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ABSTRACT

Aer, the aerotaxis receptor in Escherichia coli, is a member of a novel class of flavoproteins that act as redox sen-
sors. The internal energy of the cell is coupled to the redox state of the electron transport system, and this status
is sensed by Aer(FAD). This is a more versatile sensory response system than if E. coli sensed oxygen per se. En-
ergy-depleting conditions that decrease electron transport also alter the redox state of the electron transport sys-
tem. Aer responds by sending a signal to the flagellar motor to change direction. The output of other sensory sys-
tems that utilize redox sensors is more commonly transcriptional regulation than a behavioral response. Analysis
in silico showed Aer to be part of a superfamily of PAS domain proteins that sense the intracellular environment.
In Aer, FAD binds to the PAS domain. By using site-specific mutagenesis, residues critical for FAD binding and
sensory transduction were identified in the PAS domain. The PAS domain appears to interact with a linker re-
gion in the C-terminus. The linker region is a member of a HAMP domain family, which has signal transduction
roles in other systems. Antioxid. Redox Signal. 3, 867-879.

INTRODUCTION

FLAVINS function primarily as cofactors for
enzyme-catalyzed oxidation-reduction re-
actions and electron transport. A novel role of
flavins as sensory transducers that sense
changes in the cellular environment was dem-
onstrated recently. The sensory flavoproteins
do not catalyze an enzyme reaction and cannot
be classified by the Enzyme Nomenclature of
the International Union of Biochemistry (29).
Our research investigates the sensory role of
flavins that are associated with a specific pro-
tein domain, the PAS domain (64). There are
presently three known PAS domains that bind
flavins: NifL, phototropin (Nphl), and Aer. Of

these, NifL. and Aer are members of a class of
flavoprotein redox sensors, whereas pho-
totropin represents a class of flavoprotein light
Sensors.

NifL is a flavin adenine dinucleotide (FAD)-
containing sensor protein from Azotobacter
vinelandii and Klebsiella pneumoniae that regu-
lates NifA, an enhancer binding protein that
controls expression of nitrogen fixation genes
(27,52). Phototropin is a blue-light phototropic
receptor that is reviewed elsewhere (16, 51).
The flavin mononucleotide (FMN) chro-
mophore in phototropin is the blue-light sen-
sor that controls plant bending toward light.
Aer is a unique member of the redox sensor
family (63, 64). It serves as the detector for aero-
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FIG. 1. Species-specific aerotaxis in an oxygen gradi-
ent. Bacterial strains in a capillary tube focus as individ-
ual bands at their preferred oxygen concentration.

taxis behavior, an early warning defense
against hypoxia. Aerotaxis enables Escherichia
coli to actively swim away from the hypoxic re-
gion, rather than waiting passively for oxygen
to reach the cell by diffusion. Aer does not
sense oxygen directly, but senses the decrease
in internal energy that results from hypoxia
(63). This review focuses on the signal trans-
duction role of the FAD-PAS domain in sens-
ing oxygen and redox potential in the aerotaxis
transducer, Aer.

Aerotaxis enables bacteria to navigate in a
spatial gradient of oxygen to a specific oxygen
concentration that is optimal for energy pro-
duction (35, 57, 58, 60). This can be demon-
strated by placing a mixture of bacterial species
in a glass capillary tube and sealing one end.
Each species migrates in the gradient to the op-
timal oxygen concentration for the metabolic
lifestyle of that species (Fig. 1). Motile anaer-
obes migrate away from the oxygen source to
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the anoxic zone (4). The obligate aerobe Bacil-
lus subtilis migrates to the air-liquid interface
(69). The facultative anaerobe E. coli bands near
the meniscus (~5% oxygen) (unpublished
observation), microaerophilic  Azospirillum
brasiliense migrates farther away from the
meniscus (0.4% oxygen) (72), and Desulfovibrio
vulgaris, which was previously classified as an
“obligate” anaerobe, migrates to a hypoxic en-
vironment (0.04% oxygen) (32).

HISTORICAL PERSPECTIVE

Aerotaxis by bacteria has been documented
for over 100 years (4, 7, 17, 19, 46). Modern
studies of the molecular mechanism of aero-
taxis arose out of studies of chemotaxis in
E. coli and Salmonella enterica serovar Ty-
phimurium. Aerotaxis requires an operational
electron transport system (65). Environmental
conditions that alter the flow of electrons
through the electron transport system elicit a
behavioral response (61, 66) (Fig. 2). Inhibitors
of the electron transport system are repellents
of E. coli and S. Typhimurium. In anoxic cells,
alternative respiratory electron acceptors, such
as nitrate or fumarate, can stimulate electron
transport and elicit an attractant behavioral re-
sponse (36, 56). Factors that change the mem-
brane proton motive force also elicited behav-
ioral responses (56).
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FIG. 2. Role of the electron transport system in sensing internal energy. Energy generated by the electron trans-
port system can be sensed by redox sensors (Aer) or, in theory, ion motive force sensors. Adapted with permission,
from the Annual Review of Microbiology, Volume 53, ©1999, by Annual Reviews www.AnnualReviews.org (66).
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STRATEGIES FOR ENERGY SENSING

Proton motive force, electron transport, the
redox states of respiratory complexes, and the
ATP/(ADP + P;) ratio are closely coupled. A
bacterium could sense internal energy changes
by monitoring any of these components. The
proton motive force is energized to —200 mV
within 5-10 ms after electron transport com-
mences (25). Changes in ATP, on the other
hand, are protracted, taking minutes, even in
the presence of respiratory inhibitors (31).
Hence, by monitoring changes in the redox
state of electron transport system components,
Aer efficiently gauges the status of energy pro-
duction. Although the response time for aero-
tactic excitation has not been quantified, the ex-
citation time in chemotaxis from ligand binding
to the flagellar motor output is ~200 ms (30,
53), and it is likely that aerotaxis signal trans-
duction is within this order of magnitude. As
the collective aerotaxis and other electron-
transport- or proton motive force-mediated be-
haviors are responses to the change in internal
energy in E. coli, they were named energy taxis
(63). The proposed common mechanism for en-
ergy taxis was verified with the discovery that
the Aer protein is a common sensor for these
behaviors (9, 48). The serine chemoreceptor,
Tsr, is also an independent energy sensor for
energy taxis (48).

