JOURNAL OF BACTERIOLOGY, Mar. 2006, p. 2154-2162
0021-9193/06/$08.004+0 doi:10.1128/JB.188.6.2154-2162.2006

Vol. 188, No. 6

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Function of the N-Terminal Cap of the PAS Domain in Signaling

by the Aerotaxis Receptor Aer

Kylie J. Watts, i Kirsten Sommer,{# Sheena L. Fry, Mark S. Johnson, and Barry L. Taylor*
Division of Microbiology and Molecular Genetics, Loma Linda University, Loma Linda, California 92350

Received 18 October 2005/Accepted 4 January 2006

Aer, the Escherichia coli receptor for behavioral responses to oxygen (aerotaxis), energy, and redox potential,
contains a PAS sensory-input domain. Within the PAS superfamily, the N-terminal segment (N-cap) is poorly
conserved and its role is not well understood. We investigated the role of the N-cap (residues 1 to 19) in the
Aer PAS domain by missense and truncation mutagenesis. Aer-PAS N-cap truncations and an Aer-M21P
substitution resulted in low cellular levels of the mutant proteins, suggesting that the N-terminal region was
important for stabilizing the structure of the PAS domain. The junction of the N-cap and PAS core was critical
for signaling in Aer. Mutations and truncations in the sequence encoding residues 15 to 21 introduced a range
of phenotypes, including defects in FAD binding, constant tumbling motility, and an inverse response in which
E. coli cells migrated away from oxygen concentrations to which they are normally attracted. The proximity of
two N-cap regions in an Aer dimer was assessed in vivo by oxidatively cross-linking serial cysteine substitu-
tions. Cross-linking of several cysteine replacements at 23°C was attenuated at 10°C, indicating contact was not
at a stable dimer interface but required lateral mobility. We observed large multimers of Aer when we
combined cross-linking of N-cap residues with a cysteine replacement that cross-links exclusively at the Aer
dimer interface. This suggests that the PAS N-cap faces outwards in a dimer and that PAS-PAS contacts can

occur between adjacent dimers.

Motile bacteria migrate to nutrient-rich environments by
suppressing directional changes (tumbling) when swimming
toward a favorable environment. The receptor responsible for
oxygen sensing in Escherichia coli, Aer, is a membrane-bound,
homodimeric flavoprotein that is believed to respond to the
redox state of the electron transport chain and signal this status
to the two-component chemotaxis cascade that ultimately con-
trols flagellar rotation (6, 48). Each monomer of Aer contains
a cytosolic PAS domain that is connected by an F1 domain to
a membrane anchor consisting of two transmembrane se-
quences and a short periplasmic loop (3). The second trans-
membrane sequence is linked to the signaling region of the
protein by a HAMP domain (4, 37). The PAS (an acronym of
Per-Arnt-Sim) domain is of particular interest because it is a
cytoplasmic sensor and a member of the PAS superfamily of
sensors found in all kingdoms of life (10, 53, 62; http://smart
.embl-heidelberg.de/). PAS domains are sensory input modules
that sense light, oxygen, redox potential, energy, and voltage,
bind small ligands, and participate in protein-protein interac-
tions (53).

Although sequence identity is low in the PAS superfamily
(53), the three-dimensional structures of PAS domains are
highly conserved (60), suggesting that common mechanisms
may be used for signaling. Three-dimensional crystal structures
have been resolved for one or more of the PAS domains from
the Ectothiorhodospira halophila blue light receptor chro-
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mophore 4-hydroxycinnamoyl (PYP) (7, 46), the related Ppr-
PYP domain from Rhodospirillum centenum (47), the human
HERG voltage-dependent potassium channel (41), the Phy3
LOV2 domain from Adiantum (11), the oxygen-receptor FixL
from Bradyrhizobium japonicum (19-21) and Rhizobium
meliloti (40), the phosphodiesterase Ec DOS from E. coli (33),
and the Drosophila PERIOD protein (58). In addition, the
structures of the PAS domains from human PAS kinase (2)
and the transcription factor HIF-2a (15) have been deter-
mined by nuclear magnetic resonance. The common structural
features of these resolved PAS domains, as well as those pre-
dicted for other PAS domains, include (i) an N-terminal cap,
(ii) a PAS core, (iii) a helical linker that connects the PAS core
to the B-scaffold, and (iv) the B-scaffold (Fig. 1). The overall
architecture has been described as a left-handed glove that can
enclose a cofactor (60). The specificity of a PAS domain for a
sensory input signal is determined partly by its associated
cofactor. Currently identified PAS cofactors include the PYP,
heme (FixL, Ec DOS), FMN (LOV2), and FAD (Aer, NifL)
(6, 11, 19-21, 24, 33, 40, 46, 48, 50). Some PAS domains also
appear to function without a cofactor (HERG, HIF-2«, and
PERIOD). Signal transduction is presumably initiated by a
change in the state of the cofactor that alters local interactions
in the binding cleft of the PAS domain. These changes are
transmitted to, and amplified in, other regions of the protein
(for an example, see reference 18).

