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ABSTRACT The two-component system BvgAS controls the virulence regulon in
Bordetella pertussis. BvgS is the prototype of a family of sensor histidine kinases har-
boring periplasmic Venus flytrap (VFT) domains. The VFT domains are connected to
the cytoplasmic kinase moiety by helical linkers separated by a Per-ARNT-Sim (PAS) do-
main. Antagonism between the two linkers, as one forms a coiled coil when the other
is dynamic and vice versa, regulates BvgS activity. Here, we solved the structure of the
intervening PAS domain by X-ray crystallography. Two forms were obtained that notably
differ by the connections between the PAS core domain and the flanking helical linkers.
Structure-guided mutagenesis indicated that those connections participate in the regula-
tion of BvgS activity. Thus, the PAS domain appears to function as a switch facilitator
module whose conformation determines the output of the system. As many BvgS
homologs have similar architectures, the mechanisms unveiled here are likely to gener-
ally apply to the regulation of sensor histidine kinases of that family.

IMPORTANCE The whooping cough agent Bordetella pertussis colonizes the human re-
spiratory tract by using virulence factors coregulated by the sensory transduction
system BvgAS. BvgsS is a model for a family of sensor kinase proteins, some of which
are found in important bacterial pathogens. BvgS functions as a kinase or a phos-
phatase depending on external signals, which determines if B. pertussis is virulent or
avirulent. Thus, deciphering its mode of action might lead to new ways of fighting
infections. Here, we used X-ray crystallography to solve the three-dimensional struc-
ture of the domain that precedes the enzymatic moiety and identified features that
regulate BvgS activity. As many sensor kinases of the BvgS family harbor homolo-
gous domains, the mechanism unveiled here might be of general relevance.

KEYWORDS two-component system, Bordetella pertussis, sensor kinases, PAS domain,
virulence regulation

ignal perception and transduction are essential for adaptation to changes of envi-

ronmental conditions. In eubacteria, two-component systems (TCS) are major play-
ers in the regulation of antibiotic resistance, sporulation, virulence factor expression,
and metabolic modifications in response to specific environmental signals (1, 2). Typically,
a two-component system is composed of a sensor histidine kinase (SHK) and a response
regulator (RR) protein. Upon signal perception, the SHK autophosphorylates on a con-
served His residue at the expense of ATP and transfers its phosphoryl group onto a con-
served Asp residue of the RR (3, 4). Once activated, the latter initiates specific changes ena-
bling the cell to adapt to the new conditions. Intervening proteins or domains between
the enzymatic domain of the SHK and the RR define so-called phosphorelays, thought to
provide more graded responses than simple on-off switches (5). When the signal disap-
pears, autophosphorylation and phosphotransfer cease and the SHK dephosphorylates its
RR partner, which shuts off the physiological response initiated by signal perception (6).
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In Bordetella pertussis, the TCS BvgAS controls the expression of the virulence regu-
lon for colonization of the human respiratory tract (7). At 37°C, under standard labora-
tory conditions, the SHK BvgS autophosphorylates and transfers the phosphoryl group
to BvgA, which then activates the transcription of the virulence genes. Low tempera-
tures or negative modulators, such as sulfate and nicotinate ions at millimolar concen-
trations (8), interrupt this kinase activity, shifting BvgS to a phosphatase state (9, 10).
BvgS functions as a kinase by default, a feature that may be more widespread among
TCSs than initially realized. The in vivo signals that trigger the shift to a phosphatase
state remain undetermined. An intermediate mode of activity at intermediate concen-
trations of modulators makes BvgS a rheostat (11).

BvgsS is the prototype for a large family of SHKs with extracytoplasmic Venus flytrap
(VFT) domains (9). In the BvgS dimers, each monomer is composed of 2 VFT domains in
tandem, followed by an a-helical transmembrane (TM) segment that prolongs into a
cytoplasmic a-helical linker, called linker 1, a PAS (Per-ARNT-Sim) domain (12), a sec-
ond a-helical linker, called linker 2, a DHp (dimerization and histidine phosphorylation)
domain, and a CA (catalytic ATP-binding) domain that together constitute the enzy-
matic moiety, and finally receiver and HPt (histidine-containing phosphotransfer) domains,
forming a phosphorelay (Fig. 1). In the periplasm, the VFT domains form an intricate di-
meric structure (9). In the cytoplasm, dimerization is mediated mainly by the two-helix link-
ers that can form coiled coils and by the DHp domains (13, 14). The coiled coils are margin-
ally stable so that their helices can also undergo rotational dynamics, and those features
are essential for activity regulation (13, 14).

The dynamics of the various domains determine the mode of activity of BvgS. In
the kinase mode, the membrane-distal VFT1 domains are dynamic (9), the first linker
adopts a noncanonical coiled-coil conformation, and the second linker is dynamic, i.e.,
it does not form a coiled coil (13, 14). This is consistent with recent models of SHK
mechanisms showing that kinase activity implies dynamic, asymmetric conformations
of the DHp and CA domains (15-17). Binding of nicotinate to the membrane-proximal
VFT2 domains rigidifies the periplasmic moiety, which induces a small vertical motion
of the TM segments toward the periplasm and disrupts coiled-coil formation by linker
1 (9, 13). This causes ill-defined conformational changes that notably imply an increased
distance between the PAS core domains (13) and promote coiled-coil formation by linker
2 (14). Decreased linker 2 dynamics shifts BvgS to a phosphatase state. Thus, a reciprocal
relationship exists between the states of dynamics of the two linkers in the two modes of
activity of the protein (13, 14).