REDOX TAXIS

Of particular interest to those who investi-
gate oxidation-reduction reactions is the find-
ing that bacteria in a spatial redox gradient ac-
cumulate in a sharply defined band at a specific
reduction potential (8, 24). The redox response
by E. coli occurred only in gradients of perme-
ant redox molecules that cross the cytoplasmic
membrane and interrupt electron flow by di-
verting electrons from the electron transport
system. This results in decreased proton mo-
tive force and elicits a negative (repellent) taxis
response (8). Redox taxis, like aerotaxis, can be
mediated by either the Aer or Tsr protein,
which monitor the redox state of the electron
transport system.
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BIOLOGICAL SIGNIFICANCE AND
PREVALENCE OF REDOX/ENERGY TAXIS

It is advantageous for motile bacteria to have
both energy taxis and chemotaxis. Bacteria re-
spond to chemotactic stimuli and cluster
around a food source at densities up to 10°
cells/ml (60). At this high density, the bacteria
will rapidly lower the oxygen level to where
ATP generation is primarily via glycolysis (60).
Bacteria sense a drop in intracellular energy
when oxygen becomes rate-limiting for respi-
ration (63, 66). Energy taxis then overrides
chemotaxis, and the bacteria swim out of the
hypoxic zone even though they are moving
away from chemoattractants. This energy taxis
response is akin to the “fight or flight” re-
sponses mediated by epinephrine in humans.
However, if the bacteria relied solely on energy
taxis, they would be attracted primarily to sug-
ars and organic acids, and become deprived of
nitrogen sources (63). Hence, when oxygen is
not limiting, chemotaxis appears to be the pri-
mary determinant of bacterial behavior.

Energy taxis is often important in determin-
ing the distribution of the bacteria in the
ecosystem. Magnetotactic bacteria orient and
navigate by following the Earth’s geomagnetic
lines (11, 12). This aligns the bacteria to swim
downward along the inclined geomagnetic
field and away from the highly oxygenated wa-
ter surface. When the preferred oxygen con-
centration is reached, aerotaxis reverses the di-
rection of migration and maintains the bacteria
in a band or veil at the preferred oxygen con-
centration (20). Energy taxis is also pivotal in
the plant-microbe interactions in the rhizo-
sphere. Aerotaxis apparently guides Azospiril-
lum to regions of the root where the oxygen
concentration (0.4%) is low enough to avoid
oxygen inactivation of the nitrogen fixation
complex (70).

ENERGY SENSORS FOR
TRANSCRIPTIONAL CONTROL

Sensors such as ArcB or Fnr act at the level
of transcriptional control to prepare the cell for
survival in a hypoxic environment (6). Such re-
sponses are relatively slow compared with
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aerotaxis. Of the pathways that are regulated
by oxygen, only a few are known to sense di-
atomic oxygen. FixL, a histidine kinase that
controls nitrogen fixation in Sinorhizobium
meliloti and the Dos protein in E. coli, binds oxy-
gen directly via a heme cofactor (18, 22). The
SoxR protein in E. coli is thought to sense su-
peroxide and nitric oxide radicals via an iron
sulfur cofactor (26). A majority of pathways af-
fected by oxygen likely sense the metabolic or
energy change that results from an oxygen in-
crease or decrease.

TRANSDUCERS FOR AEROTAXIS,
REDOX, AND ENERGY TAXIS

The aerotaxis transducer gene was named aer
(accession no. P50466) for aerotaxis and energy
responses (9, 48). Aer is a flavoprotein that non-
covalently binds one FAD per monomer (9, 49).
Oxidation and reduction of FAD are thought to
generate the “on” and “off” signals for aero-
taxis. The FAD-bound PAS domain of Aer is
postulated to interact with a component in the
electron transport system and reflect the redox
status of the electron transport system. A con-
formational change generated in the PAS do-
main by oxidation or reduction of FAD is trans-
mitted to the highly conserved signaling
domain in the C-terminus of Aer.

Since the discovery of Aer in E. coli, several
apparent homologs have been identified in
closely related vy-proteobacteria, including S.
Typhimurium S. typhi, Vibrio cholerae, Yersinia
pestis, and Pseudomonas putida, as well as in vy-
proteobacterial species, Bordetella pertussis (10,
40) (Q. Ma, B. Taylor, and I. Zhulin, unpub-
lished observation). Aer-like transducers have
also been identified in Agrobacterium tumefa-
ciens (y-proteobacteria) and in the archaebacte-
rial species, Archaeoglobus fulgidis and Halo-
bacterium salinarum. Recently, a new class of
myoglobin-like aerotaxis transducers repre-
sented by the HemAT proteins of H. salinarum
and B. subtilis was discovered (28).

AER STRUCTURE AND TOPOLOGY

Aer is a 55-kDa protein that has an N-termi-
nal PAS domain that senses redox changes
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FIG.3. Predicted topology of the Aer and Tsr proteins.
The structure of Tsr is the result of crystallographic anal-
ysis and modelling (34). The putative structure of Aer in-
corporates the resolved structure of the photoactive yel-
low protein PAS domain (45) and Tsr. The PAS domain
and F1 region are not drawn to scale. The transmembrane
fold is a prediction. CM: cytoplasmic membrane.

(residues 1-119), a central transmembrane do-
main (residues 167-204), a linker/HAMP do-
main (residues 205-265), and a C-terminal sig-
naling domain (residues 266-506) (Fig. 3). The
predicted topology of Aer indicates that the
protein is anchored in the membrane by its cen-
tral hydrophobic sequence, whereas the N-and
C-termini are localized in the cytoplasm (10,
48). In contrast to other bacterial chemorecep-
tors, Aer does not have an extended periplas-
mic domain for ligand binding. Several lines of
evidence corroborate our predictions for Aer
topology. Cytoplasmic determinants known to
maintain the correct orientation of the trans-
membrane domain in bacterial chemoreceptors
(54) are found in Aer; the hydrophobic se-
quence is flanked by three positively charged
residues and an amphiphatic sequence at its N-
and C-termini, respectively. PAS domains in all
analyzed proteins are predicted to localize in
the cytoplasm (64). The cytoplasmic location of
PAS domains also supports their role in sens-
ing the intracellular environment. In all mem-
brane bound PAS proteins, PAS domains are
located adjacent to the transmembrane region,
leaving open the possibility that PAS domains
can interact with domains of other membrane-
bound proteins.

The C-terminal domain of Aer includes a se-
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quence that is similar to the highly conserved
signaling domains in other bacterial chemore-
ceptors. It is at this domain that the transduc-
tion pathways of aerotaxis and chemotaxis con-
verge. The highly conserved domain transmits
a signal to the flagellar motor via a two-com-
ponent signaling circuit that involves CheW,
CheA, and CheY (14, 41,59). As aerotaxis is de-
pendent on CheA, CheW, and CheY, the C-ter-
minus of Aer, like the C-terminus of chemo-
taxis receptors, must be located in the
cytoplasm (50). The hydrophobic sequence in
Aer is proposed to form a hairpin loop that an-
chors the two cytoplasmic domains of Aer to
the membrane (Fig. 3).

