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SUMMARY

Poly-HAMP domains are widespread in bacterial chemoreceptors, but previous studies have
focused on receptors with single HAMP domains. The Pseudomonas aeruginosa chemoreceptor,
Aer-2, has an unusual domain architecture consisting of a PAS sensing domain sandwiched
between three N-terminal and two C-terminal HAMP domains, followed by a conserved kinase
control module. The structure of the N-terminal HAMP domains was recently solved, making
Aer-2 the first protein with resolved poly-HAMP structure. The role of Aer-2 in P. aeruginosa is
unclear, but here we show that Aer-2 can interact with the chemotaxis system of Escherichia coli
to mediate repellent responses to oxygen, carbon monoxide and nitric oxide. Using this model
system to investigate signaling and poly-HAMP function, we determined that the Aer-2 PAS
domain binds penta-coordinated b-type heme and that reversible signaling requires four of the five
HAMP domains. Deleting HAMP 2 and/or 3 resulted in a kinase-off phenotype, whereas deleting
HAMP 4 and/or 5 resulted in a kinase-on phenotype. Overall, these data support a model in which
ligand-bound Aer-2 PAS and HAMP 2 and 3 act together to relieve inhibition of the kinase control
module by HAMP 4 and 5, resulting in the kinase-on state of the Aer-2 receptor.
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INTRODUCTION

Pseudomonas aeruginosa is a ubiquitous bacterium whose complex lifestyle is facilitated by
26 chemoreceptors and four chemotaxis-like systems that include: the Pil-Chp system (gene
Cluster 1V), which is involved in pilus-mediated twitching (Darzins, 1994; Kearns et al.,
2001); the Wsp system (Cluster 111), which controls biofilm formation (D'Argenio et al.,
2002; Hickman et al., 2005); the Che system (Clusters I and V), which is required for
flagellar-mediated chemotaxis (Kato et al., 1999; Masduki et al., 1995); and the Che2
system (Cluster II), which has a largely unknown role (Ferrandez et al., 2002; Guvener et
al., 2006; Hong et al., 2004). The Cluster 11 system (PA0173-PA0179) contains a set of
genes (cheY2, A2, W2, R2, B2, D) that, with the exception of cheD, are homologous to the
chemotaxis genes of E. coli (Guvener et al., 2006). In P. aeruginosa, these genes are
expressed in stationary phase (Hong et al., 2005; Schuster et al., 2004), and their products
form a cluster at the cell pole that is held together by a single Cluster Il receptor called
Aer-2 [(Guvener et al., 2006), Fig. 1, also known as McpB]. In 2004, Hong and colleagues
reported that Aer-2, along with classical Aer (Aer-1), mediates aerotaxis by P. aeruginosa
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(Hong et al., 2004). However, other studies, including our own unpublished work, have
found no role for the Cluster Il proteins, including Aer-2, in aerotaxis or chemotaxis by P.
aeruginosa (Ferrandez et al., 2002; Guvener et al., 2006). There is also little known about
the function of Cluster Il and Aer-2 orthologs [e.g., Vibrio cholerae VCA1092, or
Shewanella oneidensis SO2123 (Baraquet et al., 2009)] in other systems.

Aer-2 has an unusual architecture that includes three N-terminal HAMP domains, whose
structure has been resolved (Airola et al., 2010), and two C-terminal HAMP domains
(EXPASYy: http://expasy.org/tools/scanprosite/, and S. Dunin-Horkawicz and A. Lupas,
personal communication), separated by a PAS sensing domain (SMART:
http://smart.embl-heidelberg.de/) (Fig. 1). These domains precede a kinase control module
that is typical of chemosensory proteins (SMART: http://smart.embl-heidelberg.de/). Unlike
many well-studied chemoreceptors (Hazelbauer et al., 2008), Aer-2 contains no predicted
membrane-spanning segments (Hong et al., 2004).

PAS sensing domains comprise a superfamily of some 22,000 motifs that, in bacteria, sense
light, oxygen, redox potential and energy [(Nambu et al., 1991; Taylor and Zhulin, 1999),
SMART: http://smart.embl-heidelberg.de/]. The PAS domain of the E. coli aerotaxis
receptor, Aer, senses changes in cellular redox potential via reduction of bound FAD
(Bibikov et al., 1997; Rebbapragada et al., 1997). This is also the proposed role of the P.
aeruginosa Aer-homolog, Aer-1 (Hong et al., 2004). In contrast, the Aer-2 PAS domain has
only 18% sequence identity with Aer-1 PAS (Hong et al., 2004), and Aer-2 is missing key
sequence features that are common to FAD-binding PAS domains, like that of Aer or the
recently discovered AerC (Xie et al., 2010). The absence of these features suggests that the
Aer-2 PAS domain does not bind FAD.

HAMP domains are important signal-conversion modules that communicate between signal-
input and signal-output domains (Aravind and Ponting, 1999), and more than 12,500 have
been identified by SMART. The first HAMP structure to be resolved was that of the
Archaeoglobus fulgidus Af1503 protein (Hulko et al., 2006). This NMR-derived structure
consists of a parallel four-helix bundle [made up of two helices from each monomer, called
amphipathic sequence 1 and 2 (AS-1 and AS-2)] with an unusual knobs-to-knobs packing
arrangement (Hulko et al., 2006). This arrangement has since been verified by biochemical
and genetic studies of HAMP domains from several bacterial chemoreceptors (Swain and
Falke, 2007; Watts et al., 2008; Zhou et al., 2009). Recently, the structures of the three N-
terminal HAMP domains of Aer-2 were solved by crystallography (Airola et al., 2010). In
this first poly-HAMP structure, the HAMP 1 domain is separated from HAMP 2 by a helical
linker, whereas the HAMP 2 and 3 domains form an integrated, di-HAMP structure (Airola
et al., 2010). HAMP domains 1 and 3 adopt conformations that are similar to the NMR
structure of Af1503, although they lack knobs-to-knobs packing, whereas HAMP 2 forms a
distinct trapezoidal four-helix bundle that may represent an alternative HAMP signaling
state (Airola et al., 2010).

