
that the intermediate states of activity of BvgS correspond to as
many distinct conformational states of the transmembrane heli-
ces and of the cytoplasmic moiety cannot be ruled out but
would be complicated.

The nature of the changes that take place in the cytoplasmic
moiety of BvgS upon transitions between the kinase and phos-
phatase states remains to be determined. Recent studies on
model two-component sensor kinases have indicated that sig-
naling implies reciprocal displacements of the helical linkers
that precede the kinase domain and that the dimerization/his-
tidine phosphotransfer DHp helices undergo dynamic confor-
mational changes between the kinase and phosphatase states
(36 –39). In BvgS, the PAS domain between the transmembrane
region and the DHp domain of the kinase must relay the infor-
mation from the periplasmic moiety to the enzymatic moiety.
The BvgS PAS dimerizes (26). The dimeric PAS domains of
other sensor proteins have been shown to undergo quaternary
structure changes upon signaling (40 – 44). The segment
between the PAS and the kinase domains is predicted to form a
two-helix coiled coil that extends into the DHp domain, and a
specific substitution that disrupts the connection between the
PAS domains and those � helices abrogates kinase activity (26).
This suggests that the relaxed, i.e. the most stable, interface of
the coiled coil preceding the enzymatic moiety corresponds to
the phosphatase mode. In the kinase mode, the specific quater-
nary arrangement of the PAS domains dictated by the trans-
membrane helices most likely antagonizes the relaxed confor-
mation of that coiled coil. We therefore propose that nicotinate
binding to the periplasmic domain triggers a rearrangement of
the PAS domain interface in such a manner that the coil
between the PAS and the kinase can adopt its most stable con-
formation, corresponding to the phosphatase mode.

BvgS is the prototype of a large family of VFT-containing
sensor kinases. There are hundreds of BvgS homologs with tan-
dem VFT domains, and, therefore, the mechanistic principles
identified in this work are likely to be relevant for them as well.
Among other signaling proteins with extracellular VFT
domains in tandem are notably the ionotropic Glu receptors of
higher eukaryotes. The regulation of ionotropic Glu receptor
channel activity by the binding of ligands has been studied
extensively (45– 48), and it differs from the mechanisms found
here for BvgS. Interestingly, the x-ray structure of the periplasmic
portion of BvgS shows a tighter arrangement of its VFT domains
than in ionotropic Glu receptors (21). This work confirms that a
compact extracytoplasmic moiety with tight interactions between
VFT domains is essential for signaling by BvgS-like proteins.
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