The HAMP domain (residues 205-265) in
both Aer and chemotaxis receptors connects
the C-terminal signaling domain to a trans-
membrane helix. The HAMP domain, also des-
ignated the F, domain (10), was previously
considered to be a mechanical linker that
connected the periplasmic and cytoplasmic do-
mains of chemotaxis receptors (15, 42). Bioin-
formatic analysis in several laboratories re-
cently determined that the “linker” domain is
a widely distributed sensory transduction do-
main (3, 68) (Q. Ma, B. Taylor and I. Zhulin, un-
published observation). The HAMP domain is
named for histidine kinases, adenylyl cyclases,
methyl-accepting chemotaxis proteins, and
phosphatases in which the domain is present
(3). Point mutations in the HAMP domain of
a chemoreceptor (Tsr) or osmosensor (EnvZ)
bias the receptor output to increased clockwise
or counterclockwise rotation of the motor, or
lock the receptor so that it only signals either
clockwise or counterclockwise rotation (1, 43).
The HAMP domain is made up of two am-
phiphilic a-helices and between them an or-
dered region of undetermined secondary struc-
ture. Each of the two a-helices has a buried
packing face. The carboxyl helix of HAMP do-
mains has a coiled-coil motif that is often as-
sociated with dimerization or other protein—
protein interaction (15). Together, these find-
ings suggest a role of the HAMP domain in sig-
nal transduction through protein—protein in-
teractions.

Aer contains three cysteines at residues 193,
203, and 253. Two of these, Cys?*® and Cys!?,
are in the putative transmembrane domain.
Cys*? is in the HAMP domain. Cys?%
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crosslinks rapidly in vivo with the respective
Cys?%% from a neighboring Aer monomer after
the addition of Cu?* phenanthrolene (F. Roy,
Q. Ma, and M. Johnson, unpublished data).
This indicates that Aer is dimeric, and Cys?%3
and Cys?%’ residues are contiguous. Cys!® and
Cys!®’ do not readily crosslink, indicating that
these residues are not proximal. Truncated Aer
proteins that do not bind FAD can dimerize,
indicating that FAD binding is not required for
dimerization. The unique sulfhydryl chemistry
of cysteine residues often contributes to the re-
dox sensing properties of proteins (55). How-
ever, replacement of the three cysteine residues
in Aer did not abolish aerotaxis, indicating that
the cysteines in Aer are not involved in redox
sensing (10).

FAD COFACTOR AND SIGNALING

Hisex-tagged Aer protein can be extracted
from membranes by using nonionic detergents
and purified on a nickel or cobalt column (10,
49). When the Aer protein is denatured in urea,
~1 mole of FAD dissociates per mole of Aer
monomer. No labile or covalently bound FMN,
riboflavin, or heme cofactors were detected.
The FAD in Aer is labile and easily removed.
It remains to be determined whether this is due
to the presence of detergent or is an intrinsic
property of the native protein.

There is some evidence that suggests that the
Aer protein might bind FAD more tightly in
vivo. When Aer is overproduced in E. coli, there
is a corresponding increase in membrane-
bound FAD (9). Quantitative measurements
were made of E. coli cells. In wild-type cells,
there were ~300 copies (F. Roy, M. Johnson,
and B. Taylor, unpublished data) of the mem-
brane-bound Aer protein per cell and 2,500
molecules of FAD (49). After overexpression of
Aer, there was a stoichiometric increase in
membrane bound FAD to 20,000 molecules per
cell. This suggests that FAD remains bound to
Aer in the membrane during cell fractionation
and washing of the membrane. The relation-
ship between Aer and membrane-bound FAD
is at this time the most reliable measurement
of FAD binding to mutated Aer proteins (49).

The FAD-PAS domain was demonstrated to
be the sensory input domain of the Aer protein
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by constructing a chimera (Aesr) that fused the
N-terminal PAS domain of Aer to the C-termi-
nus of the serine chemoreceptor, Tsr (10, 49).
The Tsr protein has a serine-binding N-termi-
nal domain in the periplasm and a signaling C-
terminal domain in the cytoplasm. The trans-
membrane sequence of Aer is incorporated into
Aesr, and it is expected that the topology of
Aesr is similar to the topology of Aer. The Aesr
chimera had the sensory specificity of the Aer
protein and restored aerotaxis when expressed
in an aer tsr double mutant (49). Site-directed
mutagenesis of Aer identified critical residues
for FAD binding and sensing in the PAS do-

main.

STRUCTURE AND FUNCTION
OF PAS DOMAINS

The N-terminal domain of Aer is a member
of the PAS domain superfamily (47, 73). More
than 450 PAS domains have been identified in
proteins from all three kingdoms of life: Bacte-
ria, Archaea, and Eucarya (64) (I. Zhulin, per-
sonal communication). PAS domains are found
predominantly in sensory proteins and, in
prokaryotes, are involved in sensing energy-re-
lated parameters such as light, oxygen, voltage,
and redox (64, 71, 73). There is a positive cor-
relation between the total number of PAS do-
mains in a microbial genome and the number
of structural genes for photosynthetic and elec-
tron transport proteins (71). PASis an acronym
formed from the names of three proteins (Per,
Arnt, and Sim) in which PAS domains were
first identified.

Adaptation of the PAS domain structure to
sense diverse stimuli such as oxygen, ligands,
light, and redox potential is present in the sim-
plest prokaryotes, and evidence is emerging
that divergent PAS domains in a single protein
may be functionally differentiated to sense dif-
ferent stimuli. One way in which PAS domains
sense different stimuli is by incorporating dif-
ferent cofactors into a pocket in the PAS fold.
For example, photoactive yellow protein (PYP)
is a photoreceptor in which photons are cap-
tured by the 4-hydroxycinnamyl chromophore
in the PAS domain (13); FixL is an oxygen re-
ceptor in which oxygen binds directly to a
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heme in the PAS domain (23); and Aer and NifLL
are believed to sense redox changes via the
FAD moiety in the PAS domains (10, 27, 49, 52).

Unlike most other sensor modules, PAS do-
mains are located in the cytoplasm (64). They
sense the internal environment of the cell rather
than the external millieu that is sensed by other
sensory input domains. As discussed above, the
Aer and NifL proteins sense the internal energy
of the bacteria in which they are found. Al-
though investigations of these proteins pro-
vided the first conclusive evidence of an intra-
cellular energy sensor, it is likely that PAS
domains have an energy-sensing role in many
different types of cells. This is supported by the
cytoplasmic location of PAS domains and the
broad distribution of PAS domains in living cells
where they are most frequently associated with
sensors of redox, oxygen, voltage, or light (64).

The crystal structures of three PAS domains
have been resolved. They include two bacterial
proteins, PYP (13) and FixL (23), and the hu-
man ether-a-go-go related gene (HERG) potas-
sium channel (39). The overall fold resembles
a left-handed glove in which the fingers enclose
a pocket. The fingers of the glove are formed
primarily from a 8 barrel, the palm from a-he-
lical loops, and the thumb from B sheets, as de-
scribed for FixL (23). The individual PAS struc-
tures can be overlaid with minimal deviation
of the backbone. Most notable differences oc-
cur in the EF loop and the F-helix that form a
boundary to the pocket. This unique structure
of PAS domains apparently has an important
function beyond the sequence of amino acids
that are present. Profilin, the mammalian SH2
domain, and the PAS domain in PYP have
strikingly similar three-dimensional structures,
but they do not share sequence homology (13).