HAMP domains 4 and 5 of Aer-2 adjoin a kinase control domain, which, in chemoreceptors,
interacts with a CheA histidine kinase and the CheW docking protein to form a stable
ternary complex (Borkovich et al., 1989; Erbse and Falke, 2009; Gegner et al., 1992;
McNally and Matsumura, 1991). This complex allows receptor-bound repellents and
attractants to modulate the autophosphorylation rate of CheA (Borkovich and Simon, 1990;
Falke and Hazelbauer, 2001), which in turn determines the level of transphosphorylated
CheY (Swanson et al., 1993). Once phosphorylated, CheY binds to the flagellar motor and
reverses the direction of flagella rotation from counterclockwise (CCW) to clockwise (CW)
(Bren and Eisenbach, 1998; Welch et al., 1993). In P. aeruginosa, the Cluster | CheA,
CheW and CheY proteins are involved in flagellar-mediated chemotaxis (Kato et al., 1999),
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but attempts to show similar involvement of the Cluster 11 orthologs has not been successful
(Guvener et al., 2006). It is currently unclear whether the P. aeruginosa Cluster 11 system,
and specifically CheY2, controls flagellar rotation or some other process (Fig. 1).

In this study we addressed the question of Aer-2 sensing and signaling. Although, we have
not observed Aer-2-mediated swimming responses in P. aeruginosa, we found that Aer-2
can interact with and modulate the chemotaxis pathway of E. coli to mediate repellent
responses to oxygen, carbon monoxide and nitric oxide. We show that the PAS sensing
domain binds penta-coordinated b-type heme and is likely responsible for sensing these
gases. In addition, we have begun to define the signaling roles of the N- and C-terminal
poly-HAMP domains. Based on the data presented, we have developed a working model for
Aer-2 signaling.

Historically, PAS/HAMP signaling has been studied in receptors that contain single PAS
and HAMP domains (Campbell et al., 2010; Elliott and Dirita, 2008; Watts et al., 2004).
The P. aeruginosa Aer-2 receptor provides an opportunity to study PAS/HAMP signaling in
a receptor that contains one PAS and five HAMP domains (Fig. 1). Previously, Aer-2 was
reported to be an aerotaxis receptor in P. aeruginosa (Hong et al., 2004), but we have
observed no Aer-2-mediated behavioral responses when P. aeruginosa is assayed in a gas
perfusion chamber (K. Watts and M. Gabra, unpublished data). Because attempts to identify
Aer-2-mediated signals are complicated by the presence of four chemotaxis-like systems in
P. aeruginosa, we decided to investigate Aer-2 signaling by its interaction with the single,
well-characterized chemotaxis system of E. coli. This approach seemed reasonable because
the kinase control domain of Aer-2 belongs to the same heptad-repeat class as that of the E.
coli Tsr chemoreceptor [36 heptad repeats (Alexander and Zhulin, 2007)]. Moreover, the
Aer-2 and Tsr kinase control domains share 61% sequence identity, have four putative
methylation sites (QEEE in Aer-2 compared to QEQE for Tsr) and a C-terminal
pentapeptide (GWEEF in Aer-2 compared to NWETF for Tsr) for binding adaptation
enzymes (Fig. 1).

The Aer-2 receptor from P. aeruginosa activates the E. coli chemotaxis cascade

We cloned aer-2 (PAO176) from P. aeruginosa PAO1 DNA and expressed it from pProEX
(renamed pLH1) in chemoreceptor-less E. coli BT3388 (tar, tsr, trg, tap, aer). In BT3388,
Aer-2 was stable, and as previously predicted (Hong et al., 2004), soluble, because full-
length Aer-2 (76.5 kDa, including the His-tag) partitioned primarily into the supernatant
fraction from lysed cells that were centrifuged at low (10,000 x g) and then high (485,000 x
g) speed.

To test whether Aer-2 could mediate responses to oxygen (O,) in E. coli, we expressed
Aer-2 from pLH1 (with 0 to 1000 uM IPTG) in BT3388 and monitored the swimming
behavior in a gas perfusion chamber (Taylor et al., 2007). At induction levels of 15 uM
IPTG and above, cells expressing Aer-2 tumbled constantly in air (20.9%, or 250 UM Oy,
Fig. 2) and swam smoothly when O, was replaced by nitrogen (N5), unlike control cells,
which contained the pProEX vector and did not respond to changes in O, concentration
(cells remained smooth-swimming, Fig. 2). The Aer-2-mediated phenotype was reversible
when the gas mixture was toggled between O, and Ny, demonstrating that Aer-2 can
reversibly activate the E. coli chemotaxis cascade. Notably, this response was opposite to
the classic Aer-mediated aerotaxis response in which E. coli cells tumble in response to a
drop in O5 concentration (Rebbapragada et al., 1997). To estimate the concentration of O,
required to maintain Aer-2 in an activated state, we expressed Aer-2 at levels approximately
equal to the total number of chemoreceptors in wild-type (WT) E. coli (200 uM IPTG) and
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monitored the behavior of BT3388/Aer-2 cells as a function of O, concentration. As the O,
concentration was decreased stepwise, there was a progressive drop in the fraction of
tumbling cells, reaching 50% at 17% (203 puM) O, (Fig. 2). At each O, concentration, the
cells were viewed for approximately 1 min, and during that time the percentage of tumbling
cells remained constant, with no evidence of adaptation.

Aer-2 does not adapt to O, signals in E. coli

As BT3388 cells expressing Aer-2 did not appear to adapt at any level of O, (Fig. 2),
temporal assays were repeated in BT3312, a strain that contains the E. coli high-abundance
chemoreceptor Tar. Tar assists the adaptation of E. coli receptors lacking the canonical
CheR/B binding pentapeptide by forming “assistance neighborhoods” with these receptors
(Li and Hazelbauer, 2005). However, when Aer-2 was expressed in BT3312, the cells
likewise did not adapt (data not shown). Aer-2 can therefore activate the E. coli chemotaxis
system, but it may not form assistance neighborhoods with Tar nor interact effectively with
E. coli CheR and/or CheB.