PAS domains are frequent in microbial signaling proteins, where they play roles in
signal perception and/or transfer (12, 18). In BvgS, the position of the PAS domain
makes it an obligatory relay between the VFT and enzymatic domains. Here, we deter-
mined the X-ray structure of a recombinant PAS domain protein. We obtained two dif-
ferent forms of the PAS domain monomer that notably differ by the connections of the
core domain with its flanking helices. Structure-guided mutagenesis was used to iden-
tify features involved in signaling.

RESULTS

X-ray structure of PAS domain. As the recombinant protein corresponding to the
PAS core domain was insoluble, we produced a larger protein encompassing signifi-
cant portions of the linkers 1 and 2 of BvgS and harboring two Ala-to-Leu replace-
ments in linker 2 that enhance coiled-coil formation (14, 19). Analysis of the purified
protein by size-exclusion chromatography indicated that it forms dimers in solution
(see Fig. ST1A in the supplemental material). A single crystal form was repeatedly
obtained that showed a convoluted packing with 8 monomers in the asymmetric unit.
The structure was solved by the multiwavelength anomalous dispersion method and
refined to a resolution of 2.4 A, with R, and R;... factors of 21.7% and 24.5%, respec-
tively (Table S1).

Within the asymmetric unit, the eight domains adopt canonical PAS folds. Using the
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FIG 1 Model representation of the full-length BvgS dimer based on original structures and models.
One monomer is represented in shades of blue and dark gray for the original structures and the
structural models, respectively, and the other is in shades of pink and light gray. VFT structure, PDB
entry 4Q0C; PAS structure (this work), PDB entry 6ZJ8; HK, modeled from PDB entry 4GCZ; Rec,
modeled from PDB entry 2AYX; and Hpt, modeled from PDB entry 1BDJ. The linkers flanking the PAS
domain were modeled, since their orientations in the structures obtained here are not compatible
with the organization of full-length Bvgs.

usual nomenclature for PAS domains (12), 5 B strands, called BA, BB, BG, BH, and B,
form an antiparallel B sheet in the order BB-BA-BI-BH-BG, flanked on one side by
three « helices, aC, aD, and aF, encompassed in the sequence between BB and BG
(Fig. 2A). One of the helices frequently found in canonical PAS domains, «E, is replaced
with a loop. The PAS domain is flanked by the « helices @A’ and «J (20), which are
parts of the linkers 1 and 2 and are found at the N and C termini of the PAS core do-
main, respectively.

The eight monomers in the asymmetric unit adopt two broadly distinct conforma-
tions, which differ by the relative orientations of the @A’ and aJ helices as well as dif-
ferent conformations of the aC, aD, and aF segment. They are referred to here as type
| and type Il monomers (Fig. 2B; Fig. S2). Within the asymmetric unit, PAS monomers
pack as two tetramers composed of two central type | monomers (m1 and m2 in the
first tetramer and m5 and mé6 in the second) and two flanking type Il monomers (m3
and m4 in the first and m7 and m8 in the second tetramer) (Fig. 3). The two tetramers
are related to one another by a rotation of 130°, and overall, they superimpose with a
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FIG 2 Cartoon representation of the BvgS PAS domain. (A) Type | monomer (mé6) represented with «
helices in blue and B strands in pink. All secondary structures are labeled except helix aF, which, in
the left panel, is located behind the B sheet and, for clarity, is labeled only in the right panel. The
sequence of the PAS domain is indicated below, with the corresponding secondary structure
elements of type | monomers. The gray lines represent loops. (B) Structural alignment of a type |
monomer in blue (m6) and a type Il monomer in pink (m7). The secondary structure plots of mé6 and
m7 below show slight differences in architecture between type | and type Il monomers.

root mean square deviation on Cer of ~0.26 A, showing that they adopt similar confor-
mations (Fig. S3).

A careful inspection of the various interfaces within and between the asymmetric
units indicated that the two conformations of the monomer are not induced by the
crystal lattice, but they are stabilized by their organization in the asymmetric unit. This
suggested that the two conformations coexist in solution, with a dimer-monomer equi-
librium. However, dynamic light scattering experiments with the purified protein
detected particles of a single size, with a hydrodynamic radius of 31.8 A. This is compat-
ible with the size of a dimer or a tetramer, whose calculated gyration radii both are
around 22 A (21) (Fig. S1B). Thus, although two forms are found in the crystal, they
could not be detected in solution using our experimental conditions.
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FIG 3 Cartoon representation of the molecular packing of BvgS PAS domains in the crystal. Type |
and type Il monomers are numbered and represented in shades of blue and pink, respectively. The
asymmetric unit comprises eight monomers packed into two similar tetramers, each with two type |
monomers and two type Il monomers. Within the tetramer, type | monomers pack as a dimer and are
related by a 2-fold symmetry axis. They are flanked on opposite sides by two type Il monomers. The
two tetramers are not related by a typical crystallographic symmetry operation.

