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The Aer aerotaxis receptor in Escherichia co//mounts such a rapid
response to redox that E. coli changes its swimming behavior within 100 ms after
an oxygen pulse. This receptor is a membrane-bound homodimer, and it
monitors internal energy (redox) via an FAD cofactor bound to a cytoplasmic Nterminal PAS domain. Understanding PAS sensing is important, as PAS domains
comprise a superfamily of more than 25,000 members from all kingdoms. This
study focused on the Aer N-terminal PAS sensor, as well as the region tethering
it to the membrane anchor, known as the F1. Previous genetic studies on these
regions identified several residues that are important for structure and function,
but the number and type of mutants isolated were too few to propose how
signaling might occur within the PAS sensor. In this study, I used random
mutagenesis to identify additional residues in the PAS domain that are critical for
FAD-binding, sensing and signal transduction. I found that Aer mutant proteins
did not require FAD binding for maturation and stability. However, lesions that
appeared to disrupt PAS-HAMP interaction and/or proper folding of the FAD
binding pocket inhibited maturation and increased proteolysis. The most

xviii

consequential lesions isolated were gain-of-function mutations, because they
mimicked the signal-on state of the receptor, and allowed us to propose a
pathway through the PAS sensor itself. When mapped onto a homology model,
these 24 mutations localized to the FAD-binding cleft, the (3-scaffold and the loop
connecting the N-terminal cap to the PAS core. We propose that the reduction of
FAD initiates a conformational change in the FAD binding pocket that repositions
the (3-scaffolding and the N-cap loop. The residues surrounding the (3-scaffolding
and N-cap loop in turn may be important for transmitting the conformational
signal directly to the cytoplasmic HAMP and signaling domain. To investigate the
function and structure of the F1 region of the Aer receptor, we again used
random mutagenesis, but also employed cysteine scanning, disulfide
crosslinking, as well as heterodimers composed of a defective full-length receptor
and a truncated monomer retaining different regions of the F1. I found that the
proximal end of the F1 forms an N-terminal helix followed by an extended central
loop. At this central loop, cognate F1s were close and interacted between
subunits. From the lesions isolated in this region we concluded that the F1 region
was important for Aer stability rather than function. But experiments with
heterodimers also indicated that native F1 residues spanning 154 to 164 were
required for function, in addition to the presence of at least one arginine residue
at the membrane interface. From these data, as well as ab initio and homology
models of the PAS, N-terminal region of the F1 (both based on MmoS) and the
HAMP domain (based on Af1503), we constructed a working model of the Aer

xix

trimer of dimers. Based on this model, the PAS domains and F1 regions
circumscribe the HAMP domain, and the F1 regions interact with neighboring
dimers, both within a trimer of dimers, as well as between trimers of dimers.
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CHAPTER ONE
INTRODUCTION

Bacterial Chemotaxis
Motile bacteria sense and respond to small changes in environmental
chemical gradients by a process called chemotaxis (Adler, 1965). Environmental
stimuli include sugars, amino acids, temperature, pH or oxygen. The bacteria
change direction and swim to the concentration of stimuli that is optimal for
growth and survival. In Escherichia coli, swimming patterns are mediated by the
rotational patterns of multiple peritrichous flagella. Flagellar rotation in the
counter-clockwise direction creates a tight flagellar bundle that propels the
bacterium forward. Rotation in the clockwise direction causes one or more
flagella to fly apart, and the bacterium tumbles and changes swimming direction.
In an isotropic environment, E. co//swims smoothly then tumbles for a
short time (about 0.1 sec), creating a “random walk” (Berg and Brown, 1972)
pattern. In a non-uniform environment, E. co//performs a biased random walk
based on the concentration of attractant or repellent (Adler, 1966). The bacteria
periodically assess their environment, compare the concentrations of attractant or
repellent to what they were a few seconds before, then respond to the
environmental change (Berg and Brown, 1972; Macnab and Koshland, 1972;
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Berg and Tedesco, 1975). If the attractant gradient is increasing, the bacteria
suppress tumbling. Conversely, if the attractant gradient is decreasing (or a
repellent gradient is increasing), the bacteria tumble more frequently to change
swimming direction until a favorable environment is found (Berg, 2000).
The chemotaxis system in E. coli \s well characterized and has become a
model for the characterization of other biological signal transduction mechanisms.
This system involves transmembrane receptors, cytoplasmic signaling
components, and enzymes for adaptive methylation that act cooperatively to
respond and adapt to sensory changes (Bourret and Stock, 2002; Sourjik, 2004;
Parkinson et al., 2005; Baker et al., 2006).

Chemoreceptors
E. co//mediates chemotactic responses to attractants or repellents
through transmembrane proteins called chemoreceptors (Adler, 1969). There are
five chemoreceptors in E. coir. Tsr, Tar, Trg, Tap and Aer. The Tsr receptor
mediates taxis to L-serine and repellent responses to pH change, acetone,
indole, glycerol and leucine (Mesibov and Adler, 1972; Springer et al., 1977;
Melton et al., 1978; Clarke and Koshland, 1979; Oosawa and Imae, 1984;
Manson, 1992); Tar mediates taxis to L-aspartate and maltose and away from
the repellents cobalt and nickel ions (Mesibov and Adler, 1972; Hazelbauer,
1975; Melton et al, 1978; Clarke and Koshland, 1979; Ingolia and Koshland,
1979); Trg mediates taxis to ribose, glucose and galactose (Kondoh et al., 1979);
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Tap mediates taxis to di- and tri^eptides (Manson et al., 1986; Yamamoto et al.,
1990) and Aer mediates aerotactic, energy and redox responses (Bibikov et al.
1997; Rebbapragada et al., 1997). Four of these receptors, Tsr, Tar, Trg and
Tap, respond to a wide range of attractant and repellent concentrations through
the adaptive methylation of specific glutamyl residues in their cytoplasmic
signaling domains. As a result, they are called methyl-accepting chemotaxis
proteins (MCPs).
MCPs exist as homodimers with four interconnected modules: periplasmic
sensing domains, transmembrane anchors, and cytoplasmic HAMP (histidine
kinases, adenylyl kinases, methyl-accepting chemotaxis proteins and
phosphatases) (Aravind and Ponting, 1999; Williams and Stewart, 1999) and
signaling domains. The cytoplasmic domains of the MCPs share a highly
conserved structure, which suggest that their signaling mechanisms are similar. In
contrast, the amino acid sequences of the periplasmic domains of MCPs differ,
reflecting the ligand binding specificities of the domain. The MCP transmembrane
regions connect the periplasmic sensing domains to the cytoplasmic signaling
domains (Krikos et al., 1983; Manoil and Beckwith, 1986) and transmit sensory
signals from the periplasmic domain to the HAMP and signaling domains.
The X-ray crystal structure of the periplasmic sensing domain of the aspartate
receptor Tar shows that each monomer consists of four antiparallel a-helices that
form a four helix bundle perpendicular to the membrane (Milburn et al., 1991; Yeh
et al., 1996). Helix 1 and helix 4 of one monomer interact with the cognate helix 1'
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MCP
H1 H1
(. H4I ■H4’

Periplasm
Inner
Membrane

T
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Domain

Methylation
sites

Highly
conserved
region
Fig. 1. Cartoon showing the domain structure of a methyl-accepting chemotaxis
protein (MCP). Shown are the periplasmic sensing domain, the transmembrane
domain, the HAMP domain and the signaling domain. Indicated are the H1 and
H4 periplasmic helices of each monomer that extend into the membrane to form
the four-helix transmembrane bundle. Also indicated are the methylation sites and
the highly conserved region on the signaling domain.
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and helix 4' from the other monomer along a central axis. In Tar, aspartate
binding occurs at two rotationally symmetric, negatively cooperative sites at the
dimer interface. Each site contains residues from helix 1 of one subunit and helix
4 of the opposing subunit (Biemann and Koshland, 1994). Tar binds aspartate
directly and binds maltose indirectly through a maltose binding protein (Springer
et al; 1977; Krikos et al., 1985). The binding site for the maltose binding protein is
independent of the aspartate binding site and the Tar receptor can bind both of
these ligands simultaneously and transmit the signals independently (Gardina et

al., 1997).
The N-terminus of the first periplasmic helix (H1/TM1) and the C-terminus
of the fourth periplasmic helix (H4/TM2) of each monomer extend across the
membrane to form a membrane spanning four-helix bundle. The second
transmembrane helix (TM2) has an aliphatic core surrounded by aromatic
residues at the polar-hydrophobic interfaces, and positively charged residues at
the membrane-water interface (Miller and Falke, 2004). This distribution of
hydrophobic and aromatic residues is common to membrane-spanning a-helices
(de Planque and Killian, 2003). Interactions between TM2 and the phospholipid
bilayer contribute to the baseline signaling state of the receptor (Draheim et al.,
2005).
The second transmembrane helix of each monomer extends to the
cytoplasm to form the HAMP domain and the highly conserved signaling domain.
The HAMP domain was predicted to be a four-helix bundle with two amphipathic
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a-helices (AS-1 and AS-2) connected by a loop (Le Moual and Koshland, 1996).
Recent disulfide crosslinking of the SalmonellaTar HAMP domain (Butler and
Falke, 1998), as well as electron paramagnetic resonance measurements of
Natronomonas pharaonis Htrll HAMP (Bordignon et al., 2005) have supported this
prediction.
Each AS-2 helix of the HAMP domain extends to a short “U-turn” then
forms a second long a-helix, creating a long supercoiled, helical signaling bundle
with four a-helices packed against each other with primarily hydrophobic residues
inside the bundle (Kim et al., 1999). On the external surface of the signaling
bundle are the symmetrical glutamyl residues that serve as methylation sites
during adaptation (Terwilliger et al., 1983; Terwilliger and Koshland, 1984).
Surrounding the “U-turn” or hairpin loop of the signaling domain is a highly
conserved region that functions as a docking site for the binding of chemotaxis
proteins that regulate kinase activity during signal transduction.
The Tar and Tsr receptors make up about 90% of the chemoreceptors
(Bren and Eisenbach, 2000) and are called high abundance chemoreceptors.
When expressed alone, high abundance receptors efficiently support chemotaxis
and adaptation responses (Springer et al., 1977). Tar and Tap are low abundance
chemoreceptors, each present at only a few hundred molecules per cell (Li and
Hazelbauer, 2004). Like high-abundance receptors, these low-abundance
chemoreceptors can independently mediate chemotaxis (Hazelbauer and
Engstrom, 1980), but they require the presence of a high-abundance receptor for
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effective adaptation (Springer et al., 1977; Hazelbauer and Engstrom, 1980; Feng
et al., 1997; Weerasuriya et al., 1998).

The Signaling Cascade
The chemoreceptors control flagellar rotation through a signal transduction
cascade. Chemoreceptors function within stable complexes with cytoplasmic
chemotaxis proteins CheA (a histidine kinase), and CheW (a docking protein)
(Gegner et al., 1992). The signaling cascade is activated when there is an
increase in repellent or decrease in attractant. When a repellent binds to the
receptor dimer, it triggers an asymmetric inward displacement of the TM2 helix by
about 2A (Chervitz and Falke, 1996; Danielson, 1997; Falke and Hazelbauer,
2001). The adjoining HAMP domain converts the ligand induced downward
displacement of the TM2 helix into a conformational signal to the signaling
domain. The helix-helix contact sites in the signaling domain rearrange and
activate the autophosphorylation of the histidine kinase signaling component
CheA (Borkovich and Simon, 1990). To facilitate this activation, CheA is coupled
to the receptor by the docking protein CheW (Bilwes et al., 1999). Activated
CheA can pass its phosphoryl group to two response regulators: CheY for motor
control, and CheB for sensory adaptation. CheA also exhibits autokinase activity
and can phosphotransfer to CheY or CheB while bound to the receptor or as free
CheA. The rate of autophosphorylation is decreased when the receptor is not
stimulated (Gloor and Falke, 2009). In motor control, phospho-CheY binds to the
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Chemotaxis cascade

+ch3 AdoMet

CH3OH<

ATP
ADR

<=—► CW - tumble
^—3 CCW - smooth

Fig. 2. Cartoon showing the chemotaxis cascade in E. coli, including all the
proteins involved. The cartoon demonstrates that the binding of a repellent to the
chemoreceptor activates the cascade and ultimately leads to the modulation of
the flagellar motor, as described in the text.
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FliM switch protein (Welch et al., 1994) found in the drum shaped C-ring of the
basal body structure of the flagella (Thomas et al., 2006), and alters the flagellar
motor rotation in favor of the clockwise direction. Depending on how many
flagella change rotational direction, and how long phospho-CheY remains, the
response can vary from a brief turn to constant tumbling (Parkinson, 1993; Falke
et al., 1997; Scharf et al., 1998). The duration of activated phospho-CheY
depends on the phosphatase CheZ which dephosphorylates CheY, ensuring a
short duration in clockwise flagellar rotation so that the phospho-CheY levels
closely track receptor-based CheA activity. The dephosphorylation of CheY
restores the counter-clockwise phenotype, the default behavior that causes
forward swimming.

Spatial Organization of Signaling Components
The signaling cascade in E. coli\s very sensitive to stimuli. For instance, a
1% change in receptor occupancy can cause a 50% change in the rotational bias
of the flagellar motor (Segall et al., 1986). The high-gain property of the signaling
cascade is facilitated by the interaction of chemoreceptors with different detection
specificities within ternary signaling complexes.
Membrane-associated ternary signaling complexes contain
chemoreceptors and the associated cytoplasmic signaling proteins CheA and
CheW. These complexes were first detected by immunogold labeling of fixed,
sectioned cells (Maddock and Shapiro, 1993) and appeared as polar patches.
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Polar patches were also detected by imaging of fluorescently-tagged chemotaxis
proteins in living cells (Sourjik and Berg, 2000; Kentner and Sourjik, 2006) and by
electron tomography of intact cells in vitreous ice (Zhang et al., 2007). All three
methods detected no more than a few patches per cell. Signaling complexes were
also found at sites for future cell division and are called lateral patches (Thiem et
al., 2007). While both polar and lateral patches appear to be functionally the
same, polar patches are able to move along the curvature of the pole while lateral
patches remain fixed (Thiem et al., 2007). Receptors form polar caps in the
absence of CheA and CheW, but they require the presence of these proteins to
form distinct patches (Maddock and Shapiro, 1993; Kentner et al., 2006; D.
Salcedo, unpublished data). CheA-CheW-receptor complexes, in turn, dictate the
polar localization of the other cytoplasmic chemotaxis proteins (Lybarger and
Maddock, 1999).
Multiple receptors can influence each other within these patches by
forming mixed trimers of dimers. The composition of each receptor in the trimer of
dimers is based on their relative cellular abundance (Studdert and Parkinson,
2004). Studies show that trimer of dimers formation is critical in receptor function
(Ames et al., 2002). Receptors that form trimers of dimers in the absence of other
chemotaxis proteins can exchange members with recently made receptor
molecules. The presence of CheA and CheW molecules stabilize the trimer of
dimer arrangement, possibly through binding interactions within and/or between
the trimer units, preventing the exchanges of receptors (Studdert and Parkinson,

10

2005). Trimer of dimers may also form macromolecular arrays where they are
linked through shared CheA and CheW signaling proteins (Shimizu et al., 2000).

Chemotaxis Proteins
The trimer of dimers signaling complexes regulate the phospho-relay
chemotaxis pathway by stimulating cytoplasmic chemotaxis proteins. The
chemotaxis protein CheA is a homodimer (Swanson et al., 1993; Surette et al.,
1996) and each monomer is made up of five structural subunits- P1, P2, P3, P4
and P5- with distinct functions (Morrison and Parkinson, 1994; Bilwes et al., 1999;
Jahreis et al., 2004), separated by flexible linkers or hinges. These domains may
play important roles in the autokinase activity of CheA, assembly of receptorCheA-CheW complexes, and in the regulation of CheA activity by the receptor
(McEvoy et al., 1996; Zhou et al., 1996; Mourey et al., 2001; Zhao and Parkinson,
2006).
The P1 subunit is the site for the autokinase activity of CheA (Mourey et al.,
2001; Quezada et al., 2005). Phosphotransfer from the P1 subunit to CheY (for
motor control) or CheB (for sensory adaptation) is enhanced by the P2 subunit
where CheY or CheB bind (McEvoy et al., 1996; Stewart et al., 2000; Jahreis et
al., 2004). At the P3 subunit, CheA monomers dimerize to create stable four-helix
bundle homodimers (Park et al., 2004). The P4 domain of CheA catalyzes the
transfer of phosphate from ATP to the P1 domain (Bilwes et al., 2001). The
regulatory P5 domain is where CheA binds to CheW and the receptor (Miller et

11

al., 2006; Park et al., 2006; Zhao and Parkinson, 2006). Although the P5 domain
is not required for autophosphorylation, CheA molecules lacking part or the entire
P5 domain cannot be activated by receptors (Bourret et. al, 1993). The P3 and P4
domains may also provide additional sites for contact with the receptor (Miller et

al., 2006).
The interaction of CheA with the signaling domain of the receptor requires
the coupling protein CheW. CheW is a monomeric protein that is present in all
bacterial signal transduction systems. The exact docking mechanism of CheW is
unknown, but it is essential for the activation of CheA and rest of the signal
transduction cascade.
Autophosphorylated CheA transfers its phosphoryl group to the response
regulator CheY. CheY is a small (128-residue) multi-subdomain protein with five
repeats of central parallel |3-sheets surrounded by a helices (Hills and Brooks,
2008). Upon phosphorylation of Asp 57, the protein undergoes conformational
rearrangements and binds to downstream target FliM to elicit a CW flagellar
response (Formaneck et al., 2006; Stock and Guhaniyogi, 2006).
Unphosphorylated CheY also binds to the flagellar motor but with substantially
less affinity (Clegg and Koshland, 1984; Barak and Eisenbach, 1992).
The catalytic dephosphorylation of CheY is carried out by the accessory
protein CheZ, which is essential for the rapid and continuous response of the
bacteria to stimuli (Segall et al., 1982). The four helix bundle domain of CheZ
interacts directly with the a4|35a5 surface of CheY allowing the CheZ Gln147 side
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chain to insert into the CheY active site and catalyze dephosphorylation (Zhao et
al., 2002). The dephosphorylation of phospho-CheY by CheZ restores the
flagellar rotation to counterclockwise, the default swimming behavior of the
bacterial cell.

Adaptation
Cells swimming through spatial chemical gradients are able to respond to
changes in attractant concentrations from 10 mM to as low as 3.2 nM (Mao et al.,
2003) using a sensory adaptation system. The system records recent chemical
conditions and allows the bacteria to recognize when they are moving away from
the optimal attractant gradient. Sensory adaptation involves the reversible
modification of the cytoplasmic glutamyl residues on the chemoreceptor
cytoplasmic signaling domain by the methyltransferase CheR and the
methylesterase CheB.
Typically, four methylation sites are clustered on the surfaces of the two
helices of the cytoplasmic domains of MCPs. In Tsr, three of the four major sites
are located on methylation helix I, and the fourth is located on methylation helix II
(Kehry and Dahlquist, 1982). Two other, less rapidly methylated, sites have also
been detected (Rice and Dahlquist, 1991). All methylation sites are found within a
recognition sequence Glu-Glu-X-X-Ala-Ser/Thr and the second Glu residue is
usually methylated (Terwilliger et al., 1986).
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The adaptation enzymes CheR and CheB interact with the signaling
domain of the high abundance receptors Tar and Tsr at a conserved
pentapeptide sequence NWETF (Wu et al., 1996; Barnakov et al., 1999). Since
the low abundance receptors Tap and Trg do not have this pentapeptide
sequence, they require the presence of the high abundance receptors for efficient
methylation. The methyltransferase CheR catalyzes the S-adenosyl-methioninedependent carboxymethylation of the glutamyl residues while the methylesterase
CheB catalyzes the hydrolysis of the methyl ester bond (Boyd and Simon, 1980;
Terwilliger et al., 1986). The activity of CheR is unregulated but CheB is activated
by phosphorylation via CheA.
Conformational changes triggered by the binding of an attractant to the
receptor decrease the level of active phospho-CheB allowing an increase in the
number of methylated adaptation sites by CheR (Kehry et al., 1983; Nordmann et
al., 1994). Methylation strengthens subunit interactions in the signaling domain
region, which then activates coupled CheA kinases (Starrett and Falke, 2005)
and ultimately reverses flagellar rotation. Conversely, the removal of attractant or
increase in repellent stimulates the phosphorylation of CheB by phospho-CheA.
Phosphorylated CheB then demethylates the receptor, and resets the receptor
conformation to prevent the activation of CheA kinases. Methylation therefore
counteracts the conformational and functional effects of ligand occupancy and
reestablishes the conformational and signaling state of the chemoreceptor before
ligand occupancy. This reset to a pre-stimulus conformation allows the receptor
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to respond to chemical changes once again. Therefore, the degree of methylation
provides a memory of previous environment. Unlike the MCPs, Aer does not
have methylation sites on its cytoplasmic signaling domain (Niwano and Taylor,
1982; Bibikov et al., 2004) and thus does not carry out methylation-dependent
adaptation.

Aerotaxis
Aerotaxis is the migration of microorganisms to an optimal gradient of
oxygen (Taylor, 1983; Engelmann, 1881; Stock, 1997) and is a universal property
of motile bacteria (Baracchini and Sherris, 1959). Engelmann was the first to
describe aerotaxis. He placed bacteria under a microscope coverglass and saw
them accumulate around trapped air bubbles and around the coverglass
(Engelmann, 1881). Different bacterial species congregate at different optimal
concentrations of oxygen depending on whether they are aerobic, facultatively
anaerobic, microaerophilic or anaerobic. Different bacterial species form sharply
focused bands in spatial gradients of oxygen where they are attracted to their
preferred concentration of oxygen (Lazio and Taylor, 1981).
In E. coli, aerotaxis is mediated by the chemoreceptors Aer and Tsr
(Bibikov et al., 1997; Rebappragada et al., 1997; Bibikov et al., 2000; Repik, et
al., 2000). The external oxygen changes are detected by changes in proton
motive force (PMF), electron transport and redox, all of which require a functional
electron transport system (ETS) (Taylor et al., 1979; Lazio and Taylor, 1981;
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Taylor, 1983; Lazio et al., 1984; Shioi et al., 1988; Rebappragada et al., 1997).
The E. co//electron transport system is made up of three major components:
substrate specific dehydrogenases, quinones and reductases. The substrate
specific dehydrogenases accept electrons from a wide variety of organic
compounds and pass them on to the quinones located in the membrane.
Electrons pass through the membranes via these quinones and are transfered to
an electron acceptor by a terminal reductase (Gennis and Ferguson-Miller,
1996). As electrons move through the ETS, protons are concomitantly
translocated to the periplasmic space, forming PMF that powers ATP synthesis
(Mitchell, 1961), active transport (Boyer et al., 1977) and the flagellar motors
(Manson et al., 1977; Glagolev and Skulachev, 1978; Matsuura et al., 1979).
Oxygen, the terminal electron acceptor, combines with electrons and protons to
form water. Unfortunately for the cell, this process also causes the production of
reactive superoxides and hydroxyl radicals. Chemicals other than oxygen, such
as nitrate, fumarate and trimethylamine oxide, also stimulate electron transport
and can elicit an aerotaxis-like behavior response (Taylor et al., 1979). The Tsr
receptor mediates aerotaxis by monitoring changes in PMF while the Aer
receptor mediates a strong aerotactic response to changes in redox via NADH
dehydrogenase I (Edwards et al., 2006). Unlike Aer, Tsr is also involved in
chemotactic responses of E. co//that lead to high cell densities and the formation
of biofilms (Metcalf and Wanner, 1993).
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The Aer Protein
In E. coli, Aer orchestrates aerotaxis, energy taxis and redox taxis. This
506-amino acid protein was discovered as the product of an open reading frame
uncovered during the E. co//genome sequencing project (Bibikov et al., 1997;
Rebbapragada et al., 1997). The Aer homodimer showed basic features that
would be expected for an aerotaxis sensor, including oxygen sensing domains
homologous to other oxygen sensors, a hydrophobic membrane-spanning region
and a cytoplasmic signaling domain that is homologous to other chemoreceptors.
Unlike the sensing domains of MCPs, which are periplasmic, Aer has a
cytoplasmic redox-sensing PAS domain (residues 1-121).
The PAS acronym was originally created (Nambu et al., 1991) to describe
sensory proteins found in the Drosophila clock protein Period (PER, involved in
circadian rhythm) (Crews et al., 1988), the mammalian transcription factor Arylhydrocarbon receptor nuclear translocator (ARNT, involved in activation of the
xenobiotic response) (Hoffman et al., 1991), and the Single minded protein in
insects (SIM, involved in cell fate determination) (Crews et al., 1988). PAS
domains have also been found in histidine kinases (Ponting and Aravind, 1997),
clock proteins (Kay, 1997; King et al., 1997), light receptor proteins, oxygen and
redox sensors, ion channels (Zhulin et al., 1997), and a Ser/Thr kinase with a
putative redox sensing or flavin-binding domain in which PAS regions are named
“LOV” (light, oxygen, or voltage) (Huala et al., 1997). More that 20,000
(http://smart.embl-heidelberg.de/) PAS containing proteins can be found in a wide
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range of living organisms including eubacteria, archaebacteria, cyanobacteria,
fungi, plants, insects, and mammals (Huang et al., 1993; Kay, 1997; King et al.,
1997; Zhulin et al., 1997; Taylor and Zhulin, 1998).
PAS-containing proteins have been functionally categorized as
transcriptional activators [e.g. ARNT and hypoxia-inducible factor 1 (HIF-1)],
sensor modules of two component sensory systems (e.g. oxygen sensors,
nitrogen fixation, sensor kinase), and ion channels (Cheng et al., 2003). PAS
domains also mediate protein-protein interaction (Huang et al., 1993; Kay, 1997)
as seen in the dimerization of transcriptional activators and ligand and/or cofactor
binding [e.g. the heme-binding bacterial oxygen-sensor FixL (Monson et al.,