In E. coli, the adaptation enzymes CheR and CheB, respectively, methylate and deamidate/
demethylate specific glutamyl residues on chemoreceptors and thereby reset the signal bias
of the cell [reviewed by (Hazelbauer et al., 2008)]. Thus, Tsr mediates smooth swimming in
a cheR strain because glutaminyl and glutamyl residues involved in adaptation are
deamidated but not methylated, and it mediates constant tumbling in a cheB strain because
all four glutamy!l residues are amidated or methylated (Parkinson and Houts, 1982). In an
adaptation minus cheR cheB strain, Tsr also generates a strong tumbling bias because the
two adaptation glutamine residues are not deamidated by CheB, and these residues mimic
methyl glutamates (Parkinson and Houts, 1982; Sherris and Parkinson, 1981). To examine
Aer-2-mediated behavior in the presence and absence of CheR and CheB, we obtained an
isogenic set of receptor-less E. coli adaptation mutants (kindly provided by J.S. Parkinson).
The parental CheR™ CheB* strain, UU2612 (tar, tsr, trg, tap, aer) has a similar chemotaxis
genotype to BT3388 (tar, tsr, trg, tap, aer), but the Aer-2-mediated tumbling response in
UU2612 had a lower threshold for O,, and the response curve was shifted to the left
(compare the solid black curves in Figs. 2 and 3A). The reasons for this are currently
unclear, because the steady-state accumulated levels of Aer-2 were similar in these and the
other isogenic adaptation mutants (data not shown). Nonetheless, in both BT3388 and
UuU2612, Aer-2 induced a strong tumbling response at high O, concentrations, and a smooth
swimming response in the absence of Os. In contrast, the Aer-2-mediated response to O,
was greatly diminished in strains lacking CheR [cheR (UU2611.: tar, tsr, trg, tap, aer, cheR)
and cheR cheB (UU2610: tar, tsr, trg, tap, aer, cheR, cheB), Fig. 3A]. This result suggested
that Aer-2 is methylated by E. coli CheR. This was confirmed by blocking protein synthesis
with chloramphenicol, incubating cells with 3H-methionine, and visualizing methylated
proteins after SDS-PAGE. As shown in Fig. 3B, Aer-2 was labeled (methylated) in the
CheR* CheB* strain (UU2612), but not in the cheR cheB strain (UU2610).

To examine the influence of CheB on Aer-2-mediated responses, we expressed Aer-2 in a
chemoreceptor-less E. coli cheB strain (UU2632: tar, tsr, trg, tap, aer, cheB). In air, cheB
cells expressing Aer-2 had a high tumbling bias and the O, response profile mirrored that of
CheR™ CheB* cells (Fig. 3A). Thus, CheB, unlike CheR, appeared to have a minimal
influence on Aer-2 signaling in E. coli. However, cheB cells expressing Aer-2 also showed a
significantly delayed smooth-swimming response when the gas in the chamber was switched
directly from 20.9% to 0% O, (data not shown), suggesting that Aer-2 may be deamidated
and/or demethylated by E. coli CheB, although not very efficiently. Overall, the Aer-2-
mediated tumbling response to O, was dependent on the extent of receptor methylation, but
the direction of the response was the same whether or not Aer-2 was methylated (Fig. 3A).
This result indicates that the Aer-2 response was not inverted due to diminished CheB
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activity, as was previously observed for Tsr-mediated aerotaxis in E. coli (Dang et al.,
1986).

The Aer-2 PAS domain binds b-type heme

The E. coli aerotaxis receptor Aer senses O indirectly via an FAD-binding PAS domain
(Bibikov et al., 1997; Rebbapragada et al., 1997). Because Aer-2 also mediates a response to
0o, we examined the possibility that the Aer-2 PAS domain (Fig. 4A) binds a co-factor,
such as flavin or heme. To do this, we over-expressed a Hisg-tagged PAS domain (res. 173-
289), purified the peptide to apparent homogeneity on a Ni-NTA column (Qiagen) (Fig. 4B),
and scanned the UV/Vis spectrum for cofactors. The absorption spectra of the Aer-2 PAS
domain were characteristic of heme-binding proteins (e.g., oxy Aer-2 had y-, B- and a-
maxima at 418 nm, 542 nm and 577 nm, respectively, Fig. 4C). Spectra were similar for
full-length Aer-2 (res. 1-679), but unlike the PAS fragment, purification to apparent
homogeneity was not possible because full-length Aer-2 readily aggregated in solution. In
contrast to full-length Aer-2 and the isolated PAS domain, a C-terminal HAMP-kinase
control domain fragment (res. 330-432) showed no evidence of cofactor binding (data not
shown). Of published PAS-heme spectra, the Aer-2 PAS spectra were most similar to the
spectra of the direct O, sensor FixL from Bradyrhizobium japonicum (Gilles-Gonzalez et
al., 1994). Deoxy Aer-2, like BjFixL, had a red-shifted Soret peak and a single broad band
replacing the a/p-bands of oxy Aer-2 (Fig. 4C), which is typical of penta-coordinated b-type
heme. Although the spectra of the Aer-2 PAS domain were similar to those of other PAS-
heme domains, the primary sequence of Aer-2 does not easily align with the sequences of
other heme-containing PAS domains, e.g., Escherichia coli DOS (EcDOS) (Delgado-Nixon
et al., 2000), BjFixL (Gong et al., 1998), or Burkholderia xenovorans RcoM-2 (Marvin et
al., 2008). This difference is partly due to an unusually long Ca helix predicted for Aer-2
(Fig. 4A). Nonetheless, Aer-2 does contain a histidine residue in the PAS Fo3 position
(H239, Fig. 4A, highlighted red), which coordinates heme binding in the structures of DOS
and FixL (Gong et al., 1998; Kurokawa et al., 2004; Park et al., 2004). Whether H239
coordinates heme in Aer-2 is unclear, and is currently under investigation.

Because PAS domains, including DOS and FixL, commonly form dimers in solution
(Rodgers et al., 2001; Sasakura et al., 2002; Zhong, 2003), we employed size-exclusion
chromatography to estimate the apparent molecular weight, and hence the oligomeric state
of the non-denatured Aer-2 PAS domain (res. 173-289, 16.3 kDa). The Aer-2 PAS domain
eluted from a size-exclusion column as a compact monomer in both its met (Fe3*)- and
deoxy (Fe2*)-heme states (<10 kDa apparent molecular weight, TSK G2000 SW column,
Fig. 4D, met form shown). The isolated Aer-2 PAS domain therefore appears to be
monomeric, at least in the absence of ligands. In contrast, full-length Aer-2, like other
chemoreceptors, is expected to dimerize via its HAMP and kinase control domains (Fig. 1).

