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The Aer receptor guides Escherichia coli to specific oxygen and energy-generating niches. The input sensor
in Aer is a flavin adenine dinucleotide-binding PAS domain, which is separated from a HAMP/signaling output
domain by two membrane-spanning segments that flank a short (four-amino-acid) periplasmic loop. In this
study, we determined the overall membrane organization of Aer by introducing combinations of residues that
allowed us to differentiate intradimeric collisions from interdimeric collisions. Collisions between proximal
residues in the membrane anchor were exclusively intra- or interdimeric but, with one exception, not both.
Cross-linking profiles were consistent, with a rigid rather than flexible periplasmic loop and a tilted TM2 helix
that crossed TM2' at residue V197C, near the center of the lipid bilayer. The periplasmic loop formed a stable
neighborhood that (i) included a maximum of three Aer dimers, (ii) did not swap neighbors over time, and (iii)
appeared to be constrained by interactions in the cytosolic signaling domain.

The aerotaxis (oxygen-seeking) receptor Aer senses environ-
mental oxygen levels indirectly by sensing changes in the redox
state of its flavin adenine dinucleotide (FAD) cofactor (12).
Unlike conventional Escherichia coli chemoreceptors, Aer (i)
has a cytosolic, FAD-binding PAS domain, (ii) exhibits meth-
ylation-independent adaptation (6, 25), (iii) lacks a periplasmic
ligand-binding domain (5, 31), and (iv) attaches to the mem-
brane through two membrane-spanning segments that flank a
four-amino-acid periplasmic loop (2). Conventional chemore-
ceptor dimers have a periplasmic ligand-binding domain that is
connected to the cytosolic signaling domain through two trans-
membrane (TM) segments (TM1 and TM2) per monomer.
These pairs of TM segments form a four-helix bundle, with
cognate TM1 and TM1' segments closer together than cognate
TM2 and TM2' segments (13, 18, 30). In response to chemoat-
tractants, which bind asymmetrically to a homodimer, the TM2
(or TM2') segment moves downward 1 to 2 A towards the
cytosol (see reference 13 and references therein). This move-
ment propagates to a conserved signaling domain some 200 A
away (38). The C-terminal signaling mechanism is likely shared
by the Aer receptor despite its unique features, because it
exhibits several hallmarks of conventional chemoreceptors, in-
cluding a HAMP domain (23), a conserved signaling domain
(5, 31), formation of dimers (24), and control of flagellar ro-
tation through the chemotaxis two-component system (7, 15,
17, 33, 39).

Although the ligand-binding and signaling unit of chemore-
ceptors is a dimer, receptors organize into larger squads con-
sisting of trimers of dimers (1, 21). These complexes may be
either homogeneous or mixed, and their purpose may be to
amplify the signal emanating from one dimer (1, 8, 11, 28).
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This organization also occurs in Aer, and, given the low copy
number of Aer, it is likely that nearly all Aer dimers in wild-
type cells form mixed trimers of dimers (14). This arrangement
not only helps amplify Aer signals but also appears to rescue
several signaling defects in Aer (14).

Previously, we measured disulfide cross-linking between 48
introduced cysteines to determine the basic membrane topol-
ogy and boundaries of the Aer receptor (2). In that study,
cysteine disulfide scanning revealed sparse cross-linking be-
tween monomers in the TM segments and no obvious period-
icity that would be expected for helix-helix interactions. In the
current study, we found a reasonable explanation for the pre-
vious data by differentiating intradimeric collisional faces from
interdimeric collisional faces. At expression levels of Aer that
were approximately the same as the sum of the levels for the
other chemoreceptors (50-fold above Aer chromosomal lev-
els), we identified cysteine replacements in the periplasmic/
membrane region of Aer that collided exclusively within
dimers and others that collided exclusively between Aer
dimers. We expanded the analysis to study the overall organi-
zation of the Aer receptor. The periplasmic/membrane anchor
region formed a stable neighborhood that included as many as,
but not more than, three dimers. However, the stability of this
region was controlled by cytosolic interactions in the signaling
domain, as Aer truncations missing this region had increased
degrees of freedom.