Although PAS domains participate in a wide
range of sensory response systems and sense
diverse stimuli, little is known at this time
about the molecular mechanism of their role in
signal transduction. Resolution of structure on
a millisecond time scale identified a critical ro-
tation of the carbonyl group of the thioester
linkage to the chromophore as an intermediate
in the photo response of PYP (21). However, no
downstream components of a PYP sensory
pathway have been identified, and it is un-
known how the activated PAS domain trans-



AN FAD-PAS DOMAIN SENSOR FOR BEHAVIORAL RESPONSES

mits a signal in Ectothiorhodospira bacteria. In-
vestigations of the FAD-PAS domain in the Aer
and NifL proteins, and the FMN-PAS domain
in phototropin, have promise of elucidating the
molecular mechanism of signal transduction in
PAS domains in response systems where the
transduction pathway is well defined.

MECHANISM OF AER SIGNALING

The signal for aerotaxis originates when oxy-
gen is reduced by the terminal oxidase of
the electron transport system. The identity of
the precise signal is not known, but the signal
is transmitted to the FAD-PAS domain of
Aer (10, 49). The reduction potential of FAD in
Aer is predicted to be in a range that would al-
low electron exchange with ubiquinone/
menaquinone via the electron transport sys-
tem. Candidates for interaction with the FAD-
PAS domain of Aer include protein subunits of
electron transport complexes, as well as dif-
fusible cofactors such as ubiquinone or mena-
quinone. Aer could be in equilibrium with a
respiratory component, or could form a loop
with the electron transport system in which Aer
is reduced by one respiratory electron donor
and oxidized by a downstream electron accep-
tor in the electron transport system. If there is
a loop, it is doubtful that Aer, with only 300
copies per cell, can substantially alter the rate
of electrons through the electron transport
chain by diverting reducing equivalents. In
contrast, there are 1,500-3,000 copies of the
ATP synthase per cell (38). As the binding of
FAD to the Aer protein is labile in isolated Aer
protein, the possibility cannot be excluded that
there is a dynamic interaction between Aer and
cytosolic FAD (10).

It is likely that oxidation/reduction of FAD
triggers a conformational change that switches
the Aer PAS domain from an inactive to an ac-
tive form. Under conditions of limiting oxygen,
it is expected that the FAD in Aer would be
fully reduced (FADH;), and this would elicit a
repellent (tumbling) response. Oxidation to
FAD would then generate an attractant
(smooth) response. However, the simplest two-
state model does not account for data showing
a smooth response when the electron donor
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glycerol is added to cells that have been starved
for a carbon source, nor does it account for the
tumbling redox taxis response to quinone oxi-
dants (8). In the two-state model, glycerol
should increase the reduction of the electron
transport system and of Aer(FAD), generating
a tumbling response. Quinones should increase
the oxidation of the transport system and of
Aer(FADH;), generating a smooth response
(Fig. 2). A three-state model is consistent with
the data whereby the fully oxidized (FAD) and
reduced (FADH,) states of Aer signal a tum-
bling response and the semiquinone form of
Aer(FADH?®) generates a smooth response (49).
In this model, a fully functional electron trans-
port chain maintains the cofactor in the semi-
quinone form and Aer in a nonsignaling
(smooth) conformation, whereas an impaired,
non—-energy-producing  electron transport
chain that is deficient in a source of reducing
equivalents (e.g., NADH) or electron acceptors
would fully oxidize or fully reduce the FAD in
Aer and generate a signaling (tumbling) con-
formation in Aer. This model is consistent with
the available data at this time, but direct
demonstration of the effects of FAD oxidation
and reduction are essential before such a model
is proven.

The signal from the N-terminal PAS domain
of Aer is transmitted to the C-terminal highly
conserved domain. The highly conserved do-
mains of Aer and bacterial chemoreceptors, in
conjunction with the CheW docking protein,
form a ternary complex with the input module
of the CheA sensor kinase (2, 37, 44). CheA is
autophosphorylated by ATP at a conserved his-
tidine residue, and the highly conserved do-
main of the receptor modulates the autophos-
phorylation rate in the ternary complex (Fig. 4).
The phosphoryl group is rapidly transferred
from the CheA transmitter module to an as-
partate residue in the receiver domain of the
response regulator CheY. Phosphorylated
CheY binds to the FliM switch protein on the
flagellar motors to change the direction of fla-
gellar rotation (5, 67). The end result of oxida-
tion or reduction of FAD in the Aer PAS do-
main is to decrease or increase, respectively, the
concentration of phosphorylated CheY, and
thereby to control the direction of rotation of
the flagellar motors.



874

CMm
NADH
Glycerol
& Control of
Flagellar Motor
CM _

| E—

FIG.4. Signal transduction sequence for the control of
flagellar rotation in aerotaxis in E. coli. A decrease in
electron transport is detected by the FAD-PAS domain of
Aer. The signal transmitted to the c-terminal signaling do-
main of Aer activates autophosphorylation of CheA, fol-
lowed by transphosphorylation to the CheY protein.
Phospho-CheY binds to the “switch” on the flagellar mo-
tor, causing counterclockwise rotation and tumbling. Ab-
breviations: A, W, Y, Z: Che A, CheW, CheY and CheZ
proteins, respectively; CM: cytoplasmic membrane; ETS:
electron transport system.

PAS RESIDUES THAT ARE CRITICAL
FOR SIGNALING

To explore how the redox state of the FAD
cofactor might change the conformation of the
PAS domain and generate a signal, we serially
replaced 42 residues in the PAS domain with
cysteine (49). Both conserved and noncon-
served residues were mutated. Conserved
residues are likely to be critical for the scaf-
folding that gives PAS domains their charac-
teristic aB-fold. Residues that are essential for
FAD binding and the signaling function of Aer
are more likely to be residues that are not con-
served in all PAS domains.

Mutations at Gly*?, Arg®, His®, Asp®,
Asp®, Trp”®, and Gly” eliminated all re-
sponses to changes in oxygen or redox, and the
Glu*” mutation eliminated >90% of the re-
sponse to an oxygen increase (49). Five of these
mutations are in conserved residues. Four of
the null mutations, replacement of Arg®’, His®,
Asp® and Asp®, also led to the loss of FAD
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binding (49). Residues Arg®’, His*®, and Asp®®
are variable residues in and near the putative
EF loop (Fig. 5). Other mutant Aer proteins
bound FAD with varying affinities. Further
mutagenesis studies on the putative FAD-bind-
ing amino acids showed that Arg®” could be re-
placed by a lysine, and Asp®® could be replaced
by glutamic acid without losing function. This
suggests that charge is important at these two
residues (49).