Aer-2 can signal in response to O, CO and NO

In addition to binding O,, heme-binding PAS proteins often bind and respond to the
diatomic oxy-gases carbon monoxide (CO) and nitric oxide (NO) (Gilles-Gonzalez and
Gonzalez, 2005). To investigate whether Aer-2 can respond to CO, we introduced CO gas
into the perfusion chamber under anaerobic conditions (N, perfusion) and monitored the
swimming response of E. coli BT3388 cells expressing Aer-2 (after induction with 200 uM
IPTG). Cells expressing Aer-2 tumbled instantly in response to CO, unlike cells containing
the vector alone, which did not respond to CO. After CO was removed, Aer-2/BT3388 cells
continued tumbling for approximately 30 s, then resumed smooth swimming. In comparison,
cells expressing Aer-2 at the same induction level tumbled for approximately 10 s after O,
was replaced by N», presumably because O, dissociated more rapidly than CO.
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To test for an NO response, we employed the NO donor Proli NONOate (Cayman
Chemical). Two microliters of anaerobic 500 pM Proli NONOate were mixed with 7 pl of
anaerobic E. coli BT3388/Aer-2 cells in the gas perfusion chamber. The cells tumbled
almost instantly in response to NO release, suggesting that Aer-2 was activated. Aer-2 did
not respond to 500 pM of anaerobic proline (a dissociation product of Proli NONOate), and
10 mM NaOH (used to solubilize Proli NONate) caused no immediate response, although
NaOH did invoke a delayed tumbling response after several minutes. BT3388 cells
containing pProEX did not respond to Proli NONOate or NaOH. These results indicate that,
in E. coli, Aer-2 is able to sense and signal in response to O,, CO and NO, mediating
repellent responses to all three gases.

N-terminal HAMP domains 2 and 3 are required for Aer-2 signaling

The region N-terminal to the Aer-2 PAS domain (res. 1-172) is a poly-HAMP chain, the
structure of which was recently solved by crystallography [(Airola et al., 2010), Fig. 5A]. In
this structure, HAMP 1 is separated from HAMP 2 by a helical linker, whereas HAMP 2 and
3 form a concatenated di-HAMP structure. To determine whether these HAMP domains
influence the PAS signaling response, we created an N-terminal A1-172 truncation mutant
lacking HAMP domains 1-3. In E. coli BT3388, this mutant expressed stable protein (Fig.
5B) but no longer responded to Oy, CO or NO (i.e., smooth swimming persisted), indicating
that the receptor was locked in the kinase-off state. To determine the influence of individual
N-terminal HAMP domains, we constructed a series of HAMP truncation mutants (Fig. 5).
A mutant that lacked HAMP 1 AS-1 and most of the HAMP 1 connector (A1-37, Fig. 5)
behaved like WT Aer-2 in a temporal O, assay, except that it generated a slightly lower
tumbling bias at higher O, concentrations (approx. 75% of cells tumbled in air versus 98%
for WT). Thus, the integrity of HAMP 1 is not necessary for reversible signaling in Aer-2. In
contrast, deletion mutants lacking the entire HAMP 1 domain (A1-56), HAMP 1 and part of
HAMP 2 (A1-84), HAMP 1 and 2 (A1-107), or the HAMP 3 domain (A111-172) were all
unresponsive to O, and locked in the kinase-off state, even though these proteins were, for
the most part, stably expressed (Fig. 5B). Residues 38-56 (encompassing HAMP 1 AS-2
and the HAMP 1-2 helical linker) therefore include a sequence that is necessary for
reversible signaling by Aer-2. These residues may support the structural integrity of HAMP
2.

The N- and C-terminal HAMP domains have different roles

HAMP domains 4 and 5 lie between the PAS and kinase control domains of Aer-2 (Fig. 1)
in a position analogous to the single HAMP domains in canonical chemoreceptors [see (Ma
et al., 2005;Parkinson, 2010)]. The sequence of HAMP 4-5 aligns with that of HAMP 2-3
(Fig. 6A), suggesting that HAMP 4-5 may be an integrated di-HAMP unit similar to HAMP
2-3. Specifically, the two di-HAMP units share conserved, buried hydrophobic residues
(based on the structure of HAMP 2-3), glycine residues at both ends of the AS-1-AS-2
connectors, and sequence stutters between the two HAMP domains of the di-HAMP unit
(Airola et al., 2010). However, unlike the HAMP 2 and 3 deletions, which resulted in
kinase-off receptors (Fig. 5), removing both HAMP 4 and 5 (A289-379) resulted in kinase-
on receptors that were unresponsive to changes in O, concentration (Fig. 6). Thus, HAMP 2
and 3 appear to promote a kinase-on phenotype, whereas HAMP 4 and 5 promote a kinase-
off phenotype. Removing either HAMP 4 (A289-334) or HAMP 5 (A336-379) resulted in
intermediate steady-state tumbling in air and N, (approx. 50% and 80% respectively, Fig.
6B), indicating that the inhibitory effects of HAMP 4 and 5 are additive.

We next assayed the signal outputs of fragments of the C-terminal kinase control module,
both with and without HAMP 4 or 5. By itself, the isolated kinase control module
(Aer-2[380-679]) had a kinase-on bias and caused approximately 35% of cells to tumble in
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air and in Ny (Fig. 7). When the kinase control module was extended to include HAMP 5
(Aer-2[330-679]), or HAMP 4 and 5 (Aer-2[289-679]), tumbling was suppressed, and the
fragments were locked in a kinase-off conformation (Fig. 7). This result again suggests that
HAMP 4 and 5 work together to inhibit the output of the kinase control module.

DISCUSSION

In this study, we determined that the Aer-2 receptor from P. aeruginosa can interact with the
chemotaxis system of E. coli to direct repellent responses to O,, CO and NO. Thus, E. coli is
a suitable model system for investigating sensory transduction by Aer-2. Aer-2 responses
were presumably initiated by the PAS domain, which bound heme, but also required the N-
and C-terminal poly-HAMP regions to modulate the signaling state of the kinase control
module.