1992)].
Although diverse in origin and function, the structures of distinct classes of
PAS domain share a common 3D fold (Taylor and Zhulin, 1998). The structures
that helped to define this fold are (i) the Ectothiorhodospira halophila photoactive
yellow protein (PYP) (Genick et al., 1997; Genick et al., 1998; Pellequer et al.,
1998), a bacterial blue light receptor with a covalently attached 4hydroxycinnamoyl chromophore, (ii) the Bradyrhizobium japonicum FixL
(BjfixL)(Gong et al, 1998, Gong et al., 2000, Hao et al., 2002) and Rhizobium
meliloti FixL (RmFixL) (Miyatake et al., 2000), oxygen sensing heme domains,
(iii) the N-terminal domain of the human ea^-related gene (HERG) voltagedependent potassium channel (Morais Cabral et al., 1998), and (iv) the FMN
containing LOV2 domain from the plant blue-light receptor phy3 (Crosson and
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Moffat, 2001). Resolved PAS structures have common features including a PAS
core, a |3-scaffold and a helical linker that connects the PAS core to the 13scaffold. Some PAS domains have an N-terminal cap (N-cap) or a C-terminal
helix (Harper et al., 2003; Watts et al., 2006a). The 3D structure has been likened
to a left-handed glove where the fingers, formed primarily from the |3-sheet,
encloses a pocket that binds the cofactor. The palm is formed from the helical
loops and the thumb is formed from |3-strands (Gong et al., 1998; Taylor 2007).
The diversity in sensory specificities among PAS domains is determined
partly by their associated cofactors. Identified PAS cofactors include heme (Ec
DOS, FixL), 4-hydroxy-cinnamic acid (PYP), FMN (LOV2), and FAD (Aer, NifL,
Vivid) (Kurokawa et al., 2004; Monson et al., 1992; Meyer, 1985; Christie et al.,
1999; Bibikov et al., 1997; Hill et al., 1996; Schwerdtfeger and Linden, 2003).
Some PAS domains appear to function without a cofactor (HERG) (Morais Cabral
et al., 1998). Signal transduction is presumably initiated by a change in the state
of the cofactor. These changes are propagated from the binding cleft to other
regions of the protein. It is likely that signaling pathways in PAS domains vary
significantly based on their cofactors. In silico modeling using coordinates of
resolved PAS structures has advanced the investigation of the signaling
mechanism in the Aer-PAS domain (Taylor, 2007). Recently resolved PAS
domain structures that bind FAD include the Neurospora crassa blue-light
receptor Vivid and the Azotobacter w'n/a/id/V nitrogen fixation regulator NifL
(Ai/NifL).
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The filamentous fungus N. crassa uses two blue-light sensors-White
Collar-1 and Vivid- to regulate responses to light through different mechanisms
(Loros and Dunlap, 2001). White Collar-1 protein is involved in resetting the
circadian clock while the small PAS protein Vivid is essential for responding to
changes in light levels and adaptation under constant light (Heintzen et al., 2001;
Schwerdtfeger and Linden, 2003; Shrode et al., 2001; Elvin et al., 2005). The
crystal structure of dark and light states of Vivid revealed an unusual N-terminal
cap region as well as a loop insertion that accomodates the FAD cofactor on the
surface of the protein. In crystal form, Vivid associates as a symmetric dimer
along its hydrophobic face. In solution it exists as a monomer in both light and
dark states. Upon blue light excitation, a covalent bond is formed between a
conserved cysteine residue (Cys 108) and the C4a position on the flavin
isoalloxazine ring (Zoltowski et al., 2007). This covalent adduct exists for a finite
period of time before spontaneously decaying to the dark, non-covalent state.
Early studies on phototropin LOV domains show that the formation of the
cysteine-C4a bond is accompanied by a significant conformational change in the
surrounding protein (Corchnoy et al., 2003; Harper et al., 2003; Iwata et al.,
2003). The conformational changes in the PAS core result in a repacking of a
helix strand cap (N-cap) on the surface of the protein. A similar conformational
switching signaling mechanism has been implicated for the N- cap in the
photoactive yellow protein (PYP) (Pellequer et al., 1998), the C-terminal Ja-helix
in the Avena sativa LOV2 domain (Harper et. al., 2003), and the Fa helix in
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Period (Yildiz et al., 2005). The Aer-PAS domain also contains an N-cap
(residues 1-19). This N-cap structure may play a role in signal transduction
through the Aer-PAS since removing the N-cap mimics the ‘signal-on’
conformation of the receptor (Watts et al., 2006a).
A similar signaling mechanism exists in the PYP, a soluble photoreceptor
protein for negative phototaxis of purple photosynthetic bacteria (Sprenger et al.,
1993). PYP binds the chromophore, />coumaric acid (4-hydroxycinnamic acid).
The chromophore binds to a cysteine residue (C69) via a thioester bond (Baca et
al., 1994; Hoff et al., 1994; Imamoto et al., 1995; Borgstahl et al., 1995) and is
embedded in the hydrophobic pocket composed of |3-sheet and a helices (Harigia
et al., 2003). Upon photon absorption, the chromophore isomerizes from the trans
to cis form (Hoff et al., 1994; Genick et al., 1998; Perman et al., 1998) initiating
the photocyle (Meyer et al., 1987; Imamoto et al., 1996), reorganizing the
hydrogen bonds between the chromophore and residues in the cofactor-binding
pocket (Genick et al., 1997), and the chromophore becomes more solvent
exposed. This causes further substantial conformational changes (Imamoto et al.
2000; Lee et al., 2001; Ohishi et al., 2001), including the formation of a near UV
intermediate called PYPM. Upon the formation of the PYP intermediate, structural
changes at the N-terminal loop facilitate the movement of the N-terminal cap. The
N-cap region of PYP plays a crucial role in the photocycle of the protein by
interacting with amino acids in the PAS core region to regulate the protein
conformation change (Harigai et al., 2001; Harigai et al., 2003). Truncation or
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mutation of the N-terminal cap substantially decelerates the PYP photocycle
(Harigai et al, 2001; van der Horst et al., 2001; Harigai et al., 2003; Harigai et al.,
2006). Photo-converted PYP returns to its original state by thermal isomerization,
deprotonation of the chromophore, and global protein conformation change.
The crystal structure of ZtvNifL revealed a characteristic PAS domain
within a tetrameric protein (Money et al., 1999; Key et al., 2007). Each monomer
comprises an FAD-containing N-terminal PAS domain, a second PAS domain of
unknown function, and C-terminal transmitter region containing a conserved H
domain and an adenosine nucleotide-binding domain homologous to the GHKL
(gyrase, Hsp90, histidine kinase, MutL) superfamily of ATPases (Dutta and
Inouye, 2000). NifL tightly regulates the activity of its partner NifA, a sigma factor
54 (a54) -dependent transcriptional activator (Hill et al., 1996; Schmitz, 1997), by
direct protein-protein interaction (Lee et al., 1993; Austin et al., 1994), in
response to redox, carbon, nitrogen and possibly energy status (Dixon and Kahn
2004; Martinez-Argudo et al., 2004; Schmitz et al., 2002). Oxidation of FAD
activates NifL and consequently inhibits NifA activity, while reduction of FAD
deactivates NifL (Hill et al., 1996). The isoalloxazine ring of the FAD is stabilized
by hydrogen bonds from the side chain of N102 to the N3 and 04 atoms of FAD.
The ribose and adenine portions of the cofactor is stabilized by interactions with
side chains of W87 and R80 (Key et al., 2007). In addition, there is a glutamate
residue (E70) at a position structurally equivalent to the critical cysteine residues
of the LOV domains. This glutamate residue is involved in the hydrogen bond
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network within the FAD binding cavity, which may be sensitive to the redox state
of FAD (Key et al., 2007). Aer-PAS has a histidine (H53) at the position
structurally equivalent to this glutamate, close to the residues believed to
surround its FAD binding pocket (R57, H58 and D60) (Repik et al., 2000). Based
on sequence similarity, the coordinates from the NifL structure were used to
refine the Aer PAS model to include a putative FAD binding pocket.
The cytoplasmic PAS domains of the Aer homodimer are linked to the
transmembrane anchor by the F1 regions (residues 122 to 166). Although the F1
region is unique to Aer proteins, its primary sequence is poorly conserved and its
structure in Aer has not been resolved. A contour plot generated by the PSA
server at Boston University (http://www.bu.edu/psa/) suggests a helix for the
proximal region of the F1 (residues 122-134), followed by a loop (residues 135137), a small region of |3-strand (138-145), then another loop (146-166). Although
very little is known about the structure of the F1, studies on its function have
identified critical residues for signaling. Random mutagenesis of the region
encoding the F1 domain has produced unstable null aerotaxis mutants (Bibikov
et al., 2000; Buron-Barral et al., 2006). Some of these Aer F1 mutants can be
functionally rescued by a second-site suppressor in the PAS domain. Also,
heterodimer studies have shown that the F1 domains are required for function
(Watts et al., 2006b). Overall, it is believed that the F1 domain serves as a linker
between the PAS sensor and transmembrane region, and provides stability to
Aer by interacting with the PAS domain at strategic positions. The
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Fig. 3. Cartoon showing the domain structure of Aer. Aer has a cytoplasmic PAS
sensing domain that binds FAD. Aer shares a cytoplasmic signaling domain with
MCPs but Aer lacks the conventional methylation sites found on the signaling
domain of MCPs.
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transmembrane (TM) region of Aer has two membrane-spanning segments
(residues 167 to 183 and 188 to 206), separated by a central periplasmic loop
(184-187) (Amin et al., 2006). The second transmembrane segment continues to
a HAMP domain and cytoplasmic signaling domain (residues 207 to 506). The
Aer-HAMP domain (residues 207 to 253), an important player in signal
transduction, is predicted to have two amphipathic a-helices (AS-1 and AS-2)
connected by a loop (Le Moual and Koshland, 1996). The structure of the Aer
HAMP domain was recently analyzed using disulphide crosslinking. The analysis
supported a four-helix coiled coil, where the AS-1 (residues 207 to 224) is an
amphipathic a-helix and AS-2 (residues 235 to 253) is a buried a-helix with no
obvious hydrophilic face (Watts et al., 2008). The connector region (residues 225
to 234) gave results consistent with a structured loop. The HAMP domain is
connected to the signaling domain by the AS-2 helices.
The Aer cytoplasmic signaling domain is homologous to the signaling
domain of other chemoreceptors, particularly at the highly conserved domain
(Bibikov et al., 1997; Rebbapragada et al., 1997) and Aer regulates the same
phospho-relay mechanisms as other chemoreceptors in E. coli. Aer also forms
signaling complexes of mixed trimers of receptor dimers with other
chemoreceptors that interact within their signaling domains (Kim et al., 1999;
Ames et al., 2002; Studdert and Parkinson, 2004).
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Aer Sensing
Aer senses oxygen indirectly by monitoring changes in the electron
transport system (Taylor et al., 1979; Laszlo and Taylor, 1981). Since Aermediated aerotaxis responses do not correlate with changes in PMF or
respiration, the most likely signal is redox (Edwards et al., 2006). An attractive
model for Aer for Aer sensing proposes that a change in the redox state of the
FAD cofactor of the PAS domain initiates the aerotactic signal. Two possible
pathways could produce this redox change: (i) Aer is reduced by cytoplasmic
electron donors (e.g.NADH) or (ii) Aer is reduced by direct interaction of the PAS
domain with the ETS. In the latter scenario, the redox state of Aer would be
coupled to a component in the ETS. Changes in respiration affect the ETS and
cause a change in redox states (Edwards et al., 2006).

Aer Signaling
Altering the redox state of FAD bound to the PAS domain is thought to
initiate a conformational change in the PAS domain. Known signal transduction
mechanisms in other PAS domains include the displacement of an N-terminal
(PYP; Pellequer et al., 1998) or C-terminal helix (phototrophin LOV2; Harper et
al., 2003). Although the signaling mechanism in Aer is unknown, displacement of
the N-terminal helix does appear to play a role in signaling (Watts et al., 2004).
The conformational signal from the PAS domain is passed to the HAMP
domain through the cytoplasm by direct interaction. There are more than 1,200
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proteins in nature that have both a PAS and HAMP domain, including
chemoreceptors (http://smart.embl-heidelberg.de/). Studies using intragenic
pseudoreversion analysis identified PAS missense mutations that resurrected the
aerotaxis defect caused by a series of HAMP domain mutations (Watts et al.,
2004). Also, missense mutations in the HAMP domain often prevent FAD binding
(Bibikov et al., 2000; Ma et al., 2005; Buron-Barral et al., 2006). These results
suggest that the PAS and HAMP domains are close to each other in Aer and may
interact with each other during signal transduction. Cumulative findings support a
model where the AS-2 helix of the HAMP domain interacts with the PAS domain
to stabilize a conformation that binds FAD (Watts et al., 2004). Other studies
supporting the PAS-HAMP interaction model used chimeric receptors created by
fusing the Aer PAS domain to the signaling domain of Tsr or Tar (Bibikov et al.,
1997; Repik et al., 2000). The chimeric receptors were able to function only if the
PAS and HAMP domains were both derived from Aer. Although the exact sites for
contact between the PAS and HAMP domain have not been identified, the
predicted 3D structure of the Aer HAMP showed a clustering of CW lesions,
defining a surface that may be important for signaling between the PAS and
HAMP domains of Aer (Watts et al., 2008).
A conformational signal from the PAS domain leads to a conformational
change in the HAMP domain that is propagated to the signaling domain. Since
the Aer signaling domain is interchangeable with the signaling domains of other
chemoreceptors (Bibikov et al., 1997; Repik et al., 2000), Aer may use a similar
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mechanism. One possibility is that the loop in the proximal signaling domain
plays a role in torque conversion (Watts et al., 2008) leading to a flexing at the
glycine hinge (Aer residues 330 and 331) (Coleman et al., 2005). This
rearrangement activates the signaling domains of the Aer receptor, which then
activates the phospho-relay mechanism that ultimately controls flagellar rotation.

Purpose and Approaches of this Dissertation
Oxygen sensing is essential for metabolism, growth, homeostasis, and
survival of organisms in all kingdoms of life, including eukaryotes and specifically
humans (Acker, 1994). In humans for instance, reduced oxygen levels cause the
activation of HIF-1, which regulates the transcription of several genes such as
erythropoietin, vascular endothelial growth factor and inducible nitric oxide
synthase (Semenza, 1998). All of these genes are involved in the adaptive
responses of cells and tissues to hypoxic conditions. Many identified oxygen
sensors, including Aer and HIF-1, share a common sensor domain, a PAS
domain. Since PAS domains are not unique to oxygen sensors, identifying the
signaling pathway through the Aer PAS domain may provide insight into the
mechanisms used by other PAS domain-containing sensors, such as the human
cardiac potassium channel (HERG), which maintains a normal cardiac rhythm,
and the hypoxia response regulator HIF-1. Aer serves as a good experimental
model for PAS sensing since it utilizes a well-established chemotaxis signal
transduction pathway, and direct observations of these aerotactic responses
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allows one to quickly evaluate various disruptions in the PAS signaling system.
Ultimately, investigation of the Aer signal transduction system will provide a
better understanding of the sensory mechanisms of medically important PAS
proteins.
The molecular mechanism of PAS sensing has been extensively, but not
thoroughly, studied (Bibikov et al., 2000; Repik et al., 2000). Prior analysis of the
Aer PAS includes missense and truncation mutagenesis of the N-terminal cap
(Watts et al., 2006a), cysteine replacement mutagenesis (Repik et al., 2000) and
random mutagenesis of the PAS core residues (Bibikov et al., 2000; Buron-Barral
et al., 2008). These studies revealed important structural and functional
information about the Aer PAS. For instance, the N-cap faces outward in a dimer
and plays a critical role in stabilizing the PAS structure. In addition, the N-cap
plays a role in PAS signaling (Watts et al., 2006a). The cysteine replacement
experiments revealed critical residues involved in FAD binding and aerotactic
responses (Repik et al., 2000). This study also identified residues that completely
eliminated aerotaxis but did not affect FAD binding. Random mutagenesis assays
suggested that particular residues engage in different interactions with the HAMP
domain to facilitate protein maturation and signal transduction (Bibikov et al.,
2000; Buron-Barral et al., 2006). Although these results clearly demonstrated the
importance of the Aer PAS domain in signal transduction and identified several
regions and residues involved in this role, these studies had limited coverage of
the PAS domain. In the current study, I used random mutagenesis to thoroughly
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investigate the functional regions of the entire PAS domain and determine critical
residues involved in FAD binding, signaling, protein function and protein stability.
The Aer PAS domain is connected to its transmembrane region by a short
‘linker’ of unknown structure and function. This linker is unique to Aer proteins
and is not found in the other chemoreceptors in E. coli. In a previous study,
random mutagenesis of this region identified residues thought to be critical for
FAD binding and as a result this region was named ‘F1 ’ (Bibikov et al., 2000). It
was proposed that the F1 region’s role in FAD binding was stabilizing the FADbinding pocket of the PAS domain (Bibikov et al., 2000) but further analysis
showed that mutations in this region often created mutants that appear to be
defective in FAD-binding due to low stability (Buron-Barral et al., 2006). In
another study from our lab, heterodimers were used to show that the F1 regions
are required for function (Watts et al., 2006b). Taken together, these results
suggest that the F1 region may stabilize the Aer protein by interacting with the
PAS domain at strategic positions. There are still many gaps in our
understanding of the F1 region. Therefore, in addition to the analysis of the PAS
domain, I expanded the random mutagenesis to investigate the role of the F1
region. Moreover, I used cysteine scanning and in vivo crosslinking to study the
topological relationship between cognate F1 regions within the dimer, and
truncation mutagenesis to uncover the influence of this region on membrane
insertion.
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CHAPTER TWO
MATERIALS AND METHODS

Bacterial Strains, Plasmids and Growth Conditions
The bacterial strains and plasmids used in this study are described in
Table 1. All strains were grown in Luria-Bertani (LB) medium, Tryptone broth (TB)
or H1 minimal salts medium (H1). LB medium (Davis et al., 1980) contained 1.0%
Bacto Tryptone (Becton Dickinson, Sparks, MD), 0.5% Bacto yeast extract
(Becton Dickinson), and 0.5% sodium chloride (Davis et al., 1980) supplemented
with 0.5 |ig/ml thiamine (LB thia) and the appropriate antibiotics as needed. TB
medium was similarly made, except that yeast extract was not added. LB thia
agar plates were made by adding 1.5% Bacto-agar (Difco Laboratories, Sparks,
MD) to LB broth. H1 minimal salts medium contained 64 mM dibasic potassium
phosphate, 35 mM monobasic potassium phosphate and 15 mM ammonium
sulfate (Adler, 1973) supplemented with 0.1% casamino acids (Difco
Laboratories, Detroit, Ml), 1 jiM thiamine, 2 mM histidine, 2 mM leucine, 2 mM
threonine, 1 mM magnesium sulfate and the appropriate energy source.
Bacterial cells were grown for 12 to 16 h at 30°C for behavioral studies,
plasmid amplification, and protein expression, or at 370C for preparation of
competent cells. The optical density of the cells at 600 nm (OD600) was measured
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Table 1. Bacterial strains and plasmids used in this study.

Source or Reference

Genotype

Bacterial strains
RP437

F’ thi-1 (Am) leuB6 hisG4
metF159(Am) eda rpsL 136
lacY1 mtl-1 tonA31 tsx-78 xy1-5

Parkinson and Routs, 1982

BT3312

RP437 Aaer-1 Atsr-7021

Repik et al., 2000

BT3388

RP437 Aaer::erm Atsr-7021
A tar-tap-5201 trg::Tn 10

Yu et al., 2002

BT3400

RP437 Aaer-1 Ater-7028
recAwcat

Watts et al., 2006b

JM101

supE, thi, A(lac-proAB),
[F, traD36, proAB, !acFZAM15]

Yanish-Perron et al., 1985

pTrc99A

ColE 1 tacF ptrc ampf

Pharmacia, Piscataway, NJ

pGHI

pTrc99A aer

Rebbapragada et al., 1997

pMB1

pGH1 C-less Aer

Ma et al., 2004

pKW1

pQH16 Aer-WT HAMP+
(204-281) Nhel site

Watts et al., 2004

pACYC184

p15A carrf tef

New England Biolabs,
Beverly, MA

p Pro EX™ HTa

ColE1 lacF ptrc His6x

Gibco BRL, Life Technologies,
Gaithersburg, MD

pDS7

pKG117 tef

Watts et al., 2006b

pAJC1

pTrc99A Aer[1-490]

Watts et al., 2006b

pCFN1

p^c His6x cat FLAG carrf

Maxwell et al., 1999

Plasmids
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using an Ultrospec 1100 pro UV/Visible spectrophotometer (Amersham
Pharmacia Biotech, Cambridge, UK).

Bacterial Stocks
Vials of frozen permanent stock cultures were prepared for all transformed
E. co//cells by mixing 700 \i\ of overnight LB culture with 300 pi of sterile 50%
glycerol (15% final glycerol concentration) in sterile Nunc CryoTubes™ Vials
(Fisher Scientific, Tustin, CA), then storing at -80°C. Cells in glycerol stocks were
scraped from the top of the frozen permanent stock without allowing the culture in
the vial to thaw and then inoculated into LB thia medium or streaked on LB thia
plates.

Molecular Genetics Techniques
Isolation, Amplification and Cloning of Plasmid DNA
Plasmid DNA was isolated and purified according to the instructions of the
QIAprep® Spin Miniprep Kit (Qiagen Inc., Valencia, CA). DNA concentration was
measured at 260 nm using a Beckman DU® 650 spectrophotometer (Beckman
Instruments, Inc., Fullerton, CA) and calculated by multiplying the OD260 of the
DNA by the dilution factor and the extinction co-efficient (50 pg/ml for dsDNA).
PCR reactions were completed on a GeneAmp PCR System 2400 (Perken
Elmer Inc., Boston, MA). PCR products were verified on a 1% agarose gel by
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electrophoresis (described under Agarose Gel Electrophoresis). All primers were
made by Sigma Aldrich (Woodlands, TX) and are listed in the Appendix.

Site-Directed Mutagenesis
Site-directed mutagenesis was performed using the proofreading DNA
polymerase PfuTurbo® (Agilent Technologies, Santa Clara, CA). Primers were
designed with careful consideration for primer length, GC content, E. co//codon
usage, and propensity for secondary structure and primer-dimer formation.
Mismatch melting temperatures (Tm) were determined using the formula: 81.5 +
0.41 (%GC) - 675/A/- % mismatch, where A/is the primer length in nucleotides. A
primer melting temperature above 74°C was preferred. Each reaction contained
50 ng of plasmid DNA, 125 ng of forward and reverse primers, 0.2 mM of each
deoxynucleoside triphosphate (dNTP), 1x reaction buffer, 1.25 U of PfuTurbo®
and double-distilled H20 up to 25 \i\ total reaction volume. PCR cycling conditions
included an initial denaturing step at 95°C for 30 sec, followed by 18 cycles of
denaturation at 95°C for 30 sec, primer annealing at 55°C for 1 min, and primer
extension at 68°C for 12 min. After cycling, the samples were incubated at 68°C
for another 7 min before being maintained at 4°C and then stored at -20°C.

Random Mutagenesis
Random mutagenesis was performed using Taq (Fisher Scientific,
Pittsburg, PA) and Mutazyme® II (Agilent Technologies) DNA polymerases.
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Amplification reactions using Taq DNA polymerase contained 250 ng of pKW1
DNA, 0.5 |iM of each primer, 0.2 mM of each dNTP, 0.05 mM MnCI2, 1.5 mM
MgCI2, 5 ^ig.ml'1 bovine albumin serum (BSA), 2 U of Taq DNA polymerase and
double-distilled H20 up in a total volume of 50 ^il. Cycling conditions included an
initial denaturing step at 95°C for 4 min followed by 10 cycles of 95°C for 1 min,
50°C for 2 min and 75°C for 3 min. Randomly mutated DNA fragments were
pooled, purified using a QIAquick® PCR purification kit (Qiagen Inc.) and
subjected to 30 cycles of normal PCR amplification (95°C for 30 sec, 59°C for 30
sec and 72°C for 30 sec) without MnCI2and BSA. Additional mutagenesis
reaction conditions include increasing one dNTP by 40% or increasing the
number of mutagenesis PCR cycles from 10 to 15.
Random mutagenesis using Mutazyme® II DNA polymerase was
performed according to the instructions of the Genemorph® II Random
Mutagenesis Kit (Agilent Technologies) as follows: each reaction mixture
contained 5 \ig of pKW1 DNA, 100 ng of each primer, 0.2 mM of each dNTP, 2.5
U of Mutazyme® II DNA polymerase and double-distilled H20 up to a total
volume of 50 ^il. Cycling conditions included initial denaturation for 2 min at 95°C
then 20 cycles of 95°C for 30 sec, 57°C for 30 sec and 72°C for 1 min.

Truncation Mutagenesis
Aer N-terminal truncations were constructed as described in Chapter 3.
Aer C-terminal truncations were created using sense and antisense primers with
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Sphl sites. The sense primer was complementary to the Sphl site in pTrc99A
while the antisense primers incorporated residues 375, 400, 449, 481 or 500
followed by a stop codon and Sphl site. Each PCR reaction contained 10 ng of
plasmid DNA, 100 ng of each primer, 0.2 mM of each dNTP, 1x reaction buffer,
1.25 U PfuTurbo® DNA polymerase and double distilled H20 up to 50 pil. PCR
cycling conditions included 30 cycles of 95°C for 30 sec, 58°C for 30 sec, and
72°C for 12 min following an initial denaturation step at 95°C for 30 sec. After
cycling, the samples were incubated at 72°C for another 10 min, maintained at
4°C and then stored at -20°C.

Agarose Gel Electrophoresis
Agarose gels were made by melting 1.0% SeaKem® GTG® Agarose
(Cambrex, Rockland, ME) in Tris-acetate EDTA (TAE) buffer (40 mM Iris, 20 mM
sodium acetate trihydrate, 1 mM disodium EDTA, pH 7.2) then adding 2.5 ^il of
10 mg/ml ethidium bromide per 30 ml of gel. The wells were loaded with DNA
PCR products (2 to 5 jil), combined with a 1/6 dilution of 6x gel loading buffer (1X
TAE, 50% glycerol, 1% bromophenol blue), and a 1 Kb or 100 bp DNA ladder
(New England Biolabs, Beverly, MA) and then run on a Mini Horizontal Gel
Electrophoresis System (Owl Separation Systems, Portsmouth, NH) at 100 mV
for approximately 45 min. Bands were viewed on an Alpha Innotech digital
imaging system ultraviolet trans-illuminator (Alpha Innotech Imaging Inc., CA).
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Restriction Digestion
Approximately 0.1 to 2 ^ig of plasmid DNA or PCR product was digested
with the appropriate restriction endonucleases under the conditions suggested by
the manufacturers. For sequential digests, the reaction mix was purified after the
first digestion scheme using the QIAquick® PCR Purification Kit. Digested DNA
vector was 5’-dephosphorylated with 10 U of Calf Intestinal Alkaline Phosphatase
(CIP) (New England Biolabs) at 37°C for 1 h. Desired DNA fragments isolated by
agarose gel electrophoresis, then excised and purified using the QIAquick® Gel
Extraction Kit (Qiagen Inc.).