Mutation in Asn®*, Phe®, and Asn® trans-
mitted a constant signal-on (tumbling) bias
(49). Asn®* and Phe® are conserved residues,
and Asn® is a variable residue. Replacement of
Tyr!'! inverted signaling by the Aer transducer
so that positive stimuli produced negative sig-
nals and vice versa (49). It is clear from these re-
sults that cofactor binding and the active site
for signaling are centered around the EF loop
and the PAS core region (Fig. 5). This is simi-
lar to the PAS domain in PYP (45) and differs
from the PAS domain in the FixL protein, in
which cofactor interactions and signaling are
centered around the FG loop and F helix (23).
A structural model of the Aer PAS domain that
used the crystal structure of PYP as template
demonstrates the spatial relationships of the
mutated residues (Fig. 5). Most of the residues
that are involved in FAD binding and signal
transduction project into an internal pocket
that corresponds to the cofactor-binding site in
PYP. The EF loop forms one boundary of this
pocket. We propose that FAD is bound in the
pocket and that residues that interact with the
isoalloxazine ring of FAD transduce redox
changes in FAD into a conformational change
in the PAS domain. The latter conveys the aero-
taxis signal to the C-terminal domain of Aer.

Interaction between Try!'!! and the isoallox-
azine ring of FAD may modulate the midpoint
potential of FAD as this could provide an ex-
planation for the inverse aerotaxis responses
observed in the Y111C mutant (49). A range of
mutations in bacterial chemotaxis and aerotaxis
are known to cause inverse responses (for re-
views, see 33, 62). Possible mechanisms for the
inverse responses have been proposed. The in-
verted aerotactic response caused by the Y111C
mutation can be explained by our three-state
model for Aer signaling, if the Y111C mutation
shifts the redox potential of the FAD cofactor


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152665037&iName=master.img-004.jpg&w=239&h=214

AN FAD-PAS DOMAIN SENSOR FOR BEHAVIORAL RESPONSES

875

7"}5—“ASp60

—

FIG. 5.

Predicted topology of important residues in Aer PAS domain. A model of the Aer PAS domain showing

the orientation of 12 important residues. Side chains of residues that are required for Aer signaling as well as FAD
binding, and Tyr'!!, are filled as white. Side chains of other residues that altered signaling are filled as gray. Adapted

with permission from (49).

so that it is in the fully oxidized quinone form
during maximal rates of electron transport. A
reductive shift in the electron transport system
that would normally shift the semiquinone
FADH' to the quinol state and produce a re-
pellent signal will now shift the FAD quinone
to the semiquinone state and produce an at-
tractant signal (49).

INTERDOMAIN INTERACTIONS

The cytoplasmic N-terminal and c-terminal
domains in Aer are separated by a span of 38
hydrophobic amino acids (residues 167-204)
that form the hairpin loop in the membrane.
The signal that is generated by a conforma-
tional change in the FAD-PAS domain could be
transmitted to the signaling domain through

the transmembrane segment or by physical in-
teraction of the PAS and signaling domains.
Current evidence suggests that the two do-
mains of Aer are in contact with each other. We
prepared a series of constructs that included
the PAS domain and increasing segments of
Aer that are C-terminal to the PAS domain. The
“soluble” constructs formed a large complex
(>800 kDa) under native conditions with the
GroEL chaperone (S. Herrmann, Q. Ma, M.
Johnson, and B. Taylor, unpublished observa-
tion). GroEL is a large (800 kDa) 14-mer pro-
tein that assists the proper folding of ~40% of
E. coli proteins. It encapsulates proteins that are
not correctly folded and allows exposed hy-
drophobic residues to unfold and reorient for
proper shielding before being released into the
aqueous environment. As the “soluble” Aer
constructs were not released, it is possible that
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hydrophobic residues are exposed to the out-
side in these truncated constructs, and that a
longer sequence is necessary for proper fold-
ing. Aer2-231 and Aer2-285, which include the
transmembrane domain and a partial or com-
plete HAMP domain, were released from
GroEL. We conclude that the HAMP domain
contains residues that interact with the N-ter-
minal domain and are required for proper fold-
ing. As Aer2-285, but not Aer2-231, bound
FAD, specific residues between residues 231
and 285 must be necessary for proper stabi-
lization of the PAS domain for FAD binding
(S. Herrmann, Q. Ma, M. Johnson, and B. Tay-
lor, unpublished observation; see also ref. 10).
Bibikov et al. designated the sequences that
connect the PAS domain and the carboxyl sig-
naling domains as the F; and F, domains, re-
spectively (10). They predicted that the F; and
F, (HAMP) domains directly or indirectly sta-
bilize the FAD-PAS binding pocket. FAD bind-
ing in the Aer PAS domain is prevented not
only by truncating the HAMP domain, but also
by specific point mutations in the HAMP do-
main (10) (Q. Ma and B. Taylor, unpublished
observation). Taken together, the data are con-
sistent with a model whereby communication
between the N- and C-termini occurs through
the HAMP domain.

SUMMARY

Internal sensors: a paradigm shift in
signal transduction

Sensory receptors with FAD-PAS domains
constitute a novel class of flavoproteins. Inves-
tigation of the role of the FAD-PAS domain in
the aerotaxis transducer, Aer, demonstrated
that Aer is an internal sensor that monitors in-
ternal energy levels in E. coli. In silico studies
revealed that the Aer protein is a prototype of
a superfamily of PAS domain proteins that
sense the internal environment of cells rather
than the external milieu sensed by other sen-
sory receptors. PAS domain proteins are
broadly represented in the phylogenetic tree,
but the greatest progress in understanding
their sensory transduction mechanism hasbeen
in investigation of microbial and plant sensors.

TAYLOR ET AL.

The FAD-PAS domain of the Aer protein ap-
parently senses cellular energy levels by sens-
ing redox changes in the electron transport sys-
tem. This provides E. coli with a more versatile
sensory response than a system that sensed
oxygen per se. As a consequence of this, E. coli
is able to sense not only hypoxia, but any other
unfavorable conditions that impair the activity
of the electron transport system. Other organ-
isms use similar sensory mechanisms to main-
tain optimal energy levels. It is more common,
however, for energy-sensing mechanisms to be
linked to transcriptional control of proteins for
anaerobic metabolism than to a behavioral re-
sponse.

The Aer protein has two cyloptasmic do-
mains that are anchored to the membrane. The
FAD-PAS domain is proposed to undergo re-
dox changes that reflect the redox state of the
electron transport system. Residues have been
identified in the PAS domain that are critical
for FAD binding and for signaling. Of particu-
lar interest are cysteine-replacement mutations
that lock the FAD-PAS domain in a signal-on
conformation and Y111C, which inverts the sig-
naling response so that an attractant signal elic-
its a repellent response and vice versa.

The linker region, formally renamed the
HAMP domain, is a newly recognized signal
transduction domain that is essential for signal
transduction in a family of sensory proteins, in-
cluding Aer and chemotaxis receptors. Current
evidence suggests that the aerotaxis signal is
transmitted from the PAS domain to the car-
boxyl signaling domain in Aer via a pro-
tein—protein interaction between the PAS (or
F1) domain and the HAMP domain. As a re-
sult, the carboxyl signaling domain regulates
the chemotaxis phosphorylation cascade in re-
sponse to oxidation or reduction of the FAD-
PAS domain.