This laboratory has undertaken investigations of the sensory
transduction pathway used by the PAS domain of the Aer
protein. Residues important for FAD binding, signaling, and
structural integrity have been identified (23, 49, 57). A model
for FAD sensing was proposed in which the fully oxidized
(FAD) and fully reduced (FADH,) forms of FAD activate
CheA autophosphorylation and initiate a clockwise (CW) sig-
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Aer PAS N-cap

FIG. 1. Space-filled model of the Aer-PAS N-cap (residues 1 to 19)
mapped onto the ribbon backbone of the Aer-PAS domain (49).

nal (tumbling) (49). The semiquinone form of FAD (FADH-)
is thought to inhibit CheA autophosphorylation, resulting in a
counterclockwise (CCW) rotational signal that suppresses
tumbling (49).

To date, the N-terminal cap (N-cap) region of the Aer-PAS
domain (residues 1 to 19) (Fig. 1), as well as the N-cap regions
of other PAS domains, has not been extensively explored. The
N-cap is the least conserved region among PAS domains, and
early alignments of PAS domains omitted the N-cap sequence
because of its variability (53). The three-dimensional structure
of the PYP PAS domain is similar in the presence (7, 46) or
absence (55) of its N-cap, although the PYP N-cap plays a role
in signaling (9, 22), as do the PAS N-cap regions from HERG
(41), Ec DOS (33), and Streptococcus pneumoniae MicB (14).
There is, however, no current consensus on a specific role for
the N-cap region from different PAS proteins. The purpose of
the present study was to investigate the role of the PAS N-cap
in Aer function. We demonstrate that the Aer-PAS N-cap is
important for signaling and projects outward, away from the
Aer dimer interface.

MATERIALS AND METHODS

Bacterial strains and plasmids. Plasmids containing mutated aer genes were
expressed in strain BT3388 (Aaer:erm Atsr-7021 Atar-tap-5201 trg::Tn10) (59),
BT3312 (Aaer-1 Atsr-7028I) (49), or BT3400 (Aaer-1 Atsr-7028 recA::catl) (56).
These strains were derived from E. coli RP437, which is the wild type (WT) for
chemotaxis (45). Bacteria were grown at 30°C in Luria-Bertani medium (13)
supplemented with 0.5 wg ml~! thiamine.

The pGH1 and pMB1 plasmids were used as templates to mutate the aer gene.
The pGHI plasmid is a pTrc99A derivative expressing WT Aer under the control
of an IPTG (isopropyl-B-D-thiogalactopyranoside)-inducible p,,. promoter (48).
The pMBI1 plasmid was constructed by removing the 1.17-kb Smal-Sall fragment
from pGH1 (encompassing Aer residues 116 to 506) and replacing it with the
Smal-Sall fragment from a construct encoding nondisruptive replacements for
the three native cysteines of Aer (C193S, C203A, and C253A) (38). The pDS7
plasmid expresses WT Aer from pACYC184 (8), using a tightly regulated sodium
salicylate-inducible promoter (p,,.;,¢;) (56). This construct contains a p15A rep-
lication origin, allowing coexpression of genes with pTrc99A-derived plasmids.

Mutagenesis. Codons 5 to 21 of the aer gene were mutated to all possible
codons in pGH1, using PfuTurbo (Stratagene, La Jolla, Calif.) and degenerate
primers that were created using an equimolar mix of all four nucleotides at each
codon. The Aer-PAS substitution S28G was introduced into several mutant Aer
proteins by site-directed mutagenesis of the aer gene, using specific primers (57).
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We introduced cysteine codons in place of aer codons 4 to 22 in pMBI, using
PfuTurbo and primers specific for each cysteine replacement. The primers were
constructed as described in the QuikChange site-directed mutagenesis kit (Strat-
agene). An additional cysteine replacement, A184C (located in the membrane
region of Aer), was introduced into the constructs expressing Aer-H4C and
Aer-P5C and into pMB1 by the same method.

Four N-terminal Aer truncations, with deletions of residues 1 through 6, 1
through 14, 1 through 19, or 1 through 24, were created by PCR of pGH1, using
primers complementary to the Ncol site at pTrc99A nucleotide 265 (Aer7NcolF,
Aer15NcolF, Aer20NcolF, and Aer25NcolF), each paired with a primer con-
taining an engineered Sall site (Aer506SallR). The AerNcolF primers incorpo-
rated a start codon, followed by the codon for either residue 7, 15, 20, or 25, while
the Aer506SalIR primer included residue 506, followed by the normal stop
codon of Aer. It was necessary to add a glycine codon (ggc) before codon 20 in
the Aer20NcolF primer, since position one of the triplet had to be guanine. PCR
products were digested with Ncol and Sall and ligated to the 4.14-kb Ncol-Sall
fragment of pTrc99A. The expression of full-length and truncated Aer proteins
was verified by chemiluminescent Western blotting, using anti-Aer,_; 4, antisera
(49). The expected mutations and/or truncations were confirmed for all con-
structs by DNA sequencing.