MATERIALS AND METHODS

Bacterial strains and plasmids. BT3312 (aer tsr) (32) and BT3388 (aer tsr tar
tap trg) (40) are derivatives of E. coli strain RP437, which is wild type for
aerotaxis (29). Plasmid pMB1 was derived from pGH1 and expresses a cysteine-
less Aer protein (2). Plasmid pGHI1 expresses wild-type Aer and was derived
from pTrc99A, an isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible ex-
pression vector (31).

Single cysteine replacements in Aer were made by site-directed mutagenesis using
pMBI as described previously (2). When necessary, these products were used as
templates to create double- and triple-cysteine replacements. All cysteine replace-
ment mutants were inoculated onto semisolid succinate motility plates containing
100 pg ml~! ampicillin to assess aerotactic behavior as described previously (12).
C-terminal truncations in Aer were created in pDA1 (Table 1) using PCR with a
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TABLE 1. Summary of plasmids and data

Plasmid Properties Cross-linked products® Source or reference
pTrc99A IPTG-inducible p,,. expression vector None Pharmacia
pGH1 pTrc99A Aer*[1-506] M2 31
pMBI1 pGH1 Aer[C193S/C293A/C253A] [Cys-less] None 2
pDA1 pMBI1 Aer[A184C/V187C] M2, M4, M6 This study
pDA2 pDA1 Aer g5 M2, M3, M4, M5, M6 This study
pDA3 pDA1 Aer, 4 M2, M3, M4, M5 This study
pDA4 pDAL1 Aer, 5y M2, M3, M4, M5 This study
pDAS pMBI1 Aer[A184C/V260C] M2 This study
pDAG6 pMBI1 Aer[V187C/V260C] M2, M4, M6 This study
pDA7 pMBI1 Aer[I1191C/A184C] M2, M4, M6 This study
pDAS pMBI1 Aer[I191C/V187C] M2 This study
pDA9 pMBI1 Aer[1191C/V260C] M2, M4, M6 This study
pDA10 pMBI1 Aer[1191C/V197C] M2, M4, M6 This study
pDAIl1 pMBI1 Aer[V197C/V187C] M2, M4, M6 This study
pDA12 pMB1 Aer[V197C/V260C] M2 This study
pDA13 pMBI1 Aer[V168C/A184C] M2, M4, M6 This study
pDA14 pMBI1 Aer[V168C/V187C] M2 This study
pDAI15 pMBI1 Aer[A185C/1191C] M2, M4, M6 This study
pDA16 pMB1 Aer[A185C/V260C] M2, M4, M6 This study
pDA17 pMBI1 Aer[P186C/1191C] M2, M4, M6 This study
pDA18 pMB1 Aer[P186C/V260C] M2 This study
pDA19 pMBI1 Aer[A184C/A377C] M2, M4, M6 This study
pDA20 pMBI1 Aer[A184C/A379C] M2, M4, M6 This study
pDA21 pMBI1 Aer[V187C/A379C] M2, M4, M6 This study
pDA22 pMBI1 Aer[A184C/G380C] M2, M4, M6 This study
pDA23 pMBI1 Aer[A184C/E381C] M2, M4, M6 This study
pDA24 pMBI1 Aer[A362C/A403C] M2, M4, M6 This study
pDA25 pMBI1 Aer[A184C/V187C/A377C] M2, M4, M6 This study
pDA26 pMBI1 Aer[A184C/V187C/A379C] M2, M4, M6 This study
pDA27 pMBI1 Aer[A184C/V187C/A362C] M2, M4, M6 This study
pDA28 pMBI1 Aer[A184C/V187C/E381C] M2, M4, M6 This study
pDA29 pMBI1 Aer[A184C/V187C/A403C] M2, M4, M6 This study

“ CuPhe-mediated patterns on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. M2, dimers; M3, trimers; M4, tetramers; M5, pentamers; M6,

hexamers.
> This Aer mutant did not mediate aerotaxis.