ACKNOWLEDGMENTS

We thank Qinhong Ma, Sarah Herrmann,
Igor Zhulin, and Francis Roy for communicat-
ing results prior to publication. Critical read-
ing of the manuscript and helpful suggestions
by Qinhong Ma and Jessica Edwards are also



AN FAD-PAS DOMAIN SENSOR FOR BEHAVIORAL RESPONSES

appreciated. Work in the authors’ laboratory
was supported by a grant from the National In-
stitute of General Medical Sciences (GM29481
to B.L.T.).

ABBREVIATIONS

Aer, aerotaxis and energy responses; FAD,
flavin adenine dinucleotide; FMN, flavin
mononucleotide; HAMP, histidine kinases,
aadenylyl cyclases, methyl-accepting chemo-
taxis proteins, and phosphatases; NADH,
nicotinamide adenine dinucleotide; PAS, PER-
ARNT-SIM superfamily; PYP, photoactive yel-
low protein.

REFERENCES

1. Ames P and Parkinson JS. Transmembrane signaling
by bacterial chemoreceptors: E. coli transducers with
locked signal output. Cell 55: 817-826, 1988.

2. Appleby JL, Parkinson ]S, and Bourret RB. Signal
transduction via the multistep phosphorelay: not nec-
essarily a road less traveled. Cell 86: 845-848, 1996.

3. Aravind L and Ponting CP. The cytoplasmic helical
linker domain of receptor histidine kinase and
methyl-accepting proteins is common to many
prokaryotic signalling proteins. FEAMS Aiczobiol Lot

12

13.

14.

15.

16.

17.

18.

19.

20.

877

. Blakemore RP. Magnetotactic bacteria. Auny Rey Mi-
crobiol 36: 217-238, 1982.

Borgstahl GE, Williams DR, and Getzoff ED. 1.4 A
structure of photoactive yellow protein, a cytosolic
photoreceptor: unusual fold, active site, and chro-
mophore. Biochemistry 34: 62786287, 1995.

Bourret RB, Borkovich KA, and Simon MI. Signal
transduction pathways involving protein phosphory-
lation in prokaryotes. Auuu Rep Biochew 60: 401441,
1991.

Butler SL and Falke JJ. Cysteine and disulfide scan-
ning reveals two amphiphilic helices in the linker re-
gion of the aspartate chemoreceptor. Biochemistry 37:
10746-10756, 1998.

Christie JM, Salomon M, Nozue K, Wada M, and
Briggs WR. LOV (light, oxygen, or voltage) domains
of the blue-light photoreceptor phototropin (nphl):
binding sites for the chromophore flavin mononu-
cleotide. RegeNatldcad SiLLS 4 96: 8779-8783,1999.
Clayton RK. Patterns of accumulation resulting from
taxes and changes in motility of micro-organisms.
Arch Microbiol 27: 311-319, 1957.

Delgado-Nixon VM, Gonzalez G, and Gilles-Gonza-
lez MA. Dos, a heme-binding PAS protein from Esch-
erichia coli, is a direct oxygen sensor. Biochemistry 39:
2685-2691, 2000.

Engelmann TW. Neue Methode zur Untersuchung
der Sauerstoffausscheidung pflanzlicher und tieris-
cher Organismen. Riigtiintickntttiiiicnllsaial 75
285-292, 1881.

Frankel RB, Bazylinski DA, Johnson MS, and Taylor
BL. Magneto-aerotaxis in marine coccoid bacteria. Bio-
phys [ 73: 994-1000, 1997.

176: 111-116, 1999.

4. Baracchini O and Sherris JC. The chemotactic effect of
oxygen on bacteria. [ Pgthiol Bacteriol 77: 565-574,1959.

5. Barak R and Eisenbach M. Regulation of interaction
between signaling protein cheY and flagellar motor
during bacterial chemotaxis. Quzz Ton Coll Reowl 34:
137-158, 1996.

6. Bauer CE, Elsen S, and Bird TH. Mechanisms for re-
dox control of gene expression. Ay Rep Microhiol 53:
495-523, 1999.

7. Beijerinck MW. Ueber Atmungsfiguren beweglicher
Bakterien. Zentrabl Bakteriol Parasitenkd 14: 827-845,
1893.

8. Bespalov VA, Zhulin IB, and Taylor BL. Behavioral
responses of Escherichia coli to changes in redox po-
tential. Rrac Natl Acgd Scill o A 93:10084-10089,1996.

9. Bibikov SI, Biran R, Rudd KE, and Parkinson JS. A

signal transducer for aerotaxis in Escherichia coli. | Bac-

teriol 179: 4075-4079, 1997.

Bibikov SI, Barnes LA, Gitin Y, and Parkinson JS. Do-

main organization and flavin adenine dinucleotide-

binding determinants in the aerotaxis signal trans-
ducer Aer of Escherichia coli. Dl et ity

97: 5830-5835, 2000.

Blakemore R. Magnetotactic bacteria. Science 190:

377-379, 1975.

10.

11.

21.

22.

23.

24.

25.

Genick UK, Borgstahl GE, Ng K, Ren Z, Pradervand
C, Burke PM, Srajer V, Teng TY, Schildkamp W,
McRee DE, Moffat K, and Getzoff ED. Structure of a
protein photocycle intermediate by millisecond time-
resolved crystallography. Science 275: 1471-1475,
1997.

Gilles-Gonzalez MA, Ditta GS, and Helinski DR. A
haemoprotein with kinase activity encoded by the
oxygen sensor of Rhizobium meliloti. Nature 350:
170-172, 1991.

Gong W, Hao B, Mansy SS, Gonzalez G, Gilles-Gon-
zalez MA, and Chan MK. Structure of a biological
oxygen sensor: a new mechanism for heme-driven
signal transduction. RigeellatdctdeSeillated 95:
15177-15182, 1998.

Grishanin RN, Chalmina II, and Zhulin IB. Behaviour
of Azospirillum brasilense in a spatial gradient of oxy-
gen and in a ‘redox’ gradient of an artificial electron
acceptor. | Gen Microbiol 137: 2781-2785, 1991.
Harold FM and Maloney PC. Energy transduction by
ion currents. In: Escherichia coli and Salmonella: Cellu-
lar and Molecular Biology, edited by Neidhardt FC,
Curtiss R III, Ingraham JL, Lin ECC, Low KB, Maga-
sanik B, Reznikoff WS, Riley M, Schaechter M, and
Umbarger HE. Washington, D.C.: ASM Press, 1996,
pp- 283-306.



878

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hidalgo E, Ding H, and Demple B. Redox signal trans-
duction via iron-sulfur clusters in the SoxR tran-
scription activator. Jyguds Bigchem Sci 22: 207-210,
1997.