As several PAS monomers display disordered regions, the entire polypeptide chain
could be fully built only for three monomers, type | monomers m1 and mé6 and type ||
monomer m7. The other two type | monomers are also well structured, with only two
disordered loops, between BH and Bl in m2 and between aF and BG in m5 (Fig. S4).
For the type Il monomers other than m7, the region around the aF helix and the
extremities of the flanking N- and C-terminal helices appear to be flexible (Fig. S4). The
main interface between the two tetramers within the asymmetric unit involves mé6 and
m7 from one tetramer and m1 and m2 from the other tetramer (Fig. 3). The packing of
aF from monomer m7 docked between the aJ helices of m1 and m2 stabilizes this
monomer and explains why it is the only type Il monomer fully structured in the asym-
metric unit (Fig. 3). Thus, unless otherwise mentioned, monomers m6 and m7 will be
considered in the text to refer to the type | and Il conformations.

In each tetramer, the type | monomers (m1-m2 and m5-mé6) are related by a 2-fold
symmetry axis, and their interactions, which bury a surface of 750 A2, mainly involve
residues of their «A’ and aJ helices as well as a few contacts between their respective
B sheets and «J helices (Table S2). The unconstrained extremities of the @A’ and aJ
helices diverge from one another (Fig. 3). In contrast, in vivo Cys scanning analyses
have shown that the helices that compose the linkers cross-link with one another in a
periodic manner in full-length BvgS, as expected for dimeric coiled coils (13, 14).
Furthermore, the linker 2 helices are followed by the DHp domains, which typically
form a 4-helix bundle in SHKs (3). Therefore, the @A’ and aJ helices are expected to be
roughly parallel within the BvgS dimer, which is not reflected in the structure of the
central dimer. Another unexpected feature is that the B sheets of the two PAS core
domains are not contiguous (Table S2). Cys scanning analyses have revealed that the
PAS B sheets in full-length BvgsS loosely associate in particular via two pairs of residues,
His671 and 1le694 (13), whereas the residues of each pair are more than 2 nm apart in
the central dimer.

The type Il monomers are oriented almost perpendicular and on opposite sides of
the type | monomers (Fig. 3). Although the interactions between the type | and type Il
monomers are nonphysiological, their interfaces encompass 1,000 A2 (27 to 33 residues
involved between monomers m1-m4, m2-m3, m5-m8, or m6-m7) and more than 1,700
A2 (42 to 47 residues involved between monomers m1-m3, m2-m4, m5-m7, or m6-m8).
In the latter interfaces, the aA’ helices of type Il monomers are roughly packed antipar-
allel to the aJ helices of type | monomers, while their aJ helices extend and pack
between the aA’ helix and the B-sheet core of an adjacent type | monomer. In sum-
mary, the large interfaces within and between tetramers in the asymmetric unit have
enabled crystal formation by stabilizing monomer arrangements that do not reflect
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their dimerization mode in BvgS and that notably involve some nonphysiological inter-
actions between helices of neighboring monomers.

Comparison of type | and type Il monomers. Among the most striking differences
between the two types of monomers are the relative orientations of their N- and C-ter-
minal helices and their connections with the PAS core domain (Fig. 2B). Thus, in type |
monomers, the first residue of aJ is 11e696 of the important Asp-lle-Thr (DIT) motif that
is well conserved in PAS domains (12), whereas in type Il monomers the DIT motif is
unfolded, with the aJ helix starting only at Arg699; therefore, it is disconnected from
the PAS core domain (Fig. 2; Table 1). Conversely, in type Il monomers, the flanking A’
helix is closer to the PAS domain B sheet than in type | monomers (Fig. 2; Table S3).

Other differences are found in the helical aF region and the B sheet of the PAS
core domain. In the type Il m7 monomer, the aF helix encompasses residues 636 to
650, which is longer than that in type | monomers (residues 637 to 645) (Fig. 2). The
position of that helix is also different between the two types of monomers. As the oF
helix of the m7 monomer is stabilized by adjacent helices from other monomers, the
differences between the type | and type Il monomers in that region are difficult to
interpret. The BH-BI loop is not well defined in most monomers, which reflects its flex-
ibility (Fig. S4).

Recurrent principles of signaling by PAS domains have emerged from many studies
(12, 22-27). In brief, those studies suggest that signaling induces changes in structure
and dynamics propagated by the PAS B sheet to the flanking helices and that these
changes notably involve partial unfolding or supercoiling of the C-terminal helical
extensions. We took advantage of conformational differences between the two types
of monomers in those regions to explore whether they provide clues on the mecha-
nism of signal transduction through the BvgS PAS domain.

Importance of the connections between the PAS core domains and the aJ
output helix. We first explored the connections between the PAS core domain and
the N terminus of the flanking aJ helix. We have shown earlier that the Asp695-to-Ala
substitution in the DIT motif, a hallmark feature of PAS domains at the junction
between the core domain and the N terminus of the aJ helix, abolished the kinase ac-
tivity of BvgS (19). In type | monomers, Asp695 contributes to a hydrogen bond net-
work between the PAS core domain and the aJ helix, whereas in type Il monomers the
N terminus of the «J helix is unfolded and, thus, disconnected from the PAS core (Fig.
4; Table 1). We disrupted other interactions by replacing Asn593, Thr697, and Arg699
with Ala, as their side chains are involved in that network in type | monomers, and we
used a reporter system to determine the activity of the BvgS variants with the lacZ
gene placed under the transcriptional control of the Bvg-regulated pertussis toxin (ptx)
promoter. Strains expressing BvgS variants harboring point mutations were grown
under standard conditions or in the presence of 2mM chloronicotinate, a negative
modulator of virulence. In this manner, one can determine both the levels of kinase ac-
tivity of the BvgS variant relative to that of the wild-type (wt) protein and its ability to
respond to modulation, i.e., to shift toward a phosphatase state. In contrast, there is
currently no straightforward manner to measure the phosphatase activity of Bvgs.