Inefficient adaptation of Aer-2 in E. coli

E. coli cells expressing Aer-2 as the sole receptor generated robust behavioral responses to
0O, CO and NO, although the cells did not adapt to the stimuli and return to a pre-stimulus
swimming bias. This inability to adapt was probably not due to inefficient CheR
methyltransferase activity, as CheR was able to methylate Aer-2 and significantly alter
behavioral responses (Fig. 3). In contrast, the presence or absence of the CheB
methylesterase had little effect on Aer-2-mediated responses (Fig. 3), suggesting that CheB
may not efficiently deamidate and/or demethylate Aer-2 in E. coli. Low CheB activity could
be due in part to the unusual ‘GWEEF’ pentapeptide at the C-terminus of Aer-2 (Fig. 1).
This sequence differs from that of the high-abundance E. coli chemoreceptors, which have
an ‘NWETF’ pentapeptide sequence that is essential for maximal CheB binding and activity
(Lai et al., 2006). Ineffective adaptation in E. coli may be compounded by the absence of
CheD, which is normally expressed with Aer-2 in P. aeruginosa (Fig. 1). In other systems,
CheD deamidates, and sometimes demethylates, chemoreceptors (Chao et al., 2006;Kristich
and Ordal, 2002). Thus, it is possible that Aer-2 would adapt in E. coli if it was co-expressed
with the P. aeruginosa Cluster Il adaptation enzymes CheB2 and CheD.

The PAS-heme domain of Aer-2

When compared to other PAS-heme domains, the UV/Vis spectra of the Aer-2 PAS domain
were most similar to spectra previously reported for the PAS domain of FixL (Gilles-
Gonzalez et al., 1994), indicating that Aer-2, like FixL, binds penta-coordinated b-type
heme. The PAS domains of FixL and DOS are both physiologic O, sensors (Gilles-
Gonzalez and Gonzalez, 2005), although several PAS-heme CO sensors have also been
reported, including the human neuronal PAS domain protein 2 (NPAS2) (Dioum et al.,
2002) and the PAS protein Regulator of CO Metabolism (RcoM) from B. xenovorans
(Kerby et al., 2008). PAS-heme sensors often bind O, CO and NO, but unlike Aer-2, which
responded to all three gases, they typically respond to only one. Thus, FixL binds more
tightly to CO and NO than to Oy, but only responds to O, (Dunham et al., 2003; Gilles-
Gonzalez et al., 1994). To resolve the physiologically significant ligand of Aer-2, it will be
helpful to determine the binding affinity between reduced heme and O,, CO, NO (and
possibly other small ligands). These affinities can then be correlated with ligand availability
in the P. aeruginosa environment during stationary phase, and compared with the level of
activation at those ligand concentrations.

The roles of the two poly-HAMP regions in Aer-2

The unusual domain arrangement of Aer-2 (Fig. 1) differs from most well-studied
chemoreceptors, which contain a single HAMP domain immediately following a membrane-
spanning segment (Hazelbauer et al., 2008). Such canonical HAMP domains invariably
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contain an N-terminal ‘P[...]DExG’ capping motif that has been associated with
transmembrane signaling (Dunin-Horkawicz and Lupas, 2010). All five HAMP domains of
Aer-2 lack this capping motif and are considered to be divergent and characteristic of the
HAMP domains found in poly-HAMP units (Dunin-Horkawicz and Lupas, 2010). We
investigated the functional contribution of each of the poly-HAMP regions by deleting
specific HAMP domains and gauging their effects on the behavior of Aer-2 in E. coli (Fig.
7).

In the absence of ligand, the default state of full-length Aer-2 in E. coli was kinase-off.
Aer-2 was poised to respond to changes in the concentration of diatomic ligands, and was
activated to the kinase-on state when cells were aerobic, or when they were exposed to CO
or NO. HAMP deletions had diverse effects on the steady-state tumbling frequency, and
provided some clues to the different roles of the proximal and distal HAMP domains.
Although the integrity of HAMP 1 was unnecessary for Aer-2 function, Aer-2 peptides
lacking either HAMP 2 and/or HAMP 3 did not respond to diatomic ligands and were
locked in the kinase-off state (Fig. 7). This result suggests that HAMP 2 and 3 together
promote a kinase-on state. In contrast, when the HAMP 4 and 5 domains were deleted from
Aer-2, the cells had a tumbling phenotype with additive effects from the removal of HAMP
4 and HAMP 5. Thus, these Aer-2 peptides were locked in a kinase-on conformation,
suggesting that HAMP 4 and HAMP 5 promote a kinase-off state, with HAMP 5 having a
greater effect than HAMP 4 (Fig. 7). These results indicate that four of the five HAMP
domains are required for reversible Aer-2 signaling, and that the proximal and distal di-
HAMP units influence Aer-2 signaling in opposing ways.

Because deletions of HAMP 4 and 5 resulted in kinase-on phenotypes (Fig. 7), the HAMP
4-5 unit may play a similar role to the single HAMP domains of canonical chemoreceptors,
whose function is to override the default kinase-on state of the kinase control module
(Parkinson, 2010;Swain et al., 2009;Zhou et al., 2009). We found that when the C-terminal
kinase control fragment of Aer-2 was expressed in E. coli, the cells had a tumbling bias,
indicating that the default state of this region is kinase-on (Fig. 7). However, when the C-
terminal fragment was extended to include HAMP 5, or HAMP 4 and 5, tumbling was
suppressed and the fragments were locked in a kinase-off conformation. Notably, the PAS
domain alone could not override the influence of HAMP 4-5 on the kinase control module,
but required HAMP 2 and 3. Thus, the HAMP 4-5 unit imposes restraints on the signaling
state, and ligand-bound PAS/HAMP 2-3 is required to override these restraints. Overall,
these data suggest a model in which Aer-2 PAS, its ligand, and the N-terminal HAMP 2-3
domains act together to relieve HAMP 4-5 inhibition of the kinase control module, resulting
in the kinase-on state of the receptor. Whether the PAS domain physically interacts with
both of the di-HAMP units, or whether the two di-HAMP units signal in a concatenated unit,
remains to be determined. The latter possibility is supported by the results of one recent
study, which suggested that alternating poly-HAMP interactions might control the signaling
state of a yeast histidine kinase (Meena et al., 2010).

