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Two-component sensory transduction systems control important
bacterial programs. In Bordetella pertussis, expression of the viru-
lence regulon is controlled by the unorthodox BvgAS two-compo-
nent system. BvgS is the prototype of a family of sensor-kinases
that harbor periplasmic domains homologous to bacterial solute-
binding proteins. Although BvgAS is active under laboratory con-
ditions, no activating signal has been identified, only negative
modulators. Here we show that the second periplasmic domain of
BvgS interacts with modulators and adopts a Venus flytrap (VFT)
fold. X-ray crystallography reveals that the two lobes of VFT2
delimitate a ligand-binding cavity enclosing fortuitous ligands.
Most substitutions of putative ligand-binding residues in the
VFT2 cavity keep BvgS$ active, and alteration of the cavity’s electro-
static potential affects responsiveness to modulation. The crystal
structure of this VFT2 variant conferring constitutive kinase activity
to BvgS shows a closed cavity with another nonspecific ligand.
Thus, VFT2 is closed and active without a specific agonist ligand,
in contrast to typical VFTs. Modulators are antagonists of VFT2 that
interrupt signaling. BvgAS is active for most of the B. pertussis in-
fectious cycle, consistent with the proposed mechanism.

bacterial two-component systems | signal transduction | virulence
regulation | Bordetella

'wo-component sensory transduction systems (TCSs) are es-

sential to enable microorganisms to adapt to changes of their
environment. TCSs regulate important developmental programs,
including virulence, sporulation, competence, or resistance to
antimicrobial compounds (1). Ubiquitous in bacteria, they are
also found in some higher organisms, such as plants and insects.
Typically, they are made of a sensor kinase protein and a cyto-
plasmic response regulator (RR) (2). The signal is perceived by
the sensor, which leads to kinase activation and autophosphor-
ylation of a conserved His residue. The phosphoryl group is then
transferred to a conserved Asp residue of the RR. Thus acti-
vated, the phosphorylated RR mediates a specific, most fre-
quently transcriptional cellular response (1, 2).

Bordetella pertussis, the whooping cough agent, colonizes the
upper respiratory tract of humans (3). Its virulence regulon is
controlled by the TCS BvgAS (4). At 37 °C and in commonly used
growth media, the sensor kinase BvgS autophosphorylates and
transfers its phosphate group via a complex four-step cascade to
the final acceptor BvgA. Phosphorylated BvgA activates the
transcription of a number of “virulence-activated genes” (vags),
including those that code for B. pertussis’s adhesins and toxins.
The Bvg™" virulent phase of B. pertussis is necessary for infection
(5). In laboratory conditions, switching to the Bvg™ avirulent
phase is triggered by negative modulators in the culture medium,
such as nicotinate or MgSO, at millimolar concentrations (6).
Although BvgAS is central to the pathogenicity of B. pertussis, the
signals that activate BvgS in vivo or in vitro are unknown. BvgAS is
active under laboratory conditions, which may indicate that unlike
other TCS sensor kinases, its activation requires no positive sig-
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nals, but that it senses only negative signals that switch off its
kinase activity.

BvgS is the prototype for a large family of multidomain sensor
kinases found in Gram-negative bacteria. The molecular mecha-
nisms of signal perception and transduction by these proteins have
remained largely unexplored, in contrast to the extensive studies on
classical TCS sensor kinases. BvgS is composed of two periplasmic
domains homologous to bacterial periplasmic solute-binding pro-
teins (PBPs) (7), a transmembrane region followed successively by
a cytoplasmic PAS (Per/ARNT/SIM), a Histidine-kinase (HK),
a receiver and a Histidine phosphotransfer (Hpt) domains (8).