DNA Ligation
Ligation reactions, made by combining digested DNA fragments with 400
U T4 DNA ligase (New England Biolabs, Beverly, MA), 1 ^l 10x T4 DNA ligase
buffer (New England Biolabs), 50 nmol ATP and double-distilled H20 up to 10 jxl
total reaction volume, were incubated at 16°C for 12 to 16 h in a Thermo Kool TM
dribath (Barnstead/ Thermolyne Corp. Dubuque, IA). The molar ratio of the DNA
vector versus the insert(s) varied from 1:2 to 1:4 depending on the size of the
insert. Successful ligation was verified by agarose gel electrophoresis.

DNA Sequencing and Analysis
Davis Sequencing, LLC (Davis, CA) or Eton Bioscience Inc. (San Diego,
CA) provided automated DNA sequencing services. Plasmids were prepared
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using their guidelines. A BLAST (Basic Local Alignment Search Tool) search,
powered by the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/), was used to compare the plasmid sequence to the
E. co//K-12 genome.

Transformation of E. co//cells
Bacterial cells were transformed by electroporation or heat shock
transformation. BT3388 cells were transformed by electroporation. Chemically
competent BT3312 and BT3400 cells were transformed by heat shock. All
apparatus, including rotors, and reagents were pre-chilled to 4°C. Sorvall
Superspeed GS-3 and SS-34 rotors and the Sorvall Superspeed RC2-B
automatic refrigerated centrifuge (Dupont Instruments, Newton, CT) were used in
these assays.

Electroporation
Electrocompetent E. co//cells were prepared according to the protocol
from Invitrogen (Carlsbad, CA) with the following modifications. Ten ml of LB thia
in a 250 ml flask was inoculated with a single fresh colony and incubated
overnight (12 to 16 h) at 37°C with vigorous shaking (Gyrotony Waterbath
Shaker; New Brunswick Scientific Co. Inc., Edison, NJ). The entire overnight
culture was inoculated into 1 L of LB thia in a 4 L flask, incubated at 37°C with
vigorous shaking until the OD600=0.5 to 0.6 (approximately 3 h) then incubated on
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ice in two sterile 500 ml centrifuge bottles for 30 min. The cells were pelleted at
4,000 rpm for 15 min and then resuspended between spins (as above), first with
two washes of 500 ml and 250 ml sterile distilled water, then in 20 ml sterile 10%
(vol/vol) glycerol. The glycerol suspension was spun for 15 min at 6,000 rpm in
two 50 ml centrifuge tubes, and then suspended in 1 ml sterile 10% (vol/vol)
glycerol. Competent cells, as 50 \i\ aliquots, were placed in microcentrifuge
tubes, frozen in a dry ice-ethanol bath and stored at -80°C.
Preceding electroporation, electrocompetent cells were gently thawed on
ice, mixed with approximately 0.5 ^g of DNA (no more than 2 jxl), and then
transferred to a 0.2 cm electroporation cuvette (BioRad Laboratories, Hercules,
CA). Cells were pulsed at 2.5 kV, 25 ^FD capacitance, and 200 Q resistance
(BioRad™ Gene Pulser System, BioRad Laboratories). A time constant of 4.0 to
4.5 ms was expected for efficient electroporation into E coli. The cells were
immediately re-suspended in 1 ml of super optimal broth (SOB) with catabolite
repression (SOC) (which is SOB with added glucose) medium (2% Bacto
Tryptone, 0.5% yeast extract, 10 mM NaCI, 2.5 mM KCI, 10 mM MgCI2#H20, 10
mM MgSO4*7H20 and 20 mM glucose) then transferred to a sterile culture tube to
recover at 37°C for 1 h with shaking at 225 rpm. Aliquots were plated on selective
LB thia plates and incubated at 37°C for 12 to 16 h.
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Chemical Transformation
Chemically competent E. co//cells were prepared by inoculating 500 ml of
LB thia in a 2L flask with 2 ml of an overnight LB culture and shaking at 37°C until
an OD600 of 0.5 to 0.6 was reached. The cells were pelleted at 3,000 rpm for 10
min, re-suspended in 160 ml of TB buffer [10 mM piperazine-A/, AT-bis (2ethanesulfonic acid) (PIPES), 15 mM CaCI2, 250 mM KCI, pH 6.7, and 55 mM
MnCI2] and incubated on ice for 10 min. The cells were centrifuged as above,
gently re-suspended in 20 ml of TB supplemented with 10% (vol/vol) glycerol and
then incubated on ice for 10 min. One hundred microliter aliquots of the cell
suspensions were put into microcentrifuge tubes, immediately frozen in a dry iceethanol bath and stored at -80°C.
Preceding heat shock transformation, the chemically competent cells were
thawed on ice, mixed with 2 to 4 fj\ of DMA (-0.5 to 1 ^g) then incubated on ice
for 30 min. The cells were then heat-shocked at 42°C for 45 sec, and then put on
ice for 2 min. The cells were allowed to recover in 900 ^il of SOC medium at 37°C
for 1 h with shaking at 225 rpm. Aliquots were plated onto selective LB thia plates
and incubated at 37°C for 12 to 16 h.

Biochemical Techniques
Protein Expression
Transformed E. co//cells in LB thia supplemented with the appropriate
antibiotic were grown overnight (14 to 16 h) at 30oC with vigorous shaking. Fifty
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microliters of the overnight culture was subcultured into 5 ml of LB thia
supplemented with the appropriate antibiotics and grown as before until OD 600—
0.6 to 0.8 (mid-log phase). Cells were then induced according to the protein
expression level desired and allowed to grow for an additional 3 h. From this, 1
ml of cells were centrifuged at 14,000 rpm for 1 min and re-suspended in 200 ^il
of 2x Sample Buffer [1.5% Tris-HCI, pH 6.8, 4% SDS, 4% (wt/vol) glycerol, and
0.0006% bromophenol blue] with 2% (vol/vol) p-mercaptoethanol. Re-suspended
cells were boiled for 4 min and cooled on ice before loading onto a gel for SDSPAGE.

SDS-PAGE and Western Blot
SDS-PAGE
Protein samples were separated on Tris-Tricine SDS-polyacrylamide gels
(SDS-PAGE) (Schagger and von Jagow, 1987) in a BioRad Mini-Protean® Dual
Slab cell (BioRad Laboratories). Each SDS-PAGE gel was made by polymerizing
the separating gel [10% polyacrylamide, 1 M Tris-HCI, pH 8.45, 0.1% SDS, 20%
(wt/vol) glycerol, 0.05% ammonium persulfate, and 0.05% (vol/vol) TEMED] for 1
h then adding the stacking gel [4% polyacrylamide, 0.74 M Tris-HCI, pH 8.45,
0.078% SDS, 9.8% (wt/vol) glycerol, 0.12% ammonium persulfate, and 0.12%
(vol/vol) /V,/V,/VW-tetramethylethylenediamine (TEMED)], inserting a 0.75mm 15
well comb and polymerizing for 30 min. Samples were loaded into the wells in the
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stacking gel and the protein bands were separated in the separating gel by
electrophoresis at a constant current of 30 mA per gel.

Western Blot
After SDS-PAGE, the protein bands were transferred from the gel to a
nitrocellulose membrane (BioTrace®NT, Gelman Sciences, Ann Arbor, Ml) using
a BioRad TransBIot semi-dry transfer apparatus (BioRad Laboratories) at a
constant voltage of 15 V for 30 min. A transfer buffer with high pH value (pH *
8.0) containing 12 mM Iris base, 96 mM glycine, and 10% (vol/vol) methanol
was used to obtain maximum transfer of the Aer protein, which has a high pKa
value. After the transfer, the membrane was blocked with 5% Carnation™ nonfat
dried milk dissolved in 1 x Tris Buffered Saline Tween20 (TBST) buffer [25 mM
Tris-HCI, pH 7.6, 0.15 M NaCI, 0.05% (vol/vol) Tween 20®) for 1 hour. The
membrane was rinsed with 20 ml of 1 x TBST buffer, submerged into 20 ml of 1 x
TBST mixed with primary antibody- a 1:100,000 dilution of Anti-Aer2_166 antisera
or a 1:10,000 dilution of Anti-Tsr antisera (supplied by Claudia Studdert,
Universidad Nacional de Mar del Plata) - and gently shaken overnight on an
Orbital Shaker (Bellco Biotechnology, Vineland, N.J.). The membrane was
washed three times with 20 ml of 1 x TBST buffer for 10 min with shaking, probed
with Goat Anti-Rabbit IgG (H+L) Horseradish peroxidase-conjugated antibody (a
1:5000 dilution in 1 x TBST buffer) for 30 min, then washed three times with
TBST and processed in one of two ways. 1) The membrane was treated with
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equal volumes of luminal/enhancer solution and peroxide solutions from the
SuperSignal® West Pico Chemiluminescent Substrate Detection reagents
(Pierce Biotechnologies, Rockford, IL) for 2 to 4 min, then drained, covered with
plastic wrap, and processed on an X-ray film processor (Konica medical film
processor QX-70, Newark, NJ) using Kodak Scientific Imaging BioMax ML film.
2) The membrane was treated with SuperSignal® West Dura Extended Duration
Substrate (Thermo Scientific, Rockford, IL), drained, covered with plastic, and
bands were visualized and quantified using the UVP Biospectrum 500®
Multispectural Imaging System (UVP, Upland, CA). The density of bands on Xray film was quantified on the Alpha Innotech digital imaging system or on the
UVP Biospectrum 500® Multispectural Imaging System.

In vivo Crosslinking
Bacterial cells were grown to mid-log phase in H1 medium with 100 ^ig.ml
ampicillin at 30°C and then induced with 50 ^M isopropyl-|3-D-thiogalactopyranoside
(IPTG) for 3 h. Cells were then exposed to 300 ^iM copper phenanthroline (CuPhe), 6
/vg.imL1 Bis-maleimidoethane (BMOE; Pierce Biotechnologies) or 50 /vM tris-2maleimidoethyl-amide (TMEA; Pierce Biotechnologies) as described in Chapter 3.

Detergent Extraction of Protein from the Membrane
Membranes were isolated as previously described (Hermann et al., 2004).
Briefly, 250 ml of LB thia was inoculated with 2.5 ml of an overnight culture,
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grown at 30°C to mid-log phase, and then induced with 1 mM IPTG for 3 h. Cells
were pelleted at 7,500 rpm for 15 min, resuspended in lysis buffer (10 mM
sodium phosphate, pH 7.5, 300 mM NaCI, 10% (vol/vol) glycerol), and lysed by
seven passes through a French pressure cell press (American Instrument
Company, Silver Spring, MD) at 10,000 lb in*2. Cellular debris and inclusion
bodies were separated from membranes by centrifugation at 8,500 rpm for 30
min. Membranes were pelleted by centrifugation at 60,000 rpm for 30 min.
Protein was extracted from the membrane using two rounds of treatment with mild
detergent as described previously (Hermann et al., 2004) with a few adjustments.
Membrane pellets, resuspended in lysis buffer by sonication, were treated with
2% Triton X-100, and then incubated on ice for 30 min. The membranes were
then centrifuged at 60,000 rpm for 30 min to remove non-aggregated protein.
Aliquots from each fraction were Western blotted to detect full-length Aer.

Spatial Assays
Semi-Solid Agar Plates
Succinate Semi-solid Agar Plates
Succinate semi-solid agar plates were made with H1 minimal medium
supplemented with 0.28% agar, 30 mM succinate and the appropriate antibiotic
when required. Semi-solid agar plates were inoculated with 3 jil of fresh overnight
culture and incubated in a humid environment at 30°C for 16 to 24 h. Aerotactic
cells formed a truncated cone shaped colony with a sharp ring at the bottom
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(Bibikov et al., 1997). Cells incapable of forming this sharp ring were considered
non-aerotactic. Aerotaxis phenotypes were viewed from the top with a light box
that provided indirect fluorescent light against a black background. Images were
captured with the Alpha Innotech or the DVR Imaging System.

Tryptone Semi-solid Agar Plates
Tryptone semi-solid agar plates were made with 1% Tryptone, 0.5% NaCI
and 0.28% agar supplemented with 0.5 ^ig/ml thiamine (Armstrong and Adler,
1969; Wolfe and Berg, 1989), 20

IRTG and the appropriate antibiotic. Semi

solid agar plates were inoculated with 3 ^il of an overnight culture and grown at
30°C in a humid environment for 8 to 12 h. Rings were viewed and captured as
described above.

Tryptone Miniswarm Semi-solid Agar plates
Trytone miniswarm semi-solid agar plates were made with 1% Tryptone,
0.5% NaCI and 0.35% agar. The media was supplemented with the same levels
of IRTG, thiamine and antibiotic as regular Tryptone semi-solid agar plates. Prior
to solidification, 200 to 350 pi of cells in SOC was added to the media. Once
solidified, the plates were incubated at 30°C in a humid environment for 8 to 12 h.
Non-aerotactic phenotypes were confirmed by selecting and transferring nonaerotactic colonies to tryptone semi-solid agar plates then incubating as
described above.
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Temporal Assays
Forty microliters of overnight LB thia cultures were subcultured into 4 ml
TB medium and grown at 30°C with shaking to OD600= 0.2 to 0.25. Cultures were
then induced with 200

IPTG for 45 min and 8 ^il of cells were placed onto a

clean glass microscope slide and spread evenly over a 6 mm circle. The
microscope slide was inserted into the floor of a gas flow cell and positioned
where the microscope objective was focused on the cells at the bottom of the
smear. The flow chamber was perfused with humidified, oxygen-free nitrogen gas
then, after 2 min, the nitrogen gas was replaced with air. The behavioral
responses were observed and taped using a Cohu video camera MOD 48152000/0000 (Cohu Inc., San Diego, CA) fitted to a dark-field microscope (Leitz
Dialux, Wetzler, Germany).

Mutant Characterization
Second-Site Suppressor Analysis
BT3388 cells, transformed by electroporation with the relevant plasmids,
were recovered in SOC (as previously described). A pipet tip containing 75 \x\ of
cells in SOC was inserted about 5 mm into the left-hand edge of the tryptone
semi-solid agar containing 50 ^g.ml'1 ampicillin and 20 pM IPTG. Cells were
released while moving the tip across the plate to the right-hand edge to create a
line of about 1 X 106 cells beneath the surface of the semi-solid agar. Semi-solid
agar plates were incubated for 24 to 36 h at 30°C. Aerotactic ‘blebs’ were

46

selected from non-aerotactic clones as they swam out from the inoculation site.
Potential aerotactic pseudorevertants were plated onto LB thia agar and
individual colonies were re-screened for an aerotaxis phenotype in tryptone semi
solid agar. Plasmids from aerotactic colonies were sequenced to identify the
mutation causing the phenotypic suppression.

Dominance Testing
BT3400 cells were co-transformed by heat-shock with the pKW1-derived
plasmids and pDS7. Cotransformants, selected on LB thia agar plates containing
100 ng.mr1ampicillin and 15 ng.ml'Tetracycline, were transferred with sterile
toothpicks into succinate semi-solid agar containing 50 |ag.ml'1ampicillin, 7.5
ng.ml'1 tetracycline, 0.5

or 1

sodium salicylate and IPTG titrated from 0 to

0.6 mM. Induction levels producing approximately 1:1 expression ratios were
determined by Western blot. At least 2 colonies for each mutant were tested on
all plates. The semi-solid agar plates were incubated for 16 to 24 h at 30°C.
Heterodimers containing wild-type Aer and Aer-Q248R were used as positive
aerotaxis controls. Appropriate homodimer controls were observed in semi-solid
agar containing either 50 jig.inHampicillin or 7.5 ^ig.ml'1 tetracycline.

Complementation Assays
To create heterodimers, BT3400 cells were cotransformed with pACYC184 and pTrc99A plasmids or pACYC-184 and pProEX plasmids. The
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pACYC184 plasmids expressed full-length Aer mutants while pTrc99A and
pPRoEX plasmids expressed Aer truncation mutants. Cotransformants were
selected on LB thia agar plates containing 100 ^ig ml'1 ampicillin and 15 |ig ml
tetracycline and then were transferred with sterile toothpicks into succinate semi
solid agar plates containing 50 ^g.iril"1 ampicillin and 7.5 ^g ml'1 tetracycline.
Gene expression levels were varied by titrating IPTG from 0 to 600 |iM.
Homodimer controls were also tested. The semi-solid agar plates were incubated
for 16 to 24 hat 30°C.

Steady State Protein Expression
To determine steady state protein expression levels, BT3388 cells were
grown to mid-log phase in LB thia media at 30°C. The cells were then induced
with 50

IPTG and allowed to grow for an additional 3 h. From this, a 1 ml

sample was taken and prepared for SDS-PAGE and Western blot as described
above. The band intensities of the mutant proteins were compared to wild-type
Aer expressed from pKW1.

Protein Degradation
The degradation profiles of proteins with low expression were determined
by inhibiting protein synthesis with chloramphenicol and tracking the
disappearance of full-length Aer over 4 h. The protein degradation assay was
performed by growing BT3388 cells to mid-log phase in LB thia media at 30°C
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then inducing with 50

IPTG for 3 h. Protein synthesis was then blocked with

500 ^ig.ml'1 chloramphenicol. 1 ml samples were collected at different time points
over 4 h: 0, 5, 10, 20, 30, 60, 120, 240 min. Each sample was prepared for SDSPAGE and full length Aer expression was analyzed by Western blot. Protein
degradation rates were determined using the formula: X=0.6931/t1/2, derived from
the formula for calculating the decay of isotopes.

FAD Binding
FAD binding to Aer protein was determined in isolated membranes or
whole cells. The FAD binding assay involved comparing FAD levels in induced
and uninduced membrane fractions or cells. FAD was measured using high
performance liquid chromatography (HPLC) on a reverse phase (C18) column
(Phenomenex, Torrance, CA). Total FAD (pmol/mg) was calculated from FAD
ratio (from HPLC) and total protein content [determined using the BCA™ Protein
Assay (Pierce Biotechnologies) as described below].

Isolation of Membranes using Water-Saturated Chloroform
Overnight cultures were subcultured into 600 ml of LB thia and grown at
30°C with shaking to mid-log phase. The culture was split into two equal parts
and one part induced with 1 mM IPTG. Both cultures were grown for an
additional 3 h then centrifuged at 8,000 rpm for 15 min. The pellets were
weighed, and then resuspended in lysis buffer [40 mM Tris HCI, pH 8.0, 0.3mg/ml
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lysozyme, two Complete™ Mini protease inhibitor cocktail tablets, (Boehringer
Mannheim) and 1 ^ig/ml Dnase I]. Cells were lysed by five rounds of freezing (in a
dry ice/ethanol bath) and thawing (in water at 37°C) and then centrifuged for 20
min at 9,000 rpm to bring down unbroken cells, cell wall debris, and inclusion
bodies. The supernatant was centrifuged at 60,000 rpm for 20 min. The pellet
was resuspended with 1 ml double-distilled H20 by sonication (Branson Sonifier
Cell Disrupter 200). After determining the protein concentration, membranes
were extracted from 450 ^il of the high spin suspension by mixing with 450 [i\ of
water-saturated chloroform and isolating the higher phase. The extract was
filtered using 0.2 ^m nylon microfilterfuge tubes (Rainin Instruments Co.,
Oakland, CA) by centrifuging at 6,900 rpm for 10 min.

Preparation of Whole Cells
Two 75 ml volumes of LB thia were subcultured with 5 ml of overnight
culture and grown at 30°C with shaking to mid-log phase. One 75 ml culture was
induced with 1 mM IPTG and both cultures were grown for an additional 3 h. The
cells were then centrifuged at 9,000 rpm for 15 min, resuspended in 5 ml of 1M
Formic acid and then centrifuged at 8,500 rpm for 10 min. The supernatant was
dried in a speedvac concentrator then dissolved in 450 ^il of double-distilled water
and filtered using 0.2 |im nylon microfilterfuge tubes (Rainin Instruments) at
6,900 rpm for 10 min.
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Protein Quantitation
The BCA™ Protein Assay is a detergent-compatible method based on
bicinchoninic acid (BCA) that colorimetrically detects and quantitates total
protein. BSA standards and working reagents were prepared according to the
manufacturer’s instructions for the Standard Test Tube Protocol as follows. The
standards were prepared by making dilutions of 0, 25, 125, 250, 500, 750, 1000,
1500 and 2000 [ig.mPof diluted albumin (BSA). The working reagent was
prepared by combining 50 parts BCA™ Reagent A with 1 part BCA™ reagent B.
Fifty microliters of each protein standard and 2 \i\ of each protein sample were
added to 1 ml of working reagent, mixed thoroughly by vortexing, and then
incubated at 37°C for 30 min. After incubation, the samples were mixed by
vortexing and then allowed to return to room temperature before reading the
protein concentrations. Protein concentrations were determined at 562 nm using
the Beckman DU 650 spectrophotometer. The protein concentrations were
calculated based on a standard curve that was created by plotting BSA
concentrations in |^g/ml against OD at 562 nm.

Protein Prediction Algorithms
Secondary structure predictions of the Aer F1 region were obtained by
analyzing Aer residues 120 to 166 using the following programs: l-TASSER
(Zhang, 2008), HHPred (Soding et al., 2005; Soding, 2005), Jpred3 (Cuff and
Barton, 1999), 3D-PSSM (Fischer et al., 1999; Kelley et al., 1999), PredictProtein
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(Rost et al., 2004), PSA server (http://bmerc-www.bu.edu/psa) and PSIpred
(Jones, 1999; Bryson et al., 2005).

In Silico Modeling
Aer PAS domain models were created with the DeepView/Swiss-Model
package (http://www.expasy.org/spdbv/,http://swissmodel.expasy.org/) using the
coordinates for NifL from Azotobacter vinlandiiand the sequence of the E. coli
Aer PAS domain. Aer F1 models were created by entering the F1 protein
sequence into the l-TASSER server for protein 3D structure prediction
(http://zhang.bioinformatics.ku.edu/l-TASSER/). Models of the Aer PAS and
proximal region of the F1 were created with DeepView/Swiss-Model using the
coordinates for the MmoS from Methylococcus capsulatus and the sequence of
the E. coIi Aer PAS domain and proximal region of the F1. All Homology models
were viewed and manipulated using PyMOL (http://pymol.sourceforge.net/).
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Summary
The Aer receptor monitors internal energy (redox) levels in Escherichia
co//with an FAD-containing PAS domain. Here, we randomly mutagenized the
region encoding residues 14 to 119 of the PAS domain and defined a signaling
pathway from FAD to a site near the N-terminal cap. We identified 72 aerotaxisdefective mutants, 24 of which were gain-of-function, signal-on mutants. The
mutations were mapped onto an Aer homology model based on the structure of
the PAS-FAD domain in NifL from Azotobacter vinlandii. Signal-on lesions
clustered in the FAD binding pocket, the beta-scaffolding and in the N-cap loop.
We suggest that the signal-on lesions mimic the “signal-on” state of the PAS
domain, and therefore define a signal-in site at the FAD binding cleft, and a
signal-out region in the beta-scaffold and the N-cap loop. From these data and by
analogy to other PAS domains, we propose that the reduction of FAD rearranges
the FAD binding pocket in a way that repositions the beta scaffolding and the Ncap loop. Residues surrounding the N-cap, in turn, appear to be important for
transmitting this conformational change to the HAMP domain, and kinase control
module.

Introduction
In Escherichia coli, the Aer receptor orchestrates oxygen-seeking behavior
(aerotaxis) by monitoring intracellular redox status (Taylor et al., 1999; Taylor,
2007). The Aer redox sensor is an FAD-binding PAS [Per ARNT Sim; (Nambu et
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a!., 1991)] domain (Bibikov et al., 2000; Repik et al., 2000) that is a member of
the PAS superfamily of more that 14,000 proteins (http://smart.emblheidelberg.de/) found in all kingdoms of life. These domains have diverse
functions, and may act as oxygen, light and redox sensors (Zhulin et a!., 1997;
Taylor and Zhulin, 1999), mediators of protein-protein interaction (Huang et a!.,
1993) and transcriptional activators (Kewley et al., 2004).
The Aer PAS domain is cytosolic, and interacts directly with a HAMP
domain that is separated in sequence from the PAS domain by two
transmembrane segments (Herrmann etal., 2004; Watts et a!., 2004; Amin et al.,
2006). HAMP domains comprise a superfamily of versatile sensory modules that
transduce various signals into a common signal that is transmitted to the output
domain of a receptor (Aravind and Ponting, 1999). In both Aer and in
chemoreceptors, the output domain is a kinase control module, which activates
the autophosphorylation of a CheA histidine kinase and the response regulator
CheY-P, causing a change in the direction of flagellar rotation and tumbling
(Hazelbauer et a!., 2008). Signal transduction in Aer begins with the reduction of
FAD, which appears to initiate a conformational signal that propagates through
the cytoplasmic PAS domain to an interface with the HAMP domain (Watts et a!.,
2004), and on to the distal kinase control module. Although many residues have
been identified in the Aer-PAS domain that are critical for FAD binding (Bibikov et
a!., 2000; Repik et a!., 2000; Buron-Barral et a!., 2006; Watts et al., 2006), it is not
known how signals propagate from the FAD-binding cavity to surface, and on to
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the HAMP domain. In the nitrogen fixation regulator NifL from Azotobacter
vinlandii [AvNtiL (Key et al., 2007)], the photoreceptor Vivid from Neurospora
crassa (Zoltowski et al., 2007) and the methane monooxygenase MmoS from
Methylococcus capsulatus (Ukaegbu and Rosenzweig, 2009), the protonation of
FAD leads to the reorganization of hydrogen bonds within the FAD binding site
and a conformational change within the PAS domain.
Data from a previous study indicates that the N-terminal cap (N-cap) may
have a role in Aer signaling, as removing part of the cap (residues 1-14) creates
a conformational change that mimics the signal-on state of the receptor (Watts et
al., 2004). To identify other critical regions involved in Aer-PAS signaling, we
have now randomly mutagenized the remaining coding sequence of the Aer-PAS
domain. We isolated both loss-of-function and gain-of-function mutants, and
found that lesions mimicking the signal-on state of the receptor clustered in
specific regions, including the N-cap loop. We propose that the high degree of
localization defines a signaling pathway within the Aer-PAS domain.