Phenotypic screening. Mutant Aer proteins that did not support aerotaxis were
identified by their effects on the behavior of BT3388 cells on tryptone semisoft
agar containing 50 pg ml~! ampicillin and 20 pM to 1 mM IPTG and on BT3312
cells on 30 mM succinate semisoft agar containing 50 pg ml~! ampicillin and 0
to 1 mM IPTG. The response of BT3388 and BT3312 mutants to oxygen in a gas
perfusion chamber was examined after induction with 200 uM IPTG or with 1
mM IPTG if no response was observed, as described previously (48). The induc-
tion levels required for an aerotactic response in the gas perfusion chamber were
higher than those required for swarming. This may reflect the larger stimulus that
is required for the temporal assay of aerotaxis. Phenotypes were determined by
evaluating swimming patterns with video microscopy.

Dominance testing. To test for dominant behavior, mutant aer constructs were
cotransformed with pDS7 into BT3400 cells. Cotransformants were selected on
Luria-Bertani agar containing 100 wg ml~! ampicillin and 15 pg ml~! tetracy-
cline and transferred to 30 mM succinate semisoft agar containing 50 pug ml™!
ampicillin and 7.5 pg ml~ " tetracycline. Sodium salicylate (0.5 wM or 1 pM) and
IPTG (between 0 and 0.6 mM) were also included in the semisoft agar in a series
of titrations to vary plasmid induction levels. Induction levels that produced
approximately 1:1 expression ratios were determined by Western blotting. Rel-
evant mutant constructs were also transformed into BT3400 and tested individ-
ually for their aerotactic ability.

Measurement of total cellular FAD. Total cellular FAD was extracted from
BT3312 cells and measured by the modifications of Keppler et al. (29) and
Hinkkanen and Decker (25), respectively. Cells (4 ml) from late log phase were
harvested, resuspended in 300 pl of ice-cold 0.6 N perchloric acid to extract
cellular FAD, and centrifuged at 5,000 X g for 10 min. The supernatant was
transferred to a tube containing 42 mg of sodium bicarbonate. This brought the
pH to approximately 8.2, precipitated the perchlorate, and left the FAD in the
soluble fraction. After centrifugation at 5,000 X g for 10 min, the supernatant was
removed and stored in the dark at —20°C until assayed. Stock solutions of
horseradish peroxidase (0.8 mg - ml~'; Sigma, St. Louis, Mo.), p-alanine (1.12 M;
Sigma), and apo-p-amino acid oxidase (apo-DAAO; 1 mg - ml™'; Calzyme, San
Luis Obispo, Calif.) were prepared in 0.1 M sodium phosphate (pH 7.0). Lumi-
nol (3.75 mM; Sigma) was dissolved by vortexing in 0.1 M sodium bicarbonate-
0.1 M NaCl (pH 9.2) (reaction buffer). For FAD determination, 3 wl of cell
extract was added to 750 pl of a prereaction mixture containing 23 mM D-
alanine, 7.5 g horseradish peroxidase, and 25 wM luminol. Triplicate 200-ul
aliquots for each sample were transferred to a 96-well plate, and the reaction was
initiated by 5 pl of 50 pg ml~! (250 ng per well) apo-DAAO. Luminescence was
counted for 0.1 s every 60 s to 90 s (depending on the number of wells being
counted) for 60 min in a Biolumat luminometer (Berthold, Germany) at 37°C.
Peak luminometric readings (approximately 27 min) were plotted on a standard
curve of FAD standards ranging from 20 fmol to 6,000 fmol. Ratios of the FAD
levels from cells induced with 1 mM IPTG to those measured in uninduced
samples were used to assess FAD binding.

Cysteine cross-linking. Cysteine cross-linking was performed for 10 min at
23°C in intact BT3388 cells induced with 50 uM IPTG, using the oxidant copper
phenanthroline as described previously (26, 38). Western blots of cross-linked
Aer products were quantified on an Alpha Innotech digital imaging system.
Rates of cross-linking at 23°C were determined in time courses performed over
15 min. Individual cysteine mutants that produced the most-substantial dimer
formation were also cross-linked for 20 min at 10°C to differentiate stable from
transient interactions. Aer proteins with a cysteine replacement in the PAS
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FIG. 2. Domain organization of the Aer protein showing residue substitutions, N-terminal deletions, and associated phenotypes. All missense
mutations, except for T12C, were identified by mutagenesis of pGH1. Aer-T12C was identified during cysteine substitution experiments. Mutant
Aer proteins that were phenotypically rescued in the Aaer Atsr strain BT3312 are indicated in roman type, while mutant proteins that were not
phenotypically rescued are underlined and italicized. An asterisk (Aer[20-506]*) indicates that a glycine codon was added before codon 20 in this
construct, as explained in Materials and Methods. The phenotypes listed indicate behavior in a temporal oxygen gradient for the receptorless strain
BT3388, expressing the mutant Aer proteins. Abbreviations: TM, transmembrane domain; PS, proximal signaling region; HCD, highly conserved

domain.

domain and an A184C substitution were cross-linked in BT3312 cells at 23°C for
30 min to differentiate cross-linking within dimers from cross-linking between
adjacent dimers.