Using the positive-control strain that produces wt BvgS, we showed that 1 mM is
sufficient to down-modulate activity, as already shown earlier (28) (Fig. S5). The
remaining B-galactosidase (B-gal) activity comes from the nonmodulated culture inoc-
ulum. The negative-control strains without BvgS showed no B-gal activity (Fig. 5).

The three variants, BvgSysesa, BVGSteera and BvgSgeeen, had no B-gal activity with
the ptx-lacZ reporter, supporting the idea that the connection between aJ and the PAS
core domain is necessary for kinase activity (Fig. 5A). We then used the more sensitive
PfhaB-lacZ reporter, as the transcriptional activation of the fhaB promoter requires
much smaller amounts of phosphorylated BvgA than that of the ptx promoter (29).
Therefore, this reporter could probe the residual kinase activity and the response to
modulation of BvgS variants having very little or no activity with the ptx-lacZ reporter.
The three variants were also inactive with the fhaB-lacZ reporter (Fig. 5B).

We observed earlier that BvgS is readily destabilized by point mutations, and this is
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FIG 4 Interaction network around the conserved DIT motif in type | monomers (A) and type I
monomers (B) in cartoon and stick representation. Hydrogen bonds are represented with red dashed
lines. (Right) Electron densities in that region.

reflected by the loss of the protein in bacteria (13). This is because its biogenesis is
quite complex, with both the large periplasmic and cytoplasmic moieties having to
fold and to dimerize in a timely manner for proper assembly. Therefore, we checked
for the presence of the inactive mutant proteins in the bacteria to determine if the cor-
responding mutations led to biogenesis defects. In lysates of B. pertussis, BvgStgo,4 and
BVgSgeeon Were found in small amounts by immunoblot analyses using polyclonal anti-
bodies (Fig. S6). In contrast, BvgSysesa Was not detected, arguing that the Pro592-
Asn593-Pro594 motif between oA’ and BA is structurally critical. Altogether, the loss
of kinase activity of the BvgSpeesa (19), BvgSteera, and BvgSgesoa Variants supports the
idea that loosening the N terminus of aJ and its connection with the PAS core domain
displaces the balance of activity toward the phosphatase state. The most likely reason
is that the flanking aJ helices disconnected from the PAS core domains are uncon-
strained and, thus, adopt a low-energy coiled-coil conformation that determines the
phosphatase state of BvgS (14). The possibility of both kinase and phosphatase activ-
ities being lost cannot be ruled out but appears to be less probable in this case, as
such mutations are more likely to hamper the switch between states than to abolish all
enzymatic activity.

Role of the connections between the input helix and the 8 sheet of the PAS
core domain. In type Il monomers, the @A’ input helix lies in the proximity of the PAS
core BB sheet with hydrophobic residues 1le595 and Val597 of BA, Leu605 and Leu606
of BB, and 11e690 of I, facing the aA’ helix (Table S3). Thus, we probed the impor-
tance of these B-sheet residues. We generated three BvgS variants with mild point
mutations, BvgSisgsa, BVgSysesa and BvgS gosa, and three variants with more drastic
changes, BvgSisoss + vsors: BVGSieoss + Leosss aNd BvgSiseos. The lsgsA and LeosA substitu-
tions yielded variants with moderate kinase activity, and BvgsS, 45, remained somewhat
sensitive to modulation (Fig. 5). Interestingly, BvgSyss,4 Showed a higher kinase activity
than wt BvgS under standard conditions. Mutations that similarly increase the kinase
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FIG 5 Effect of the substitutions in the PAS domain and its flanking helices on BvgS activity. (A) A
ptx-lacZ transcriptional fusion was used to determine the activities of the BvgS variants under
standard conditions (0) or after the addition of 2mM chloronicotinate to the culture medium (CN2)
compared to those of wild-type BvgS (WT) and of the strain with an empty vector (EV). The BvgS
variants are indicated by the substitution they harbor. For the BvgSggy;, variant, hemolytic (H) and
nonhemolytic (N) clones were analyzed. (B) A fhaB-lacZ transcriptional fusion was used as described
for panel A for the variants that showed no or very little activity with ptx-lacZ. The values are given
in arbitrary units, with means and standard deviations. *, statistically significant difference using the
nonparametric two-tailed Mann-Whitney test (95% confidence).

activity of BvgS have been reported before that are thought to displace the balance of
activity toward the kinase state (30-32) (see Discussion). In contrast, the drastic pheno-
types of the double mutants and of BvgS,s (Fig. 5) argue that the B sheet cannot be
altered without severe functional consequences, as already observed (13). The first two
mutant proteins were detected in the bacteria, but BvgSi0s Was not (Fig. S6), confirming
the importance of B-sheet integrity for BvgS stability and function.

Polar residues of the loop between strands SBH and Bl might also interact with the
N-terminal part of the aA’ helix, which is rich in charged residues. Notably, the gH-plI
loop contains Gly residues that are likely to impart flexibility and to facilitate hydrogen
bond formation between polar residues of BH-Bl and aA’. As the structure of the full
aA’ helix was not resolved in the structure of type Il monomers, we superposed the
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TABLE 1 Intramonomer hydrogen bonds and other potential interactions between the side
chains of the residues of interest and side chain or main-chain (N™ and O™) atoms of other
residues?