Results
Isolation of Aer-PAS Mutants
To identify critical residues for signaling in the Aer-PAS domain, we
randomly introduced single amino acid substitutions in the PAS domain (residues
14 to 119) using low fidelity PCR to make copies of the aer gene with Taq DNA
polymerase (which favors transition mutations). We also mutagenized aer with
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Mutazyme® II DNA polymerase, which increases the rate of transversions
(Vanhercke eta!., 2005). Plasmid-derived mutant proteins were expressed in
BT3388 cells that lack Aer and all chemoreceptors [aer tsr tar tap trg (Yu et a!.,
2002)]. Colonies were screened for aerotaxis in Tryptone semi-solid agar
miniswarm plates and confirmed on Tryptone semi-solid agar plates (Fig. 4).
Expression of the complete Aer protein was confirmed by Western blot and
mutants with poor protein expression were discarded. Using this method, we
screened 10,000 colonies, sequenced 400 plasmids that expressed full-length
but aberrant products, and obtained 72 aerotaxis-defective mutant proteins that
had single amino acid substitutions at 49 of 105 residues in the Aer-PAS domain
(Fig. 5A).

Mutant Phenotypes
In a receptorless strain, the signal output of wild-type Aer expressed from
a plasmid causes cells to swim smoothly in air and to tumble in nitrogen (an
anaerobic environment) (Rebbapragada et a!., 1997). Tumbling reflects the
“signal-on” conformation and smooth-swimming reflects the “signal-off” or null
phenotype of Aer (Repik et a!., 2000). To further characterize the signaling
activity of the mutant Aer proteins, we analyzed the swimming behavior of
receptorless cells expressing the mutant proteins. We grew cells in Tryptone
broth and induced protein expression with 200 pM IPTG, then monitored the cells
under a dark-field microscope for behavioral responses as the gases in the
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Fig. 4. Aerotaxis phenotypes of Aer mutants in Tryptone and succinate semi-solid
agar.
A. Aer mutant proteins were expressed in the receptorless strain, BT3388 {aer tsr tar
tap trg), and colonies were inoculated into Tryptone semi-solid agar containing 50 pig
ml'1 ampicillin and IPTG ranging from 20 to 1000 pM. Plates were incubated at 30°C
for 16 h and the colony morphologies were compared with positive (wild-type Aer)
and negative (vector) aerotaxis controls. Examples shown are for plasmids pKW1
(wild-type Aer), pKW1-G76E (leaky), pKW1-Y93C (null) and pTrc99A (vector).
B. Plasmids isolated from aerotaxis-defective colonies in (A) were introduced into
BT3312 {aer tsr) to test for functional rescue by Tar. Colonies were inoculated into
succinate semi-solid agar containing 50 pig ml'1 ampicillin and IPTG ranging from 0 to
1000 piM, and plates were incubated at 30°C for 18 to 19 h. Examples shown are for
plasmids pKW1 (wild-type Aer), pKW1-S80l (rescued) and pKW1-Y93C (nonrescued), and pTrc99A (vector).
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Fig. 5. Signaling phenotypes and steady state concentrations of Aer mutant
proteins.
A. Amino acid substitutions that produced signal-on (above line), signal-onbiased (above line, circled), and signal-off (below line) phenotypes are mapped
onto the secondary structural elements of the Aer PAS domain. Aer mutant
proteins that were phenotypically rescued by Tar (see text) at low (*) or high (°)
Aer expression levels are marked with an asterisk or superscripted circle,
respectively. For secondary structure, cylinders represent helices, arrows
represent (3 strands, and lines represent loops.
B. Steady state concentrations of the Aer mutant proteins relative to wild-type Aer
when induced with 50 /vM IPTG in the receptorless strain BT3388 (see
Experimental Procedures). Mutant Aer proteins that were present at less than
50% (upper line) of wild-type Aer may be unstable. Degradation rates were
determined for mutant proteins with steady state concentrations below 30%
(lower line).
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perfusion chamber were toggled between nitrogen and air. The mutants
displayed one of three phenotypes: smooth swimming cells that did not tumble in
nitrogen [47 of the 72 (47/72) mutants; signal-off receptor state], elevated
tumbling frequency in air and nitrogen (3/72; signal-on biased), and constantly
tumbling in air and nitrogen (21/72; signal-on receptor state)(Fig. 5A).
We tested for partial function in spatial assays on Tryptone semi-solid
agar plates by incrementally increasing the expression of the mutant Aer proteins
(20 to 1000

IPTG) (Fig. 4A). As Aer expression increased, four PAS mutants

regained aerotaxis activity and produced larger colonies in Tryptone semi-solid
agar with an outer aerotaxis band. These mutants with partial loss-of-function
included Aer-L48S, Aer-T72l, Aer-G76E and Aer-E77G. The remaining signal-off
mutants, the tumbling-biased mutants, and the signal-on mutants, were nonaerotactic at all induction levels up to 1 mM IPTG.
Aerotaxis-negative Aer proteins may be functionally rescued by the
presence of the highly abundant chemoreceptor Tar (Buron-Barral et al., 2006;
Gosink eta!., 2006). To test for phenotypic rescue, mutant Aer proteins were
expressed in cells that lack the aerotaxis transducers Aer and Tsr but express
Tar (BT3312, aer tsr) (Fig. 4B). We did not test for rescue by Tsr, because Tsr (in
addition to sensing serine) responds to changes in the proton motive force, and
thereby functions as an aerotaxis receptor in E. co//(Rebbapragada et al., 1997;
Edwards et a!., 2006). In the presence of Tar, 39 of the remaining aerotaxisnegative Aer proteins regained aerotactic responses without Aer induction by
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IPTG (Fig. 5A, indicated with asterisks), while six more signal-off mutants
regained function after induction with IPTG (20 to 100

IPTG)(Fig. 5A,

indicated with a superscripted “o”). The remaining 23 mutant proteins (6 signal-on
and 17 signal-off mutants) did not regain aerotactic responses in the presence of
Tar, even when overexpressed. The packing of Tar dimers and Aer in a trimer of
dimers might correct an abnormal conformation in Aer and rescue an Aer lesion
(Gosink et ai, 2006). However, it is likely that the predominant effect of Tar is to
modulate a bias in the control of the flagellar motors. Presumably, the nonrescuable mutant receptors had more severe lesions than those that were
rescued by Tar.
We studied the phenotypic interactions between mutant Aer receptors and
wild-type Aer expressed from a compatible plasmid. The 23 mutant proteins that
were not rescued by Tar were expressed from an IPTG inducible pTrc99Aderived plasmid (pKW1) and wild-type Aer was expressed from a salicylate
inducible pACYC184-derived plasmid (pDS7). Expression of the Aer mutants was
induced with IPTG concentrations between 20
Aer was concomitantly induced with 0.5 jxM or 1

and 1000 jxM, while wild-type
sodium salicylate. When

wild-type and mutant Aer proteins were expressed at a 1:1 ratio, three of the six
signal-on mutant proteins (A97D, N85S and S113T) were dominant, and
completely inhibited aerotaxis by wild-type Aer. At higher expression levels, AerL20Q and Aer-N85D became dominant; Aer-H53Y, which was partially dominant,
eliminated the aerotactic band, but there was a partial increase in the size of the

61

wild-type colony compared to cells with dominant Aer mutations. In contrast, only
one of the signal-off mutant proteins (N34K) altered wild-type Aer-mediated
aerotaxis; it reduced the colony size without eliminating the band (i.e., it was
partially dominant). Since chemoreceptors in E. co//form trimers of receptor
dimers (Ames et al., 2002; Gosink et al., 2006), mutant Aer proteins that are
dominant or partially dominant may interfere with the normal structure of trimers
of dimers formed with wild-type Aer. Alternately, the mutant proteins may have
such a strong CW bias that wild-type Aer cannot modulate it.

Stability of Altered Aer Proteins
Strains with a null Aer phenotype may have varying underlying defects in
addition to those that lock the signaling pathway into the “off” state. These
include structural changes in the native fold that affect FAD binding, maturation
(folding) of the nascent peptide and/or an increase in the rate of degradation
(Buron-Barral et al., 2006). To distinguish between these possibilities, we first
determined the steady state levels of the PAS mutant proteins by comparing the
cellular levels of mutant protein to those of wild-type Aer expressed from the
pKW1 plasmid after induction with 50

IPTG (Fig. 5B). The steady state

expression levels ranged from 10% to 130% of wild-type Aer. Two thirds of the
proteins were present at 50% or more of wild-type Aer levels. As previously
observed (Buron-Barral etal., 2006), some PAS lesions markedly increased the
rate of Aer degradation. Seven mutant proteins (one signal-on and six signal-off)
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had steady state levels below 30%, and we measured the degradation rates of
these proteins. We induced mutant protein expression in receptorless cells
(BT3388) with 50

IRTG, then inhibited new protein synthesis with

chloramphenicol and measured the rate of protein loss over a 4 h period. Using
this method, wild-type Aer showed a low initial degradation rate of 0.007/min and
little subsequent degradation (Fig. 6). In contrast, the Aer-PAS mutant proteins
had enhanced rates of initial degradation ranging from 0.0107/min to 0.213/min,
which was followed by a longer period of slower degradation. The initial rapid
degradation may represent degradation of non-maturated proteins (Buron-Barral
etal., 2006), which become more resistant to proteolysis once folded. Those
mutant proteins with the highest degradation rates had substitutions that altered
the hydrophobicity of native amino acids. These lesions included M21K, D25V
and D35V, and they apparently caused serious structural defects that hindered
maturation, as the mutant proteins were rapidly proteolyzed with rates of
0.213/min, 0.1952/min and 0.2039/min respectively. When mapped onto an AerPAS model, these and the other highly unstable replacements mapped to
positions on or near loops (see below).
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Fig. 6. Degradation profiles for Aer mutant proteins having steady-state
concentrations below 30% of wild-type Aer. Samples were collected at selected
time points after blocking new protein synthesis with chloramphenicol, and Aer
levels were quantitated by Western blot. The degradation curves represent bestfit values for a two phase exponential decay, and the values shown are fractional
concentrations relative to wild-type Aer.
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Residues Affecting FAD Binding
The binding site for cofactors in many PAS domains, including the FAD
cofactor in AvNifL, is in a cavity formed by the EF loop and/or F helix, and the 13scaffold (Borgstahl eta!., 1995; Kay, 1997; Key eta!., 2007). Previously, we
found that several signal-off lesions in Aer appeared to abolish FAD binding, and
when these lesions were mapped onto an Aer-PAS homology model, they
clustered in the EF loop (Repik et al., 2000). To test the signal-off mutant proteins
for FAD binding in the current study, we measured the increase in total cellular
FAD in BT3388 after overexpressing Aer with 1 mM IPTG (Bibikov et a!., 2000;
Repik etal., 2000). This assay requires high levels of Aer protein expression and
requires an increase in cellular FAD of 20% or more to infer binding. False
negatives for FAD binding may result from low expression of a mutant protein
(Buron-Barral et a!., 2006). As a precaution, mutant proteins with steady state
levels below 30% of wild-type Aer were excluded from the FAD assay.
Using this method, half (22/42) of the signal-off mutant proteins with
steady state levels above 30% had FAD binding defects, although 12 of these
had steady state levels less than 50% of wild-type Aer, and could possibly be
false negatives. Most of these lesions (8/12) mapped to the FAD binding pocket.
The 10 remaining FAD-minus Aer proteins had steady state levels more than
50% of wild-type Aer, but their substitutions were not associated with the FAD
pocket. These expression levels represent more than 15,000 copies of Aer per
cell (D. Salcedo, unpublished data), and should therefore be suitable for correctly
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inferring FAD binding, as approximately 6,000 additional molecules of FAD are
diagnostic for FAD binding [native E. co//expresses 30,000 molecules of FAD
(Watts etal., 2006)]. Taken together, these data indicate that residues outside of
the FAD binding pocket can stabilize FAD binding, but suggest that lesions within
the FAD binding pocket may cause greater structural defects and degradation of
the Aer protein.

Mapping Lesions onto the Aer-PAS Domain Model
PAS lesions were mapped onto a homology model of the Aer-PAS domain
created using the coordinates of the recently resolved crystal structure of the
PAS-FAD domain Ai/NifL [2GJ3;(Key etal., 2007)]. Lesions that promoted a rapid
proteolysis of Aer (T19A, M21K, D25V, D35V, V95A, P101L and G110D)
mapped to positions on or near loops and, with one exception, yielded a CCW
(signal-off) phenotype (Fig. 5A). The loops associated with these lesions were
distributed throughout the PAS domain (data not shown) and we postulate that
the lesions disrupted critical turns in the PAS fold. Eight of the FAD-binding
lesions mapped to positions at or near the putative FAD binding site within the E
helix, EF loop, the F helix and the G[3 strand (not shown).
In the absence of a functional PAS domain, the null phenotype of the Aer
receptor is “signal-off, and the Aer HAMP domain is dependent on an “on” signal
from the PAS domain to activate the kinase control module and trigger CheA
histidine kinase autophosphorylation (K. Gosink and J.S. Parkinson, personal
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communication). Accordingly, mutants with “signal-on” (CW) PAS lesions are
gain-of-function mutants (Buron-Barral eta!., 2006), and these mutants must in
some way mimic the signal-on state of the native PAS domain. Given that the
Aer-PAS domain signals directly to the HAMP domain, we infer that the signal-on
PAS mutants can invoke a conformation that mimics the “on-state” at a PASHAM P interface. When the signal-on lesions were viewed on a surface model the
lesions were not distributed uniformly over the surface, but clustered specifically
at the FAD insertion site, on the backside of the FAD pocket, and on the N-cap
loop (Fig. 7A). This suggests that conformational changes in the signal-on state
may be relatively confined to these regions, in which case their location might be
used as markers to highlight the signaling pathway within the PAS domain.
Interestingly, the pathway mapped by these Aer-PAS lesions follows the general
signaling pathway proposed for other resolved PAS domains. We propose that
the signaling pathway in the PAS domain of Aer leads from the FAD-binding site
to the PAS-HAMP interaction site.

Discussion
Signal-off Lesions
In this study, we used random mutagenesis to identify regions in the AerPAS domain that are critical for signaling. Many signal-off lesions were
unsurprising in that they mapped to positions of high sequence conservation
within the Aer-PAS domain subfamily. This subfamily, called PAS_FAD1, is one
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Fig. 7. Surface and ribbon views of a homology model for the Aer-PAS domain showing
clustering of the 24 signal-on lesions isolated in this study. The model was built using Swiss
Model, based on the coordinates of PAS-A from Ai/NifL [2GJ3; (Key etal., 2007; Kiefer et al.,
2009).
A. Surface view of the front of FAD pocket showing signal-on lesions (yellow) clustered in a
patch in and around the FAD binding pocket (left and middle model). Surface view of the
PAS domain (right model, rotated 160° about y-axis from middle model), showing the
remaining signal-on lesions (yellow) clustered at the back of the FAD pocket, and near the Ncap loop. The orientations of the PAS domain in the left and right models are retained in 7B
and 7D, respectively. The middle model is rotated 90° about the x-axis (from the left model)
to reveal all clustered surface residues on this face.
B. Ribbon model viewed from the top of the FAD binding cavity showing the side-chains of
native residues replaced in signal-on lesions (yellow), and their proximity to FAD (gray). The
EF loop [colored green, except for R57 (yellow)] is conserved as RHPDMP in the PAS_FAD1
(Aer) subfamily. The orientation is identical to the left model in 7A.
C. Ribbon model showing residues LI 4 and N34. A hydrogen bond between homologous
residues in Ai/NifL may stabilize the N-cap loop. This gives the appearance of a continuous
helix from the N-cap to Ca, despite 19 intervening residues (the N-cap loop is highlighted in
gray). The potential role of N34 in signaling to the HAMP is discussed in the text.
D. Ribbon model of the PAS domain viewed from behind the FAD binding cleft showing the
remaining locations (in yellow) of the signal-on lesions isolated in this study. The orientation
is identical to the right model in 7A.
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of three PAS subfamilies recently defined [(Xie et al., in press) see description in
Table 2]. One of the most conserved regions of the PAS_FAD1 (Aer) subfamily is
the RHPDMP motif on the EF loop that forms a surface of the FAD pocket [(Xie et
a/., in press); see Table 2; colored green in Fig. 7B]. Lesions in this loop have
previously been isolated (Bibikov eta/., 2000; Repik eta/., 2000), and in the
current study, four signal-off lesions (H58R, D60V, M61K, P62Q) and one signalon lesion (R57C; colored yellow, Fig. 7A) were in this loop. Lesions in this region
would be expected to disrupt structure and/or alter FAD binding; this was case for
D60V, M61K and P62Q, which had low steady state levels (<50% WT; Fig. 5B)
and poor FAD binding (data not shown). Sixteen other signal-off mutants had
lesions at residues conserved in both the PAS_FAD1 (Aer) subfamily and in at
least one other flavin-binding (non-Aer) PAS domain (supplemental Table 2).
Since these lesions (except for W79R, Y93H and Y111N, discussed below) were
either unstable or did not bind FAD, they likely caused gross alterations in the
native structure of Aer.
Six signal-off lesions mapped to residues that are common to both
PAS_FAD1 (Aer) and PAS_FAD2 (AerC) subfamilies (see description in Table
2). The latter subfamily, PAS_FAD2, is exemplified by AerC from Azospirillum
brasiliense (Xie etal., in press), and is a group of soluble chemotaxis receptors
that contain dual PAS domains and an MCP domain, but no intervening
transmembrane sequence. We infer that residues conserved in both of these
subfamilies may have critical structural or signaling roles in Aer. One residue,
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Aer-P101, is conserved in all generic PAS domains (supplemental Table 2), and
it is therefore likely to be involved in structure rather than function. The lesion
here (P101L) was unique in that it was unable to form a stable subpopulation
(Fig. 6). On the other hand, Aer-N34, which is also conserved in generic PAS
domains, may be involved in both structure and function. N34K was the only
dominant signal-off lesion, and the equivalent residue in Ai/NifL (N51) lies at the
N-terminal end of the Ca helix, and hydrogen bonds to the residue corresponding
to Aer-L14 on the C-terminal end of the N-cap helix (Fig. 7C; see Key et al.,
2007). This forms an unusual extended helix that is unbroken in structure, but
discontinuous in sequence. If this feature is replicated in Aer, lesions at N34
could perturb the stability of this hydrogen bonding and alter the conformation
around the N-cap loop in a way that inhibits signaling to the HAMP domain. We
propose that the region around N34 modulates the signal-out from the Aer-PAS
domain, because an N34D signal-on lesion was previously isolated and found to
be an allele-specific suppressor of the C253R lesion in the HAMP domain (Watts
et al., 2004). This indicates that regions surrounding PAS-N34 and HAMP-C253
are at a PAS-HAMP contact surface. Consistent with this idea is the finding that
the area surrounding C253 (in the HAMP domain) is a hotspot for CW lesions,
and is proposed to transmit the signal to the kinase control module (Watts et al.,
2008).
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FAD Binding Site
The 24 signal-on lesions from this study cluster in the pocket surrounding
the FAD cofactor, the backside of the FAD pocket (1(3- and H(3-strands), and
around the loop connecting the N-cap to the PAS core (A(3-strand and N-cap
loop) (Fig. 7A). Residues that were replaced in signal-on lesions (Fig. 5A; Fig.
7B, colored yellow) are shown in relationship to the predicted position of the FAD
cofactor on the homology model (Fig. 7B, colored gray). Several of these critical
residues are at positions known to be involved in FAD binding in the resolved
structures of PAS-FAD domains, such as the Ai/NifL and MmoS PAS domains
(Table 2); those that are conserved in Aer are likely to have similar functions (Key
et a!., 2007; Ukaegbu and Rosenzweig, 2009). Aer-N85 (Fig. 7B) is equivalent to
AvNifL-N102 and MmoS-N164, which hydrogen bond to the N3 and 04 atoms of
their respective isoalloxazine rings (Key et al., 2007; Ukaegbu and Rosenzweig,
2009). Feasibly, Aer amino acid replacements N85D, S, and C [Aer-N85C was
previously shown to be a signal-on mutant (Repik et al., 2000)] alter these
contacts, and change the local reduction potential of bound FAD. Tryptophan
residue W70 (Fig. 7B) is conserved in all Aer-type proteins, and its presence is
now considered diagnostic for predicting whether a given PAS domain binds FAD
(Xie eta!., in press). In AvNifL (W87) and MmoS (W149), the equivalent
tryptophan forms stacking interactions with the FAD ribose and adenine rings
(Key et al., 2007; Ukaegbu and Rosenzweig, 2009), and it therefore may be a
critical residue in linking the reduction of FAD to a conformational change in the
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Aer PAS domain. Another residue that is predicted to face into the FAD-binding
cleft is Aer-N54 (Fig. 7B). Although it is conserved in the PAS_FAD1 (Aer)
subfamily, it is not conserved in the other PAS subfamilies (Table 2), and in
MmoS, the equivalent residue (R133) stabilizes the FAD ribityl chain. Several
other signal-on lesions occurred at residues also predicted to face the FAD
molecule, including conserved residues S28, H53, R57, F66, M69 and S113.
These residues are within a range where they might interact with FAD directly or
via an intermediate water molecule (Fig. 7B). Although the homologous residues
of H53, R57, M69 and S113 are believed to have a role in modulating FAD in
other PAS-FAD proteins, there is no consensus on their precise role in signaling
(see supplemental Table 2).
Two of the signal-on lesions in the FAD binding cleft (F66L and S28C)
replaced residues for which there are no proposed functions in the other resolved
PAS domains. In the in silico model (Fig. 7B) the Aer-F66 carbon ring atoms are
close to the FAD ribityl C5 (2.6 A) and the isoalloxazine 02 (3.6 A). Presumably,
this arrangement would be altered with Leu, and could influence the reduction
potential and the signaling state of FAD. The other residue, Aer-S28, is predicted
to face inward, with its side chain oxygen close (2.3 A) to the C8 methyl group of
the isoalloxazine ring. However, removing these interactions does not abolish
signaling, as an S28G replacement that lacks a side chain acts as a general
suppressor of lesions in the HAMP AS-2 subdomain (Watts et ai, 2004), likely
due to increased protein stability (Gosink et a!., 2006). Moreover, Gly, not Ser, is
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the more conserved amino acid at this position. The Cys side chain replacement
has a similar volume to Ser, so its effect on the signaling state (ON) would more
likely be electronic than steric.
Three signal-off lesions (W79S; Y93C; Y111N) were at residues
previously proposed to have roles in FAD binding in PAS domains, and may be
directly involved in the Aer-PAS signaling pathway. In MmoS, residue W158
(equivalent to Aer-W79) is a potential electron mediator from membrane redox
components to W149 (equivalent to Aer-W70) and on to FAD. In AvNifL, Y110
(equivalent to Aer-Y93) and S39 (equivalent to unstable signal-off Aer lesion,
S22P) are members of a network of bond donors and acceptors that facilitate
uptake and release of protons at N5 of FAD (Key et al., 2007). Finally, Aer-Y111
was previously found to be important in signaling, as an Aer-Y111C replacement
caused an inverted response to both air and nitrogen; cells swam smoothly in
nitrogen and tumbled in air (Repik et a!., 2000).

Role of the N-terminal Cap in Signaling
The remaining signal-on lesions in the Aer-PAS domain clustered in H|3-, l|3and Ap-strands of the p-scaffold as well as in the N-cap loop (yellow, Fig. 7A and
D). Since the p-strands form the rear wall of the FAD binding pocket,
conformational changes in the pocket could feasibly rearrange these strands in a
reversible manner, and lesions in the strands could mimic the signal-on
conformation. In the Ai/NifL and MmoS PAS domains, rearrangements resulting
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from FAD reduction lead to a conformational change on the surface of the
domain at the l|3- and A|3-strands (Key et a!., 2007; Ukaegbu and Rosenzweig,
2009), and in the heme-binding PAS domain of bjFixLH, signaling involves the
H|3-strand as well (Gong et a!., 1998; Key and Moffat, 2005).
The side-chain positions of these signal-on lesions (on H|3-, l|3- A|3-, and
N-cap loop) are shown in Fig. 7D from a vantage point behind the FAD-binding
cleft (S113 is included as a guidepost from Fig. 7B). Notably, all residues except
A97, S113 and L20 face outward away from the FAD binding pocket (Fig. 7D).
Aer-A97 is conserved throughout most of the PAS family, and is not predicted to
contact the FAD ring. However, all rotamers of the Asn signal-on replacement
(A97N) caused a steric clash in the in silico model (not shown). Residues N98
and V100 are not conserved in PAS domains, but lie on the same H|3-strand as
A97 (Fig. 7D), suggesting that conformational changes in this region invoke a
signal-on state. M112 on the neighboring l|3-strand (Fig. 7D) is not conserved in
the PAS_FAD1 (Aer) subfamily, but the equivalent position in Ai/NifL (L130)
packs against the N-cap of the opposite monomer. Notably, it resides next to
S113, which is proposed (in MmoS) to bind indirectly to FAD-N5 through a water
molecule.
The remaining lesions (T18I, N; T19A; L20P, Q; M21T) mapped on or near
the N-cap loop (Fig. 7D), a region that we previously found to be actively involved
in Aer signaling (Watts eta!., 2006). The N-cap is also involved in signaling in the
PAS-FAD domain of other sensory proteins. In Vivid, light activation weakens the

74

hydrogen bonds that fix the N-cap to the PAS core, causing displacement of the
N-cap (Zoltowski et al., 2007). In AvNifL, the N-cap interacts with the 1(3- and A|3sheets of the cognate monomer, and these interactions may weaken during
signaling (Key et al., 2007). Furthermore, in the photoactive yellow protein (PYP),
which binds cis-hydroxycinnamic acid, signaling causes a structural change in
the |3 scaffold that influences an N-terminal loop, changing the N-cap
conformation (Pellequer eta!., 1998; Harigai et a!., 2003).
The N-cap loop is adjacent to the (3-scaffold (Fig. 7C), and rearrangement
of the (3-strands might readily impinge on the loop, and on to the N-cap itself.
However, since removing part of the N-cap elicits a signal-on phenotype (Watts
et a!., 2006), the N-cap could conceivably move away from the PAS core and
expose residues that transmit the “on” signal to the HAMP domain (Watts et al.,
2004). Given the density of lesions on and around the N-cap loop, it is possible
that the N-cap loop acts as a hinge around which the N-cap pivots. In this
scenario, the N-cap would pack tightly against the PAS core in the signal-off
state, but would be destabilized during the signal-on state. Alternatively,
deformations in the N-cap and surrounding regions could be more subtle, but still
alter interactions between the PAS and HAMP domains in a way that propagates
the signal-on state of the receptor.
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Proposed Mechanism for Signaling by the Aer-PAS Domain
In summary, the signal-on lesions isolated in this study localized in
specific regions of the PAS domain. From these patterns of clustering, and by
inference from other PAS mechanisms, we propose that the reduction and
protonation of FAD elicits a reorganization of the hydrogen bonding network in
the FAD binding pocket (Key et al., 2007; Zoltowski et al., 2007), causing
structural changes that propagate to the p-sheets of the scaffold and the Nterminal cap. Through a PAS-HAMP interface, changes in the N-cap result in a
conformational change in the HAMP domain that, in turn, propagates the signalon state to the kinase control module, which activates the CheA histidine kinase,
and alters the direction of flagellar rotation.