RESULTS

Mutagenesis of the Aer-PAS N-cap. We studied the behavior
of Aer mutants generated by site-directed mutagenesis of
codons 5 to 21 of the aer gene, which encode most of the N-cap
(residues 1 to 19) and two residues from the PAS core (20 and
21). This region was mutated to all possible codons using
degenerate primers, each containing a codon synthesized from
an equimolar mix of all four nucleotides. Plasmids containing
mutated aer genes were introduced into a receptorless E. coli
strain (BT3388) that lacked all five chemoreceptors (Aer, Tsr,
Tar, Tap, and Trg). Transformants were screened for a loss of
aerotactic function on tryptone semisoft agar containing 20
wM IPTG. Mutants with an abnormal phenotype on semisoft
agar were then tested for the presence of full-length Aer pro-
tein by Western blotting. As a result of the selection procedure
used, we did not obtain a mutation frequency; however, 300
colonies, on average, were screened for each mutated codon.
From these analyses, we identified 19 unique Aer mutants that
were nonaerotactic and which formed cylinder-shaped colonies
lacking an aerotactic ring at their edges (Fig. 2 and 3A). These

mutants remained nonaerotactic when IPTG concentrations
were varied from 20 uM to 1 mM in swarm plates, differenti-
ating true null aerotaxis phenotypes from simple deficiencies in
Aer expression.

In a temporal assay, receptorless E. coli expressing WT Aer
from pGH1 swam smoothly (CCW rotation) in response to an
oxygen increase and tumbled (CW rotation) in response to an
oxygen decrease. Control cells transformed with a vector alone
(pTrc99A) retained a constant smooth swimming (CCW rota-
tion) phenotype in response to oxygen increases and decreases.
The 19 Aer mutants displayed four distinct aerotaxis pheno-
types in a temporal oxygen gradient: (i) smooth swimming (no
response), (i) constant tumbling (signal locked on CW rota-
tion), (iii) increased tumbling frequency (CW biased), and (iv)
inverse response (bacteria were repelled by oxygen instead of
attracted to it; i.e., a CCW signal elicited a CW response) (Fig.
2). Cells expressing mutant proteins that caused increased
tumbling frequency responded correctly to an increase or de-
crease in oxygen, demonstrating signal processing by those
mutant proteins. Inverse mutants tumbled in response to an
oxygen increase and under steady-state aerobic conditions but
swam smoothly in response to an oxygen decrease. Mutants
designated as constantly tumbling, on the other hand, remained
tumbling in response to an oxygen increase or decrease and
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FIG. 3. Aecrotaxis elicited by Aer missense mutants in the recep-
torless E. coli strain BT3388 (A and B) or the Aaer Atsr strain BT3312
(C and D). (A and B) Taxis on tryptone semisoft agar by Aer mutants
in the receptorless strain induced with 20 uM IPTG after incubation at
30°C for 14 h (A), or 19 h (B). (A) Examples of Aer missense mutants
demonstrating the different phenotypes observed. Upper row: WT
Aer, plasmid vector pTrc99A, Aer-L20K (smooth swimming). Bottom
row: Aer-L14H (increased tumbling frequency), Aer-L20C (constant
tumbling), Aer-T19K (inverse response). (B) Enlargements showing
details of the fuzzy, cotton ball edges produced by the constant tum-
bling of Aer-L20C in comparison with the more-regular edges of other
nonaerotactic mutants such as Aer-L14H. (C and D) Aerotaxis on
succinate semisoft agar by Aer mutants in the Aaer Atsr strain after
incubation at 30°C for 17 h. (C) Aer missense mutants from panel A.
(D) Aer-T19S and Aer-M218S.

T19K

under steady-state aerobic conditions. They produced non-
aerotactic swarms with fuzzy, “cotton ball” edges, unlike the
more-even edges of other nonaerotactic mutants (see example
in Fig. 3B).

Plasmids encoding mutant Aer proteins that elicited aberrant
phenotypes in the receptorless strain (BT3388) were transformed
into a Aaer Atsr strain (BT3312), which expresses the Tar, Trg,
and Tap chemoreceptors. On 30 mM succinate semisoft agar
without induction, 12 of the 19 mutant proteins were phenotypi-
cally rescued in the Aaer Atsr strain (Fig. 2 and 3C and D). The
majority of these were aerotactic superswarmers, with a swarm
diameter at least 1.3-fold larger than that generated by pGH1
in the Aaer Atsr strain (Fig. 3D, lower panel). The mechanism
for superswarming is unknown, although Aer expression levels
can affect swarm size. For instance, when WT Aer is expressed
from pGHI to concentrations above the uninduced “leaky”
expression level, there is a decrease in the size of swarms.
However, when superswarming mutants were coexpressed with
WT Aer from a compatible plasmid, the colony swarm size still
increased, indicating that the substitution in the Aer protein,
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and not the expression level, caused the phenotype (data not
shown).

Seven of the mutant Aer proteins did not resurrect aerotaxis
in the Aaer Atsr strain (Table 1 and Fig. 3C), suggesting that
the associated mutations caused more-serious defects than the
mutations that were rescued in this strain. One of these Aer
proteins had a conservative substitution (L20C), a second con-
tained a hydrophobic to polar substitution (L20T), while the
other five mutants were the result of charged amino acid or
proline substitutions (L20K, M21D, M21P, T19K, and T19R).
The Aer-M21P construct expressed only 20% the amount of
WT Aer protein (as expressed from pGH1), while the other
mutant proteins expressed 50% to 90% as well as the WT
(Table 1). When expression of these mutant Aer proteins was
induced with IPTG concentrations between 20 uM and 1 mM,
none supported aerotaxis on succinate semisoft agar. The in-
dividual phenotype orchestrated by each of the mutants in a
temporal oxygen gradient was identical in both the Aaer Atsr
strain and the receptorless strain. In addition, Aer-L20K, Aer-
M21D, and Aer-M21P remained nonfunctional in temporal
assays when they were induced with 1 mM IPTG.