Interacting atoms: distance (A)

Residue Secondary structure Monomer 6 (type I) Monomer 7 (type Il)

N593 aA'-BA loop 80-n2N R699 (a)): 2.9

N593

1595* BA *

V597* BA *

K600 BA-BB loop

K600 {N-£'0 E685 (BH-I): 3
K600 {N-O™ L1686 (BH-BI): 3.3
R603 BB eN-520 D599 (BA): 3

R603 1n?N-820 D599 (BA): 3.1

R603 1n2N-£20 E601 (BA-BB): 3.2

R603 7n'N-O™ G624 (aD-afF): 3.3
R603 1n'N-£'0 E629 (aD-aF): 2.9
R603 1n%N-£20 E629 (aD-aF): 3.4
R603 eN-£'0 E601 (BA-BB): 3.5
L605* BB *

L606* BB *

E653 aF-BG loop

E653 £'0-7'N R657 (BG): 2.7
Y679° BH $

S682° BH-Bl loop $

1690* Bl *

D695 Bl 8'0-N™T697 (al): 3

D695 8§'0-N™ E698 (a)): 3.1

D695 520-1"N R670 (BH): 2.8
T697 al YO-N™<H671 (BH): 2.8

T697 Bl-a) loop

R699 al 7n'N-N™ D695 (Bl-a)): 2.8

R699 72N-60 N593 (aA'-BA): 2.9

a*, hydrophobic residues of the PAS core B sheet oriented toward the A" helix and possibly involved in van der
Waals contacts with it in type Il monomers that were targeted in this study (Table S3). $, residues of the PAS
core domain potentially involved in hydrogen bonds with aA' in type Il monomers (see the text and Table S3).
Note that a distance of 3.2 A is considered the upper limit for hydrogen bond formation, but we chose to also
show slightly longer distances given the resolution of the structure.

aA’ helices of the type | m6 and type Il m7 monomers to construct the N-terminal part
of aA’ for the latter (Fig. S7). This model supports the proximity of the SH-BI loop with
the Ala573-Asn578 portion of @A’ in type Il monomers. We attempted to replace polar
residues potentially involved in interactions between the two. However, as aA’ is also
involved in the linker 1 coiled coil (13), the effects of substitutions there might be diffi-
cult to interpret. Therefore, we targeted only Tyr679 and Ser682 in the BH-BI region
by replacing them with Ala. BvgSys,04 and BvgSces,s both showed low but detectable
levels of kinase activity that did not respond to modulation (Fig. 5). Their phenotypes
indicate that the substitutions disrupted interactions that stabilize the phosphatase
state. Of note, a number of kinase-constitutive mutations have been reported in SH-pI
(30-32) (Table 2).

Role of the PAS core for signal transduction. We also targeted other regions that
differ between the two types of monomers. In type Il but not in type | monomers, there
are connections between the BA-BB loop and both the aD-aF loop in the helical
region and the BH-pI loop in the B sheet. Lys600 and Arg603 in particular make salt
bridges with Glu685 in the BH-BI loop and with Glu629 in the aD-aF loop, respectively
(Table 1; Fig. 6). In type | monomers, in contrast, Arg603 makes contacts only with neigh-
boring residues within BA-BB, and Lys600 has no interaction (Table 1). Intriguingly, replac-
ing Arg603 with Ala yielded two distinct, stable phenotypes, with hemolytic and nonhe-
molytic colonies. Such a bistable behavior of the virulence phenotype has been described
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R603

FIG 6 Interaction network in the PAS core domain shown in cartoon and stick representation. The
same color code as that of Fig. 4 was used, with type Il monomers depicted in pink (A) and type |
monomers in blue (B). Hydrogen bonds between side chains are indicated with dashed red lines.

before in Bordetella (33). The hemolytic clones showed close-to-wt levels of B-gal activity
that did not respond to modulation. In contrast, the nonhemolytic ones displayed hardly
any kinase activity, and BvgSge,34 Was not detected in membrane extracts of those variants,
indicating a structural defect (Fig. 5; Fig. S6). Therefore, the Arg603Ala mutation yields two
forms of Bvgs, only one of which assembles in a stable manner, further emphasizing the
importance of the PAS B sheet for protein integrity. The observation that BvgSgegsa is ki-
nase locked in the hemolytic variants nevertheless indicates that the kinase-phosphatase
balance is affected by the mutation. We also replaced Lys600 with Ala. The BvgSygooa Vari-
ant had detectable, low levels of activity that did not respond to modulation (Fig. 5). The
similar phenotypes of the two variants in that region suggest that disrupting this network
of interactions favors the kinase state.

The aF helix is a full helical turn longer in type Il than in type | monomers. The con-
formation of the aF-BG loop is maintained by a salt bridge between Glu653 and
Arg657 in type Il monomers only (Table 1; Fig. 6); therefore, we replaced the former
with Ala. This resulted in a BvgS variant with a low level of activity that seemed not to
respond to modulation. Altogether, substitutions in the PAS core domain reduce the
kinase activity of BvgS and appear to affect the kinase/phosphatase equilibrium, sug-
gesting that conformational changes in that region also participate in activity
regulation.