Experimental Procedures
Bacterial Strains and Plasmids
E. co//strains used in this study include BT3388 [(Aaer::erm Atsr-702J\
Atar-tap-520'\ frg^TnlO) (Yu et al., 2002)], BT3312 [(Aaer-1 (Afer-7028) (Repik et
a/., 2000)] and BT3400 [(Aaer-1 Ater-7028 recAwcaf) (Watts et al., 2006)]. These
strains were derived from E. co//strain RP437, which is wild-type for chemotaxis
(Parkinson, 1978).
The plasmids used in this study include pTrc99A (Pharmacia), an
isopropyl-p-D-thiogalactopyranoside (IPTG)-inducible ptrcexpression vector;
pGH1 (Rebbapragada et al., 1997), a pTrc99A derivative expressing wild-type
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Aer; pKW1 (Watts et al., 2004), a pGH1 derivative containing silent mutations
that introduce restriction sites for Nhel (codon 14) and BstBI (codon 204); pDS7
(Watts etal., 2006), which expresses wild-type Aer from pACYC184 (Chang and
Cohen, 1978) using a tightly regulated sodium salicylate-inducible promoter
(Pnahe)■ The pACYC184 plasmid contains a p15A origin of replication, which
allows the coexpression of genes with pTrc99A-derived plasmids.

Random Mutagenesis and Mutant Selection
To obtain single amino acid changes in the Aer-PAS domain in the region
encoding residues 14 to 119, random PCR mutagenesis was performed using
pGH1 and NhelF and BstBIR primers (Watts etal., 2004). Both Tag (Fisher
Scientific, Pittsburg, PA) and Mutazyme® II (Agilent Technologies, Santa Clara,
CA) DNA polymerases were used. Random PCR mutagenesis using Tag DNA
polymerase was carried out under conditions of reduced fidelity (Jung and
Spudich, 1998) as previously described (Watts etal., 2004). The Tag^generated
DNA fragments were then pooled and purified using a QIAquick® PCR
purification column (QIAGEN Inc. Valencia, CA) and subjected to 30 cycles of
normal PCR amplification [95°C (30 sec), 59°C (30 sec) and 72°C (30 sec)].
Random PCR mutagenesis using Mutazyme® II DNA polymerase was performed
according to the instructions of the Genemorph® II Random Mutagenesis Kit
(Agilent Technologies). PCR products obtained by both methods were purified,
digested with Nhel and BstBI, then gel-purified using a QIAquick gel extraction kit
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(QIAGEN). The digested fragments were then cloned into pKW1 with the
corresponding Nhel/BstBI segment removed and then introduced into BT3388 by
electroporation.
Transformed BT3388 cells were screened for non-aerotactic colonies in
Tryptone miniswarm agar and the phenotypes were confirmed in Tryptone semi
solid agar as previously described (Buron-Barral et a!., 2006) except that the
Tryptone miniswarm plates had 20 pM IRTG. Aerotaxis phenotypes were viewed
using a light box that provided indirect fluorescent light against a black
background. Colonies that lacked a sharp outer ring were considered nonaerotactic and were selected for further analysis. Aer expression was confirmed
by Western blot analysis using anti-Aer2.166 antisera (Repik et a!., 2000) and
mutations were confirmed by sequencing the entire aer gene. Mutant proteins
with multiple amino acid changes were not included in the study.

Behavioral Assays
Transformed BT3388 cells were analyzed for aerotaxis in Tryptone semi
solid agar (Taylor, 2007) containing 50 pg ml'1 ampicillin and incremental
increases in IPTG from 20 to 1000 pM. Plasmids from aerotaxis-defective
mutants were then introduced into BT3312 and assessed in minimal semi-solid
agar (Taylor, 2007) containing 30 mM succinate and 50 \xg ml'1 ampicillin and
titrations of IPTG from 0 to 1000 pM. Aer proteins that did not support aerotaxis
in BT3312 (aertsr) in succinate semi-solid agar with up to 1 mM induction were
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then expressed in BT3400 and tested for dominant and recessive behavior as
previously described (Watts et al., 2006).
Transformed BT3388 cells that were aerotaxis-defective were grown in
Tryptone broth at 30°C to early log phase then induced with 200

IRTG or 1

mM IPTG. Mutant responses to oxygen were assessed in a gas perfusion
chamber as described previously (Rebbapragada et a!., 1997).

Steady State Protein Expression and Degradation Assays
Transformed BT3388 cells were grown in LB thia medium to mid log
phase at 30°C and induced with 50

IPTG for 3 h and then Western blotted.

The steady state protein levels were determined by comparing the band intensity
of each mutant protein with the steady state level of wild-type Aer from pKW1.
Densitometry measurements were determined using a UVP Biospectrum 500®
Multispectrum Imaging System (Upland, CA).
Degradation assays essentially followed the protocol described by (BuronBarral et a!., 2006). Transformed BT3388 cells were grown to mid log phase in
LB thia medium, induced with 50 pM IPTG for 3 h and then protein synthesis was
blocked with 500 pg ml'1 chloramphenicol. Samples were then collected at
different time points over 4 h and analyzed for full-length Aer expression by
Western blot.
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FAD Binding Analysis
Transformed BT3388 cells were grown in LB thia medium to mid log
phase and then induced with 1 mM IPTG for 3 h. Cells were centrifuged at 11790
x g for 15 min, resuspended in 5 ml of 1 M formic acid, centrifuged at 9770 x g for
10 min and the supernatant dried in a SpeedVac Concentrator® (Savant
Instruments Inc., Farmdale, CA). The dried sample was dissolved in 450 pi water
and filtered using 0.2 pm nylon microfilterfuge tubes (Rainin Instruments Co.,
Oakland, CA) at 5000 x g for 10 min. FAD was measured using high performance
liquid chromatography (HPLC) on a reverse phase (C18) column (Phenomenex,
Torrance, CA). FAD binding to the Aer proteins was inferred by measuring the
increase in cellular FAD when the protein expression was induced with 1 mM
IPTG, compared to that in uninduced cells.

In Silico Modeling
Aer-PAS domain models were created with the DeepView/Swiss-Model
package (http://www.expasy.org/spdbv/, http://swissmodel.expasy.org/) using the
coordinates for NifL from Azotobacter wn/anc///(2GJ3) and the sequence of the E.
co//Aer-PAS domain. The model was viewed and manipulated using PyMOL
(http://pvmol.sourceforae.net/).
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Table 2. Summary of Aer lesions and possible roles of the native residues based
on lesion typea, sequence conservation6, location in the in silica modelc, or
function in other PAS domains6
Signaling lesion
OFF

Group6

Related details and possible role

ON
T18I, N

4

Possible hinge in the N-cap loop

T19A

4

Possible hinge in the N-cap loop

L20P, Q

2

Near N-cap loop; may be involved in signaling

M21T

4

Near N-cap loop; may be involved in signaling

S22P

2

T24P

2

In AiAlifL, S39 is part of a network of bond donors and acceptors
that facilitates uptake and release of protons at N5
FAD-binding defective; likely important for structure

D25V

2

T19S

M21K

S28C

4

Low stability, rapid proteolysis; in PYP, D34 forms critical bonds
for proper folding or stabilizing fold; likely important for structure
Usually glycine in other PAS domains; may be critical for stability
near FAD
Low stability; may be important for structure

ISON

2

T31A

1

H32R

4

FAD-binding defective; may be involved in structure

N34H,K

3

D35G, N, V

4

F37I

3

S41R

2

Y43N

3

L48S

2

In Ai/NifL, N51 interacts with V31 (equivalent to Aer L14) to form
a structurally continuous helix (N-cap and C helix); in PYP, N43
forms critical hydrogen bonds for proper folding or stabilizing
fold; likely important for structure____________________________
D35V has low stability with rapid proteolysis; likely important for
structure
In AvNifL, the side chain of F54 separates water cavities; likely
important for structure
Low stability; in PYP, T50 binds the phenolic hydroxyl at the
buried tip of the chromophore; likely important for structure
FAD-binding defective; in PYP, R52 binds the phenolic hydroxyl
at the buried tip of the chromophore; may be important for
structure
FAD-binding defective; may be important for structure

H53R

H53Y

3

N54D

1

R57C, H

1

H58R

1

D60V

1

In Ai/NifL, the E70 side chain interacts with a hydroperoxy
intermediate; In Vivid, C108 forms a light-induced, covalent
flavin-cysteinyl adduct; In MmoS, the side chain of H132 is 3.2 A
from N5; proposed to play a role in protonation and
deprotonation of N1 and N5
In MmoS, the side chain of R133 stabilizes the FAD ribityl chain
Highly conserved RHPDMP motif; important for
structure/function; In MmoS, the side chain of N136 binds a
common water molecule with 02 of FAD
Highly conserved RHPDMP motif; likely important for
structure/function
Highly conserved RHPDMP motif; likely important for
structure/function
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M61K

1

P62Q

1
F66L

2

D68G, N, V
M69T

1

M69I, K

2

W70R

3

Highly conserved RHPDMP motif; likely important for
structure/function
Highly conserved RHPDMP motif; likely important for
structure/function
May be important for signaling
D68G is FAD-binding defective; D68N, V have low stability; may
be important for structure
In MmoS, M148 is 6 A from the FAD isoalloxazine ring; posited
to mediate redox potential^

T72I

2

In AvNifL, the side chain of W87 stacks with the adenine base
and H-bonds to the FAD ribityl; In MmoS, W149 stacks with
adenine ring and may mediate electron transfer from membrane
and W158 (Aer-W79) to FAD
Low stability; may be important for structure

E77G

4

FAD-binding defective; partial loss of function

W79R, S

2

In MmoS, W158 was postulated to facilitate electron transfer
from the membrane redox component to W149 (Aer-W70), then
FAD

S80I

4

G81D

2

N85D, S

FAD-binding defective; may be important for structure
In AvNifL, N102, and in MmoS, N164 binds to the N3 and 04 of

FAD
R87H,P
Y93C,H

4

W94G, L, R

3

V95A

2

In AvNifL, Y110 is part of a network of bond donors and
acceptors that facilitate uptake and release of protons at N5
W94G is FAD-binding defective; W94L, R have low stability; may
be important for structure___________________________________
Low stability, rapid proteolysis; likely important for structure

A97D

3

May be involved in signaling

N98I

4

May be involved in signaling

V100L

4

May be involved in signaling

P101L

3

High conservation in all PAS subfamilies; likely important for
structure

R104H,L

4

G110D

1

Low stability, rapid proteolysis; may be important for structure

Y111N

2

Previously, Aer-Y111C mediated an inverted response in air and
nitrogen (Repik eta!., 2000); may be involved in signaling______
In AvNifL, L130 in the l|3-strand packs against the N-cap of the
opposite monomer________________________________________
In MmoS, the S139 side chain binds a common water molecule
with the N5 of FAD

S113L, P

2

M112I, T,
V

4

S113T

2

a. Lesion types (this study): Signal-on, signal-off, FAD minus, low stability
b. PAS domains are grouped by sequence conservation and domain architecture
(Xie eta!., in press). The PAS_FAD1 (Aer) subfamily members have a conserved
RHPDMP motif on the EF loop, and overall Aer structure (PAS, membrane
anchor, HAMP, MCP kinase control module); PAS_FAD2 (exemplified by AerC)
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is a group of soluble chemotaxis receptors that contain dual PAS domains and an
MCP domain, but no intervening transmembrane region (Xie eta!., in press). The
PAS general subfamily members are least conserved and have an undefined
function (Xie et ai, in press). For this study, lesions were separated into 4
groups: group 1 lesions occurred at residues that are conserved in the
PAS_FAD1 (Aer) subfamily only; group 2 lesions were at residues that are
conserved in the PAS_FAD1 (Aer) subfamily and at least one FAD-binding (nonAer) PAS domain; group 3 lesions were at residues that are conserved in
PAS_FAD1 (Aer), PAS_FAD2 (AerC) and at least one FAD-binding (non-Aer)
PAS domain; group 4 lesions occurred at residues that are not conserved.
c. The Aer-PAS domain was modeled from the resolved structure of Ai/NifL
(2GJ3; Key et ai, 2007).
d. Analyses of PYP, Ai/NifL, Vivid and Mmos are from Pellequer et a!., 1998; Key
etal., 2007; Zoltowski eta!., 2007; Ukaegbu and Rosenzweig, 2009, respectively.
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Abstract
The Aer aerotaxis receptor in Escherichia coli has an N-terminal PAS
(FAD) sensor that is tethered to the membrane by a 46-residue “FI” region with
unknown function. In this study, we investigated the function and structure of the
F1 region of the Aer receptor. Based on secondary structure predictions, disulfide
scanning and homology modeling, the proximal F1 region (Aer 120-135) formed
an a-helix followed by a central loop (135-139); but the distal region (140-166)
had sparse crosslinking, and we could not test the predicted structure. The
positively charged Arg162, Arg164 and Arg166 near the membrane interface
were important for signaling and presumably ensured the appropriate topology of
Aer in the membrane. But no single Cys replacement in the F1 abolished
function, and all loss-of-function mutants isolated from random mutagenesis had
substitutions that would be expected to disrupt protein structure. We conclude
that the F1 is not intimately involved in signal transduction but may be important
for the structural stability of the PAS and/or HAMP domains. The central loop
regions of three monomers were trapped by a trigonal crosslinker and are likely
in close proximity. Using a homology model of the proximal F1 region (based on
and the methane monooxygenase MmoS from Methylococcus capsulatus), we
constructed and positioned a dimeric model of the Aer PAS-F1/HAMP into a
hexagonal (trimer-of-dimer) lattice whereby three F1 regions contact within, and
two F1 regions contact between, trimers of dimers.
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Introduction
In Escherichia coli, the aerotaxis receptor, Aer, senses redox potential and
energy levels within the cytoplasm (5, 12, 25, 32, 33). This information is used by
the cells to navigate to micro-environments where the oxygen concentration,
energy source and redox potential are optimal for growth. Aer senses these
conditions with a cytoplasmic, FAD-binding PAS domain (4, 26), which signals
directly through a HAMP domain to a kinase control module that regulates the
autophosphorylation of the CheA histidine kinase (5, 25, 32, 38). CheA-P, in turn,
phosphorylates the Che-Y response regulator and thereby controls the direction
of rotation of the flagellar motors. Counterclockwise (CCW) rotation promotes a
flagellar bundle that propels the bacterium in a near linear trajectory (17); but a
brief clockwise (CW) rotation disrupts the flagellar bundle and causes the
bacterium to change direction randomly (tumble). By suppressing tumbling in the
presence of attractants, bacteria are able to navigate to a more favorable
environment (17).
The signaling unit of Aer is a homodimer, but engineered heterodimers
can function, providing that one monomer is full-length and the other monomer
contains the native residues 120 to 506 (36). Thus, the PAS domain (residues 1119) from one of the monomers is dispensible, but the region tethering the PAS
domain to the membrane anchor, designated as the “F1” [residues 120-166; (4)]
is not dispensable.
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In the Aer receptor, reduction of FAD in the PAS domain generates a
signal that is propagated by direct interaction between the PAS and HAMP
domains (38). One role of the F1 domain may be to position the PAS domain in
relation to the HAMP domain. Other chemoreceptors (Tsr, Tar, Trg, Tap) in E.
co//have a periplasmic ligand-binding domain, unlike the cytoplasmic PAS
domain in Aer, but they have similar HAMP and kinase control modules that feed
into a common chemotaxis phosphorylation cascade (5, 25). Aer and
chemoreceptor homodimers assemble into a squad of trimers of dimers (15).
These trimers of dimers, in turn, form the vertex of larger hexagonal arrays with a
fixed center-to-center spacing of 12 nm (6). The trimer of dimers can include
dimers of different receptors and since Aer is a low abundance receptor it will be
present most often in a mixed trimer of dimers (1, 15). This raises questions of
how the Aer PAS and F1 structures are accommodated within the packing of the
trimers of dimers. The F1 region is proposed to stabilize the Aer structure,
possibly by interacting with the PAS and/or HAMP domains (8).
In this study, we analyzed the structure of the F1 regions and their location
in a trimer of dimers using disulfide crosslinking in whole cells. We demonstrate
trigonal interactions between the F1 from three monomers, presumably within the
trimer of dimer units, as well as binary interactions between subunits. Using a
heterodimer analysis, we demonstrated the importance of arginine residues near
the membrane interface as well as the requirement specific within the F1 for Aermediated aerotaxis.
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QuikChange® site-directed mutagenesis kit (Agilent Technologies, Santa Clara,
CA) using pMB1 as the template. To obtain single amino acid changes in the F1
region, random PCR mutagenesis was performed using pGH1 and NhelF and
BstBIR primers (38). Both Tag (Fisher Scientific, Pittsburg, PA) and Mutazyme®
II (Agilent Technologies, Santa Clara, CA) DNA polymerases were used.
Reactions containing Tag DNA polymerase were carried out under conditions of
reduced fidelity (20) as previously described (38). The Tag-generated DNA
fragments were then pooled and purified using a QIAquick® PCR purification
column (QIAGEN Inc. Valencia, CA) and subjected to 30 cycles of normal PCR
amplification [95°C (30 sec), 59°C (30 sec) and 72°C (30 sec)]. Random PCR
mutagenesis using Mutazyme® II DNA polymerase was performed according to
the instructions of the Genemorph® II Random Mutagenesis Kit (Agilent
Technologies). PCR products obtained by both methods were purified, digested
with Nhel and BstBI, and then gel-purified using a QIAquick gel extraction kit
(QIAGEN). The digested fragments were subsequently cloned into pKW1 with
the corresponding Nhel/BstBI fragment removed, then introduced into BT3388 by
electroporation. Aer expression was confirmed by Western blot analysis using
anti-Aer2_166 antisera (26) and mutations were confirmed by sequencing the entire
aer gene.
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Construction of Truncation Mutants
N-terminal Aer truncations A1 -126, A1 -134 and A1 -153 were constructed
by PCR using pGH1 as template. Sense primers complementary to the Ncol site
at pTrc99A nucleotide 265 were paired with an antisense primer containing a Sail
site. The sense primers incorporated a start codon followed by the codon for
residue 127, 135 or 154, while the AerSall antisense primer contained residue
506 followed by the normal stop codon of Aer. The PCR products were digested
with Ncol and Sail and then cloned into pTrc99A. The N-terminal truncations
were verified by DNA sequencing, and protein expression was confirmed by
Western blot using anti-Tsr antisera (supplied by Claudia Studdert, Universidad
Nacional de Mar del Plata, Argentina). A plasmid expressing Aer[165-506] (36)
was also cloned into pProEx, which introduces a 24 amino acid, unstructured,
soluble leader onto the N-terminus.

Creating Heterodimers
BT3400 cells were cotransformed with plasmids expressing Aer-Q248R
(pACYC184-derived) and each of the N-terminally truncated Aer receptors
(pTrc99A- or pProEX-derived). Cotransformants were selected on Luria-Bertani
(17) plates with 0.5 jig ml'1 thiamine (LB thia) as previously described (36).
BT3400 cells were also transformed with the relevant plasmids individually to
create appropriate homodimer controls.
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Mutant Characterization
Individual BT3312 Aer single cysteine mutants were analyzed for aerotaxis
at 30°C in minimal semi-solid agar containing 30 mM succinate and 50 jxg ml
ampicillin (32). BT3388 Aer F1 mutants (derived by random mutagenesis) were
screened for aerotaxis defects at 30°C in Tryptone semi-solid agar miniswarm
plates (8) containing 0.35% Bacto agar (Difco Laboratories, Sparks, MD), 50 ^ig
ml"1 ampicillin and 20 jiM ITPG. Aerotaxis defective colonies were confirmed in
Tryptone semi-solid agar plates (32) containing 50 |ig ml'1 ampicillin and 20 to
1000

ITPG. Plasmids from aerotaxis-defective mutants were then expressed

in BT3312 and assessed in minimal succinate semi-solid agar with 50 |ig ml
ampicillin and 0 to 1000 |iM ITPG. Mutants that remained non-aerotactic in
succinate semi-solid agar with up to 1000 ^M induction were tested in BT3400
for dominant and recessive effects on wild-type Aer as previously described (39).
The non-aerotactic BT3388 Aer F1 mutants (derived by random mutagenesis)
were also assessed in a gas perfusion chamber for their response to oxygen
after induction with 200 ^M IPTG or 1000 |iM IPTG as described previously (25).
Heterodimer aerotaxis assays were performed in minimal semi-solid agar
containing 30 mM succinate, 50 \ig ml"1 ampicillin and 7.5 ^g ml"1 tetracycline
(36). Gene expression levels were varied by adding IPTG to the semi-solid agar
in a series of titrations (0 to 600 ^M).
Steady state mutant protein levels were determined by Western blot after
growing BT3388 Aer F1 mutants in LB thia medium to mid-log phase at 30°C and
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inducing with 50

IPTG for 3 h. The band intensity of each mutant protein was

compared to wild-type Aer as expressed from pKW1. Protein degradation assays
were performed by inducing cells grown to mid-log phase in LB thia with 50
IPTG for 3 h and then blocking protein synthesis with 500 ^g ml
chloramphenicol. Samples were collected at different time points over 4 h and
analyzed for full length Aer expression by Western blot. Densitometry
measurements were determined using a UVP Biospectrum 500® Multispectrum
Imaging System (Upland, CA).
FAD binding was determined by growing cells in LB thia medium to mid
log phase and then inducing with 1 mM IPTG for 3 h. Cells were centrifuged at
11,790 x g for 15 min, resuspended in 5 ml of 1 M formic acid, centrifuged at
9,770 x g for 10 min and the supernatant dried in a speedvac concentrator. Dried
samples were dissolved in 450 \i\ water and filtered using 0.2 pm nylon
microfilterfuge tubes (Rainin Instruments Co., Oakland, CA) at 5,000 x g for 10
min. FAD was measured by high performance liquid chromatography (HPLC) on
a reverse phase (C18) column (Phenomenex, Torrance, CA). FAD binding to Aer
was inferred by measuring the increase in cellular FAD when Aer expression was
induced.

In Vivo Crosslinking
Crosslinking was then performed at 25°C by exposing BT3312 cells to 300
pM copper phenanthroline as previously described (Watts et al., 2008)(3, 32).
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Crosslinking was also performed at 25°C by treating BT3312 cells with 6 pg ml
of Bis-maleimidoethane (BMOE; Pierce, Rockford, IL) and then incubating for
various time intervals (0, 2, 5, 10 or 15 min). Reactions were quenched with stop
solution containing 80 mM |3-mercaptoethanol and the cells lysed by boiling for 4
min. Aer monomer and dimer bands were visualized after SDS-PAGE and
Western blotting using an Alpha Innotech digital imaging system.
Similarly, induced intact cells were treated with tris-2-maleimidoethyl-amide
(TMEA; Pierce Biotechnologies, Rockford, IL). Cells were harvested by
centrifugation, resuspended in KEP buffer (1), then treated with 50 pM TMEA for
15 min at 30°C. Reactions were quenched with 10 mM NEM. Cells were pelleted
by centrifugation, then lysed by boiling in stop solution containing 10 mM NEM for
4 min (31). Monomer, dimer and trimer bands were separated using SDS PAGE.

Detergent Extraction of Aer Fragments from the Membrane
BT3388 membrane fractions expressing various Aer fragments were
isolated as previously described (18). Briefly, membrane fractions were treated
with 2% mild detergent Triton X-100, incubated on ice for 30 min and then
centrifuged at 485,000 x g for 30 min to remove non-aggregated protein from the
membrane. This process was repeated and aliquots from each fraction were
Western blotted. BT3388 cells expressing pGH1 or pAVR1 were used as positive
and negative controls, respectively.
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Protein Prediction Algorithms
The secondary structure of the F1 region of Aer was predicted by
analyzing Aer residues 120 to 166 with the following programs: l-TASSER (42),
HHPred (29, 30), JpredS (10, 11), 3D-PSSM (14, 21), PredictProtein (27), PSA
server (28, 40); http://bmerc-www.bu.edu/psa) and PSIpred (7, 19).

Results
Disulfide Crosslinking
To study the structure of the Aer-F1 region and the proximity of the cognate
F1 segments in the Aer receptor complex, F1 residues 120 to 166 were serially
replaced with cysteine by mutating codons in the cysteine-less (C-less) Aer
expression vector, pMB1. Mutant proteins with single cysteine replacements
were expressed in the E. co//strain BT3312 (aertsr), which lacks the two E. coli
receptors for aerotaxis, Aer and Tsr (25). When expressed in BT3312, all of the
engineered Aer proteins supported aerotaxis in succinate semi-solid agar and all
colonies exhibited normal aerotactic morphologies (Fig. 8A). One mutant protein
Aer-L146C, generated a larger-than-normal “superswarming” colony with a
swarm rate of 140% of the wild-type rate. Since all of the engineered Aer proteins
mediated aerotaxis, we conclude that the presence of introduced cysteines did
not significantly distort the native fold of Aer.
For each of the engineered Aer proteins, we determined the rate of
cysteine crosslinking in whole cells after exposure to the oxidant copper
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Fig. 8. Aerotaxis phenotypes and in vivo crosslinking for Aer cysteine mutants. (A) Aer
mutant proteins were expressed in BT3388 (aer tsr) and colonies were inoculated into
succinate semi-solid agar containing 50 i^g ml'1 ampicillin. Plates were incubated at 30°C
for 16 h and the colony morphologies were compared with positive (wild-type Aer, C-less
Aer) and negative (pTrc99A vector) aerotaxis controls. (B) Percentage of dimer
formation for each Aer cysteine mutant after incubation of cells with CuPhe for 10 min at
25°C. The data are from two or more independent crosslinking experiments. The
consensus protein prediction is shown above the graph. Rectangles indicate helices,
lines indicate coils (loops) and arrows indicate p-strands. (C) Percentage of dimer
formation for each Aer cysteine mutant after incubation of cells with BMOE for 5 min at
25°C. A homology model of the proximal N-terminal region (based on MmoS from
Methylococcus capsulatus) shows the predicted location of three hidden residues in the
helix (VI26, LI 29 and L133; sticks facing upwards) and the exposed residues (135-139)
in the loop region.
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phenanthroline (CuPhe) for 10 min at 25°C (13, 16, 37). Crosslinked Aer dimers
were separated from monomers by SDS-PAGE under non-reducing conditions
and visualized by Western blot. Only six of the engineered F1 cysteine residues
crosslinked to form Aer dimers (Fig. 8B). One contact site was located at the
proximal end (E121C), three sites were in the center (A135C, G136C and
R137C) and two were at the distal end (A165C and R166C) of the F1 region.
Thesparse crosslinking indicates that the F1 regions are not proximal, and do not
form a continuous interacting face as the AS-2 helices do in the Aer HAMP
domain (37). As a point of reference, in silico modeling was used to predict the
secondary structure of the F1, and the consensus secondary structure is shown
above the histogram (Fig. 8B). Although crosslinking supported the prediction for
a central loop (residues 135-137), little else could be concluded from these data
about the F1 secondary structure.