Hill S, Austin S, Eydmann T, Jones T, and Dixon R.
Azobacter vinelandii NIFL is a flavoprotein that mod-
ulates transcriptional activation of nitrogen-fixation
genes via a redox-sensitive switch. Prog Natl Acad Sci
US A 93:2143-2148,1996.

Hou S, Larsen RW, Boudko D, Riley CW, Karatan E,
Zimmer M, Ordal GW, and Alam M. Myoglobin-like
aerotaxis transducers in Archaea and Bacteria. Nature
403: 540-544, 2000.

International Union of Biochemistry. Enzyme Nomen-
clature, Recommendations 1984. Orlando, FL: Academic
Press, 1984.

Jasuja R, Lin Y, Trentham DR, and Khan S. Response
tuning in bacterial chemotaxis. Regc Natl Acgd ScillS
A 96: 11346-11351, 1999.

Johnson MS and Taylor BL. Comparison of methods
for specific depletion of ATP in Salmonella typhimur-
ium. Al lupieu Mickahigl 59: 3509-3512, 1993.
Johnson MS, Zhulin IB, Gapuzan MR, and Taylor BL.
Oxygen-dependent growth of the obligate anaerobe
Desulfovibrio vulgaris Hildenborough. [ Bacteriol 179:
5598-5601, 1997.

Jung K-H and Spudich JL. Suppressor mutation anal-
ysis of the sensory rhodopsin-I transducer complex:
insights into the color-sensing mechanism. [ Bacteriol
180: 20332042, 1998.

Kim KK, Yokota H, and Kim SH. Four-helical-bundle
structure of the cytoplasmic domain of a serine
chemotaxis receptor. Nature 400: 787-792, 1999.
Laszlo DJ and Taylor BL. Aerotaxis in Salmonella ty-
phimurium: role of electron transport. [ Bacteriol 145:
990-1001, 1981.

Laszlo DJ, Niwano M, Goral WW, and Taylor BL.
Bacillus cereus electron transport and proton motive
force during aerotaxis. [ Bacteriol 159: 820-824, 1984.
Liu J and Parkinson JS. Genetic evidence for interac-
tion between Che W and Tsr proteins during
chemoreceptor signaling by Escherichia coli. [ Bacteriol
173: 49414951, 1991.

Maloney PC. Coupling to an energized membrane:
role of ion-motive gradients in the transduction of
metabolic energy. In: Escherichia coliand Salmonella Ty-
phimurium: Cellular and Molecular Biology, edited by
Neidhardt FC, Ingraham JL, Low KB, Magasanik B,
Schaechter M, and Umbarger HE. Washington, D.C.:
ASM Press, 1987, pp. 222-243.

Morais Cabral JH, Lee A, Cohen SL, Chait BT, Li M,
and MacKinnon R. Crystal structure and functional
analysis of the HERG potassium channel N terminus:
a eukaryotic PAS domain. Cell 95: 649655, 1998.
Nichols NN and Harwood CS. An aerotaxis trans-
ducer gene from Pseudomonas putida. EEMS Microbiol
Lett 182: 177-183, 2000.

Nixon BT, Ronson CW, and Ausubel FM. Two-com-
ponent regulatory systems responsive to environ-
mental stimuli share strongly conserved domains

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

TAYLOR ET AL.

with the nitrogen assimilation regulatory genes ntrB
and ntrC. Rrge Natl Acgd S Ll A 83: 7850-7854,1986.
Ottemann KM, Xiao W, Shin YK, and Koshland DE
Jr. A piston model for transmembrane signaling of the
aspartate receptor [see comments]. Science 285:
1751-1754, 1999.

Park H, Saha SK, and Inouye M. Two-domain recon-
stitution of a functional protein histidine kinase. Proc
Nat] Acad C-i 1] S A 95: 6728-6732, 1998.

Parkinson JS. Signal transduction schemes of bacte-
ria. Cell 73: 857-871, 1993.

Pellequer JL, Wager-Smith KA, Kay SA, and Getzoff
ED. Photoactive yellow protein: a structural proto-
type for the three-dimensional fold of the PAS do-
main superfamily. Rugeeh gttt bt 95:
5884-5890, 1998.

Pfeffer W. Locomotorische richtungsbewegungen
durch chemische rieze. Beri Dtsch Bot Ges 1: 524-533,
1883.

Ponting CP and Aravind L. PAS: a multifunctional
domain family comes to light [letter]. Curr Biol 7:
R674-R677,1997.

Rebbapragada A, Johnson MS, Harding GP, Zuccha-
relli AJ, Fletcher HM, Zhulin IB, and Taylor BL. The
Aer protein and the serine chemoreceptor Tsr inde-
pendently sense intracellular energy levels and trans-
duce oxygen, redox, and energy signals for Escherichia
colibehavior. Rrge NatLAcgd Scillo A 94:10541-10546,
1997.

Repik A, Rebbapragada A, Johnson MS, Haznedar JO,
Zhulin IB, and Taylor BL. PAS domain residues in-
volved in signal transduction by the Aer redox sen-
sor of Escherichia coli. Mol Microbiol 36: 806-816, 2000.
Rowsell EH, Smith JM, Wolfe A, and Taylor BL.
CheA, CheW, and CheY are required for chemotaxis
to oxygen and sugars of the phosphotransferase sys-
tem in Escherichia coli. [ Bacteriol 177: 6011-6014, 1995.
Salomon M, Christie JM, Knieb E, Lempert U, and
Briggs WR. Photochemical and mutational analysis of
the FMN-binding domains of the plant blue light re-
ceptor, phototropin. Biochemistry 39: 9401-9410, 2000.
Schmitz RA. NifL of Klebsiella pneumoniae carries an
N-terminally bound FAD cofactor, which is not di-
rectly required for the inhibitory function of NifL.
EEMS Microhigl Tott 157: 313-318, 1997.

Segall JE, Manson MD, and Berg HC. Signal process-
ing times in bacterial chemotaxis. Nature 296: 855-857,
1982.

Seligman L, Bailey J, and Manoil C. Sequences deter-
mining the cytoplasmic localization of a chemorecep-
tor domain. [ Bacteriol 177: 23152320, 1995.

Sen CK. Cellular thiols and redox-regulated signal
transduction. Cyzz Top Cell Reou] 36: 1-30, 2000.
Shioi J-I and Taylor BL. Oxygen taxis and proton mo-
tive force in Salmonella typhimurium. [ Biol Chem 259:
10983-10988, 1984.

Shioi J, Dang CV, and Taylor BL. Oxygen as attrac-
tant and repellent in bacterial chemotaxis. | Bacteriol
169: 3118-3123, 1987.

Shioi J, Tribhuwan RC, Berg ST, and Taylor BL. Sig-




AN FAD-PAS DOMAIN SENSOR FOR BEHAVIORAL RESPONSES

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

nal transduction in chemotaxis to oxygen in Esche-
richia coli and Salmonella typhimurium. [ Bacteriol 170:
5507-5511, 1988.