To determine whether the seven Aer missense mutants af-
fected interactions within dimers or larger signaling units, we
tested for phenotypic dominance by coexpressing the mutant
proteins with WT Aer, where WT expression was induced from
a tightly regulated p,,.,, promoter in pDS7. We introduced
plasmids into a recA derivative of the Aaer Atsr strain (BT3400)
and determined the concentrations of sodium salicylate (WT
Aer) and IPTG (Aer mutants) that induced a WT:mutant
expression ratio of approximately 1:1 for each combination.
Under these conditions, the Aer-L20K allele was dominant
and spoiled aerotaxis signaling by WT Aer. Aer-M21D and
Aer-M21P were partially dominant (Table 1): in both cases the
colonies swarmed, but an aerotactic ring was absent. In com-

TABLE 1. Characteristics of mutant Aer proteins in the
Aaer Atsr strain BT3312

Aer Aer FAD ratio
Phenotype” S p Dominance® (induced:
mutant stability . 4
uninduced)
L20K  No response (smooth) +/—= Dominant 1.04 = 0.09
M21D  No response (smooth) +/— Partially dominant ~ 1.01 *+ 0.06
M21P  No response (smooth) - Partially dominant  0.92 = 0.08
L20C  Constantly tumbling + Recessive 1.66 * 0.16
T19K Inverse response +/—= Recessive 1.19 = 0.15
T19R  Inverse response +/— Recessive 1.14 = 0.11
L20T  Inverse response +/= Recessive 1.06 = 0.15

“ Phenotypes were determined in a temporal oxygen gradient after induction
with 200 uM IPTG.

® Stability was estimated from the cellular concentration of mutant Aer pro-
teins relative to the concentration of pGHI-expressed WT Aer protein. —,
unstable, 20% or less of the amount of pGH1-expressed Aer; +/—, intermediate
stability, 50% to 75% of the amount of pGH1-expressed Aer; +, stable, 76% to
100% of the amount of pGH1-expressed Aer.

¢ Phenotypic dominance was tested by coexpressing the mutant Aer proteins
with WT Aer in a recA derivative of BT3312 (BT3400), as described in the text.

4 Ratios of FAD concentrations in whole cells before and after induction of
Aer with 1 mM IPTG. Averages and standard deviations were derived from the
results of 3 to 5 independent experiments. The ratio for WT Aer (as expressed
from pGH1) was 1.64 = 0.09, compared to 0.99 = 0.05 for the plasmid vector
pTrc99A. For the various Aer mutants, a ratio of less than 1.2 indicates that the
mutant Aer protein did not bind FAD.
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parison with the null aerotaxis mutants, the CW-locked and
inverse Aer mutants were recessive alleles and had no effect on
aerotaxis directed by WT Aer proteins (Table 1).

Truncation of the Aer-PAS N-cap. We examined the ability
of Aer mutants with N-terminal truncations to support aero-
taxis. Three of the truncations lacked part or all of the PAS
N-cap; the fourth truncation lacked the entire N-cap and five
PAS core residues (Fig. 2). The four truncated Aer proteins
were significantly unstable; steady-state cellular levels ranged
from 5% to 20% of pGH1-expressed WT Aer, suggesting that
the N-cap might stabilize the structure of the Aer PAS domain.
When the truncated Aer mutants were expressed in the recep-
torless strain, only Aer[7-506] supported aerotaxis on tryptone
semisoft agar, although induction with 100 pM IPTG was
required. The other truncation mutants did not support aero-
taxis when expressed in the presence of IPTG concentrations
up to 1 mM. When expressed in Aaer Atsr cells on succinate
semisoft agar, Aer[7-506] and Aer[15-506] supported aerotac-
tic superswarming, while cells with the larger truncations
(Aer[20-506] and Aer[25-506]) remained nonaerotactic at all
levels of IPTG induction (up to 1 mM).

When expressing Aer[25-506], neither strain showed a
response to a temporal oxygen gradient. Similarly, when
Aer[20-506] was expressed, there was no response to a tem-
poral oxygen gradient in the receptorless strain, but there
was a weak inverse response in the Aaer Atsr strain. This
response consisted of a weak, smooth-swimming response
when oxygen was decreased and increased tumbling (al-
though not constant tumbling) under steady-state aerobic
conditions. This phenotypic difference between strains may
reflect the smooth-swimming bias of the receptorless strain.
Unlike Aer[20-506], Aer[15-506] caused a strong inverse
response in the receptorless strain, while Aer[7-506] allowed
cells to respond normally to an oxygen increase or decrease
but caused increased tumbling under steady-state aerobic
conditions. This bias did not prevent aerotaxis directed by
Aer[7-506] on tryptone swarm plates under the conditions
used for these assays (200 uM IPTG).