DISCUSSION

BvgsS is the prototype of a large family of SHKs defined by the presence of an extrac-
ytoplasmic VFT domain(s). In BvgS and many homologs, the VFT and DHp domains are
successively separated by a long linker 1, composed of two parallel « helices that cross
the membrane and extend into the cytoplasm, a PAS domain, and a shorter helical
linker 2. The regulation of BvgS activity is mediated by an antagonism between the
two linkers, one forming a coiled coil when the other is dynamic and vice versa (13,
14). This work closes a gap in our model of signaling in BvgS. We propose that the PAS
domain transduces changes of conformation and dynamics between the two linkers
by reversibly altering its own conformation and, notably, the connections between its
core domain and those linkers.

We serendipitously obtained two forms of the PAS domain and took advantage of
their differences to probe regions frequently involved in signaling in other PAS
domains (12, 22-27). With one exception, our structure-based mutations markedly
decreased BvgS activity and/or responsiveness to modulation, arguing that the PAS
domain is optimized for function and that its structure and its flexibility are integral to
the signaling mechanism. Nevertheless, we observed phenotypes indicative of
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alterations to the kinase-phosphatase balance, suggesting that the switch between
states was hampered. The mutants that display B-gal activity unresponsive to modula-
tion are likely to be locked in kinase states, although their lower-than-wt levels of activ-
ity under nonmodulated conditions indicate suboptimal conformations or dynamics. In
variants with no B-gal activity, Bvgs is either locked in the phosphatase state or has
lost both kinase and phosphatase activities. The former possibility is likely for muta-
tions that disconnect linker 2 from the PAS core domain.

We propose that a tight connection between the PAS core domain and the output
aJ helix (i.e., linker 2) exists in the kinase state, in agreement with earlier findings that
this linker between the PAS and the enzymatic domains is dynamic in that state (14).
Interactions between the extremity of the PAS B sheet and the aJ helix likely constrain
linker 2 and prevent it from adopting a stable coiled-coil conformation. Conversely, dis-
sociation of aJ from the core domain and local unfolding of its first helical turn favor
the coiled-coil formation of linker 2. At the input side, disconnection between the PAS
core domain and the aA’ helix is likely to facilitate coiled-coil formation by linker 1, a
feature associated with the kinase state (13). In contrast, interactions between the PAS
core domain and the A’ helix impose constraints that likely prevent coiled-coil forma-
tion, a situation corresponding to the phosphatase state (13). Thus, connections
between the PAS core and the flanking helices most likely determine which linker can
adopt a low-energy coiled-coil conformation and, hence, the state of activity of BvgsS.
According to this model, BvgS is composed of several modules whose dynamics and
conformation differ between states, and those equilibria are in thermodynamic cou-
pling (15). In the kinase state, module 1, encompassing the VFT domains, is dynamic,
module 2, corresponding to linker 1 in a coiled-coil conformation, is more static, and
module 3, composed of the PAS core domain and linker 2, is also dynamic. This allows
the catalytic cycle that characterizes the kinase and phosphotransferase activities of
SHKs (16, 17). Modulator perception shifts those equilibria toward the phosphatase
state, with a VFT domain-containing module 1 being more static (28), a dynamic mod-
ule 2 encompassing linker 1 and the PAS core domain, and a more static module 3 cor-
responding to linker 2 in coiled-coil conformation (14). The PAS domain would be a
switch-facilitator module that amplifies a signal by associating with one linker or the other
and thereby affecting their conformation and dynamics. As BvgS works as a rheostat, inter-
mediate states of the PAS domain can occur, as indicated by substitutions that yield inter-
mediate levels of activity.

The PAS core domain itself appears to be involved in signal transduction, as for
other PAS domains (25, 34, 35). Thus, substitutions in the BH-BI, BA-BB, and aF-BG
loops affect the balance of activity. However, some mutations in the 8 sheet appeared
to destabilize BvgsS. In other signaling proteins, the PAS B sheet was reported to propa-
gate conformational or dynamic changes to an effector domain through flanking heli-
cal linkers (12, 15, 36, 37). Such a mechanical role most likely explains why the struc-
tural integrity of the BvgS PAS B sheet is critical for the function and stability of the
protein.

Many constitutive mutations in the PAS domain have been reported earlier to
increase the levels of kinase activity of BvgS and/or to make it unresponsive to modula-
tion (30-32) (Table 2). Their nature argues that they are loss-of-function mutations that
displace the equilibrium toward the kinase state by disrupting interactions formed in
the phosphatase state rather than being new functional features. A number of them,
found in the @A’ helix or in the BH-BI loop, likely disrupt specific interactions between
the two. Other constitutive mutations remove Gly residues from, or introduce Pro resi-
dues into, the BH-BI loop, which is expected to rigidify it and might hamper its
capacity to interact with the @A’ helix. The BvgS homolog EvgS of Escherichia coli can
also be activated in a signal-independent manner by mutations in its PAS domain that
localize to the same regions as the constitutive mutations in BvgS (38). Thus, similar
signaling principles are likely to apply to other BvgS family members.

The PAS domain structures do not reveal a bona fide dimeric interface of the PAS
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TABLE 2 Constitutive mutations in BvgS?