forward primer complementary to the Sphl site of pTrc99A nucleotide 2962 (pTrc-
SphIF) (36). This primer was paired with reverse primers Aer285SphIR (36),
Aer240SphIR, and Aer220SphIR (not shown) individually to amplify fragments of
aer and introduce a stop codon (UAA) after residues 285, 240, and 220, respectively,
followed by an engineered Sphl site. PCR products were digested with Sphl and
ligated to the 2.64-kb Sphl fragment of pDA1 to make the corresponding pDA2,
pDA3, and pDA4 plasmids (Table 1). BT3312 and/or BT3388 was transformed with
these plasmids, and expression was confirmed by Western blot analysis using antisera
against Hisg-Aer, 146 (32). The introduced mutations were confirmed by DNA
sequencing. Although FAD binding was not measured for truncated peptides, we
previously determined that Hiss-Aer, 535 bound FAD, whereas Hisg-Aer, 3, did not
(16). These data are consistent with the finding that all Aer peptides truncated prior
to residue 260 do not bind FAD (4).

In vivo cross-linking using copper phenanthroline. For in vivo cross-linking,
80 pl of cells was mixed with 80 pl of 0.6 mM Cu(II)-(1,10-phenanthroline)
(CuPhe), incubated at the desired temperature (4, 23, or 30°C) for various time
intervals (from 1 to 30 min), and quenched with 40 pl of 5X stop solution (2).
Samples were boiled for 5 min and placed on ice. For the zero-time control,
water was added in place of CuPhe and immediately quenched with stop solu-
tion. To confirm that free sulfhydryls were properly blocked by the stop solution,
a parallel control was treated with 2.5 mM N-ethylmaleimide (NEM) (Sigma, St.
Louis, MO) 10 min before the addition of CuPhe. Samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotted
as described previously (32). Aer was identified using antisera against Aer,_j46
under conditions where aer strains yielded no bands (2).

RESULTS

Interactions between periplasmic loops from different
dimers. We recently reported that the membrane anchor of

Aer has two TM segments (TM1 [residues 164 to 183] and
TM2 [residues 188 to 205]) that flank a short periplasmic loop
(residues 184 to 187) (2). From the previous study, it appeared
likely that the periplasmic loop was flexible and dynamic, be-
cause each periplasmic cysteine replacement cross-linked with
its cognate residue at 4°C (2), and “intradimeric” collisions
between four consecutive residues could not have occurred
unless the loop was highly flexible. However, it was also pos-
sible that one or more of these residues cross-linked with an
introduced cysteine from a different dimer. In this case the
loop might not need to be flexible for all residues to cross-link.
To differentiate intradimeric collisions from interdimeric col-
lisions in the periplasm, we chose a second residue in Aer that
is cytosolic and on the dimer interface and could therefore be
used as a reference for intradimeric collisions. The cysteine
replacement V260C is the strongest cross-linker in the Aer
segment between the TM2/HAMP boundary (residue 206) and
residue 290 in the signaling region of Aer (K. Watts, unpub-
lished observation). In cysteine scanning studies, oxidized
V260C cross-links rapidly in vivo and maps to the interface
within a dimer (K. Watts, unpublished data).

Using cystosolic V260C as a reference for intradimeric
cross-linking, we paired this residue with each of the four
cysteine replacements residing in the periplasmic loop. We first
tested the double-cysteine replacements Aer-A184C/V260C
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FIG. 1. Periplasmic cysteine replacement A184C, but not V187C,
collided exclusively within an Aer dimer. Both periplasmic residues
(A184C and V187C) were individually paired with V260C, which is on
the cytosolic dimer interface. Aer-A184C/V260C formed only dimers,
while Aer-V187C/V260C formed multimers. Plasmid-bearing BT3312
cells were incubated with 0.3 mM CuPhe at 23°C for 10 min (lane 10)
or 30 min (lane 30) before quenching with 2.5 mM (final concentra-
tion) NEM. Untreated cells were quenched immediately as a zero-time
control (lane C). Samples were run on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels under nonreducing conditions and
Western blotted as described in Materials and Methods. Abbrevia-
tions: F, an endogenously formed proteolytic fragment of Aer (24);
M1, full-length Aer monomer; F2, fragment dimer, which does not
form in Aer that lacks cysteines (C-less Aer); M-F, dimer between a
monomer and proteolytic fragment F; M2, Aer dimer; M4, Aer tet-
ramer; M6, Aer hexamer.