In this work, we investigated the structure and function re-
lationship of the second PBP domain of BvgS. Transport and
sensor PBPs adopt a bilobed Venus flytrap (VFT) structure with
two mobile jaws delimitating a cavity that binds a specific solute
(9). These jaws exist in open and closed conformations, and the
binding of a specific ligand in the cavity stabilizes the closed
conformation, activating membrane partners for solute import or
signaling (10, 11). Several families of eukaryotic receptors, in-
cluding glutamate-responsive ion channels and metabotropic
receptors, harbor VFT domains that function along the same
principles as bacterial PBPs (12). BvgS and homologous sensor-
kinases represent another class of VFT-containing receptors.

Results

Identification of the BvgS Ligand-Binding Domain. Four recombi-
nant proteins containing periplasmic portions of BvgS were con-
structed, and their affinities for various small molecules were
evaluated (listed in Table 1). The first protein harbors exclusively
the two PBP domains in tandem, and the second contains, in
addition, a short leucine zipper sequence at the C terminus to
mediate dimerization, because TCS sensor-kinases dimerize (13).
The other two proteins harbor the PBP domains, VFT1 and
VFT2, separately.

Known negative modulators were tested for interaction with
these four proteins by using fluorescence spectroscopy (14), but
no quenching was detected. Similarly, no potential agonists were
identified among the components of the growth medium or the
metabolites produced by B. pertussis (15). We then used the
thermal shift assay (TSA) (16), a technique that has been suc-
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Table 1. Change of the melting temperature (°C) of the VFT domains in the presence of
a ligand

VFT1 VFT2 VFT2F375E+Q4G1E VFT2F317A+F375A
L-proline 0.55 + 0.19 -0.03 + 0.40
L-cysteine 0.83 + 0.25 0.55 +0.19
L-serine 0.81 = 0.27 0.52 + 0.04
t-glutamate 0.68 + 0.23 0.43 + 0.09
L-pyroglutamate 0.35 + 0.13 0.30 + 0.24
Oxyded glutathione 0.07 + 0.48 —-0.03 + 0.41
Reduced glutathione 0.26 + 0.25 —-0.01 +£0.18
Ascorbate 0.70 + 0.26 1.17 + 0.43
Succinate* 0.47 + 0.18 0.22 + 0.04
Fumarate* 0.49 + 0.20 0.81 +0.10
Formate* 0.26 + 0.14 -0.01 + 0.03
Lactate* 0.56 + 0.18 0.60 + 0.15
Sodium hydroxybutyrate* 0.48 + 0.05 0.40 + 0.09
Acetate* 0.44 +0.12 0.44 + 0.15
Lithium acetoacetate* 0.07 + 0.18 -0.29 + 0.38
a-ketoglutarate* 0.72 + 0.06 0.89 + 0.09
Pyruvate* 0.88 + 0.18 1.26 + 0.27
MgSO," —0.90 + 0.18 0.64 + 0.21 —-0.35 + 0.42 1.00 + 0.30
Nicotinate" 0.50 + 0.21 2.31 + 0.72 0.38 + 0.19 5.01 + 0.59
Isonicotinate® 0.79 + 0.31 3.35 + 0.83 0.53 + 0.29 4.91 + 0.67
6-hydroxy nicotinate® 0.69 + 0.28 3.38 + 0.88 0.64 + 0.21 2.60 + 0.39
6-chloro nicotinate’ 0.06 + 0.06 1.47 + 0.46 0.20 + 0.04 3.00 + 0.38
Pyridine-2.5-dicarboxylate® 1.11 £ 0.34 4.83 + 1.85 0.94 + 0.17 4.78 + 0.84
Quinaldate® —-0.36 + 0.18 3.80 + 0.88 -0.35 + 0.30 11.19 + 1.18
Benzoate® 0.14 + 0.28 2.88 + 1.19 0.03 + 0.49 7.85 + 1.20
Sodium salicylate -0.73 + 0.15 3.35 + 0.72 -0.19 + 0.30 10.61 + 1.16
Nicotinamide -0.44 £ 0.15 0.27 + 0.25 —-0.07 + 0.02 0.52 + 0.10
Imidazole —-0.19 £ 0.20 -0.13 £ 0.14 —-0.55 + 0.03 —-0.30 + 0.19
Histidine 0.77 + 0.10 -0.13 £ 0.15 —0.10 + 0.20 —0.05 + 0.32