Residue Substitution(s) Position in structure Reference(s)
Arg570 Ala, Leu, His aA’ (ain coiled coil) 13,31,32
Arg575 Cys 7% 32
Leu577 Cys aA’ (a/d in coiled coil) 13
Asp579 Cys 7.9 13
GIn580 Arg, Ser aA’ (din coiled coil) 31,32
Phe583 Cys ahA’ 13
Leu587 Cys ah’ 13

lle595 Cys ah’ 13
Leu606 Cys BB 13
Cys607 Ala BB 19
His643 Ala aF 19
Leu647 Pro aF/aF-BG loop 30
Thr648 Lys aF/aF-BG loop 30
Thr676 Cys BH 13
Tyr679 Cys BH-Blloop 30
Gly680 Ser BH-Bl loop 31
Leu686 Pro BH-Blloop 30
Gly688 Ser Bl 32

11e689 Cys Bl 13

9The a and d positions represent interfacial residues of a two-parallel-helix coiled coil, i.e., residues that are in
close proximity with a residue of the other helix and that determine coiled-coil stability. The Leu647 and Thr648
residues are part of the aF helix and of the aF-BG loop in type Il and type | monomers, respectively.

domains via their core domains. Nevertheless, using in vivo cross-linking analyses, we
have shown interactions between the B sheets of the PAS domains in the BvgS dimer,
with negative modulation somewhat increasing their separation (13). The signaling
model for EvgsS also involves the loosening of the PAS dimeric interface (39). Thus, it is
possible that a change in the quaternary structure of the PAS domain is part of the sig-
naling mechanism in the Bvgs family.

The Arg603Ala substitution in the BB strand yielded two distinct phenotypes that
reflect two conformations of BvgS. One of them has kinase activity, although not modu-
lated by chloronicotinate, whereas the other causes misassembly and degradation of the
protein. PAS domains are pliable, and specific point mutations may alter the register of the
B sheet (40), as might be the case with the substitution of Arg603. Phenotypic bistability is
likely caused by the positive autoregulation of BvgS, whose gene is transactivated by
phospho-BvgA under standard, provirulence conditions. Hence, the clones in which BvgS
is misassembled and nonfunctional are locked in an avirulent state, in contrast to those in
which Bvgs is properly folded.

In the absence of a PAS domain, as in 30% of BvgS homologs, a regulation similar
to that in BvgS can be achieved (41). Thus, the reason for the presence of a PAS do-
main in BvgS might go beyond facilitating the shift between states of activity. Signal
perception and mechanical transmission are not mutually exclusive, and several cyto-
plasmic PAS domains are involved in sensing, particularly energy pathways (42, 43).
We screened a library of small molecules using a thermal shift assay but could not
identify bona fide ligands of the BvgS PAS domain (E. Lesne, personal communication).
If it nevertheless perceives a cytoplasmic signal, it is likely that the binding of the
ligand in the PAS cavity would affect the kinase-phosphatase balance, with the mecha-
nistic model of signal transduction proposed here remaining broadly valid.

MATERIALS AND METHODS

Protein production and crystallization. The construct used to produce the recombinant PAS pro-
tein is the N2C3 plasmid (19), which consists of the fragment coding for residues Ala573 to Lys720 of
BvgsS, harboring the A,,L and A,,;L substitutions cloned in pASK-IBA35+. The recombinant protein
includes a 6x His tag at the N terminus. It was produced from Escherichia coli BL21(DE3) grown in LB
medium at 37°C in a rotary shaker at 220 rpm. Expression was induced by the addition of anhydrotetra-
cycline at 0.2 ug/ml, when the optical density of the culture reached 0.3 to 0.4, and incubation was con-
tinued for 5 h. The cells were harvested by centrifugation, and the cell pellets were resuspended in
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20 mM imidazole, pH 6.5 (binding buffer), containing 5 xg/ml DNase | and EDTA-free protease inhibitor
cocktail (Roche). Bacteria were broken by repeated passages in a French pressure cell, and the cell debris
was removed by centrifugation for 20 min at 10,000 x g. The supernatant was loaded onto a Ni**-
Sepharose metal-chelate column equilibrated with the binding buffer. After washing steps with 50 mM
imidazole (pH 6.5), the protein was eluted with 500 mM imidazole (pH 6.5). Concentrated fractions
between 15 and 30mg/ml were obtained after elution and dialyzed against the binding buffer.
Crystallization screening was carried out using the PHClear Suite, the AmSO4 Suite, and the Cryos Suite
(Qiagen) and Clear Strategy Screen | and Il (Molecular Dimensions). Optimal crystallization conditions
were obtained in sodium acetate 0.1 M (pH 5), 2% polyethylene glycol 6000. Crystals were evaluated at
synchrotron beamlines (ESRF and SOLEIL). Only one crystal form was obtained, belonging to space
group P2,2,2, with cell parameters suggesting that the asymmetric unit could contain from 6 to 12
monomers, as estimated from the Matthews coefficient. Most crystals diffracted to resolutions between
3 and 4 A. We observed that soaking crystals with Eu-DO3A sometimes resulted in an improved high-re-
solution limit. Thus, crystals were soaked for 10 to 30's in the same medium containing 15% glycerol and
100 mM Eu-DO3A (lanthanide phasing kit; Jena Bioscience) before vitrification.