and Aer-V187C/V260C, since residues A184C and V187C are
the two strongest cross-linkers in the periplasmic loop (2). We
reasoned that dimers would form exclusively if both V260C
and the periplasmic cysteine cross-linked within a dimer but
that larger oligomers would form if the periplasmic cysteine
was able to cross-link between dimers. We expressed Aer-
A184C/V260C and Aer-V187C/V260C in BT3312 (aer tsr) and
verified that they orchestrated normal aerotaxis on succinate
motility plates. We then conducted disulfide cross-linking in
whole cells with the oxidant CuPhe. As shown in Fig. 1, Aer-
A184C/V260C formed dimers exclusively, whereas Aer-
V187C/V260C formed dimers and multimers when cells were
incubated for 30 min with CuPhe. If either A184C or V260C
were able to cross-link interdimerically, it is likely that we
would have observed multimers on Western blots, as both
residues are strong cross-linkers. Our interpretation is that
both A184C and V260C cross-link exclusively within a dimer.
In contrast, Aer-V187C/V260C formed multimers, indicating
that V187C must be able to cross-link between dimers. At this
point, however, we could not exclude the possibility that
V187C was also cross-linking within a dimer.

To determine the specificity of the other two periplasmic
cysteine replacements that formed disulfide bonds, we paired
A185C and P186C with V260C. Whereas Aer-P186C/V260C
formed dimers exclusively, Aer-A185C/V260 formed a small
amount (<10%) of multimers (data not shown). This indicated
that A185C, but not P186C, could collide and cross-link to
some extent with adjacent dimers.

Organization of the TM domain. The finding that periplas-
mic loop residues V187C and A185C can cross-link between
dimers provided a basis for interpreting the previous cross-
linking data for the membrane anchor region (2). In the pre-
vious study, TM2 cysteine residues 1191C and V197C were the
only cysteines introduced within TM2 that cross-linked be-
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tween cognate residues (2). This indicated that cognate TM2-
TM2' helices do not form parallel neighboring helices, because
cross-linking would have occurred with a characteristic period-
icity (22, 27). Instead, TM2 and TM2' helices may be tilted
relative to one another and intersect at V197C. If so, residues
I191C and V197C would not cross-link within the same dimer.

To test this model, we performed two sets of experiments
with double-cysteine replacements pairing either TM2 residue
V197C (in one set) or residue I191C (in the other set) with (i)
a residue at the dimer interface (periplasmic residue A184C or
proximal signaling residue V260C) or (ii) a residue capable of
cross-linking between dimers (periplasmic residue V187C).
These modified Aer proteins mediated normal behavior when
they were expressed in BT3312 (aer tsr) cells and assayed on
succinate motility plates. The cells expressing the Aer mutant
proteins were subjected to oxidative cross-linking at 23°C and
also at 30°C for 30 min. The higher temperature and longer
incubation time increased the number of collisions and there-
fore the probability of interdimeric cross-linking; approxi-
mately 1 in 10° cysteine-cysteine collisions are trapped as a
disulfide bond (10).

Figure 2A shows the cross-linking results for four represen-
tative double-cysteine combinations in Aer. Their approximate
positions, as well as those of other introduced cysteines, are
mapped in Fig. 2B. Dimers formed exclusively (Fig. 2A, panel
i) with oxidized Aer-V197C/V260C (or Aer-V197/A184C [data
not shown]), indicating that V197C cross-linked to the same
monomer as A184C and V260C (i.e., within a dimer). Consis-
tent with these results, Aer-V197C/V187C formed higher-or-
der multimers (Fig. 2A, panel ii), as one would expect if V197C
cross-linked within a dimer and V187C were able to cross-link
between dimers.

