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HAMP domains are sensory transduction modules that connect input and output domains in diverse
signaling proteins from archaea, bacteria, and lower eukaryotes. Here, we employed in vivo disulfide cross-
linking to explore the structure of the HAMP domain in the Escherichia coli aerotaxis receptor Aer. Using an
Aer HAMP model based on the structure of Archaeoglobus fulgidus Af1503-HAMP, the closest residue pairs at
the interface of the HAMP AS-1 and AS-2’ helices were determined and then replaced with cysteines and
cross-linked in vivo. Except for a unique discontinuity in AS-2, the data suggest that the Aer HAMP domain
forms a parallel four-helix bundle that is similar to the structure of Af1503. The HAMP discontinuity was
associated with a segment of AS-2 that was recently shown to interact with the Aer-PAS sensing domain. The
four-helix HAMP bundle and its discontinuity were maintained in both the kinase-on and kinase-off states of
Aer, although differences in the rates of disulfide formation also indicated the existence of different HAMP
conformations in the kinase-on and kinase-off states. In particular, the kinase-on state was accompanied by
significantly increased disulfide formation rates at the distal end of the HAMP four-helix bundle. This
indicates that HAMP signaling may be associated with a tilting of the AS-1 and AS-2’ helices, which may be

the signal that is transmitted to the kinase control region of Aer.

HAMP domains (which are found in histidine kinases, ad-
enylyl cyclases, methyl-accepting chemotaxis proteins, phos-
phatases [4], and some diguanylate cyclases and phosphodies-
terases [12]) are signal transduction modules that transduce
diverse input signals into output signals in proteins from ar-
chaea, bacteria, and lower eukaryotes (12, 25). Currently, more
than 12,000 proteins are predicted to contain HAMP domains,
and many of these proteins regulate two-component signaling
pathways (SMART [http://smart.embl-heidelberg.de/]). The
abundance of these domains, and their conservation across a
wide range of species, argues for a strategic role for HAMP
domains in signaling. This universal role and their mechanism
of action are the focus of extensive current research.

In Escherichia coli, methyl-accepting chemoreceptors like
Tsr and Tar each contain two subunits with two transmem-
brane helices, the second of which links a periplasmic sensing
module with cytosolic HAMP and signal output (kinase con-
trol) domains. When an attractant molecule binds to the
periplasmic sensing domain of these receptors, transmembrane
helix 2 (TM2) is displaced ~2 A toward the cytoplasm, shifting
the conformation of the HAMP domain to the signal-off con-
formation (reviewed in reference 13). In contrast with Tsr and
Tar, the E. coli aerotaxis receptor Aer lacks a periplasmic
domain. Aer is anchored in the membrane, but its sensing and
HAMP domains are cytosolic (31) (Fig. 1). The cytoplasmic
sensor is an N-terminal PAS (Per-ARNT-Sim) (24) domain
with a bound flavin adenine dinucleotide (FAD) cofactor that
monitors intracellular redox potential (6, 27, 31, 33) (Fig. 1).
The cytoplasmic location of the PAS sensing domain permits

* Corresponding author. Mailing address: Division of Microbiology
and Molecular Genetics, Loma Linda University, Loma Linda, CA
92350. Phone: (909) 558-4881. Fax: (909) 558-4035. E-mail: bltaylor
@Illu.edu.

Y Published ahead of print on 10 June 2011.

4095

direct contact with the HAMP domain (Fig. 1), removing the
need to signal through the transmembrane segments (2, 9, 35)
(Fig. 1). Precise PAS-HAMP signaling mechanisms are not
understood, but previous studies have indicated that the Aer
HAMP domain is essential for PAS folding, stability, and FAD
binding (7, 16, 22). From these data, and the finding that
HAMP-C253R is an allele-specific suppressor of PAS-N34D
(37), we inferred that the Aer PAS and HAMP domains in-
teract directly. Direct evidence for PAS-HAMP interactions
was recently provided by the results of disulfide cross-linking
experiments in which it was shown that residues on the PAS
B-scaffold can specifically cross-link with residues in the Aer
HAMP domain (9).