Stock JB, Ninfa AJ, and Stock AM. Protein phospho-
rylation and regulation of adaptive responses in bac-
teria. Microbiol Rey 53: 450490, 1989.

Taylor BL. How do bacteria find the optimal concen-
tration of oxygen? Lreuds Biocken Sci 8: 438-441,1983.
Taylor BL. Role of proton motive force in sensory
transduction in bacteria. Aguy Reg AMicrohigl 37:
551-573, 1983.

Taylor BL and Johnson MS. Rewiring a receptor: neg-
ative output from positive input. FEBS Lett 425:
377-381, 1998.

Taylor BL and Zhulin IB. In search of higher energy:
metabolism-dependent behaviour in bacteria. Mol Mi-
crobiol 28: 683-690, 1998.

Taylor BL and Zhulin IB. PAS domains: internal sen-
sors of oxygen, redox potential, and light. Microbiol
Mol Biol Rey 63: 479-506, 1999.

Taylor BL, Miller JB, Warrick HM, and Koshland DE
Jr. Electron acceptor taxis and blue light effect on bac-
terial chemotaxis. [ Bacteriol 140: 567-573, 1979.
Taylor BL, Zhulin IB, and Johnson MS. Aerotaxis and
other energy-sensing behavior in bacteria. Annu Rev
Microbiol 53: 103-128, 1999.

Welch M, Oosawa K, Aizawa S-I, and Eisenbach M.
Phosphorylation-dependent binding of a signal mol-
ecule to the flagellar switch of bacteria. Proc Natl Acad
Sci U S A 90: 8787-8791, 1993.

Williams SB and Stewart V. Functional similarities
among two-component sensors and methyl-accepting
chemotaxis proteins suggest a role for linker region

69.

70.

71.

72.

73.

879

amphipathic helices in transmembrane signal trans-
duction. Mol Microbiol 33: 1093-1102, 1999.

Wong LS, Johnson MS, Zhulin IB, and Taylor BL. Role
of methylation in aerotaxis in Bacillus subtilis. [ Bacte-
riol 177: 3985-3991, 1995.

Zhulin IB and Taylor BL. Chemotaxis in plant-asso-
ciated bacteria: the search for the ecological niche. In:
Azospirillum VI and Related Microorganisms, edited by
Fendrik I. Berlin: Springer-Verlag, 1995, pp. 451-459.
Zhulin IB and Taylor BL. Correlation of PAS domains
with electron transport-associated proteins in com-
pletely sequenced microbial genomes. Mol Microbiol
29:1522-1523, 1998.

Zhulin IB, Bespalov VA, Johnson MS, and Taylor BL.
Oxygen taxis and proton motive force in Azospirillum
brasilense. [ Bacteriol 178: 5199-5204, 1996.

Zhulin IB, Taylor BL, and Dixon R. PAS domain S-
boxes in Archaea, Bacteria and sensors for oxygen and

redox. Tzends Biochemw Sci 22: 331-333, 1997.

Address reprint requests to:
Barry L. Taylor, Ph.D.
Department of Microbiology and
Molecular Genetics

Loma Linda University

Loma Linda, CA 92350

E-mail: bltaylor@univ .llu.edu

Received for publication October 18, 2000; ac-
cepted February 25, 2001.



Thisarticle has been cited by:

1.Lin Z. Li. 2012. Imaging mitochondrial redox potential and its possible link to tumor metastatic
potential. Journal of Bioenergetics and Biomembranes . [ CrossRef]

2. Hitomi Sawai, Hiroshi Sugimoto, Y oshitsugu Shiro, Haruto Ishikawa, Y asuhisa Mizutani, Shigetoshi
Aono. 2012. Structural basis for oxygen sensing and signal transduction of the heme-based sensor
protein Aer2 from Pseudomonas aeruginosa. Chemical Communications 48:52, 6523. [ CrossRef]

3. Tobias Schweinitzer, Christine Josenhans. 2010. Bacterial energy taxis: aglobal strategy?. Archives of
Microbiology 192:7, 507-520. [ CrossRef]

4. Giovambattista Pani, Tommaso Galeotti, Paola Chiarugi. 2010. Metastasis: cancer cell’s escape from
oxidative stress. Cancer and Metastasis Reviews 29:2, 351-378. [ CrossRef]

5.YaWen He, Lian-Hui Zhang. 2008. Quorum sensing and virulence regulation in Xanthomonas
campestris. FEMS Microbiology Reviews, ahead of print080616221443484-?7?. [ CrossRef]

6.Barry L. Taylor. 2007. Aer on the inside looking out: paradigm for a PASPHAMP role in sensing
oxygen, redox and energy. Molecular Microbiology 65:6, 1415-1424. [ CrossRef]

7. Amanda S. Hakemian, Amy C. Rosenzweig. 2007. The Biochemistry of Methane Oxidation. Annual
Review of Biochemistry 76:1, 223-241. [ CrossRef]

8. NahlaM. Mansour, Mrinalini Sawhney, Dorjee G. Tamang, Christian Vogl, Milton H. Saier. 2007. The
bile/arsenite/riboflavin transporter (BART) superfamily. FEBS Journal 274:3, 612-629. [ CrossRef]

9. JessicaC. Edwards, Mark S. Johnson, Barry L. Taylor. 2006. Differentiation between el ectron transport
sensing and proton motive force sensing by the Aer and Tsr receptors for aerotaxis. Molecular
Microbiology 62:3, 823-837. [ CrossRef]

10. Victoria Shingler. 2003. Integrated regulation in response to aromatic compounds: from signal sensing
to attractive behaviour. Environmental Microbiology 5:12, 1226-1241. [ CrossRef]

11. Chiara Cirelli. 2003. Searching for sleep mutants of Drosophila melanogaster. BioEssays 25:10,
940-949. [CrossRef]

12. Judith P. Armitage, Charles J. Dorman, Klaas Hellingwerf, Rudiger Schmitt, David Summers, Barry
Holland. 2003. Thinking and decision making, bacteria style: Bacterial Neural Networks, Obernai,
France, 7th-12th June 2002. Molecular Microbiology 47:2, 583-593. [ CrossRef]


http://dx.doi.org/10.1007/s10863-012-9469-5
http://dx.doi.org/10.1039/c2cc32549g
http://dx.doi.org/10.1007/s00203-010-0575-7
http://dx.doi.org/10.1007/s10555-010-9225-4
http://dx.doi.org/10.1111/j.1574-6976.2008.00120.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05889.x
http://dx.doi.org/10.1146/annurev.biochem.76.061505.175355
http://dx.doi.org/10.1111/j.1742-4658.2006.05627.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05411.x
http://dx.doi.org/10.1111/j.1462-2920.2003.00472.x
http://dx.doi.org/10.1002/bies.10333
http://dx.doi.org/10.1046/j.1365-2958.2003.03324.x