We paired 1191C, the other cross-linking residue in the TM2
region, with residue V260C (or A184C), which resides at the
dimer interface. Aer-1191C/V260C (or Aer-1191C/A184C
[data not shown]) cross-linked to form multimers (Fig. 2A,
panel iii), indicating that I191C (unlike V197C) can cross-link
between dimers. In contrast, Aer-1191C/V187C formed dimers
but no higher-order multimers (Fig. 2A, panel iv), indicating
that both 1191C and V187C cross-link exclusively between
dimers. From these data, we inferred that TM2 residues 1191C
and V197C have different collisional faces. This conclusion was
further supported by pairing 1191C with V197C; Aer-1191C/
V197C formed multimers (data not shown), like Aer-V197C/
V187C (Fig. 2A, panel ii), as expected. Among the periplasmic
loop residues, residue A185C was unique. It formed multimers
when it was paired with the interdimeric cross-linker 1191C,
indicating that it could cross-link both within and between
dimers (Table 1).

Using the same strategy, we determined that residue V168C,
which is near the cytosolic boundary of TM1, forms inter-
dimeric cross-links. Both Aer-V168C/A184C and Aer-V168C/
V260C formed multimers, but Aer-V168C/V187C formed
dimers exclusively (Table 1).

Periplasmic neighborhood can form stable hexamers. Al-
though the collisional specificity of residues in the periplasmic
loop was consistent with a structured loop, it was possible that
some flexibility was still required for intra- or interdimeric
contacts. If so, disulfide bond formation within dimers might
prevent subsequent cross-linking between dimers (or vice
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FIG. 2. Mapping inter- and intradimeric collisional faces in Aer dimers. (A) Representative Western blots demonstrating the strategy used to
differentiate intradimeric cross-linking from interdimeric cross-linking. Intact cells expressing Aer proteins with introduced cysteine residues were
treated with CuPhe for 30 min at 23°C (lane 23°) or 30°C (lane 30°) as described in the text. Lane C contained the control. (Panel i) Exclusive dimer
formation with oxidized Aer-V197C/V260C. (Panel ii) Multimer formation at 30°C with oxidized Aer-V197C/V187C. (Panel iii) Multimer
formation with oxidized Aer-1191C/V260C. (Panel iv) Exclusive dimer formation with oxidized Aer-I191C/V187C. Abbreviations are defined in the
legend to Fig. 1. (B) Cartoon of two unfolded and flattened Aer dimers summarizing collisional faces deduced from disulfides formed from
introduced cysteine residues. Abbreviations: I, exclusive intradimeric cross-linkers; X, exclusive extradimeric cross-linkers; I,X, intra- and extra-
dimeric cross-linker. All interpretations are based on the initial assumption that V260C in the cytosolic region cross-links within dimers.

versa). To address this question, we introduced two cysteine
replacements that reside on opposite faces of the periplasmic
loop. We chose residues A184C and V187C because they are
the strongest cross-linkers in the periplasmic loop and they
collide exclusively with different monomers. We expressed
Aer-A184C/V187C in BT3312 (aer tsr), confirmed that it or-
chestrated normal aerotaxis on succinate motility plates, and
initiated disulfide cross-linking in whole cells with CuPhe. As
shown in Fig. 3, Aer monomers cross-linked as dimers, tetram-
ers, and hexamers, indicating that neither of the periplasmic
disulfide bonds hindered cross-linking of the other. Notably,
multimers were trapped both at 23°C and at 4°C, which is
below the lipid phase transition temperature in E. coli (26). We
assumed that lateral mobility in the membrane was inhibited at
4°C, since several cysteine replacements that cross-link at 23°C
do not cross-link at 4°C (2). The percentages of total Aer
trapped in different forms at 23 and 4°C were similar
(Aer,_506[A184C/V187C] in Fig. 4C). A 25-min time course at
23°C (not shown) indicated that the reaction was complete at
1 min, suggesting that the local neighborhood was relatively
stable and dimers were not swapping neighbors.

Signaling region of Aer limits the movement of periplasmic
residues. Previous crystallographic (21) and disulfide trapping
studies (34) with chemoreceptors showed that the stability of
trimers of dimers is promoted by interdimeric contacts in the
signaling region. To test the influence of the signaling region
on periplasmic collisions in Aer, we constructed truncated de-
rivatives of Aer-A184C/V187C (Fig. 4A). These included (i)
Aer,_,45[A184C/V187C], which contains all of the HAMP and

proximal signaling region (23) and binds an FAD cofactor (16,
24); (ii) Aer,_,40[A184C/V187C], which lacks most of the AS-2
subdomain of the HAMP region (23, 37) and probably does
not bind FAD (4, 16) (see Materials and Methods); and (iii)
Aer,_,,0[A184C/V187C], which is truncated for all of the
HAMP-AS-2 region and does not bind FAD (16).