A thermal shift higher than 2 °C (in bold) is considered to be significant.
*Molecules that accumulate in the culture medium during bacterial growth. All molecules were tested at
30 mM except for 6-chloro nicotinate (16 mM) and pyridine-2.5-dicarboxylate (25 mM).
"Negative modulators of virulence (6). In the present work, salicylate was found to modulate virulence at high
concentration. The molecules tested by spectrofluorescence are shown in italics.

cessfully applied to PBP-ligand interaction studies (17). The
ligands were tested with the single-domain proteins (Table 1).
No ligand was found to increase the melting temperature, Tm, of
VFT1. In contrast, the Tm of VFT2 was increased by the addi-
tion of nicotinic acid or other negative modulators harboring an
aromatic cycle at high millimolar concentrations (6) (Table 1).
All together, there was a good correlation between the ability to
stabilize VFT2 in vitro and the modulating effect in vivo.

X-Ray Structure of the Second BvgS Domain. Given the role of
VFT2 in binding BvgS modulators, we determined its X-ray
crystal structure to a resolution of 2.04 A (SI Appendix, Table
S1). Disordered regions comprise the first 16 N-terminal residues
harboring a 6-His tag and the 16 C-terminal residues that are
thus not included in the model. Additional electron density in
the crystal structure that does not correspond to the protein was
attributed to molecules from the crystallization buffer. VFT2
adopts the classic bilobed PBP architecture consisting of two
similar o/p domains, lobes I and II (Fig. 14). The two lobes form
a deep cleft and are connected by a hinge region containing
a pair of p-strands. Lobe I is composed of residues 292 to 394
and 489 to 526 and includes both the NH, and COOH termini.
Based on the classic VFT paradigm, a putative ligand-binding
site is located in the cleft, and a close inspection of the structure
indicated distinct electron densities. Two molecules of acetate
(Actl and Act2) and a molecule of glycerol (Goll) fit the addi-
tional density. Actl is deeply buried and interacts with lobe I by
one H bond and a few van der Waals interactions. All other H
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bonds are water-mediated (Fig. 1B). Act2 and Goll interact
essentially with lobe II via a network of water-mediated H-bonds
and van der Waals contacts (Fig. 1C).

Thus, VFT2’s cavity is filled with water molecules and three
fortuitous ligands rather than a single one, arguing against their
being bona fide ligands. The interactions between VFT2 and
these molecules involve few direct H bonds, but mostly water-
mediated H bonds and van der Waals interactions.

Structural Comparisons. The VFT2 structure was compared with
those of homologs using the DALI software. Among the first hits
were a sensor domain of a HK protein from Geobacter sulfur-
reducens (PDB code 3H7M) (18) and the liganded glutamine-
binding protein (GInBP, 1WDN) of Escherichia coli. The struc-
ture of GInBP in open, unliganded form is also available
(1GGG). The structures of other bacterial PBPs and eukaryotic
VFT domains were included as well.

The value of the opening angle between the lobes was de-
termined for each structure (SI Appendix, Table S2). In VFT2, it
was 38.8°, very similar to that of its homolog of G. sulfurreducens
(36.6°). The angles determined for the other proteins vary be-
tween 27° and 43.7° for the closed forms and between 52 and
64.9° for the open forms, showing that VFT2 is closed.

The unliganded structure of GInBP was used to construct
open models for the other proteins, enabling us to compare the
overall cavity electrostatic potentials as in ref. 19. Remarkably,
VFT2 has a strongly positive potential, quite unusual among
VFT domains (SI Appendix, Fig. S3).