Crosslinking with Bis-maleimidoethane
To extend the “reach” of the individual Cys residues, we employed the
molecular ruler bis-maleimidoethane (BMOE), which is a homobifunctional thiolreactive probe with a dynamic simulated average length of 8.18 ±0.75 A (16).
This probe can readily enter intact cells and crosslink cysteine residues that lie
within its dynamic range [6.27-10.52 A (16)] (3). In these studies, we compared
the extent of crosslinking after 5 min because crosslinking was not linear over 10
min for some of the cysteine residues (data not shown). Using the BMOE probe,
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18 of the 47 Cys replacements crosslinked (Fig. 8C). Crosslinking was again
observed in the predicted loop region (residues 134 to 139), and additional
crosslinking was present in the predicted F1-A helix (residues 120 to 132) and
F1-B region (residues 140 to 166). The periodicity of crosslinking in the proximal
F1-region was consistent with an a-helix. When mapped onto a helical model
the unreactive residues V126C, L129C and L133C lay on a common face, and it
was predicted that the native hydrophobic residues would be hidden and
inaccessible to the solvent. Immediately following this putative helix, six
consecutive residues in the proposed loop region (134-139) crosslinked
suggesting that this region was accessible, flexible and more extensive than the
consensus secondary structure. Unexpectedly, BMOE did not crosslink A165C or
R166C, even though these residues had formed cognate disulfide bonds when
oxidized with CuPhe. The reason for this is unclear, but these residues may be
closer together than the dynamic range of the probe (16), or the environment at
the membrane/cytosol interface may not be favorable for crosslinking with this
probe.

Placement of the F1 Region within a Trimer of Dimers
To determine the position of the F1 region within a trimer of Aer dimers,
we used the trifunctional thio-reactive probe tris-2-maleimidoethyl-amide (TMEA),
which is capable of entering cells and covalently binding to three sulfhydryls that
lie within 10.3 A of one another [Pierce; (31)]. For this test, we used Aer-R137C,
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which exhibited the highest rate of crosslinking with CuPhe. Receptorless E. coli
BT3388 cells expressing Aer-R137C were exposed to TMEA. Western blots
showed a band mobility on SDS-PAGE of a trimer (Fig. 9), indicating that the
probe trapped 3 monomers, and that F1 loops from neighboring Aer dimers can
move within close proximity, possibly by facing into a pocket circumscribed by the
trimer of dimers.

Isolation and Characterization of F1 Mutants
None of the Cys replacements in the F1 abolished function, indicating that
no F1 residue was absolutely essential for signaling. To more critically explore
the role of the F1 region in the Aer protein, we randomly mutagenized the coding
sequence for residues 122 to 166 using error-prone PCR to copy the aer gene.
We screened for Aer mutants that had a negative aerotaxis phenotype. Mutants
with a low expression level of Aer protein were discarded, and the remaining 10
isolates were induced incrementally with IPTG (20 pM to 1000 \M) to determine
whether the mutant proteins had partial function (Fig. 10). At higher induction
levels, 5 mutants had partial Aer function and produced larger colonies (Fig.
10A). Although the remaining mutants displayed non-aerotactic phenotypes at all
induction levels, four of the five were functionally rescued when expressed in the
presence of the Tar high abundance chemoreceptor (BT3312, aertst) (Fig. 10B).
This “rescue” could be due to either a bias correction at the flagellar motor or
within a mixed trimer of dimers (1,8, 15,31). The exception, Aer-1123N, was not
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Fig. 9. Spatial proximity among three F1 regions. The Western blot shows that
the trifunctional crosslinker, TMEA (with three 10.3 A spacers), can trap three
monomers substituted at R137C in the F1 loop region. S356C is known to
crosslink with TMEA, and was used as a positive control. Abbreviations: F, an
endogenously formed proteolytic fragment of Aer (34). The Aer protein of
Escherichia coli forms a homodimer independent of the signaling domain and
flavin adenine dinucleotide binding. M1, M2, and M3 indicate the number of
monomers crosslinked. Note that crosslinked combinations of monomers and
the fragment are evident in lane 2, but not in lane 4, because S356C is
positioned C-terminal to the cleavage site.
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Fig. 10. Aerotaxis phenotypes of Aer mutants in Tryptone and succinate semi
solid agar. (A) Aer mutant proteins were expressed in the receptorless strain,
BT3388 (aer tsr tar tap trg), and colonies were inoculated into Tryptone semi
solid agar containing 50 pg ml'1 ampicillin and IPTG ranging from 20 to 1000 pM.
Plates were incubated at 30°C for 16 h and the colony morphologies were
compared with positive (wild-type Aer) and negative (vector) aerotaxis controls.
Examples shown are for plasmids pKW1 (wild-type Aer), pKW1-A135P (leaky),
pKW1-A124P (null) and pTrc99A (vector). (B) Plasmids isolated from aerotaxisdefective colonies in (A) were introduced into BT3312 (aer tsr) to test for
functional rescue by Tar. Colonies were inoculated into succinate semi-solid agar
containing 50 pg ml'1 ampicillin and IPTG ranging from 0 to 1000 pM, and plates
were incubated at 30°C for 18 to 19 h. Examples shown are for plasmids pKW1
(wild-type Aer), pKW1-A124P (rescued) and pKW1-H23N (non-rescued), and
pTrc99A (vector).
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functionally rescued by Tar, and was phenotypically recessive, since it did not
alter wild-type mediated aerotaxis when coexpressed (at a 1:1 ratio) with wildtype Aer. We examined the influence of the F1 region on protein stability by
determining the steady state levels for each mutant protein after induction with 50
|iM IPTG (8). These values ranged from 20% to 67% of wild-type Aer
(pKW1)(Fig. 11 A). We determined the rate of degradation of mutant receptors
that had steady state expression levels below 30% of wild type. Unlike the wildtype Aer receptor, which was stable and had a low initial degradation rate of
0.007/min and little or no subsequent degradation, the F1 mutant proteins had
enhanced rates of initial degradation (Fig. 11B). Those with the highest
degradation rates included Aer-A124P (0.0315/min), Aer-G145V (0.0533/min and
Aer-I142T (0.1733/min). The initial rapid decay of the mutant proteins was
followed by longer periods of slow decay (Fig. 11B). This likely reflects two
protein populations: partially folded proteins that had not completed the
maturation process, and mature proteins that were more stable (8).
To characterize the signal output of the Aer F1 mutants, we analyzed
swimming patterns and responses to changes in oxygen concentration. In
receptorless E. coli (BJ3388), wild-type Aer mediated a tumbling response to
nitrogen and smooth-swimming in response to air. In contrast, none of the mutant
Aer proteins except Aer-G154D (which showed a wild-type response) supported
a tumbling response to nitrogen (IPTG= 200 and 1000 jiM), and therefore could
not activate the cheA histidine kinase.
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To determine whether the null phenotypes were caused by FAD binding
defects, or by a defect elsewhere in the signal transduction pathway, we
assessed FAD binding by measuring the increase in cellular FAD when Aer was
overexpressed (with 1 mM IPTG). Since FAD binding is inferred from a ^ 20%
increase in cellular FAD (8, 39), we excluded mutant proteins with steady state
levels below 30% of normal. Using this method, three of seven Aer F1 mutant
proteins had possible FAD binding defects. This suggests that the F1 may be
required for the active conformation of the FAD-binding site. However, since
these mutants had steady state levels below 55% of wild-type Aer, we cannot
exclude the possibility that structural changes in the Aer mutant protein indirectly
affected FAD binding.

Essential Arginines in the F1 Region
Aer heterodimers can mediate aerotaxis when one monomer is full-length
and the other monomer has the PAS domain deleted, but heterodimers are
nonfunctional if the truncated monomer is deleted for both PAS and F1 regions
(39). These findings indicate that part or the entire F1 domain is required for
aerotaxis. To investigate which part of the F1 domain is needed for aerotaxis, we
measured aerotaxis using Aer N-terminal truncations with nested deletions in the
F1 domain (Fig. 12). The heterodimers used in these studies were formed by
compatible plasmids in BT3400 (aer tsr recA) that expressed a full-length Aer
monomer that had a Q248R mutation in the HAMP domain, and a truncated Aer
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peptide that had the wild-type HAMP sequence and a segment of the F1 (Fig.
12). A homodimer of Aer fragments did not support aerotaxis because both PAS
domains were deleted. A homodimer of full-length Aer-Q248R peptides did not
support aerotaxis because the HAMP domain was defective in both monomers
(36). However, the heterodimers supported aerotaxis if required residues in the
F1 domain were present in the Aer fragment. All heterodimers supported
aerotaxis with the exception of Aer[165-506], suggesting that F1 residues within
the 154 to 164 region were essential for aerotaxis (Fig. 13). To determine
whether this requirement was sequence specific, we replaced the PAS and F1
residues with a soluble unstructured 24 amino-acid sequence ligated to residue
165 at the transmembrane junction, and tested the construct for aerotaxis in
heterodimers (Fig. 12). When incrementally expressed in BT3400 (aertsr
recA)(20 to 1000

IPTG), this heterodimer did not support aerotaxis in

succinate semi-solid agar (Fig. 13). These results indicated that specific residues
within the 154 to 164 region of the Aer F1 were necessary for aerotactic function.
We considered the possibility that residues 154 to 164 of Aer may have a
role in anchoring the receptor in the membrane. Residues typically important for
insertion and membrane anchoring are positively charged cytosolic residues (22,
35); this segment has three arginine residues at positions 162, 164 and 166, and
two of these arginines are missing from Aer[165-506]. We tested the influence of
the arginines on function by constructing, single, di- and tri-cysteine
replacements of arginines at residues 162, 164 and 166 in both Aer[154-506] and
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Fig. 13. Phenotypes of heterodimers comprised of full-length Aer and different Nterminal truncations. Truncated Aer proteins were tested for their ability to rescue
the function of the full-length Aer-Q248R mutant protein in heterodimers. Proteins
were expressed from compatible plasmids in BT3400 {aer tsr recA). Transformants
were inoculated into succinate semi-solid agar plates containing 50 jig ml'1 ampicillin
and IPTG ranging from 20 to 1000 pM. Left panel, phenotypes of homodimers; right
panel, phenotypes of heterodimers comprised of a full-length Aer-Q248R mutant
protein and the truncated peptide identified in the left panel. Phenotypes were
graded on a scale from
for no function, to “+++”, for maximum colony size. IPTG
induction was 0 pM for the homodimers and 1000 pM for the heterodimers.
Homodimer truncations were non-aerotactic at all induction levels.
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full length Aer (pMB1) (Fig. 12). The constructs were tested as homodimers and
heterodimers and compared with full-length Aer homodimers containing identical
cysteine replacements. Truncated proteins with one or two arginine residues
mediated aerotaxis in heterodimers, but those lacking all three arginines did not
(Fig. 13). Notably, the three arginine residues were not equivalent in supporting
aerotaxis (R166 > R164 > R162) (Fig. 13). This gradation of responses was also
true for full-length homodimeric Aer, where one arginine was required and the
hierarchy was also R166 > R164 > R162 (data not shown). Presumably, residues
R164 and R162 did not anchor the Aer protein in the membrane at the same
position as R166.
Considering that R162, R164 and R166 are likely to be important in
anchoring the Aer protein in the membrane, the absence of all of these arginine
residues could affect the topology of Aer, cause misfolding and result in the
formation of inclusion bodies in the cells. We previously observed that misfolded
Aer peptides are not readily solubilized by mild detergents and likely form
inclusion bodies (18). We tested this possibility in the current study and found
that all Aer peptide fragments did associated with the membrane and were
readily solubilized in 1% Triton X-100 (data not shown). However, the topology of
Aer is probably affected and the N-terminal region might be exported into the
periplasm even though there was evidence for gross misfolding (22, 35). Given
the inability of R166 to support aerotaxis when residues 154 to 164 were
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replaced by an unstructured peptide (Fig. 12 and 13), we conclude that residues
within the 154 and 164 segment (other than arginine) are critical for function.

Discussion
In this study, we investigated the function and structure of the F1 region of
the Aer receptor. All Aer proteins with a Cys replacement were functional
indicating that no single residue in this region is indispensible for function.
Moreover, all aerotaxis-negative mutants isolated after random mutagenesis had
substitutions in the Aer protein that are known to disrupt protein structure: five
mutations introduced a proline, two replaced native glycines and the remaining
three substitutions altered the charge or polarity of the native residue. These
lesions were spaced throughout the F1 region, and all but one of the mutant
proteins (Aer-I123N) were either functional at higher induction levels, or were
rescued in the presence of the high abundance Tar receptor. Three of the lesions
probably inhibited protein maturation, as these mutant proteins were rapidly
proteolyzed with the exception of a small fraction that was stable and must have
folded successfully. A previous study by Buron-Barral et al (8) found seven
mutations at six sites in the F1 region, all of which reduced steady state
expression of mutant Aer proteins. Since Aer maturation requires the proper
folding of the protein prior to export from GroEL (18) and Aer protein folding and
stability depends on PAS-HAMP interaction (18), the F1 region may be important
for aligning these domains. Given the tolerance of this region to substitution, we
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conclude that the F1 region is not intimately involved in Aer signal transduction
but may provide structural stability to the PAS and/or HAMP domains. This
function could feasibly be indirect, as the F1 tethers the PAS domain to the
membrane and may position the PAS domain near the HAMP domain, with which
it interacts (38).

Structural Relationships of F1
Since the functional unit of Aer is a dimer, it was possible that the F1
domains form a dimer interface as do the AS-2 helices of the HAMP domain.
However, stepwise crosslinking at each residue throughout the F1 domain
showed sparse disulfide formation, indicating that these regions do not form an
interactive face. Cognate F1 regions did crosslink in the center of the F1, where
three residues form a predicted loop (A135C, G136C and R137C). Moreover, a
molecular ruler capable of crosslinking Cys residues within a 6A-1oA range
crosslinked cognate cysteines at approximately one-third of the F1 positions.
(Fig. 8C). The pattern of residues that were accessible and inaccessible to
BMOE is consistent with a predicted proximal helix, an extended loop at residues
134-139 and a possible loop at residues 150-152.
We investigated the orientation of the F1 region within a trimer of dimers
by employing the trifunctional thio-reactive crosslinker, TMEA. We used the most
accessible Cys residue (R137C) as bait, and determined that the probe trapped
three monomers. The simplest explanation for this is that F1 regions from three

113

different dimers face inward within a trimer of dimers. The types of arrangement
that could account for this are limited, as the HAMP domains are at the dimer
interface and therefore centrally positioned (discussed below).

Required Arginines in F1
Using heterodimers composed of a truncated monomer and defective fulllength monomer, we determined that residues 154 to 164 within the F1 were
essential, and could not be replaced by an unstructured 24 amino-acid tag.
Notably, this region contains two of the three arginines that may anchor TM1 to
the cytoplasmic face, and replacement of the arginine residues 162, 164 and 166
prevented signaling in the Aer heterodimer. However, we found that a single
arginine at any position supported partial function in both native full-length
receptors and in heterodimers, although the defect at each position was not
equivalent (R166>R164>R162) (Fig. 13). Thus, although the arginines (R166)
may position Aer in the membrane for optimal activity, there is also a requirement
for one or more residues other than the arginines within the 154 to 164 segment
(Fig. 13).

Homology Model of the Aer-F1
The soluble methane monooxygenase (MmoS) from Methylococcus capulatus
has an FAD-bound PAS-A domain for which the crystal structure has been
resolved (34). MmoS PAS-A and PAS-B domains are joined by an extended helix
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with sequence similarity to the F1-A region of Aer. Using this helix and the PAS-A
domain of MmoS, we created a homology model for the Aer PAS and F1-A
regions. As shown in Fig. 14A, the model of the F1 has an extended helix
followed by a loop, consistent with the Aer crosslinking data (Fig. 8B and 8C). We
used this homology model to position the Aer monomers in a way that is
consistent with the data.
Since the Aer PAS and HAMP domains interact, and HAMP domains
dimerize as a four-helix bundle, the only symmetric model is one whereby the
HAMP domains lie between the two PAS domains. From the location of ‘signalon’ lesions in the Aer PAS domain (Campbell et al., manuscript submitted) and
data from PAS HAMP crosslinking (K. Watts, unpublished data), the (3-strands of
the PAS domain scaffold are hypothesized to face inward towards the HAMP
domains. Given these restrictions, the F1 regions are predicted to project toward
(but not into) the helices of the HAMP domain, such that the PAS and F1
segments circumscribe the HAMP domain (Fig. 14B). The dimensions of this
region of the Aer receptor, parallel to the cytoplasmic membrane, would be
approximately 67A by 35A (Fig. 14B). If these dimensions are fitted onto the
hexagonal geometry that is common to all trimer-of-dimer units at the CheA/W
scaffolding of chemoreceptors (6), the possible arrangements of the Aer dimers
are limited. Trimers of receptor dimers form a hexagonal (honeycomb)
arrangement where the distance between the centers of the hexagons is 12 nm
(6), resulting in a spacing between adjacent trimers approximately 6.9 nm. Using
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Fig. 14. Homology models of the Aer PAS, F1 and HAMP domains, oriented in positions
consistent with the current and previous data. (A) Cartoon model of the Aer-PAS (residues
20-119) and the proximal region of the F1 (residues 120-139), based on the redox sensor
domain of MmoS from Methylococcus capsulatus (34). The structure of the F1 is consistent
with the crosslinking data from this study. (B) Two Aer-PAS/F1 domains positioned beside a
HAMP four-helix bundle (based on AF1503 from A. fulgitidis). The PAS (3-scaffolding is
proposed to face inward towards the HAMP domains. (C) Six dimers of Aer placed onto a
hexagonal grid (spaced 12 nm from center to center) with adjacent vertices spaced 6.9 nm
apart, and positioned in a way that is consistent with the crosslinking data. Three F1 regions
were trapped by the trigonal crosslinker, TMEA, but the crowding between trimers-of-dimers
suggests that F1 regions may also crosslink between trimers of dimers. Under native, low
expression levels, Aer would primarily form mixed trimers of dimers with MCPs (15).
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these constraints, we tested all orientations of the Aer dimer in a trimer of dimers,
and found that the most spatially conservative orientation allowed the F1 regions
from three monomers to contact within a trimer of dimers (Fig. 14C). Moreover,
depending on the angular arrangement between trimers of dimers, the F1 regions
between trimers of dimers were also in a position to collide (Fig. 14C). These
alignments of the F1 regions are consistent with this and previous studies. The
F1 placement within a trimer of dimers is consistent with the results with the
trigonal crosslinker, TMEA and collisions between trimers of dimers could explain
the previous counterintuitive finding that R137C can crosslink both within and
between dimers (2). Specifically, when R137C was paired with a substituted Cys
that formed either an intradimeric (A184C) or interdimeric (V187C) crosslinker in
the membrane/periplasmic loop, higher order structures (> dimers) were
observed. It was presumed that higher order structures could only occur if R137C
crosslinked between dimers when paired with A184C, and within dimers when
paired with V187C. But the lateral distances of F1 presented modeled in Fig. 14C
indicate a plausible alternative: that R137C and V187C both crosslinked
interdimerically, but with monomers from two different dimers (Fig. 14C). One
caveat concerning this structure is that the model does not consider the other
chemoreceptors that can join Aer in mixed trimers of dimers (15). This was a
necessary shortcoming in attempting to decipher positioning between dimers.
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CHAPTER FIVE
ADDITIONAL FINDINGS

Solubilizing Aer N-terminal Fragments
I attempted to solubilize the N-terminus of Aer to obtain a crystal structure
of the Aer PAS domain so that we could study the structure and conformational
changes generated by redox changes. The Aer PAS domain requires C-terminal
residues for proper folding (perhaps to shield hydrophobic PAS residues) and
FAD binding (Hermann et al., 2004). Since PAS domains often exist as soluble
domains (Taylor and Zhulin, 1998), the Aer PAS domain may have only a few
shielded residues that, if replaced, could produce a soluble PAS domain.
Based on this rationale, I targeted the N-terminal region of Aer for random
mutagenesis and in vivo solubilization using a protocol established by Maxwell
and colleagues (Maxwell et al., 1999). Maxwell demonstrated that soluble
proteins could be differentiated from insoluble protein using a chloramphenicol
transferase gene (caf) construct (Fig. 15). E. co//cells expressing soluble protein
fused to the Cat protein were more resistant to chloramphenicol than cells
expressing insoluble proteins fused to Cat. To obtain soluble protein fragments,
codons representing Aer residues 2 to 122 (Aer PAS region) and Aer residues 2
to 166 (Aer PAS and F1 regions) were randomly mutated by PCR mutagenesis
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Fig. 15. The pCFN1 vector. The gene of interest is cloned into the restriction
sites, allowing fusion to the cat gene.
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using Taq DNA polymerase to copy the aer gene segments under conditions of
reduced fidelity. The PCR products were then ligated in frame in a CAT
expression vector, pCFN1, between the His6-tag and the amber codon (TAG)
preceding the ca?gene (Fig. 15). The fusion product was expressed in the amber
suppressor strain, JM101. The JM101 strain allowed the expression of a
glutamine at the amber codon and the expression of the fusion products.
Transformants were tested on LB thia plates containing titrations of
chloramphenicol (25 to 550 pg.ml'1) and 200 pg.ml'1 IPTG to induce protein
expression. Unmodified Aer truncations Aer[2-122] and Aer[2-166] were used as
negative controls.
In this study, JM101 cells expressing randomly mutated Aer protein
fragments fused to Cat grew on LB thia plates containing a lower concentration of
chloramphenicol (25, 50, 100, 200 and 300 jig.mr1) but not at the higher
concentrations (400, 500 and 550 pg.ml'1). These results suggest that random
mutagenesis of Aer PAS residues or Aer PAS and F1 residues did not produce
soluble protein fragments that could be detected by this method.

Site-Directed Mutagenesis of Unique Aer PAS Residues
Xie and colleagues compared 1,649 PAS domains from 1,056 bacterial
sequences and constructed a neighbor-joining tree build (Xie et al., in press).
This tree had two clustered and one divergent set of PAS domains based on their
sequence conservation and the domain architecture of the proteins that contain
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these domains. The clusters were designated (i) PAS_FAD1 (Aer), a conserved
class typified by the structure of the Aer PAS domain (ii) PAS_FAD2 (AerC), a
conserved class exemplified by PAS1 and PAS2 domains of the Azospirillum
brasiiense cytoplasmic soluble receptor AerC, which has an FAD cofactor in
PAS1 (iii) PAS General, a diverse group of apparently unrelated PAS domains.
There was significant sequence conservation between the first two classes,
which indicates that these PAS domains are closely related in structure and
function. However, the PAS_FAD1 (Aer) PAS domains were predicted to be
membrane bound, while >98% of the MCPs containing class II or PAS_FAD2
(AerC) PAS domains are soluble (Xie et al., in press).
The PAS_FAD1 (Aer) subfamily is distinguished from the other groups by
18 residues that are unique to this class, which includes an RHPDMP motif that
maps to the EF loop. The E. co//Aer PAS domain has 17 of these 18 unique
residues. Previous studies showed that four of these residues were critical [H58,
D60, P62, and W79 (Bibikov et al., 2000, Repik et al., 2000) while four of them
were not [H32, P59, G81, N89 (Repik et al., 2000)]. In this study, the remaining
nine residues, V40, Q49, N54, M61, A65, K74, K84, H92 and 1114, were
analyzed to determine if they are critical in Aer. With the exception of two
residues, which had randomly introduced mutations (N54D and M61K; Chapter
3), the unique residues were targeted for cysteine replacement mutagenesis and
were characterized as discussed below.
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The Aer-N54D mutant protein was stable (78% of wild-type Aer) and had a
constant signal-on (constantly tumbling) conformation when expressed in the
receptorless strain BT3388. When mapped onto the Aer PAS model, N54 was
predicted to be on the E-helix in the putative FAD-binding cavity (Fig. 16). In
addition, the equivalent residue in MmoS (R133) stabilizes the FAD ribityl chain.
Based on these findings, it is likely that N54 is also important for FAD binding.
The Aer-M61 K mutant protein was moderately stable, with a steady state
expression level of 50% of wild-type Aer. Aer-M61 K had a constant signal-off
(smooth swimming) conformation as a result of an FAD-binding defect. M61
mapped to a position predicted to be in the RHPDMP motif on the EF loop of the
FAD-binding cavity (Fig. 16). Moreover, mutant proteins with substitutions in this
loop have been shown previously to be defective in FAD binding (Bibikov et al.
2000; Repik et al., 2000). I would expect that substitutions in this region of the
PAS domain would disrupt structure and/or alter FAD binding.
The remaining seven residues were replaced with cysteines. The Aer
mutant proteins were stable with steady state levels at least 65% of wild-type Aer
(Fig. 16). Six (of the seven) cysteine replacement mutants were aerotactic in
Tryptone semi-solid agar with 20 pM IPTG, which suggests that the mutant
proteins maintained a functionally native structure in the presence of introduced
cysteines and the associated residues are not critical in Aer. However, one
cysteine replacement mutant, Aer-1114C, was non-aerotactic in Tryptone semi
solid agar at all levels of induction (20 to 1000
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IPTG). The aerotaxis defect
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Fig. 16. Properties of Aer-PAS mutants. (A) Steady state expression of the cysteine
mutant proteins when expressed in BT3388. Steady state levels were measured as a
percentage of wild-type Aer (pKW1). The steady state levels of all of the mutant proteins
were above 50% of wild-type Aer (heavy dotted line) and were considered stable. The
Aer-M14C had a constantly tumbling phenotype in air and nitrogen (black vertical bar).
The other strains had wild-type responses to changes in oxygen levels (striped vertical
bars) (B) Aer-N54D, Aer- I114C (raspberry) and Aer-M61K (yellow) map to the Aer PAS
model in proximity to previously obtained signal-on lesions (red).
Left view
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was corrected by the presence of the high abundance receptor, Tar. Notably,
receptorless cells (BT3388) expressing Aer-l114C had a locked-in-tumbling
phenotype in air and nitrogen and residue 1114 mapped to the backside of the
FAD-binding cavity on the l[3-strand with other signal-on lesions (Fig. 16B; see
Chapter 3). However, the 1114 side chain faces outward away from the FAD
pocket, but it resides next to S113, which was proposed to bind indirectly to the
N5 of FAD via a water molecule in MmoS (Ukaegbu and Rosenzweig, 2009).