A184C/V187C
C 23°C 4°C
— +-M6
250kDa - . el 4
150kDa | | Mo
100kDa -
75kDa -]
50kDa - . L
-F

FIG. 3. Periplasmic loop forms a neighborhood of hexamers: West-
ern blot showing disulfide trapping of Aer monomers containing the
two cysteine replacements, A184C and V187C, located in the periplas-
mic loop. Intact cells expressing the mutant protein were incubated
without CuPhe (control) (lane C), with 0.3 mM CuPhe at 23°C for 10
min, or with 0.3 mM CuPhe at 4°C for 20 min before quenching with
2.5 mM (final concentration) NEM. Abbreviations are defined in the
legend to Fig. 1.
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FIG. 4. Cytosolic signaling domain limits the degrees of freedom in
the periplasmic neighborhood. (A) Cartoons representing the Aer-
A184C/V187C truncations used for this analysis. (B) Western blots
showing the distribution of multimers formed from truncations in
response to incubation with 0.3 mM CuPhe for 10 min at 23°C (lane
23°) and for 20 min at 4°C (lane 4°). Lane C contained control cells not
treated with CuPhe. (C) Percentage of total Aer-A184C/V187C
trapped in each multimeric state for each construct. The numbers in
M1 to M6 indicate the number of monomers trapped in each multi-
meric state. A dash indicates that the fraction of Aer in the form was
below the threshold for accurate quantitation.

Removing the signaling region (Aer,;_,qs[A184C/V187C])
changed the profile of the multimers so that it included trimers
and pentamers (Fig. 4B, panel iii, lane 23°) in addition to
dimers, tetramers, and hexamers. The odd-numbered com-
plexes must have contained un-cross-linked A184C residues,
unlike complexes from full-length Aer; 5,,[A184C/V187C],
which ostensibly formed dimers, tetramers, and hexamers ex-
clusively (Fig. 4B, panel iv). Thus, removing the signaling re-
gion must have increased the degrees of freedom for an Aer
monomer. Larger truncations in the C terminus that removed
part (Fig. 4B, panel ii) or all (Fig. 4B, panel i) of the HAMP-
AS-2 region decreased the proportion of trapped multimers,
particularly when trapping was measured at 4°C (Fig. 4b, pan-
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FIG. 5. Double combinations of introduced cysteine residues in
the periplasmic and cytosolic signaling region form hexamers.
Periplasmic residues A184C and V187C were individually paired
with A379C in the cytosolic signaling region. Whole cells expressing
Aer-A184C/A379C and Aer-V187C/A379C were treated with
CuPhe at 23°C as described in the legend to Fig. 1. The presence of
some dimer in the control lane of Aer-V187C/A379C (right panel) is
due to the air-oxidizable, periplasmic V187C (2). Thick lines in the
cartoons represent the proposed intra- and interdimeric cross-links
that comprise each band. (Hexamers were also trapped to different
extents when A184C or V187C was paired with other cysteines in the
signaling region [Table 1].)

els i and ii). At 23°C, hexamers were still evident for both
mutants, but the level was too low to accurately determine it.
Thus, the periplasmic neighborhood in Aer appears to be con-
strained by the signaling domain, but productive collisions also
require the HAMP domain.