FAD binding by the mutant Aer proteins. The level of FAD
bound to Aer was determined by measuring total cellular FAD
extracted from Aaer Atsr cells before and after overexpression
of Aer. FAD levels were quantified by the ability of extracts to
resurrect apo-DAAO activity (25, 29). There were several ad-
vantages of this method over the one described previously (5,
49). The new protocol did not require fractionation or extrac-
tion of membranes, there was minimal loss of FAD during
sample preparation, and femtomol sensitivity eliminated the
requirement for large culture volumes. However, the method
did require Aer to increase total cellular FAD enough above
background levels to be resolved. Since a single Aaer Atsr cell
expressed approximately 30,000 copies of FAD (55 wM; data
not shown), a 20% rise in total FAD required some 6,000
copies of Aer monomers to be expressed, assuming 1:1 stoi-
chiometry. Using this method, six of the seven proteins that
contained missense mutations and that did not support aero-
taxis in Aaer Atsr cells did not appear to bind FAD compared
to the WT Aer and vector controls (Table 1). The FAD-
binding defect of Aer-L20K, Aer-M21D, and Aer-M21P ex-
plains their lack of response in temporal assays. However,
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conclusions cannot be drawn for Aer-M21P, since the cellular
concentration of this Aer mutant was very low.

The mutant Aer proteins associated with an inverse tempo-
ral response, Aer-T19K, Aer-T19R, and Aer-L20T, likewise
appeared to have defective FAD binding (Table 1). These
mutant proteins were present at no lower than 50% the con-
centration of WT Aer as expressed from pGHI1. This should
have yielded induced to uninduced ratios of at least 1.3 had
they bound FAD with affinity similar to that of WT Aer (in-
duced to uninduced ratio, 1.6). Since Aer apparently requires
FAD to switch between CW- and CCW-signaling states, it is
likely the mutant Aer proteins that elicit an inverse response
bind FAD. However, they may have a lower FAD-binding
affinity that resulted in less FAD sequestered and therefore
lower total FAD concentrations in the cell. The constantly
tumbling mutant Aer-L20C, which bound FAD to an extent
similar to that of WT Aer, is assumed to have a normal affinity
for FAD (Table 1).

Second-site suppressor analysis. The Aer-S28G nonspecific
suppressor functionally resurrects FAD binding and aerotaxis
to many Aer-F1 and Aer-HAMP mutants (57; M. Kang, M. S.
Johnson, and B. L. Taylor, unpublished data). When the S28G
missense mutation was introduced into the Aer-L20K, Aer-
M21D, and Aer-M21P constructs, it did not resurrect function.
This suggests that the type of conformational changes induced
by substitutions in Aer residues 20 and 21 are different from
the type of conformational changes induced by F1 or HAMP
mutants.

Cross-linking the Aer-PAS N-cap to determine orientation
and proximity. Codons 4 to 22 of the aer gene were serially
mutated to encode cysteine in a construct that encoded sub-
stitutions at the three native cysteine sites of Aer (C193S,
C203A, and C253A [pMB1]). The single-cysteine replacements
did not affect aerotaxis, with the exception of Aer-T12C and
Aer-L20C, which were nonaerotactic in the receptorless strain
(Fig. 2) and were therefore excluded from the cross-linking
experiments.

We investigated the orientation of the N-terminal regions
from two PAS domains in an Aer dimer by attempting to
cross-link cysteine replacements. Cross-linking was assessed by
disulfide formation after whole cells were treated with the
oxidant copper phenanthroline. Overall, the extent of cross-
linking at 23°C was low, although 12 of 17 residues formed
disulfide bonds, indicating that the N terminus of two mono-
mers can collide (Fig. 4). The highest level of cross-linking was
observed for Aer-H4C and Aer-P5C (18% and 13.5% after 10
min, respectively) (Fig. 4A). At 10°C, Aer-H4C did not cross-
link and P5C showed a significant reduction in cross-linking
(Fig. 4A). In contrast, Aer-A184C, which cross-links exclu-
sively at the dimer interface in the membrane region, formed
extensive disulfide bonds at 23°C (3) and at 10°C (49% after 20
min). Since 10°C is below the lipid phase transition tempera-
ture of E. coli membranes (18°C) (44), the higher level of
cross-linking observed at 23°C for Aer-H4C and Aer-P5C sug-
gests that N-cap cross-linking depends upon random collisions
from lateral movement in the membrane bilayer rather than
stable structural proximity. The remaining N-cap residues did
not cross-link, or they cross-linked weakly at 23°C (<10% after
10 min). Cross-linked N-cap dimers migrated during sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, with an ap-
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FIG. 4. Invivo disulfide bond formation between N-cap residues of cognate Aer-PAS domains. Disulfide bond formation was determined after
exposing intact cells to copper phenanthroline as described in the text. (A) Percentage of specified cysteine replacements that formed disulfide
bonds in the receptorless strain after 10 min at 23°C (black bars), or after 20 min at 10°C (shaded region). Averages were derived from the results
of 2 to 4 independent experiments, and error bars indicate the standard deviations from the means. (B) Western blots of cross-linked Aer proteins.
Cellular proteins were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Aer was visualized by chemiluminescent
Western blotting, using anti-Aer,_, ¢ antisera. Cross-linked N-cap dimers (N-N') were approximately 10-kDa smaller than cross-linked WT Aer
(which cross-links at C253 and C203) or Aer-A184C (TM-TM'). The double-cysteine mutants Aer-H4C/A184C and Aer-P5SC/A184C cross-linked
to form higher-order products, which may represent tetramers (M,) and hexamers (M) of Aer. A 37-kDa proteolytic fragment of Aer (F) was often
present (38); this fragment dimerized with a full-length Aer monomer (M) to yield two faint bands (M-F) generated from single disulfide bonds
at A184C or an N-Cap cysteine. Protein standards are on the left (Precision Plus, Bio-Rad). (C) Rates of Aer-H4C and Aer-P5C cross-linking over
15 min. After determining that a 10-min exposure to oxidant was in the linear range for disulfide formation, we subsequently used 10 min for