Herrou et al.
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Fig. 1. X-ray structure of VFT2. (A) The overall structure of the protein is
represented as a ribbon diagram, with the acetate and glycerol molecules
shown as red and green sticks, respectively. Lobe 1 is at the left and the two-
stranded hinge (57 and S13) is in the middle. a-Helices and f-strands have
been colored cyan and magenta, respectively. VFT2 also harbors two 34¢
helices, H4 and H5. (B and C) Major interactions between the molecules
present in the VFT2 cavity and the lobes of the protein (B, acetates and C,
glycerol). Lobes | and Il are in pale green and orange, respectively, with the
hinge strands shown in gray. The H bonds are shown as dotted yellow lines
and the H,O0 molecules as red spheres. For the sake of clarity, Van der Waals
interactions are not represented.

Effect of Altering the Electrostatic Potential of the VFT2 Cavity. To
probe the function of the VFT2 cavity, we altered its electrostatic
potential by mutagenesis (S Appendix, Fig. S3). Mutations were
introduced into B. pertussis bvgS. A lacZ reporter under the
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control of the Bvg-regulated ptx promoter was used to assess the
function of the system in vivo after growing the recombinant
bacteria in the presence or absence of the negative modulators
MgSO, or nicotinic acid (20). BvgS-VFT2g3755+ 0461 Was fully
active but insensitive to modulation (Fig. 2).

Recombinant VFT2gs375e+0461g Was analyzed by TSA. It
was slightly more stable than VFT2, but its Tm was not increased
by aromatic modulators (Table 1). The X-ray structure of
VFT2g3758+0461E Was also determined (SI Appendix, Table S1).
Although the protein crystallized in different conditions than its
counterpart, the two structures are very similar, with a rmsd value
of 1.1 A for Ca atoms superposition (SI Appendix, Fig. S4). The
cavity of VFT2g3755+0461E i also closed (SI Appendix, Table S2)
but instead of acetate and glycerol, ethylene glycol—probably from
the crystallization medium—was found inside. The increased sta-
bility and closed conformation of VFT2gs375e+0461 could be
explained by additional, direct interactions between residues of the
two lobes probably caused by the introduction of the two Glu side
chains (SI Appendix, Fig. S5).

Effect of Substitutions in the VFT2 Cavity. The VFT2 cavity is totally
conserved among a large number of Bordetella isolates (20), ar-
guing that it is highly adapted to function. To identify functionally
important cavity motifs, we performed structure-based compar-
isons with its closest homologs (SI Appendix, Fig. S6). Several
cavity residues that bind the fortuitous ligands correspond to
ligand-binding residues in homologs (Fig. 1 and SI Appendix, Fig.
S6). We thus investigated their role for BvgS activity.

In amino acid-binding PBPs related to VFT2, a salt bridge
between a conserved Arg and the a-carboxyl group of the ligand,
which significantly contributes to PBP-ligand affinity (21). Al-
though an Arg residue is present at the same position in VFT2,
its substitution did not affect the in vivo activity of BvgS-
VFT2R3g0a OF its response to modulation (Fig. 2).

Phes;7 and Phesss of lobe I participate in the cavity binding
network (Flg 1) BVgS-VFT2F317A+F375A had an intermediate
level of activity and was extremely sensitive to negative modu-
lation (Fig. 2). By TSA, the stability of VFT2g3174+F3754 Was
decreased compared with that of VFT2, but its Tm was strongly
increased by aromatic modulators (Table 1). BvgS-VFT2g3174
had a phenotype very similar to that of VFT2g3174 +F3754, but the
phenotype of VFT2g3754 Was closer to that of wt BvgS (Fig. 2).
Thus, it is essentially the Fs;7 side chain that contributes to
maintaining VFT2 in an active conformation and restrains
modulator binding. Attempts to crystallize this variant with a
modulator were unsuccessful.

F35 is in a p-turn in the vicinity of F3;7 and partially accessible
in the cavity; its replacement by Ala totally abolished BvgS ac-
tivity (Fig. 2). By TSA, VFT2g3504 Was significantly destabilized
compared with VFT2, with a Tm decrease of ~ 9 °C, and mod-
ulator binding restabilized it by 2 to 4 °C. Finally, a double
S423A+Qq461A substitution introduced in two putative binding
motifs of lobe II did not affect the activity of BvgS or its response
to modulation (Fig. 2).