Site-Directed Random Mutagenesis of Conserved PAS Residues
Xie and colleagues constructed a Weblogo® using the multiple sequence
alignments of the PAS domains in the PAS_FAD1 (Aer) subfamily (Xie et al., in
press)(Fig. 18). The Weblogo highlighted the residues that are conserved within
this group. From this, I selected highly conserved residues, G50, K88, G106 and
R115, which were not analyzed in this or previous studies, to determine their role
in Aer. I performed site-directed random mutagenesis using wild-type Aer from
pKW1 as the template and utilized both Tag and Mutazyme® DNA polymerases
to copy the aer gene as described in the Materials and Methods. The plasmids
were expressed in receptorless cells (BT3388) and aerotaxis defective mutants
were isolated in Tryptone semi-solid agar with 20 ^iM IPTG. Using this method,
13 aerotaxis-defective proteins with single amino acid substitutions at G50, K88
G106 or R115 were isolated (Fig. 17).
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Fig. 17. Properties of Aer-PAS mutants. (A) Steady state levels of mutant proteins were
measured as a percentage of wild-type Aer (pKW1). Aer-G106V had a steady state level less
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Position of residues K88, G50 (raspberry) and G106 (yellow) in relation to previously obtained
signal-on lesions (red) on the Aer PAS model.
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To characterize the mutants, the aerotaxis phenotypes of receptorless
cells (BT3388) expressing the mutant proteins were analyzed in Tryptone semi
solid agar and in aertsr ce\\s (BT3312) analyzed in succinate semi-solid agar. All
thirteen mutants displayed non-aerotactic phenotypes in Tryptone semi-solid
agar, even with increased induction up to 1000 pM IRTG. When expressed with
the high abundance receptor Tar+ (BT3312) in succinate semi-solid agar, mutant
proteins with substitutions at residues K88, G50 and G106 (6/13) were
phenotypically rescued by Tar. However, Aer-R115 mutant proteins (7/13)
remained non-aerotactic at all levels of induction up to 1000

IPTG.

I then assessed the effect of the Aer-R115 mutant proteins on wild-type
Aer mediated aerotaxis. Wild-type Aer was expressed from a salicylate-inducible
plasmid (pDS7), while the mutant proteins were expressed from the IPTGinducible plasmid (pKW1). Dominance effects were determined when both wildtype and mutant Aer proteins were expressed in a 1:1 ratio in a recombination
deficient strain (BT3400). The mutant proteins were defined as dominant,
partially dominant or recessive based on their effect on wild-type mediated
aerotaxis (Buron-Barral et al., 2006). Dominant mutant proteins caused a
complete loss of wild-type mediated aerotaxis and the colonies had morphologies
characteristic of a vector colony. Partially dominant mutant proteins affected wildtype mediated aerotaxis by either reducing colony size, abolishing the aerotactic
band or both. Recessive mutant proteins did not affect wild-type mediated
aerotaxis. Three of the R115 mutant proteins exhibited partial dominance over
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wild-type mediated aerotaxis. Aer-R115S and Aer-R115L reduced wild-type
colony size and abolished the sharp aerotaxis ring. The remaining mutant
proteins (Aer-R115G, L, P, T, V) were recessive and had no effect on wild-type
mediated aerotaxis.
I also looked at the swimming patterns of receptorless cells expressing
mutant Aer proteins and observed their responses to changes between nitrogen
and air. Mutant proteins that mediated constant signal-on phenotypes included
those with substitutions at R115 (7/7), K88 (1/1) and G50 (G50P), while Aer
proteins with substitutions G106P, V and G50V had constant signal-off
conformations. A signal-off phenotype can be caused by several defects
including low stability and/or slow maturation, lack of FAD-binding or redox
sensing, or a defect in the signal transduction pathway. Consequently, I
measured the steady state expression of all of the mutant proteins as compared
to wild-type Aer. I found that all of the mutant protein expression levels were at
least 60% of wild-type Aer, except for Aer-G106V, which had a steady state level
of 45% of wild-type Aer. I also tested the signal-off mutant proteins for FADbinding defects. I found that all of the signal-off mutant proteins (G50P, G106P
and G106V) had FAD-binding defects. The residues associated with these
lesions were highly conserved, not only in the PAS_FAD1 (Aer) subfamily but
also the PAS_FAD2 (AerC) and PAS general subfamilies and the FAD-binding
PAS domains MmoS, AvNifL and Vivid (Fig. 18). This implies that these residues
may be critical for structure. When mapped to the Aer PAS model, these residues
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mapped on or near loops and are likely to be important for maintaining critical
turns in the PAS fold that stabilize the FAD-binding cavity.
The signal-on lesion Aer-K88P is at a residue that is conserved in the
PAS_FAD1 (Aer) subfamily and in the FAD-binding (non-Aer) PAS domains, but
is not conserved in the other PAS subfamilies (Fig. 18), which suggests that this
residue is important for structure. K88 did not map to the clusters of residues that
are associated with signal-on lesions, but mapped to the sharp GH loop of the |3
scaffold (Fig. 17B). The proline replacement (K88P) may alter the structure of the
G|3- and/or H|3-sheets in a manner that invokes the signal-on state.
The signal-on lesion Aer-G50V is at a residue that is highly conserved in all
groups (Fig. 18), which infers that this residue is also important for structure, and
mapped to the end of Da helix close to the DE loop (Fig. 17B). Like K88, G50 did
not map to the regions associated with signal-on lesions, which suggests that
these residues may not be directly involved in signaling. However, the addition of
a side chain at G50 might have caused alterations in the conformation of the
FAD-binding cavity that induced the signal-on state of the PAS domain.
Signal-on lesions at residue R115 mapped onto the l|3-strand on the
backside of the FAD-binding cavity and clustered with other signal-on lesions
(Fig. 17B). The equivalent residue in Ai/NifL (H133) is part of the network of
hydrogen bond donors and acceptors that facilitate the uptake and release of
protons at N5 of FAD. In the in silica model, Aer-R115 side chain is close to the
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04 and N5 atoms of the isoalloxazine ring and may play a similar role in the AerPAS domain.

Identifying the Contact Surface Between the PAS and HAMP Domains
It has been proposed that the conformational signal from the Aer PAS
domain is transmitted by direct interaction to the HAMP domain (Watts et al.,
2004). This model was formulated based on three observations: 1) the PAS
domain, the C-terminal HAMP domain and the signaling domain are cytosolic
(Zhulin et al., 1997; Amin et al., 2006), 2) the PAS domain requires C-terminal
residues for proper folding and FAD binding (Hermann et al., 2004) and 3) HAMP
mutations that disrupted Aer mediated aerotaxis (e.g. C253R) were corrected by
non-specific and specific suppressor mutations in the PAS domain (e.g. N34D)
(Watts et al., 2004).
To investigate the sites of interaction between the PAS and HAMP
domains, I employed intragenic second-site suppressor analysis. This involves
isolating pseudorevertants in the HAMP domain that restore aerotaxis function by
a secondary mutation (Watts et al., 2004). The identification of allele-specific
suppressor mutations would indicate interaction between the domains within the
Aer protein. From the library of PAS mutants constructed in this study (see
results in Chapter 3), I selected for mutations that disrupted signal transduction
without affecting protein stability (>50% of wild-type Aer level) or FAD binding.
The mutations chosen also mapped to positions predicted to be on the surface of
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the PAS domain. Based on these criteria, W94L, W94G, W79R and H58R were
selected (Fig. 19).
To select specific suppressors in the HAMP domain, Aer codons 204 to
281 were targeted for random mutagenesis using wild type Aer from pKW1 as a
template. The DNA fragments were ligated into pKW1-derivatives containing a
primary mutation in the PAS domain. The pKW1 plasmids containing the PAS
and HAMP mutations were expressed in the receptorless strain, BT3388, and a
line of cells were inoculated into Tryptone semi-solid agar. Cells in which Aermediated aerotaxis was restored by a HAMP mutation were able to migrate away
from the line of origin and form a bleb.
Using this assay, I observed aerotactic blebs that swam out from the
inoculation site and formed characteristic rings at the outer edge of the colony.
Cells selected from aerotactic blebs were plated on LB thia agar and re-screened
for aerotaxis in Tryptone semi-solid agar. Plasmids isolated from these mutants
were sequenced to confirm the primary PAS mutation and to identify the HAMP
suppressor mutation. However, the mutants selected had plasmid sequences
with back- reversion of the original Aer mutation indicating revertants rather than
pseudorevertants.
I broadened the criteria to include PAS mutations that disrupted FAD
binding without affecting protein stability and those that promoted the signal-on
state of the receptor. Again, intragenic second site suppressor assays produced
revertants only. It is possible that PAS-HAMP interactions did not occur at the
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Fig. 19. Distribution of PAS domain residues that were used as second-site
suppressor candidates mapped on the surface of the PAS domain.
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PAS residues selected or that the mutations selected could not be rescued by a
HAMP mutation. Future experiments to determine the interaction surfaces might
target the residues on the surface of the backside of the FAD-binding cavity that
are proposed to be involved in the conformational signaling mechanism through
the Aer PAS domain (see Chapter 3). It is possible that the conformational signal
that propagates from the FAD binding site to the surface of the PAS domain may
then propagate to the HAMP domain via these residues. Consistent with this idea
is the finding of Kylie Watts in our lab that cysteine replacement of residues N98
and 1114 on the G|3- and l|3-strands preferentially interact with Aer-Q248C in the
HAMP domain (unpublished observation).

The Aer C-terminal Tail Plays a Role in Receptor Signaling
The Aer cytoplasmic domain is homologous to the cytoplasmic domain of the
other chemoreceptors (Bibikov et al., 1997; Rebbapragada et al., 1997). In Tsr,
the AS-2 helix of the HAMP domain is connected to the signaling domain helix by
a short loop. The signaling domain helix continues to a conserved hairpin turn
then forms a second helix to create an antiparallel coiled-coil helix bundle. At the
end of the signaling domain is a C-terminal tail (Kim et al., 1999). In Aer, the AS2 helix of the HAMP domain continues into the proximal signaling domain. The
helical structure of the proximal signaling domain is disrupted by a phase stutter
(-260 to 264), which precedes the signaling domain (approximately residues 261
to 506) (Fig. 20; Watts et al., 2008). Like Tsr, the signaling domain of Aer also
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AS1'
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Signaling Domain
Fig. 20. Cartoon showing the HAMP domain (residues 207 to 253), the proximal
signaling domain (residues 254 to 271), including the phase stutter (residues 260
to ~264), and the C-terminal tail of the signaling domain of an Aer dimer
(residues 498 to 506). Helices are represented as cylinders and loops as lines.
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forms an antiparallel two helix coiled-coil that terminates in a C-terminal tail. We
proposed that the C-terminal tail of Aer (residues 498 to 506) plays a role in
signal transduction from the HAMP to the signaling domains. To test this
hypothesis, I created C-terminal Aer truncations and screened for aerotaxis in
succinate semi-solid agar. Previous studies suggest that signal transduction in an
Aer dimer occurs from the PAS domain to the signaling region of the same
monomer, indicating an intra-subunit signaling pathway (Watts et al., 2006b).
Thus, in a heterodimer composed of a defective full-length monomer with an
N34D mutation in the PAS domain and another monomer that had a functional
PAS domain, the aerotaxis signal pathway would be from the functional PAS
domain to the signaling domain of same monomer. To determine whether
signaling was present if the C-terminus of the signaling peptides was truncated,
nested deletions [1-375 (A 376-506), 1-400 (A 401-506), 1-449 (A 450-506), 1480 (A 481-506), 1-490 (A491-506) and 1-500 (A 501-506)] were made by PCR
mutagenesis using wild-type Aer from pGH1 as the template. PCR products were
ligated into pTrc99A and expressed alone (homodimers) or coexpressed with the
PAS mutant Aer-N34D (heterodimers) from compatible plasmids, in BT3400.
Homodimers and heterodimers were tested for aerotaxis in succinate semi-solid
agar. Using this method, all truncated Aer proteins (7 of 7) were unable to
mediate aerotaxis as heterodimers. This assay showed that the deletion of six
residues (A 501-506) from the C-terminus of the signaling domain was sufficient
to disrupt aerotaxis. One possible explanation is that the C-tail of Aer interacts
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with residues in the loop region of the proximal signaling domain and stabilizes
different conformations of the loop based on the signaling state of the receptor.
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CHAPTER SIX
OVERALL DISCUSSION

From this study, we now have working models for i) the signaling
mechanism within the Aer-PAS domain, ii) the region of the PAS domain that
signals to the downstream HAMP domain, iii) the structure/function of the F1
region and iv) the placement of the F1 within a trimer of dimers.

State of the Field Prior to this Study
Aer is a modular receptor with sensing and signaling domains separated
by a short (38 amino acid) two-pass membrane anchor. The FAD-binding PAS
sensor is tethered to the membrane via a 46-residue region designated as the F1
(Bibikov et al., 2000). Previously, our laboratory and the Parkinson laboratory
isolated several lesions in the sensing region that identified critical residues for
structure/function, and suggested how the sensor might communicate with the
signaling region. Specifically, our laboratory used Cys scanning to identify 12
critical residues in the PAS domain with aberrant function; four of these abolished
both FAD binding and function (Repik et al., 2000). These sites were mapped
onto an early homology model of the Aer-PAS domain based on the Photoactive
Yellow Protein, PYP, which does bind not FAD, but binds cis-hydroxycinnamic
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acid. The lesions mapped to the EF-loop and F-helix, and, Repik et al therefore
proposed that this region formed a pocket for FAD binding. This was later
supported by the resolved crystal structures of other flavin-binding PAS domains
(Zoltowski et al., 2007; Key et al., 2007; Ukaegbu and Rosenzweig, 2009), and
suggested that the genetic analyses could, with appropriate caveats, be used to
gain insight into the structure and function of the Aer protein.
Prior to my study, lesions in the PAS domain had been isolated at the
amino acid positions summarized in Fig. 21 [13 PAS lesions had been isolated by
Cys scanning (Repik et al., 2000) and 33 by random mutagenesis (Bibikov et al.
2000; Buron-Barral et al., 2006; Watts et al., 2004)].

Contribution of this PAS Study to the State of the Field
To increase the efficiency of random mutagenesis, and therefore uncover
more lesions, I employed error prone PCR with both Tag and Mutazyme
polymerases. I identified 72 aerotaxis-defective mutants, 24 of which were gainof-function, signal-on mutants. When mapped onto an Aer homology model
based on the structure of the PAS-FAD domain in NifL from Azotobacter vinlandi,
the signal-on lesions clustered in the FAD binding pocket, the beta-scaffolding
and in the N-cap loop. We infer that the signal-on lesions mimic the “signal-on”
state of the PAS domain, and therefore define a “signal-in” site at the FAD
binding cleft, and a signal-out region in the beta-scaffold and the N-cap loop.
Thus, these new data allow us to propose a working model for the
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Fig. 21. Lesions in the Aer-PAS domain that were identified in this and previous
studies (Bibikov et at., 2000; Repik et al., 2000; Buron-Barral et al., 2006; Watts
et al., 2006).
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conformational changes invoked during signaling through the PAS
domain. From these data and by analogy to other PAS domains, we propose
that the reduction of FAD rearranges the FAD binding pocket in a way that
repositions the beta scaffolding and the N-cap loop. Residues surrounding the Ncap, in turn, appear to be important for transmitting this conformational change to
the HAMP domain, and kinase control module.

Interpretation of Unstable PAS Lesions
Many of the lesions produced unstable Aer proteins, and predicting the
true function of the native residues at these sites therefore required caution.
However, the seven most unstable mutants (steady state levels < 30%) did map
to interesting positions on the NifL homology model. T19A, M21K and D35V
surround N34 (Fig. 22A), which is proposed to hydrogen bond to L14 in the NCap (see Chapter 3, Fig. 7C) and may be actively involved in signaling to the
HAMP domain (Watts et al., 2004). Destabilizing this region could possibly
decrease interactions with the HAMP domain, inhibit maturation and therefore
increase proteolysis.
The other four lesions, D25V, V95A, P101L and G110D, were at sites at or
near loops that connected to a (3-strand in the scaffold of the PAS domain (Fig.
22B). Notably, these residues were highly conserved in both the PAS_FAD1
(Aer) subfamily and at least one of the FAD-binding (non-Aer) PAS domains.
Residues that are highly conserved in non-Aer PAS domains are likely to be
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Fig. 22. Position of the most unstable lesions, yeiding steady state protein expression
levels below 30% of wild-type Aer (yellow). (A) Residues that mapped close to N34
(magenta) may be involved in the PAS-HAMP interactions that occur during Aer protein
maturation. (B) Residues that mapped to positions that may be critical for maintaining
the PAS fold.
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critical for stabilizing the native PAS fold, and lesions at these sites could
understandably lead to rapid proteolysis. This might also, in part, explain why 23
of the remaining mutant proteins had steady state levels that were only between
30% and 50% of wild type Aer. These are highly conserved (see Chapter 3,
Table 2) and are predicted to surround the FAD cofactor so these positions might
be expected to stabilize the FAD binding fold.

Influence of FAD binding on Protein Stability
Previously, the Taylor laboratory hypothesized that apo-Aer, (without FAD) might
have defects in folding or maturation (Herrmann, et al., 2004). Thus, any FAD
minus mutant protein would be, by its very nature, unstable. However, in the
current study, eleven stable Aer proteins failed to bind FAD, indicating that FADbinding is not a prerequisite for maturation. Notably, six of these lesions
(highlighted in magenta in Fig. 23A) mapped to positions outside of the FAD
binding pocket. This is interesting, as it suggests that deformities in the PAS
domain can influence the FAD binding pocket even when these lesions are not in
the cleft itself. All other FAD minus receptors were unstable, and primarily
surrounded the FAD binding pocket (see Fig. 23B). It is possible that folding of
the FAD binding pocket is an early step in maturation of the nascent Aer, and that
when the pocket fold is deformed, the normal maturation process is interrupted.
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G106
G106^

Fig. 23. Sites of lesions that produced FAD minus mutant proteins. A) Sites of
lesions that produced stable proteins that did not bind FAD. Residues colored
blue surround the FAD binding pocket, whereas those colored magenta do not.
B) Sites of lesions that produced unstable proteins. Note that most of these sites
surround the FAD binding pocket.
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Signal-on PAS Lesions that may Influence FAD Signaling
In previous studies, residues that are important for FAD binding in the AerPAS domain mapped to a pocket formed by the Ea helix, the EF loop and the Fa
helix (Bibikov et al., 2000; Repik et al., 2000). This region forms the binding site
for cofactors in many PAS domains (Borghstahl et al., 1995; Kay, 1997; Gong et
al., 1998), including the FAD-binding pocket within AvNifL and MmoS PAS
domains in which FAD is surrounded by a hydrogen-bonding network (Key et al.,
2007; Ukaegbu and Rosenzweig, 2009). I compared the lesions identified in the
current study with PAS residues involved in FAD interactions in AvNifL and
MmoS. PAS domain residues AvNifL-N102 and MmoS-N164, equivalent to AerN85, hydrogen bond to the N3 and 04 atoms of the isoalloxazine ring, while
AvNifL-W87 and MmoS-W149, equivalent to Aer-W70 form stacking interactions
with the ribose and adenine rings of FAD (Key et al., 2007; Ukaegbu and
Rosenzweig, 2009). In Aer (see placement in Fig. 24A), these residues were
associated with signal-on phenotypes and therefore may also have a critical role
in Aer in transducing redox changes in FAD to conformational changes in the
cleft of the PAS domain. Several other Aer residues associated with signal-on
phenotypes that also mapped to the FAD binding pocket included S28, H53, N54,
H58, F66 and M69. Aer-S28 and Aer-F66 were previously identified as critical
residues in the Aer-PAS domain (Repik et al., 2000; Watts et al., 2004; see
Chapter 3). The role of Aer-H53 is not as clear. The equivalent residue in MmoS
(H132) has a proposed role in the protonation and deprotonation of an

148

intermediate species or water molecule. Moreover, this proposal was inferred
based on the roles of the equivalent amino acid residue in AvNifL (E70), which
may interact with a hydroperoxy intermediate, and in Vivid (C108) (Zoltowski et
al., 2007), which forms a light-induced, covalent flavin-cysteinyl adduct. A similar
role in Aer in unlikely, since there is no evidence that Aer senses oxygen directly,
or that a covalent intermediate forms. [Note, however, that His and FAD do form
adducts in some enzymes (Edmondson and Newton-Vinson, 2001). Aer-N54 is
not conserved in other FAD-binding PAS domains but is equivalent to MmoSR133, which stabilizes the FAD ribityl chain (Ukaegbu and Rosenzweig, 2009).
Aer-H58 mapped to the highly conserved RHPDMP motif in the EF loop and may
be important for FAD-binding. Aer-M69 is equivalent to MmoS M148, which was
proposed as a potential redox modulator. However there is no evidence that M69
plays such a role in Aer.

CW lesions Cluster Tightly in the FAD Binding Pocket
Signal-on lesions visible from the PAS surface that surround the entrance
to the FAD-binding site are highlighted in Fig. 24A; for comparison, they are
contrasted (in space-fill mode) with the placement of the other residues in the
FAD binding pocket that appeared important for structure/stability (Fig. 24B; FAD
is removed for clarity). Note the relatively dramatic encasement formed by the
CW lesions (red and orange) around the FAD binding cleft. These lesions reside
closer to FAD than those lesions causing an unstable protein (in yellow). When
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Fig. 24. Lesions near the FAD binding pocket that affect signaling, FAD binding or
protein stability. (A) Sites of signal-on lesions (red sticks) in the FAD-binding site.
(B) Ribbon view showing that stable CW lesions (red spheres) were closer to
FAD (removed for clarity) than unstable mutants (yellow). CW signal-on lesions
that were unstable are highlighted in orange. (C) Model showing that CCW
signal-on lesions (red spheres) are surrounded by unstable CCW lesions that are
FAD minus (yellow spheres), which are in turn surrounded by stable CCW
lesions that are FAD minus (magenta spheres). The N-cap is colored red as a
reference point.
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these CW lesions (Fig. 24C, red) are mapped onto the same model as FAD
minus lesions that are unstable (Fig. 24C, yellow) as well as stable (Fig. 24C,
magenta), a third tier of localization is evident; these (stable) lesions nearly
circumscribe the other two sets of lesions. In short, they are furthest away from
the FAD binding cleft (i.e., red is closest, followed by yellow, and finally
magenta). This is a general observation and there are a couple of exceptions,
where more than one type of lesion was found at identical sites. For example,
M69I,K and H53Y are CW, but other lesions at these sites (M69T and H53R) are
CCW and unstable.
Although the precise meaning of these data is unclear, the tight packing
CW lesions (in red) in the FAD pocket suggests that signal-on conformational
changes in the pocket are localized, and do not propagate outward substantially
in a concentric ring. Instead, the movement is directed towards the beta-sheets
and N-Cap loop (see below discussion). The observation that the most stable
FAD minus lesions are furthest from the FAD binding cleft is not easily
interpretable. However, one possibility is that the loss-of-function lesions near the
FAD binding pocket allow more “breathing” in the pocket, and therefore more
proteolysis. Those distal lesions that alter the FAD binding pocket may distort or
collapse the pocket in a way that denies access to both FAD and proteolytic
enzymes. In this way, the protein would be stable, but lack the correct
conformation for FAD binding and function.
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The Signal Transduction Mechanism in the Aer PAS Domain
As discussed above, signal-on lesions in the FAD binding pocket of AerPAS clustered tightly around the FAD cleft. When the remaining signal-on lesions
were mapped to residues on a surface model, they clustered on the backside of
the FAD pocket and in the N-cap loop (Fig. 25A). We interpret this to mean that
conformational spreading is predominantly limited to these regions, and therefore
hypothesize that these lesions define a signaling pathway.
Signal transduction mechanisms have been characterized for other PAS
domains, including Vivid, PYP and 6/FixL (van der Horst et al., 2001; Zoltowski et
al., 2007; Ayers and Moffat, 2008). In general, cofactor activation [e.g. 02 binding
in jfcyFixL (Ayers and Moffat, 2008)], initiates a conformational change within the
cofactor attachment site. The hydrogen bond network within the cofactor binding
pocket reorganizes, and a conformational signal is transmitted from the pocket to
the surface of the domain at the |3 scaffold. Specific variations on this theme have
been proposed for FAD binding PAS domains. Here, reduction and protonation of
FAD causes a reorganization of the hydrogen bond network in the FAD binding
pocket (Zoltowski et al., 2007; Key et al., 2007; Ukaegbu and Rosenzweig,
2009). This causes structural changes that propagate to the surface of the
domain at the l|3- and A|3- strands (Zoltowski et al., 2007; Key et al., 2007;
Ukaegbu and Rosenzweig, 2009). Interestingly, the H|3-strand is also implicated
in signaling through other PAS domains such as the heme-binding b/FixLH PAS
domain (Gong et al., 1998; Key and Moffat, 2005).
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In this and previous studies, signal-on lesions mapped to residues L20
and M21, predicted to be on the A|3 strand (Watts et al., 2006; Chapter 3), M112,
S113 (Buron-Baral et al., 2006; Chapter 3), 1114 and R115 (Chapter 5), predicted
to be on the Ip strand, and A97, N98 and V100 (Chapter 3), predicted to be on
the Hp strand. Of particular interest are the residues in the p scaffold that point
away from the FAD binding pocket. Since these residues lie on the same strands
as residues that modulate the redox state of FAD, conformational changes at
these sites might mimic those invoked by reduced FAD. Flowever, another
equally plausible and attractive possibility is that the residues interact directly with
the downstream FI AMP domain to propagate the “on” signal from the PAS to the
HAMP domain. In support of this hypothesis, Kylie Watts has recently shown that
PAS residues on the p scaffolding do interact with the HAMP domain
(unpublished observation). The strongest interaction (crosslinking) observed thus
far has been between introduced Cys residues 1114C on the Ip strand and
Q248C of the HAMP domain, but this work is presently in the preliminary stages.
An ideal candidate to test would be M21, which lies on the Ap strand next to the
ip, points away from the FAD binding pocket, and when replaced with M21T, is a
CW lesion (see Chapter 3, Fig. 7).
Additional residues that were associated with signal-on lesions were in the
N-cap loop (T18 and T19) (Watts et al., 2006a; Chapter 3). This result is
significant since the conformational changes that occur at the p strands during
signaling in many PAS domains ultimately result in the displacement of an
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external N-cap a-helix or C-helix. For instance, the Ja helix of LOV2 packs
against the |3 sheet of the PAS domain and during signaling this C-terminal helix
is displaced (Harper et al., 2003). In Aer, residues in the N-cap can crosslink
intermolecularly, suggesting that the N-cap is dynamic (Watts et al., 2006a). Also,
deletion of the N-cap residues produced an inverted response in receptorless
cells (Watts et al., 2006a). This response was opposite to a wild type Aer
mediated response in that cells swam smoothly in nitrogen and tumbled in air,
and suggests that the Aer N-cap must play a role in signaling. The type of
conformational change that occurs at the Aer N-cap is yet to be resolved.
However, since removing the N-cap residues caused an inverted response, it is
possible that in the signal-off state the N-cap shields PAS residues that are
required for interaction with the HAMP domain during signaling. Lesions at the Ncap loop could feasibly mimic the conformational change that occurs at the loop
and the N-cap to expose these residues that interact with the HAMP domain. In
this scenario, removing the N-cap would expose additional residues involved in
the PAS-HAMP interaction required for signal transduction (Fig. 26B).