The role of Aer-2 in P. aeruginosa

Conformational changes within Aer-2 are expected to be similar whether Aer-2 is expressed
in E. coli or P. aeruginosa, but the downstream responses are apparently different. Aer-2
was originally reported as an aerotaxis receptor (Hong et al., 2004), but we (K. Watts and
M. Gabra, unpublished) and others (Ferrandez et al., 2002; Garvis et al., 2009; Guvener et
al., 2006) have observed no Aer-2- or Cluster lI-mediated swimming responses in P.
aeruginosa. The original report of Aer-2-mediated aerotaxis was based on a well-chamber
assay, in which Aer-2 directed the migration of cells from an anaerobic to an aerobic
chamber. However, this response did not require other Cluster Il products (Hong et al.,
2004), and was in fact opposite to the direction of the response we observed in E. coli,
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which was air-avoidance, rather than air-seeking. These differences are difficult to reconcile,
unless the output of the Cluster Il system is different from the E. coli chemotaxis system. In
P. aeruginosa, Aer-2 and Cluster 11 are expressed in stationary phase cells by the alternative
o factor RpoS, which also regulates the expression of quorum-sensing and virulence genes
(Hong et al., 2005; Schuster et al., 2004). This finding suggests that Aer-2 and Cluster Il
might have an important role during infection, a notion that was supported by a recent study
showing that CheB2 from Cluster 1l is required for P. aeruginosa infection in a mouse-lung
model (Garvis et al., 2009). Because Aer-2 is thought to be the principal, if not the only
chemoreceptor associated with the Cluster 11 proteins (Guvener et al., 2006), it is possible
that Aer-2 is a principal target of CheB2 and does not adapt in a cheB2 mutant. Clearly, to
determine the real role of Aer-2, it may be important to consider which ligands are sensed
during infection.

In summary, the role of Aer-2 and Cluster Il in P. aeruginosa remains unclear, but by using
an E. coli model system, we found that Aer-2 can signal in response to various diatomic
oxy-gases. The PAS-heme domain likely initiates these responses, although signaling also
required the two poly-HAMP regions that sandwich the PAS domain and control the activity
of the kinase control module. In E. coli, Aer-2 is stable, soluble, and amenable to structural
and functional analyses, and this system thus provides an excellent tool to study PAS/
HAMP and poly-HAMP signaling mechanisms.

EXPERIMENTAL PROCEDURES

Bacterial Strains

E. coli BT3312 [tsr, aer (Repik et al., 2000)] and chemoreceptor-less BT3388 [tar, tsr, trg,
tap, aer (Yu et al., 2002)] were used for most Aer-2 expression and behavioral assays. For
methylation experiments, an isogenic set of chemoreceptor-less E. coli adaptation mutants
were kindly provided by J.S. Parkinson and consisted of a CheR* CheB* strain, UU2612
(tar, tsr, trg, tap, aer), a AcheRB strain, UU2610 (tar, tsr, trg, tap, aer, cheR, cheB), a
AcheB strain, UU2632 (tar, tsr, trg, tap, aer, cheB), and a AcheR strain, UU2611 (tar, tsr,
trg, tap, aer, cheR).

Cloning and Mutagenesis

The aer-2 gene (PAO176) was amplified from PAO1 DNA and cloned into the Ncol and
Sall sites of pProEXHTa (Invitrogen, Carlsbad, CA) to create pLH1, which expresses Aer-2
attached to an N-terminal Hisg tag. To create N-terminal truncations, DNA fragments were
PCR-amplified from pLH1 with PfuUltra (Agilent Technologies, Santa Clara, CA), and then
ligated into the Ncol and Sall sites of pProEX. To create internal Aer-2 deletions, the entire
pLH1 plasmid, except for the coding segment to be removed, was amplified. The resulting
PCR product was treated with Dpnl (New England Biolabs, Ipswich, MA) to remove
template strands, and then the ends were phosphorylated and ligated to recircularize the
plasmid. All new plasmids were introduced into E. coli BT3388 and Aer-2 expression was
induced with 200 uM IPTG. Products of the correct size were confirmed by Western
blotting with HisProbe™-HRP (Thermo Scientific, Rockford, IL). All genes and mutations
were confirmed by sequencing the entire coding sequence of aer-2.

Monitoring Cellular Aer-2 Accumulation

Aer-2 was expressed in E. coli from pLH1 and pLH1-based plasmids with 0 to 1000 pM
IPTG induction. Cellular accumulation was analyzed by Western blotting with HisProbe,
except when estimating the induction necessary to match the copy number of native E. coli
chemoreceptors (200 UM IPTG). In this case, Aer-2 levels were estimated in BT3312 with
antisera against the highly conserved region of Tsr (common to all chemoreceptors), and
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compared to levels of chromosomally expressed Tar. The abundance of Tar relative to the
total chemoreceptor pool was estimated using values reported by (Li and Hazelbauer, 2004).
To compare steady-state levels of Aer-2 mutants with those of WT Aer-2, expression was
induced with 50 uM IPTG for 3 h. Bands were visualized on Western blots and quantified
on a BioSpectrum® digital imager (UVP, Upland, CA).

Behavioral Assays

For behavioral assays, cells were grown at 30°C in tryptone broth supplemented with 0.5 pg
ml~1 thiamine and appropriate antibiotics. For temporal assays, E. coli cells were placed into
a gas perfusion chamber and toggled between humidified air and N, as described previously
(Rebbapragada et al., 1997; Taylor et al., 2007). All temporal assays were repeated two or
more times on at least two separate days. For O, titrations, the total gas flow rate was held
constant as the percentage of O, in the gas proportioner was decreased stepwise from 20.9%
to 1% (v/v) [see (Taylor et al., 2007) for set-up]. The concentration of O in the perfusion
chamber was determined using a Hudson RCI® O, sensor and monitor (Research Triangle
Park, NC). To determine the proportion of cells tumbling or swimming, fields of view were
examined that contained an average of 30 cells at any one time. Two individuals always
viewed the results on a video monitor, and the experiments were repeated on at least two,
but usually three or more, days. For determining responses to CO, CO gas (>99% purity,
Sigma-Aldrich, St. Louis, MO) was administered through a tube inserted into the open end
of the gas perfusion chamber. At the same time the chamber was perfused with N, from the
opposite end. For determining responses to NO, the NO donor Proli NONOate (Cayman
Chemical, Ann Arbor, MI) was resuspended to 500 uM in fresh 10 mM NaOH and used
immediately. Two microliters of anaerobic 500 uM Proli NONOate were mixed with 7 pl of
N,-perfused cells in the gas perfusion chamber using an anaerobic stick. For controls, cells
in the chamber were also tested with 500 uM of anaerobic proline in 10 mM NaOH and
anaerobic 10 mM NaOH.