Discussion

A large group of sensor proteins of TCS contain periplasmic
domains homologous to PBPs, whose mode of action has
remained undeciphered. With transport PBPs, binding of a li-
gand in the cavity favors the closed conformation (10, 11, 22),
which allows the protein to interact specifically with the mem-
brane transporter for solute import (23). A related “PBP model”
also applies to eukaryote receptors harboring VFT domains,
notably ionotropic Glu receptors, for which the binding of an
agonist closes the VFT cavity and triggers a response in the form
of ion channel opening (12, 24). In contrast, although the second
BvgS domain adopts a typical VFT fold, VFT2 represents a
previously unexplored paradigm. Our data strongly support the
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Fig. 2. p-gal activities of recombinant strains harboring BvgS variants with substitutions in the VFT2 cavity. A lacZ reporter placed under the control of the
Bvg-regulated ptx promoter was used to assess Bvg activity. The first panel shows the activities of the various strains grown in SS medium in the absence of
modulation calculated as in ref. 31. The effects of the negative modulators MgSO, (O) and nicotinic acid (l) on p-gal activity are shown in the remaining
panels, where 100% represents the activity of bacteria grown without modulators.

model that VFT2 is in a closed conformation and active by de-
fault and binds only antagonists.

VFT?2 crystallized in a closed conformation, with several small
molecules that have few direct interactions with the cavity walls
and essentially with only one lobe or the other, arguing that they
are fortuitous ligands. The homologous VFT domain of the
G. sulfurreducens sensor kinase was also found closed with only
water molecules in its cavity. It is most likely not a coincidence
that neither it nor VFT2 have trapped authentic ligands while
crystallizing in closed conformations. Although BvgS’s VFT2 is
a close homolog of amino acid binding PBPs, mutagenesis of its
cavity showed that it has functionally diverged from the latter
group. In contrast with those PBPs, few replacements of residues
involved in the interaction network of the VFT2 cavity affected
BvgS activity, arguing that it has lost the capacity to bind high-
affinity agonist ligands. Furthermore, the constitutively active
BvgSr37se+0461E Variant strongly indicates that the closed con-
formation is the active form of VFT2 and that no bona fide
agonist in the VFT2 cavity is needed for BvgS activity. This
finding is in contrast with the VFT sensors of eukaryotic recep-
tors, which are off by default and respond specifically to the
presence of agonists to activate the system.

The importance of the dynamic properties of signaling pro-
teins is now recognized as crucial to their functions (25). Thus,
the active state of VFT2 allows the action of modulating an-
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tagonists, unlike the constitutively active variant with a lesser
positive electrostatic cavity potential, which no longer binds
nicotinate in vitro or in vivo. Therefore, we propose that in BvgS
VFT2 has evolved both to adopt an active conformation without
a specific ligand and to respond to negative modulation. In vitro,
the soluble cytoplasmic portion of BvgS has kinase activity by
itself (26). In contrast, in vivo the complete loss of activity caused
by the single F350A substitution shows that in full-length BvgS
the kinase needs an activating signal from the upstream peri-
plasmic domain. Thus, the default state of the periplasmic do-
main of BvgS provides an activating signal for the cytoplasmic
kinase, which is transmitted mechanically through the mem-
brane. For VFT2, this active state corresponds to a closed con-
formation. The unusually positive electrostatic potential of the
VFT2 cavity is most likely also an important piece of the mo-
lecular mechanism of the periplasmic domain of BvgS. Thus, we
propose that the positive charges of the two lobes are partially
screened by nonspecific ligands found in the milieu, stabilizing
the closed conformation. This finding is consistent with the ob-
servation that various organic and inorganic ions influence the
activity of BvgS in the bacterium (27). The electrostatic potential
of VFT2 also allows the action of antagonists, consistent with the
fact that a major feature of organic negative modulators is their
carboxylate group (6), whose charge is complementary to that of
the VFT2 cavity.