Structure determination. Attempts to solve the structure by the molecular replacement method
using the various PAS domain structures available in the PDB failed, probably due to the lack of signifi-
cant sequence homology with the BvgS PAS, to the high number of PAS domains contained within the
asymmetric unit, and to the distinct structural conformations adopted by the protein in the crystal,
which were revealed when the structure was finally determined. To solve the structure experimentally
by the MAD technique, we measured diffraction data of the crystals soaked in a solution containing
100 mM Eu-DO3A at wavelengths corresponding to the peak and inflection points of Europium as well
as at a remote wavelength. Data were collected at the 1D23-2 and ID19 beamlines at the ESRF and proc-
essed using XDS (44). Phasing was done using SHARP (45), and model building was accomplished in
PHENIX (46), using a combination of automatic building as well as extensive manual reconstruction in
COQT (47). To improve the high-resolution diffraction limit, a large number of crystals were subse-
quently screened, allowing us to measure a data set at a resolution of 2.3 A. This data set was further
used to finalize model building as well as to refine the structure to 2.3-A resolution with PHENIX.
Statistics for this data set and data sets used for the MAD phasing are reported in Table S1. Refinement
statistics obtained in PHENIX are also reported. The final R, was 24.5%, with a good stereochemistry
for the model.

The final model comprises eight PAS domains in the asymmetric unit, organized in two similar tet-
ramers composed of chains A, B, C, and D and E, F, G, and H (corresponding to monomers m1-m4 and
m5-m8, respectively). In each tetramer, two monomers are related by a 2-fold symmetry axis (m1-m2
and m5-mé6) and flanked on opposite sides by two individual adjacent monomers (m3, m4 and m7, m8).
In flanking monomers 3, 4, and 8, the region between helix aC and strand 3G (residues ~60 to 95, com-
prising helices aD and «F), which covers one face of the five-stranded B sheet of the PAS domains, is
highly dynamic and poorly defined in the electron density map. The last flanking monomer 7 is fully
defined, probably because in this case this region is stabilized at the interface between the two
tetramers.

Structure analysis. The structure interfaces and assemblies were assessed using PDBePISA (https://
www.ebi.ac.uk/pdbe/pisa/). Hydrogen bond networks and structural illustrations were processed using
the PyMOL Molecular Graphics System, version 1.8.2.3, Schroédinger, LLC.

Gel filtration and dynamic light scattering. A 575 (16/600) Superdex column was equilibrated in
50 mM imidazole (pH 6.8). A solution of the recombinant PAS protein at 6.4 mg/ml was injected, and
chromatography was performed at 0.5 ml/min. Dynamic light scattering measurements were performed
in triplicate on a Zetasizer Nano-S (Malvern), using a 1.5-mg/ml protein solution in 20 mM Tris-HCI (pH
6.8), 50 mM NaCl and a 2-fold dilution of the same solution.

Strains, plasmids, and culture conditions. B. pertussis was first grown on Bordet-Gengou blood
agar plates for 2 days at 37°C and then cultured in modified SS medium at 37°C under rotary shaking at
220rpm. All the BvgS variants were constructed by site-directed mutagenesis using the QuikChange Il
site-directed mutagenesis kit (Agilent Technologies) on a recombinant pUC19 plasmid harboring a 780-
bp Sacl-Xbal fragment that encompasses the sequences coding for linker 1, the PAS domain, linker 2,
and the first portion of the DHp domain of BvgS (9). The bvgS sequence used here is that with a Glu
codon at position 705, as in most B. pertussis strains, rather than the Lys codon found in Tohama I (48).
After sequencing, the fragment was ligated in pUCmpla (9) in replacement of the wt fragment. The 4.7
kb of the latter plasmid was introduced into pBBR1-MCS4, a low-copy-number, mobilizable plasmid that
replicates in Bordetella. The pBBRmpla variants were introduced by conjugation into BPSM,.,,xas (9) car-
rying the chromosomal ptx-lacZ or fhaB-lacZ transcriptional fusion.

Measurement of Bvg$ activity. Recombinant B. pertussis strains were grown in modified SS me-
dium left unsupplemented or supplemented with 2 mM chloronicotinate. The cultures were stopped
at mid-exponential phase, harvested by centrifugation, resuspended to an optical density at 600 nm
of 5, and broken using a Hybaid Ribolyser apparatus for 50 s at speed 6 in tubes containing silica
spheres (lysing B matrix; MP Biomedicals). B-Galactosidase activities were measured as described
previously (49) on at least 3 different clones using three technical replicates, and the means and
standard deviations were calculated. The positive- and negative-control strains were BPSM, ., aas
complemented with a wt version of the pBBRmpla plasmid and with the empty vector, respectively.
Of note, as negative modulators slow down the growth of B. pertussis when Bvgs is expressed from
a plasmid, as was the case here, cultures need to be started with large inocula from nonmodulated
precultures. This is the reason why the positive-control strain retained some B-gal activity after

free
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overnight growth under modulating conditions. The remaining activity observed is because this
very stable enzyme is carried over from the preculture.
Detection of inactive BvgS variants. The recombinant bacteria were cultured as described above
and resuspended in 50 mM Tris-HCI (pH 7), 150 mM NaCl supplemented with protease inhibitors. They
were lysed by passages in a French pressure cell, and the membrane proteins were harvested by ultra-
centrifugation from the clarified lysates. The samples were analyzed by denaturing gel electrophoresis

using 4 to 8% gels, followed by immunoblotting with anti-BvgS antibodies (19).

Data availability. The coordinates as well as diffraction amplitudes have been deposited in the PDB
under accession code 6ZJ8.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.6 MB.
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