Methylation Assay

Cultures of UU2612 and UU2610 cells containing pLH1 were induced for 2 h with 200 uM
IPTG, after which time the cells were centrifuged, washed twice and resuspended in
chemotaxis buffer (Taylor et al., 2007). Methylation was carried out as described by (Kort et
al., 1975) with modifications. Protein synthesis was inhibited by adding 200 pg mi~2
chloramphenicol, and methylation was initiated by adding 7.25 uCi ml~1 L-
(methyl-3H)methionine (83 Ci mmol™1, GE Healthcare, Piscataway, NJ). Reactions were
stopped with formaldehyde. After SDS-PAGE, gels were soaked for 30 min in Fluoro-
hance™ (RPI Corp., Mt. Prospect, IL), then dried and exposed to autoradiography film at
—80°C for at least five days.

Protein Purification

Aer-2 was over-expressed from pLH1-derived plasmids by inducing its expression in
BT3388 cells with 600 uM IPTG. To improve heme incorporation, 25 pug mi~2 of 5-
aminolevulinic acid (Sigma-Aldrich) was added to the cultures. After 3-5 hr of induction,
the cells were centrifuged and resuspended to 1.5% of their original volume in lysis buffer
(50 mM Tris, pH 7.5, 500 mM NaCl, and 10 mM imidazole) containing 0.3 mg ml~1 of
lysozyme, 1 pug ml~1 of DNase I, and 100 pl of Protease Inhibitor Cocktail for His-tagged
proteins (Sigma-Aldrich). The cells were disrupted by freeze-thawing five times, followed
by sonication. Soluble protein was acquired by removing cell debris at low speed (10,000 x
g for 20 min) and the membrane fraction at high speed (485,000 x g for 1 hr). The high-
speed supernatant was directly applied to a Ni-NTA agarose column (Qiagen, Valencia, CA)
and allowed to percolate by gravity flow. The column was washed with buffer containing 50
mM Tris, pH 7.5, 500 mM NacCl, and 20 mM imidazole and Aer-2 was eluted in the same
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buffer, except with 250 mM imidazole. The concentration of eluted protein was determined
using a BCA™ Protein Assay (Thermo Scientific), and the quality of the sample was
determined by staining SDS-PAGE gels with Coomassie brilliant blue.

Size-Exclusion Chromatography

His-tagged Aer-2 peptides were purified on Ni-NTA columns and filtered though 0.2 uM
centrifugal filters (Millipore, Billerica, MA). Filtered samples (100 ul, 150-200 pg of
protein) were separated on a Progel™-TSK G2000 SW size-exclusion column (Sigma-
Aldrich) in 50 mM NaPQy,, pH 7.0, 300 mM NaCl at a flow rate of 1 ml min~1. The
spectrum of the eluant was monitored in real time (time constant 0.64 sec) from 200 and 500
nm with a diode-array detector (Shimadzu model SPD-M10A, Columbia, MD). Under these
conditions, imidazole dissociated from Aer-2, leaving the met-heme form. To analyze
deoxy-heme samples, 100 ml of the above buffer was bubbled with N5 in a semi-closed
container for 15 min, after which time 35 mg of sodium dithionite was added, and the buffer
was bubbled for an additional 5 min. The size-exclusion column was pre-equilibrated with
this buffer before a reduced Aer-2 sample was loaded. To reduce Aer-2, a few grains of
sodium dithionite were added to the sample immediately before loading. The spectrum of
this eluant was monitored to ensure that the heme in the sample remained reduced. For all
samples, 1 ml fractions were collected and analyzed for the presence of Aer-2 peptide by
Western blotting. To determine apparent molecular weights, peaks corresponding to Aer-2
peptides were compared with the peaks of protein size standards from Schwarz/Mann
Biotech (Cleveland, OH) and Sigma-Aldrich.

Absorption Spectra

His-tagged Aer-2 peptides were purified on Ni-NTA columns, loaded into Slide-A-Lyzer®
dialysis cassettes (3,500 MW cut-off, Thermo Scientific), and then dialyzed against 50 mM
Tris, pH 7.5, 500 mM NaCl buffer. To create a deoxy-heme sample, the dialyzed sample
was placed into an anaerobic hood (Coy Laboratory Products, Grass Lake, MI) and reduced
with several grains of sodium dithionite. As dithionite masks the UV region of the spectrum,
it was removed by centrifuging the reduced sample through a Micro Bio-Spin® 6 column
(Bio-Rad, Hercules, CA). The sample was then placed into a covered cuvette before
removing it from the anaerobic hood for spectral measurements. To create carbonmonoxy-
and oxy-heme samples, dialyzed protein was reduced with dithionite and bubbled with either
CO or Os. In both cases, dithionite was removed from the sample on a Micro Bio-Spin
column. To create met-heme samples, dialyzed protein was oxidized with an equimolar
amount of potassium ferricyanide and purified on a Micro Bio-Spin column. For each
sample, the spectrum was scanned between 350 and 700 nm on a Beckman DU® 650
spectrophotometer (Beckman Coulter, Brea, CA) and overlaid by zeroing at 700 nm.
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FIG. 1.