Herrou et al.
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In laboratory conditions, nicotinate is an antagonist, albeit
a poor one, which is active at millimolar concentrations. We pro-
pose that nicotinate binds to the VFT2 cavity most likely by out-
competing nonspecific ligands and modifies the conformation of
the protein, turning it into an inactive state. This conformational
change interrupts the transmission of the activating signal to the
kinase. We have identified two Phe residues whose replacement
affects the activity of BvgS. F3,7 and F3; are located close to each
other in a B-turn that precedes a long surface-oriented loop. Both
VFT2g3174 and VFT2g3504 are less stable than VFT2, thus linking
BvgS function to the structure of this region. Interestingly, Bvg-
VFT2g3174 is also very sensitive to nicotinate, which suggests that
nicotinate binds in this area of the VFT2 cavity. The possibility that
the conformation of this turn-and-loop region participates in sig-
naling by BvgS will be investigated in future work.

Thus, BvgS has evolved to be active unless specific negative
signals are present in the environment, which may be the most
appropriate type of regulation for the lifestyle of B. pertussis.
Although the cost of virulence factor production by default
appears to be high, this strategy may be rational for a pathogen
that is directly transmitted from host to host and absolutely
requires the Bvg™ phase for colonization and development of the
infection. Nevertheless, BvgS has maintained its capacity to re-
spond to negative signals rather than being constitutively active,
although constitutive variants appear readily in laboratory con-
ditions (28). B. pertussis is able to survive and replicate in mac-
rophages (29), and its persistence in intracellular niches might
contribute to the prolonged disease that it causes. The down-
regulation of Bvg-regulated adenylate cyclase upon entry in
macrophages has been reported (30). Thus, specific modulators
present in certain intracellular compartment where B. pertussis
can reside may be natural VFT2 antagonists that turn off BvgS.

We have deciphered the molecular mechanism of VFT2 and
established a unique paradigm in VFT-containing proteins. BvgS
also contains the VFT1 domain, whose contribution to the activity
of BvgS remains to be determined. A domain organization similar
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to that of BvgS is found in a large number of nonorthodox TCS
sensor-kinases, with two extracytoplasmic VFT domains in tan-
dem (http://mistdb.com/). This highly conserved architecture
further argues that the two domains function together in a precise
manner that eventually determines the level of activation of the
protein. Deciphering their dialogue will be helpful to understand
the molecular mechanisms of these complex sensor kinases.

Materials and Methods

Protein Production and Purification. VFT1 and VFT2 encompass Sz to S»g7 and
Logs to ls4a, respectively. All oligonucleotides and construction details are
given in S/ Appendix, Table S7. Recombinant proteins were produced using
standard techniques and purified by metal-chelate affinity chromatography.

Biochemical Techniques. TSA was performed in 96-well plate with 30 pM
protein, 4x NanoOrange (Invitrogen) and 30 mM of each chemical com-
pound to be tested, adjusted to pH 7.4. The plates were heated to 85 °C with
a ramp rate of 0.07 °C/s and read by a thermocycler (LightCycler 480 II;
Roche) using excitation and emission wavelengths of 465 nm and 510 nm,
respectively. The Tm values were determined using the LightCycler480
Software. The experiments were performed two or three times in triplicate.
In each experiment the variation of Tm in the presence of each ligand was
calculated, and the SD between experiments was determined.

Crystal Structure Determination. All experimental details are given as S/ Text.
The Rfree factors for VFT2 and VFT2g375e.qae1e Were 21.86% and 24.57%,
respectively.

Characterization of the VFT2 Substitutions. Mutations were introduced by
overlapping PCR. The mutated fragments were introduced in a suicide
plasmid used for allelic exchange (20). The S7-/acZ fusion was introduced into
the recombinant strains using pFUS2 (31), and B-gal activities were measured
as in ref. 20. At least three independent measurements were performed. The
presence of BvgS-VFT2g3,04 Was verified by immunoblotting.
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