fixed-time assays at 23°C.

parent size approximately 10-kDa smaller than cross-linked
WT Aer, which cross-links at C253 and C203 (38) (Fig. 4B).

Cross-linking to differentiate interactions within and be-
tween dimers. To determine whether cross-linking of the Aer
N-cap occurs within or between Aer dimers, Aer-A184C was
engineered into Aer-H4C and Aer-P5C. Evidence that Aer-
A184C cross-links exclusively within Aer dimers at the dimer
interface and not between adjacent dimers was derived from
experiments in which A184C was paired with other cysteine
substitutions known to form intra- and interdimeric disulfide
bonds. Dimers formed exclusively when A184C was paired
with cysteines that form intradimer cross-links, but higher-
order multimers were present when paired with cysteines
known to form interdimer cross-links (D. Amin, B. L. Taylor,
and M. S. Johnson, unpublished data).

Both Aer-H4C/A184C and Aer-P5C/A184C were aerotactic
in Aaer Atsr cells, although Aer-H4C/A184C was nonaerotactic
in the receptorless strain. Disulfide formation was assayed in
Aaer Atsr cells expressing these proteins. In this case, cells were
incubated with copper phenanthroline for 30 min, rather than
10 min, to enhance the formation of higher-order oligomers. If
Aer-H4C or Aer-P5C cross-linked exclusively within a dimer, the
highest complexes formed upon oxidation would be dimers. Mul-
timers of Aer would be possible only if these N-cap cysteines
could form disulfide bonds with neighboring dimers. Aer-H4C
and Aer-P5C each cross-linked to form approximately 11% more
dimers at 30 min than at 10 min (29 * 4.9% and 25 = 0.99%

dimers, respectively; compare with 10-min values in Fig. 4A), but
neither formed larger multimers. Similarly, Aer-A184C cross-
linked strongly to form a dimer at 30 min (53.5 = 5%), but did not
form larger multimers (Fig. 4B). On the other hand, cross-linking
of Aer-H4C/A184C or Aer-P5SC/A184C under the same condi-
tions produced bands on Western blots corresponding to dimers
and larger multimers that may correspond to tetramers and hex-
amers (Fig. 4B). Because A184C cross-links only within a dimer,
this indicates that Aer N-cap cross-linking can occur between sets
of adjacent dimers.

DISCUSSION

Function of the Aer-PAS N-cap. In this study, we examined
the function of Aer proteins containing substitutions or dele-
tions in the N-cap of the PAS domain. The findings suggest
that the N-cap is important for stabilizing the structure of the
PAS domain, perhaps by protecting the Aer-PAS core from
degradation. PAS N-cap truncations and an M21P substitution
(in full-length Aer) resulted in levels of mutant Aer proteins
that were less than 20% of pGH1-expressed WT Aer. Other
substitutions in the N-cap had less severe effects on Aer sta-
bility (Table 1).

The most common phenotype caused by missense mutations
in the N-cap region was frequent or constant tumbling. This
resulted from an increased CW bias of the flagellar motors
(39). Other aerotaxis phenotypes observed included null and
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inverse behavior. The null aerotaxis phenotype was associated
with a loss of FAD binding to mutant Aer proteins, suggesting
that the N terminus of Aer stabilizes FAD binding to the PAS
domain. The PAS N-cap regions from PYP and HERG play
similarly important roles in signaling. When part of the PAS
N-cap is removed from the PYP blue light receptor, the life-
time of the active form of PYP is markedly prolonged (27, 54).
Removing the PAS N-cap from the HERG voltage-dependent
potassium channel in humans severely affects the kinetics of
channel deactivation and is indistinguishable from the results
of deleting the entire HERG PAS domain (41). Aer N-cap
truncations disrupted function in a graded manner. Aer[7-506]
(Fig. 2) recovered function when overexpressed in the recep-
torless strain (BT3388). Aer[15-506] required the presence of
other chemoreceptors to function, and truncations lacking the
entire N-cap (Aer[20-506] and Aer[25-506] showed no func-
tion under any conditions tested.