Studies on the F1 Region
As part of my analysis of the N-terminal region of Aer, I also studied the F1
region, which immediately follows and joins the PAS domain to the membrane
anchor. Although it had an unknown structure and function, we hypothesized that
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its purpose was to position the PAS domain near the HAMP domain to facilitate
PAS-HAMP interaction during signaling (Watts et al., 2004).

The F1 Regions Do Not Form an Interacting Dimer Interface
Given the dimeric nature of the HAMP and signaling domains, I
hypothesized that the cognate F1 regions would also form a dimer interface. In
the presence of CuPhe, interactions were observed at the beginning (at residue
121), middle (residues 135 to 137) and end (at residues 165 and 166) of the F1
region (see Chapter 4, Fig. 8B). In principle the crosslinking observed could be
either within or between Aer dimers, but we hypothesize that the crosslinking
observed for residues 165 and 166 in the presence of CuPhe were due to
collisions between dimers only. This hypothesis is based on previous studies
showing that V168, two residues away from R166, collided exclusively between
dimers (Amin et al., 2007). Overall, the sparse crosslinking in the F1 region is
contrary to that expected for closely interacting, dimerized domains (like the
HAMP and signaling domains), suggesting that the F1 regions do not form an
interacting face that extends along their lengths.

The Proximal Region of the F1 Forms a Helix and Loop
Using the linker BMOE, I extended the dynamic range of crosslinking to
6.27-10.52 A and observed a crosslinking pattern that was consistent with an ahelix for the proximal F1-A region (residues 120 to 133) followed by central loop
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(residues 134 to 138) (Fig. 8C). These data support the predicted secondary
structure, as well as the homology model based on the MmoS protein (discussed
below). However, the sparse crosslinking in the F1-B region (at residue 146, and
residues 150 to 152) precluded a reasonable model. There are several possible
explanations for the scarcity of crosslinking in the F1-B region; among them: 1)
residues in the F1 -B region are closer together than the dynamic range of the
linker. Although this appears to be true for residues 165 and 166 (which collide to
form dimers in the presence of CuPhe), this scenario is unlikely for the entire F1B region, because CuPhe would have caused disulfide bonds themselves to
form. 2) The F1-B regions are further apart relative to the F1-A region and
beyond the dynamic range of the linker. 3) The residues in the F1-B region are
hidden, perhaps interacting with other parts of the protein (such as the HAMP
domain) or with the membrane.

The F1 Regions are Important for Aer Stability
Cysteine substitutions are generally mild replacements that do not alter
protein structure or function unless a critical residue is replaced (Amin et al.
2006; Amin et al., 2007; Watts et al., 2008). In this study all F1 mutant proteins
with cysteine replacements retained Aer function. To more carefully explore the
role of the F1, I performed random mutagenesis and found that all aerotaxis
negative mutants had substitutions that are known to disrupt protein structure:
five mutations introduced a proline, two replaced native glycines and the
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remaining three substitutions altered the charge or polarity of the native residue.
Three of the lesions probably inhibited protein maturation, as these mutant
proteins were rapidly proteolyzed with the exception of a small fraction that was
stable and must have folded successfully. A previous study by (Buron-Barral et
al., 2006) found 7 mutations at 6 sites in the F1 region, all of which reduced
steady state expression of mutant Aer proteins. Since Aer maturation requires
the proper folding of the protein prior to export from GroEL (Hermann et al., 2004)
and Aer protein folding and stability depends largely on PAS-HAMP interaction
(Hermann et al., 2004) the F1 region may be important for aligning these
domains. Given the tolerance of this region to substitution, we conclude that the
F1 region is not intimately involved in Aer signal transduction but may provide
structural stability to the PAS and/or HAMP domains.

The Distal F1 Residues are Critical for Aer Function in Heterodimers
It is possible that interactions involving the F1 regions themselves are also
important for structural stability. Based on the crosslinking results, the distal
region of the F1 is less flexible, could be hidden, and may form stabilizing
interactions with each other at the membrane interface (residues 165 and 166)
and/or with other parts of the protein. Stabilizing interactions appeared to be
specifically targeted to the native F1-B residues (154 to 164) as substituting the
residues in this region with a random sequence of amino acids abolished Aer
mediated aerotaxis in heterodimers.
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It was possible that the entire influence of the F1 (within heterodimers)
resided in the positively charged residues R162, R164 and R166. Positively
charged residues adjacent to the membrane-spanning segment of a protein
affect the orientation of the protein in the membrane, favoring cytoplasmic
localization (von Heinje 1994; Lee and Manoil, 1994). In Aer, the presence of a
single arginine at any of the native positions was enough to maintain a
functionally native structure in heterodimers (see Chapter 4, Fig. 13) and in Aer
homodimers. However, Aer mutants that retained native R166 required the least
induction, and those with native R162 required the most expression in order to
mediate aerotaxis. This suggests that there is a hierarchy, whereby arginine
residues that are closest to the membrane interface stabilize the receptor better
than those further away from the membrane. This stabilization could feasibly
influence PAS-HAMP and/or the F1 interactions.

In silico Modeling of the F1 Region
To analyze the structure of the F1 region further, the entire F1 sequence
was put into the protein modeling server, l-TASSER
(http://zhanglab.ccmb.med.umich.edu/l-TASSER/). This server (as 'ZhangServer') was ranked as the No 1 server in the recent CASP7 and CASP8
experiments (see Critical Assessment of Techniques for Protein Structure
Prediction: http://predictioncenter.org/casp8/index.cgi). In all five models, the F1A region was predicted to be a-helical followed by a loop (Fig. 26A), which
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Fig. 26. Proposed structures for the Aer-F1 region and multiple sequence
alignment of MmoS and Aer N-terminal regions. (A) Five structures proposed by
l-TASSER for the Aer-F1 region based on residues 120 to 166. (B) Clustal 2.0.12
multiple sequence alignment of the PAS-A and linker regions of MmoS with the
PAS and F1 regions of Aer. The asterisks below the sequences indicate residues
that are conserved.
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agrees with the crosslinking data and the consensus secondary structure for this
region. The models also placed the hydrophobic residues that failed to crosslink
(yellow) at positions hidden by the F1-B region (Fig. 26A). However, based on
the limited number of residues that crosslinked in the F1-B region, it was difficult
to determine which one of these predictions, if any, was correct.
We also created a homology model of the Aer PAS and F1-A regions, based the
PAS and linker regions of the recently resolved structure of MmoS. Aer shares
significant sequence similarity to the PAS-A and linker region of MmoS (Fig.
26B). The Aer sequence for residues 20 to 139 was modeled on the structure of
MmoS using Swiss Model. As with the ab initio models from the l-Tasser server,
the homology model of the F1 agreed with the crosslinking data, where the F1-A
region is a helix followed by a loop. Since this structure included most of the PAS
domain (missing only residues, 1-19), we used the model to test possible
orientations of the F1 in an Aer dimer (see Chapter 4, Fig. 14A). The Aer HAMP
dimer forms a four-helix bundle (Watts et al., 2008) and thus must be centrally
positioned. The signal-out from the PAS domain appears to be the beta-sheet
surface and the N-Cap loop. Since the Aer PAS domains interact directly with the
HAMP domains (Watts et al., 2004; and Watts, unpublished data), a feasible
model is one where the F1 domains in the Aer dimer project toward (but not into)
the helices of the HAMP domain such that the PAS and F1 dimers circumscribe
the HAMP domain (see Chapter 4, Fig. 14B).
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Working model of the Aer trimer of dimers
From these data we generated a working model of the overall structure of
an Aer trimer-of-dimers. Chemoreceptor dimers form basic functional units called
trimers-of-receptor dimers, and we determined that three F1 regions could be
trapped with the trigonal probe, TMEA. This suggests that three F1 regions face
inward within the trimer-of-dimers. Since the PAS and F1 regions must
circumscribe the HAMP domain, F1 domains must interact only between, and not
within dimers.
The trimer of dimers of chemoreceptors act cooperatively by forming
hexagonal arrays. When fitted to this hexagonal geometry common to all
chemoreceptors (Briegel et al., 2009), the Aer dimers packed tightly against each
other in a trimer of dimers, and the neighboring trimer of dimers are also in close
proximity at the F1 regions. Therefore, the F1 regions are able to interact
between dimers of the same trimer of dimers as well at with dimers from a
neighboring trimer of dimers (see Chapter 4, Fig. 14C).

Future studies
Aer Receptor Activation
The current model for Aer signal transduction dictates that the reduction
and protonation of FAD is required to activate the Aer receptor. However, the
signal-on mutant proteins isolated in this and previous studies were activated in
air, suggesting that these substitutions may initiate the conformational signal in
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the Aer PAS domain without FAD reduction. A plausible but less likely alternative
is that the redox potential of FAD is altered such that FAD remains reduced, even
under aerobic conditions. Using an in vitro reconstituted aerotaxis system, the
mechanisms for activation in the mutant proteins with signal-on phenotypes could
be tested. Many of the mutant proteins had substitutions that mapped to residues
within the FAD binding cleft. If these residues change the FAD reduction
potential, the higher 02 concentrations available in an in vitro assay (without
competing cytosolic redox components) should inhibit the active (signal-on) state.
However, if FAD reduction is inconsequential, the receptor should remain active
at all oxygen concentrations. If the receptor is active despite an oxidized cofactor,
it is possible that the apo-receptor is stable and can also signal. Given the
historical difficulty of stabilizing the apo-receptor, this would be worthwhile
testing, as such proteins could be useful for future structural studies. The best
candidates for these studies would be mutant proteins with substitutions at
residues in the |3 scaffold that have side chains that point away from the FAD
binding pocket. The hypothesis is that these mutant proteins are at a PAS-HAMP
interface and that conformational changes initiated by the amino acid substitution
are propagated to the HAMP domain to activate the kinase control module.
These sites would be more likely to be independent of FAD binding and/or
reduction. Other good candidates would be mutant proteins with substitutions in
the N-cap loop, which is relatively distal to the FAD binding pocket.
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PAS Domain Interactions
PAS domains are typically dimerization domains (Huang et al., 1993). In
AvNifL (Key et al., 2007), EcDosH (Kurokawa et al., 2004; Park et al., 2004) and
SmFixLH (Miyatake et al., 2000), the N-cap helix is stabilized by a hydrogen
bond to the Ca helix and packs against the (3 sheet of the opposite monomer to
stabilize the structure of the PAS core. The Aer N-cap helices may also form
stabilizing interactions, and may be similar to those in AvNifL. I propose that the
Aer N-cap also forms a hydrogen bond with the Ca helix. However, it is unlikely
that the N-cap helices interact with the |3 sheet of the opposite monomer because
the PAS domains are separated by the HAMP domain. It is conceivable, though,
that the N-cap may interact with its own PAS domain, shielding residues that are
involved in PAS-HAMP interaction during signaling. To determine potential
interactions between the N-cap and the PAS domain, site-directed cysteine
replacements could be used to determine the surface accessibility of residues in
the PAS core that are predicted to be in close proximity. Duplicate sets of
experiments in the presence and absence of the N-cap would reveal residues
that have altered surface accessibility, and these would be ideal candidates for
interactions with the N-Cap. In this testable hypothesis, one would predict that
many of the signal-on mutants would reveal a similar unmasked surface.
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PAS Residues Involved in Conformational Signaling
In many PAS domains, the internal conformational signal from FAD cleft
propagates to the surface at the A|3, l|3, and the H|3 strands (Key et al., 2007;
Zoltowski et al., 2007; Harper et al., 2003). I have shown that these |3 strands are
implicated in signal transduction in the Aer PAS domain. However, several
residues on these strands have not been individually tested to determine their
role in the signal transduction pathway. To characterize the role of the residues
on the A|3, l|3 and H|3 strands of the Aer PAS domain, site-directed random
mutagenesis could be employed for consecutive residues from 20 to 24 (A|3
strand), 90 to 103 (l|3 strand) and 109 to 116 (l|3 strand), excluding those that
were analyzed in this study. This would effectively test all 20 amino acids at each
site. The mutant proteins would be characterized to determine the effect of each
amino acid substitution on swimming patterns and responses to changes in
oxygen levels, as well as FAD binding and protein stability. The goal would be to
find new CW lesions in this region, strengthening the hypothesis that
deformations in this region can mimic the signal-on state.

Determine Accessibility of the Residues in the Distal Region of the F1
I have shown that the distal regions of the F1s do not interact, except at
the membrane interface. One possible explanation is that some of these residues
are hidden. In this scenario, the distal region of the F1 could be interacting with
another part of the protein, possibly the HAMP domain, or with the membrane.
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To determine the accessible and buried residues in the F1 residues in the distal
region, a sulfhydryl reactive probe, methoxy-poly(ethylene glycol)-maleimide
(PEG-mal) could be used. Each Aer F1-cysteine protein will be reacted with
PEG-mal. The PEG-mal will bind to accessible cysteine side chains, causing a
mobility shift on a Western blot. The rationale for these experiments would be to
determine if F1-protein interactions stabilize the receptor.
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APPENDIX

Sequences of Mutagenesis Primers
Site-Directed Mutagenesis
V40CF

5'-GACACTTTTGTGCAGTGCAGCGGCTATACCTTG-3'

V40CR

5'-CAAG GTATAGCCGCTGC ACTGCACAAAAGT GT C-3'

Q49CF

5'-CCTTGCAAGAGTTATGCGGGCAGCCGCACAACATGG-3'

Q49CR

5'-CCATGTTGTGCGGCTGCCCGCATAACTCTTGCAAGG-3'

A65CF

5'-GATATGCCATTTGCGTGCTTTGCGGATATGTG-3'

A65CR

5'-CACATATCCGCAAAGCACGCTTTTGGCATATC-3'

K74CF

5'-GTGGTTCACCCTGTGCAAAGGGGAGCCCTGG-3'

K74CR

5'-CCAGGGCTCCCCTTTGCACAGGGTGAACCAC-3'

K84CF

5'-GCATCGTGTGCAATCGCCGCAAAAATGGTGAC-3'

K84CR

5'-GTCACCATTTTTGCGGCGATTGCACACGATGC-3'

H92CF

5'-GCAAAAATGGTGACTGCTATTGGGTGCGGGC-3'

H92CR

5'-GCCCGCACCCAATAGCAGTCACCATTTTTGC-3'

I114CF

S'-GTGGCTATATGTCGTGCCGTACCCGGGCGAC-S'

I114CR

5'-GTCGCCCGGGTACGGCACGACATATAGCCAC-3'

D120CF

5'-TACCCGGGCGACGTGTGAAGAGATCGCGGC-3'

D120CR

5'-GCCGCGATCTCTTCACACGTCGCCCGGGTA-3'

191

E121CF

5'-ACCCGGGCGACGGATTGTGAGATCGCGGCG-3'

E121CR

S'-CGCCGCGATCTCACAATCCGTCGCCCGGGT-S'

E122CF

5'-CGGGCGACGGATGAATGTATCGCGGCGGTGGAGC-3'

E122CR

5'-GCTCCACCGCCGCGATACATTCATCCGTCGCCCG-3'

I123CF

5'-CGACGGATGAAGAGTGTGCGGCGGTGGAGCC-3'

I123CR

5'-GGCTCCACCGCCGCACACTCTTCATCCGTCG-3'

A124CF

5'-GATGAAGAGATCTGTGCGGTGGAGCCG-3'

A124CR

5'-CGGCTCCACCGCACAGATCTCTTCATC-3'

A125CF

5,-TGAAGAGATCGCGTGTGTGGAGCCGCTGTA-3,

A125CR

5'-TACAGCGGCTCCACACACGCGATCTCTTCA-3'

V126CF

5'-AGAGATCGCGGCGTGTGAGCCGCTGTACAA-3'

V126CR

5'-TTGTACAGCGGCTGACACGCCGCGATCTCT-3'

E127CF

S'-AGATCGCGGCGGTGTGTCCGCTGTACAAAGC-S'

E127CR

5'-GCTTTGTACAGCGGACACACCGCCGCGATCT-3'

R128CF

5'-ATCGCGGCGGTGGAGTGTCTGTACAAAGCGTTG-3'

R128CR

5'-CAACGCTTTGTACAGACACTCCACCGCCGCGAT-3'

L129CF

S'-GGCGGTGGAGCCGTGTTACAAAGCGTTGAACG-S'

L129CR

5'-CGTTCAACGCTTTGTAACACGGCTCCACCGCC-3'

Y130CF

5'-GTGGAGCCGCTGTGCAAAGCGTTGAACGCCG-3'

Y130CR

5'-CGGCGTTCAACGCTTTGCACAGCGGCTCCAC-3'

Y131 CF

S'-GGAGCCGCTGTACTGTGCGTTGAACGCCG-S'

Y131 CR

S'-CGGCGTTCAACGCACAGTACAGCGGCTCC-S'

192

A132F

5'-GGAGCCGCTGTACAAATGCTTGAACGCCGGACGTA-3'

A132CR

5'-TACGTCCGGCGTTCAAGCATTTGTACAGCGGCTCC-3'

L133CF

5'-CGCTGTACAAAGCGTGCAACGCCGGACGTA-3'

L133CR

5’-TACGTCCGGCGTTGCACGCTTTGTACAGCG-3'

N134CF

5'-GCTGTACAAAGCGTTGTGCGCCGGACGTAACAG-3'

N134CR

5'-CTGTTACGTCCGGCGCACAACGCTTTGTACAGC-3'

135CF

5'-TAC AAAGCGTT G AACTG CG G ACGTACCAGTAAGCG-3'

135CR

5'-CGCTTACTGGTACGTCCGCAGTTCAACGCTTTGTA-3'

G136CF

5'-CGTTGAACGCCTGTCGTACCAGTAAGCG-3'

G136CR

5'-CGCTTACTGGTACGACAGGCGTTCAACG-3'

R137CF

5'-AAAGCGTTGAACGCCGGATGTACCAGTAAGCGTATTCAT-3'

R137CR

5'-ATGAATACGCTTACTGGTACATCCGGCGTTCAACGCTTT-3'

T138CF

5'-GCGTTG AACGCCGG ACGTTGCAGTAAGCGTATTCAT-3'

T138CR

5'-ATGAATACGCTTACTGCAACGTCCGGCGTTCAACGC-3'

SI 39CF

5'-GAACGCCGGACGTACCTGTAAGCGTATTCATAAAGGC-3'

S139CR

5'-GCCTTTATGAATACGCTTACAGGTACGTCCGGCGTTC-3’

K140CF

5'-CGCCGGACGTACCAGTTGTCGTATTCATAAAGGCTGG-3'

K140CR

5'-CCAGCCTTTATG AATACG ACAACTGGTACGTCCGGCG-3'

R141CF

5'-GCCGGACGTACCAGTAAGTGTATTCATAAAGGCCTG-3'

R141CR

5'-CAGGCCTTTATGAATACACTTACTGGTACGTCCGGC-3'

I142CF

5'-TACCAGTAAGCGTTGTCATAAAGGCCTGGTGG-3'

1142CR

5'-CC ACCAGGCCTTTAT G AC AACGCTTACTGGTA-3'

193

HI 43CF

5'-CAGTAAGCGTATTTGTAAAGGCCTGGTGGTG-3'

H143CR

5'-CACCACCAGGCCTTTACAAATACGCTTACTG-3'

K144CF

5'-CAGTAAGCGTATTCATTGCGGCCTGGTGGTGC-3

K144CR

5'-GCACCACCAGGCCGCAATGAATACGCTTACTG-3'

G145CF

5'-GCGTATTCATAAATGCCTGGTGGTGCGTAAAGG-3'

G145CR

5'-CCTTTACGCACCACCAGGCATTTATGAATACGC-3'

LI 46CF

5'-AAGCGTATTCATAAAGGCTGCGTGGTGCGTAAAGGCTGG-3'

LI 46CR

5'-CCAGCCTTTACGCACCACGCAGCCTTTATGAATACGCTT-3'

V147CF

5'-ATAAAGGCCTGTGCGTGCGTAAAGGCTGGCTG-3'

V147CR

5'-CAGCCAGCCTTTACGCACGCACAGGCCTTTAT-3'

V148CF

5'-CATAAAGGCCTGGTGTGCCGTAAAGGCTGGCT-3'

V148R

5'-AGCCAGCCTTTACGGCACACCAGGCCTTTATG-3'

R149CF

5'-TAAAGGCCTGGTGGTGTGTAAAGGCTGGCTGGG-3'

R149CR

5'-CCCAGCCAGCCTTTACACACCACCAGGCCTTTA-3'

K150CF

5'-AAAGGCCTGGTGGTGCGTTGCGGCTGGCTGGGTAAACTG-3'

K150CR

5'-CAGTTTACCCAGCCAGCCGCAACGCACCACCAGGCCTTT-3'

G151CF

5'-CCTGGTGGTGCGTAAATGCTGGCTGGGTAAACTG-3'

G151CR

5'-CAGTTTACCCAGCCAGCATTTACGCACCACCAGG-3'

W152CF

5'-CCTGGTGGTGCGTAAAGGCTGCCTGGGTAAACTGCC-3'

W152CR

5'-GGCAGTTTACCCAGGCAGCCTTTACGCACCACCAGG-3'

L153CF

5'-CTGGTGGTGCGTAAAGGCTGGTGTGGTAAACTGCC-3'

L153CR

5'-GGCAGTTTACCACACCAGCCTTTACGCACCACCAG-3'

194

G154CF

5 '-G CGTAAAG GCTGGCTGTGTAAACTG CCTT C A-3

G154CR

5'-TGAAGGCAGTTTAGACAGCCAGCCTTTACGC-3'

K155CF

5'-CGTAAAGGCTGGCTGGGTTGTCTGCCTTCAT-3'

K155CR

5’-ATGAAGGCAGACAACCCAGCCAGCCTTTACG-3'

L156CF

5'-TAAAGGCTGGCTGGGTAAATGCCCTTCATTACCGCTTC-3'

LI 56CR

5'-GAAGCGGTAATGAAGGGCATTTACCCAGCCAGCCTTTA-3'

P157CF

5'-GGCTGGCTGGGTAAACTGTGTTCATTACCGCTTCGCTG-3'

PI 57CR

5'-CAGCGAAGCGGTAATGAACACAGTTTACCCAGCCAGCC-3'

S158CF

5'-CTGGCTGGGTAAACTGCCTTGCTTACCGCTTCGCTGGC-3'

S158CR

5'-GCCAGCGAAGCGGTAAGCAAGGCAGTTTACCCAGCCAG-3'

L159CF

5'-GCTGGGTAAACTGCCTTCATGCCCGCTTCGCTGGCG-3'

L159CR

5'-CGCCAGCGAAGCGGGCATGAAGGCAGTTTACCCAGC-3'

P160CF

5'-GTAAACTGCCTTCATTATGCCTTCGCTGGCGGGCG-3'

P160CR

5'-CGCCCGCCAGCGAAGGCATAATGAAGGCAGTTTAC-3'

L161CF

5'-AAACTGCCTTCATTACCGTGTCGCTGGCGGGCGCGTGG-3'

LI 61CR

5'-CCACGCGCCCGCCAGCGACACGGTAATGAAGGCAGTTT-3'

R162CF

5'-TGCCTTCATTACCGCTTTGCTGGCGGGC-3'

R162CR

5'-GCCCGCCAGCAAAGCGGTAATGAAGGCA-3'

R162C/
R164CF

5'-CCGCTTTGCTGGTGCGCGCGTGGAGTGATGACC-3'

R162C/
R164CR

5'-GGTCATCACTCCACGCGCGCACCAGCAAAGCGG-3'
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R164C/
R166CF

5'-CTTCGCTGGTGCGCGTGCGGAGTGATGACCCTG-3'

R164C/
R166CR

5'-CAGGGTCATCACTCCGCACGCGCACCAGCGAAG-3'

R162C/R164C/
R166CF

S'-CCGCTTTGCTGGTGCGCGTGTGGAGTGATGACC-S'

R162C/R164C/
R166CR

5'-GGTCATCACTCCACACGCGCACCAGCAAAGCGG-3'

Site-Directed Random Mutagenesis
GSOegenF

5'-CCTTGCAAGAGTTACAANNNCAGCCGCACAACATGGTG-3'

GSOdegenR 5'-CACCATGTTGTGCGGCTGNNNTTGTAACTCTTGCAAGG-3'
K88degenF S'-GGCATCGTGAAAAATCGCCGCNNNAATGGTGACCATTATT
GGG-3'
K88degenR 5'-CCCAATAATGGTCACCATTNNNGCGGCGATTTTTCACGAT
GCC-3'
G106degenF 5'-GGTACCGATGGTGCGCGAGNNNAAAATCAGTGGCTATAT
G-3'
G106degenR5'-CATATAGCCACTGATTTTNNNCTCGCGCACCATCGGTACC-3'
R115degenF 5'-CAGTGGCTATATGTCGATTNNNACCCGGGCGACGGATG-3'
R115degenR 5'-CATCCGTCGCCCGGGTNNNAATCGACATATAGCCACTG-3'
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