Specificity of residues in the signaling loop of Aer. Aer, like
the other chemoreceptors in E. coli, forms homogeneous tri-
mers of dimers (1, 14, 21), as well as mixed receptor trimers of
dimers (1, 14). This multimeric structure is based on specific
interactions in the signaling region of the cytosolic domain (1,
14, 21). At its tip (residues 378 to 383), the signaling domain
has a helix-turn-helix structure (Fig. 2 and 4A). To compare
the interdimeric neighbors in the signaling region of Aer with
those in the periplasmic region, we first made double-cysteine
replacements that paired A184C in the periplasmic region with
a second introduced cysteine in the signaling region. The ra-
tionale was to fuse Aer dimers by oxidizing periplasmic residue
A184C and trap productive interdimeric collisions with the
other cysteine replacement in the signaling region. We made
single cysteine replacements at three sites near Aer residue
A379 (A377C, A379C, and E381C), which corresponds to Tar
residue A387C, which is known to cross-link (3). By them-
selves, the constructs with single cysteine replacements in the
signaling region dimerized to some extent within 10 min when
they were treated with CuPhe. When each of these cytosolic
cysteine replacements was paired with A184C in the periplas-
mic region, tetramers and hexamers were trapped by 0.3 mM
CuPhe treatment (Fig. 5, left panel). Although the efficiency of
oligomer formation was not equivalent, all three binary com-
binations showed some tetramer and hexamer formation. No
cross-linking was evident in the untreated cells or in cells that
had been pretreated for 10 min with 2.5 mM NEM to quench
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the CuPhe reaction (data not shown). Since A184C collides
exclusively within a dimer, each of these residues in the sig-
naling region must be able to collide to some extent with other
dimers.

To determine whether the interdimeric collisions in the sig-
naling domain corresponded to those observed for the
periplasmic domain, we paired each of the cytosolic cross-
linkers (A377C, A379C, and E381C) with the periplasmic in-
terdimeric cross-linker, V187C. We reasoned that only dimers
would form if the interdimeric collisions between the cysteine
replacements in the signaling region were similar to those
between dimers in the periplasmic region (between V187C,
and V187C,). However, when cells expressing Aer-V187C/
A379C (or V187C/A377C or V187C/E381C) were treated with
CuPhe, hexamers also formed (Fig. 5, right panel), indicating
that residues in the signaling region could cross-link with a
different subunit than the one cross-linked with periplasmic
V187C. This could mean that the signaling loop region, which
included residues A377C, A379C, and E381C, was flexible
enough to cross-link both within dimers (Fig. 5, right panel)
and between dimers (Fig. 5, left panel). Alternatively, and less
likely, the signaling region might interact with neighbors dif-
ferent from those in the periplasmic region.

Triple-cysteine combinations. Since the signaling region sta-
bilizes the periplasmic neighborhood of Aer (Fig. 4), it is likely
that hexameric neighbors in the two regions are identical.
However, if this were not the case, it should be possible to
cross-link aggregates larger than hexamers by strategic place-
ment of three cysteines in Aer. To test this possibility, we made
ternary combinations of cysteine replacements that included
replacements A184C and V187C in the periplasm and a single
cysteine replacement (A377C, A379C, or E381C) in the sig-
naling loop. If interdimeric periplasmic and cytosolic disulfide
bonds were joined to different groups of hexamers, a perpet-
uating polypeptide complex might develop. However, in all
cases, hexamers, but no higher multimers, were evident when
whole cells expressing any ternary combination of cysteines
were treated with the oxidant CuPhe at 23 and 30°C for 15 min
(Table 1). Although no higher-order complexes were evident,
it is conceivable that larger complexes formed but the percent-
age of multiple cross-linked aggregates was too low to be
resolved on Western blots.

DISCUSSION

The findings from this study expand our understanding of
how the membrane module of Aer is organized (2). The data
are consistent with a model in which the TM2 helix of one
monomer is angled relative to the TM2 helix of the cognate
monomer, so that TM2 and TM2' intersect at residue 197 near
the middle of the membrane (Fig. 6). The four-residue
periplasmic loop that connects TM1 and TM2 was the focal
point of an Aer neighborhood that included as many as three
Aer dimers (Fig. 3 and 6). Three of the four loop residues
collided uniquely within or between dimers, but not both.
Moreover, decreasing the flexibility of this loop by immobiliz-
ing one residue with a disulfide bond (A184C or V187C) did
not prevent cross-linking at the other end of the loop (Fig. 3)
(residue 184 is at the dimer interface, whereas residue 187 is at
an interdimer interface [Fig. 6]). The high specificity of
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FIG. 6. Cartoon showing the putative arrangement of the Aer
membrane anchor deduced from cysteine disulfide trapping. Although
drawn as three Aer dimers, the arrangement in native E. coli would
likely include one Aer dimer and two chemoreceptor dimers due to the
low copy number of Aer. Cysteine replacements, A184C in the
periplasmic loop (triangles) and V197C in TM2 (squares), cross-linked
exclusively within a dimer; V187C in the periplasmic loop (ovals) and
I191C in TM2 (rectangles) cross-linked exclusively between dimers.
The arrow indicates that left-most and right-most V187C residues
cross-link with each other.