Multiple and diverse mutations that convert aerotaxis and
chemotaxis signaling from a normal phenotype to an inverse
phenotype in which bacteria are repelled by ligands to which
they are normally attracted have been reported (12, 28, 30, 42,
43). Models to explain these phenotypes have been proposed
(28, 52). A suitable model that could account for the tumbling
and inverted phenotypes orchestrated by the Aer-sensing
(PAS) domain is a three-state model that was described pre-
viously (49). In this model, Aer normally cycles between the
semiquinone form (FADH-; CCW rotation; CheA is not acti-
vated) under aerobic conditions and the hydroquinone form
(FADH,; CW rotation; CheA is activated) under anaerobic
conditions. The fully oxidized quinone form (FAD; CW rota-
tion; CheA is activated) would be present under rare circum-
stances, such as during starvation (61) or at high oxygen con-
centrations (51). An inverted response could occur if a defect
in Aer stabilized the quinone form (FAD; CW signal) under
aerobic conditions and the semiquinone form (FADH-; CCW
signal) under anoxic conditions. A constantly tumbling behav-
ior could occur if the Aer defect stabilized the redox potential
in either the fully oxidized or fully reduced states.

Fourteen of the Aer mutants that elicited a negative aero-
taxis phenotype in the receptorless strain recovered aerotaxis
when they were expressed in the Aaer Atsr strain (BT3312),
which retains the Tar, Trg, and Tap receptors (Fig. 2). The
rescued mutants included all of those with an increased CW
bias except L20C. Rescue probably resulted from bias correc-
tion in the Aaer Atsr strain by the presence of Tar, which is
present in much higher abundance than either Trg or Tap (17,
35). In this scenario, the CW bias of Aer increases the con-
centration of phospho-CheA, and therefore phospho-CheB
methylesterase, which demethylates Tar, resulting in a con-
comitant decrease in CheA-P and a reduced CW bias of the
flagellar motors. Of particular interest is the rescue of the
inverse mutants, Aer-D17G, Aer-T19P, and Aer[15-506], by
expression in the Aaer Atsr strain. The mechanisms postulated
to explain inverse responses do not account for rescue of an
inverse mutation by correction of a signaling bias. However,
high-abundance chemoreceptors are known to promote polar
clustering of other low-abundance chemoreceptors (34, 36)
(and likely Aer), so it is possible that clustering in some way
stabilizes the native structure and function of Aer, despite
defects in the N-cap region.

J. BACTERIOL.

The mutant Aer proteins that did not support aerotaxis in
either of the host strains used are assumed to have more-
serious functional defects. There was a hot spot for these
mutations at the junction of the N-cap and the PAS core,
suggesting residues T19, L20, M21 (Fig. 2), and S22 (5) are
critical for Aer structure and/or signaling. Aer proteins with
substitutions at residues L20 or M21 affected FAD binding and
demonstrated dominant behavior (Table 1), suggesting that
the aberrant receptors disrupt both signaling and interactions
with neighboring subunits.

Analysis of the Aer-PAS N-cap by oxidative cross-linking.
Although the Aer protein forms homodimers (38), the orien-
tation of the Aer-PAS N-cap to the dimer interface had not
been examined. We investigated this relationship by oxidative
disulfide cross-linking of specific cysteine pairs that were engi-
neered into the Aer protein (for a review of cross-linking, see
reference 16). In addition, we examined the proximity of cog-
nate N-cap residues as a possible means of determining the
secondary structure, which is predicted to be a helix-loop-helix
(49). At 23°C, the extent of cross-linking between cognate
cysteine replacements showed periodicity, including local max-
ima corresponding to positions one and four of a heptad-
repeating pattern (Fig. 4A). Although this suggests that the
Aer-PAS N-cap might be helical, the low extent of cross-link-
ing at 10°C makes any structural prediction premature. The
crystal structures of other PAS domains showed that the N-cap
is a helix-turn-helix (or helical lariat) in PYP (7, 46), helical in
Ec DOS (33), and disordered in both FixL. and HERG (20, 41).
In the heme-binding E. coli DOS protein, the PAS N-cap
region is an integral part of a dimer interface, with several
residues providing dimer stabilization through hydrophobic in-
teractions (33).

In Aer, H4C and P5C cross-linked substantially at 23°C but
weakly at 10°C (Fig. 4A), which is below the lipid phase tran-
sition temperature of E. coli membranes (44). This indicates
that these residues require lateral movement of the Aer mem-
brane anchor to collide and are not in continuous contact, as
would be expected if the Aer N-cap was at the dimer interface
or at a contact domain between two dimers. We have recently
shown that Aer dimers, like E. coli chemoreceptors (1, 31, 32),
are organized as functional trimers of dimers (D. Amin, B. L.
Taylor, and M. S. Johnson, unpublished data). In this study, a
second cysteine replacement that cross-links exclusively within
a dimer (A184C) was engineered into several Aer N-cap cys-
teine mutants. Larger multimers formed when either Aer-
HA4C/A184C or Aer-P5C/A184C was cross-linked, indicating
the presence of cross-links at the dimer interface (A184C) as
well as between dimers (H4C or P5C). Similar results were also
observed when Aer-V260C (located in the proximal signaling
region) was paired with these N-cap cysteine mutants (data not
shown). These results suggest that the PAS N-cap faces out-
ward, away from the dimer interface, and that the N-caps from
two different dimers require lateral diffusion in the membrane
bilayer to collide. Whether there is another face of the PAS
domain that is involved in dimerization remains to be deter-
mined.
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