Cartoon showing the proposed domain organization of an Aer-2 dimer and the proteins
associated with the Cluster Il chemotaxis-like system. Each Aer-2 monomer contains three
N-terminal HAMP domains, followed by a PAS sensing domain, two C-terminal HAMP
domains, and a C-terminal kinase control domain. The structure of the three N-terminal
HAMP domains was recently solved by x-ray crystallography [3LNR (Airola et al., 2010)].
By analogy to other methyl-accepting chemotaxis proteins, the kinase control domain is
predicted to contain four methylation sites (QEEE, res. 414, 421, 428 and 610) and a C-
terminal pentapeptide (GWEEF, res. 675-679) for binding the adaptation enzymes CheR2,
CheB2 and CheD. Aer-2 is also predicted to form a ternary complex with the CheA2 and
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CheW?2 proteins. The binding of an oxy-gas ligand to the Aer-2 PAS-heme domain is
expected to alter the autophosphorylation rate of CheA2 and the subsequent transfer of
phosphate to CheY2. It is currently unclear whether phospho-CheY2 binds to the flagellar
motor or whether it interacts with a different response system. Abbreviations: A, W, Y, R,
B, and D, Che proteins; SAM, S-adenosylmethionine; IM, inner membrane; OM, outer
membrane; CW, clockwise; CCW, counterclockwise.
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FIG. 2.

Steady-state behavior of receptor-less E. coli BT3388 cells expressing WT Aer-2 or vector
alone, at decremental O, concentrations between 20.9% and 1%. WT Aer-2 (pLH1) and the
vector control (pProEX) were induced with 200 uM IPTG. Error bars represent the standard
deviation from multiple titration experiments.
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FIG. 3.

Aer-2-mediated behavior in E. coli in the presence or absence of the E. coli adaptation
enzymes CheR and CheB. A. Steady-state behavior of isogenic E. coli strains (CheR™*
CheB* strain UU2612, cheR cheB strain UU2610, cheR strain UU2611, and cheB strain

UU2632) expressing WT Aer-2 (with 200 uM IPTG) at O, concentrations between 20.9%
and 1%. Error bars represent the standard deviation from multiple titration experiments. B.

Methylation
-C3H,

Expression

Methylation of Aer-2 in the CheR* CheB™* strain UU2612 and the absence of methylation in
the cheR cheB strain UU2610 (upper panel), at similar levels of Aer-2 accumulation (lower

panel, HisProbe Western blot).
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FIG. 4.

Aer-2 PAS secondary structure, spectra and oligomeric state. A. Sequence and secondary
structure of the Aer-2 PAS domain as predicted by PSIPRED
(http://bioinf4.cs.ucl.ac.uk:3000/psipred) and a PAS sequence alignment created by L.
Ulrich and 1. Zhulin (personal communication). a-Helices and B-strands are shown as blue
cylinders and yellow arrows, respectively. Aer-2 PAS contains a histidine in the Fa3
position (highlighted red), which coordinates heme in the structures of DOS and FixL. B.
Coomassie-stained SDS-PAGE gel of purified Aer-2 PAS protein (res. 173-289, 16.3 kDa).
C. Absorption spectra of purified Aer-2 PAS protein in the reduced (deoxy, dark red line),
oxidized (met, purple line), carbonmonoxide-bound (carbonmonoxy, orange line) and
oxygen-bound (oxy, green line) states. The absorbance maximum at each peak is indicated.
The insert shows an expanded view of peaks between 500 and 650 nm. D. Elution profile of
isolated Aer-2 PAS protein in its met-heme state during size-exclusion chromatography. The
elution profile is shown in arbitrary units at 280 nm to reveal total protein content (top
panel) and at 395 nm to detect the elution of met-heme (bottom panel). Fractions were
removed and analyzed by Western blotting; in all cases, the Aer-2 PAS protein co-eluted
with the heme (not shown).
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FIG. 5.

Influence of N-terminal HAMP domains 1, 2 and 3 on Aer-2 signaling. A. Structure of the
N-terminal HAMP domains (Airola et al., 2010) and models of the truncation mutants that
were tested for function in behavioral assays. The A1-37 mutant was the only truncated
product that retained Aer-2 function in E. coli (+). The other truncation mutants all resulted
in kinase-off phenotypes (). See text for details. B. HisProbe Western blot showing size
differences among the truncated Aer-2 products as well as variations in their steady-state
accumulation levels in E. coli BT3388 after induction with 50 uM IPTG. Abbreviation: AH,
AHAMP.
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FIG. 6.

Influence of C-terminal HAMP domains 4 and 5 on Aer-2 signaling. A. Sequence alignment
of di-HAMP 2-3 and di-HAMP 4-5. Connector-flanking glycine residues are shaded red,
whereas buried core residues (based on the resolved structure of HAMP 2-3) are shaded
blue. Stars indicate identical N- and C-terminal HAMP residues. B. HAMP 4 and 5 are
required to maintain the kinase-off state. Aer-2 deleted for HAMP 4 and 5 (far right)
exhibited maximal kinase-on activity in air (tumbling in E. coli BT3388), like WT (far left).
However, unlike WT, the AHAMP 4-5 mutant remained kinase-on (no change, NC) in N,
(in the absence of a diatomic oxy-gas). Mutant proteins lacking either HAMP 4 or HAMP 5
exhibited intermediate kinase-on activities (center figure). The HAMP 5 deletion began at
residue 336 because residue 335 forms part of HAMP 4 and HAMP 5. C. HisProbe Western
blot showing size differences among the internally truncated Aer-2 products and variations
in their steady-state accumulation levels in E. coli BT3388 after induction with 50 pM
IPTG. Abbreviations: AS, amphipathic sequence; H, HAMP; NC*, no change for either
mutant.
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Summary of Aer-2 deletions and the steady-state behavior mediated by these fragments in E.
coli BT3388. Cells expressing WT Aer-2 (res. 1-679) or the A1-37 Aer-2 mutant tumbled in
air and swam smoothly (<1% tumbling) in N (in the absence of a diatomic oxy-gas).

Removing the N-terminal HAMP 2 and/or HAMP 3 domains resulted in a locked kinase-off
phenotype, whereas removing C-terminal HAMP 4 and/or HAMP 5 resulted in a kinase-on
phenotype. The default state of the isolated kinase control module was on, but it reverted to

a kinase-off state in the presence of HAMP 5 or HAMP 4 and 5. All cells were induced with

200 uM IPTG for 45 min before monitoring their swimming behavior in a gas perfusion
chamber. Mutants exhibiting less than 1% tumbling in air showed the same response after

induction with 1 mM IPTG. Abbreviation: H, HAMP.
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