periplasmic cross-linking indicates that the periplasmic loop is
more rigid than dynamic. Furthermore, residues A184C and
V187C are close to their cross-linking partners. At 23°C, Aer-
A184C/V187C formed tetramers and hexamers in a reaction
that was essentially complete within 1 min. The cross-linking
profile was nearly identical at 4°C (Fig. 3), a temperature well
below the lipid phase transition temperature of E. coli (26).

The size and extent of trapped multimers formed by Aer-
A184C/V187C did not change over time. This is consistent with
low turnover between dimeric neighbors in the periplasmic
neighborhood; if adjacent dimeric receptors had exchanged
neighbors, we would have expected an increase in the fraction
of cross-linked tetramers and hexamers during longer reaction
periods (up to 20 min). Trimer-of-dimer stability was previ-
ously demonstrated in the signaling region, where trimer-of-
dimer units combine with CheA and CheW to form a signaling
team that does not exchange partners (35).

The assignment of intra- and interdimeric collisions was
based on pairings with V260C, which is positioned at the dimer
interface of the cytosolic, proximal signaling region. The evi-
dence for this comes from cysteine cross-linking studies in our
laboratory (K. Watts, unpublished observation) and is sup-
ported by the resolved nuclear magnetic resonance structure of
a HAMP domain (19).

The relative hexameric arrangement in the membrane mod-
ule was stabilized by the presence of the signaling domain (Fig.
4). Double-cysteine replacements missing the signaling domain
cross-linked as trimers and pentamers in addition to tetramers
and hexamers, indicating that there was an increase in the
number of degrees of freedom in the periplasmic region. Some
of the collisions were likely caused by lateral and/or rotational
migration in the membrane, because multimer formation in
the truncations decreased at 4°C (Fig. 4B and C). The fact that
full-length Aer-184C/V187C cross-linking was more specific
and temperature independent indicates that the cytoplasmic
signaling region must tether the periplasmic/membrane region
in such a way that rotational and/or lateral diffusion is inhib-
ited. Aer truncations with larger C-terminal deletions, where
most or all of the HAMP-AS-2 region was removed, showed a
decrease in the percentage of cross-linked multimers. Since the
HAMP domain is known to influence Aer folding and matu-
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ration (9, 16), this decrease was likely due to defects in con-
formational stability.

The basic topological differences between the membrane
modules of Aer and the chemoreceptors are probably due to
the different role that each component plays in signaling. The
four-helix bundle of chemoreceptors is adapted to transmit
chemotaxis signals between the periplasmic sensory-input do-
main and the HAMP/signaling domains in the cytosol, perpen-
dicular to the plane of the membrane. In contrast, the signal in
Aer is transmitted from the cytosolic PAS domain directly to
the HAMP domain, parallel to the plane of the membrane. It
was previously reported that Aer can form mixed trimers of
dimers with the Tar receptor in the cytosolic signaling region
(14). In that study, Aer had no preference for itself in forming
these signaling teams. Whether Aer can also form hexameric
arrays with the other chemoreceptors in the membrane/
periplasmic region is not known, but such an association would
require close contact between Aer and the chemoreceptors
within the membrane module or at the periplasmic surface. It
has recently been suggested that the members of a hexameric
membrane array of Tar chemoreceptors rotate relative to one
another during signaling, altering the packing of the array (20).
If Aer were part of such an array, it is not clear how packing
would be affected, since the array would need to accommodate
the loss of a periplasmic sensory-input domain and the pres-
ence of a bulky cytosolic Aer-PAS domain.
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