HAMP monomers consist of two a-helices (amphipathic
sequence 1 [AS-1] and AS-2) separated by a loop. This sec-
ondary structure has been demonstrated by disulfide cross-
linking studies of the Tar (8) and Aer (36) receptors. The first
three-dimensional structure of a HAMP domain was deter-
mined by nuclear magnetic resonance (NMR) for the atypical
Archaeoglobus fulgidus protein Af1503 (18). This structure is
homodimeric and consists of an unusual parallel four-helix
coiled-coil arrangement for AS-1 and AS-2, with each connec-
tor packed into a groove between helices of the same subunit
(18) (Fig. 1). A similar four-helix bundle arrangement was
subsequently verified for the Tar HAMP domain by disulfide
cross-linking (29) and for the Tst HAMP domain by genetic
analysis (40). More recently, the four-helix bundle structure
was also confirmed by crystallography for three sequential
HAMP domains from the soluble Pseudomonas aeruginosa re-
ceptor Aer-2 (1).

In Af1503, HAMP residues comprising the core of the he-
lical bundle are packed in an unusual x-da (knob-to-knob)
arrangement that can be converted in silico into a canonical a-d
(knob-into-hole) conformation by a 26° counterrotation of
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FIG. 1. Cartoon showing the proposed arrangement of an Aer
dimer (center), with helices represented as cylinders, loops repre-
sented as lines, and PAS domains represented as circles. The expanded
ribbon diagrams show homology models of the Aer PAS domain (left)
(modeled based on the coordinates of the Azotobacter vinelandii NifL
PAS domain [19]) and the Aer HAMP domain (right) (modeled on the
coordinates of the Archaeoglobus fulgidus Af1503 HAMP domain
[18]). On the PAS ribbon diagram, spheres are used to show the FAD
cofactor (yellow) and the residues where PAS kinase-on lesions were
generated for this study (N34 [red] and N85 [blue]). Abbreviations:
FAD, flavin adenine dinucleotide; AS, amphipathic sequence; CCW,
counterclockwise; CW, clockwise.
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each helix. Hulko et al (18) therefore proposed helix rotation
as a signaling mechanism for HAMP domains, the so-called
“gearbox” model. Although recent structural studies on
Af1503 HAMP mutants lends some support to the gearbox
rotation model (14), work on other receptors has led to sug-
gestions of alternative HAMP signaling models with discrete
kinase-on and kinase-off conformations, such as the scissors
(29) and the combined helical rotation with tilting (1) models.
These models share some features of the gearbox model. In
contrast, the dynamic HAMP signaling model proposes that
the HAMP kinase-off conformation involves the stable packing
of the four-helix bundle, while the kinase-on conformation is
associated with a more dynamic HAMP bundle (39, 40). Com-
pact and dynamic HAMP states have similarly been shown by
electron paramagnetic resonance (EPR) for HtrII from
Natronomonas pharaonis (11). In this study, we employed an in
vivo disulfide cross-linking approach to address the question of
HAMP signaling in Aer. We confirm that the Aer HAMP
domain forms a parallel four-helix bundle but with features
that may be unique to PAS-HAMP-containing receptors and
then demonstrate that the Aer HAMP domain has different
conformations in the “on” and “off” signaling states of the
receptor.

MATERIALS AND METHODS

Bacterial strains and plasmids. Wild-type Aer and cysteineless (C-less) Aer
(Aer-C193S/C203A/C253A) were expressed from pGH1 (27) and pMBI1 (23, 38),
respectively. Both plasmids are derived from pTrc99A and express Aer under the
control of an isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible p,,. pro-
moter. Plasmids in this study were expressed in E. coli strain BT3312, which lacks
the two aerotaxis receptors Aer and Tsr (Aaer-1 Atsr-7021) (28).

In silico modeling. An Aer HAMP homology model, previously created from
the coordinates of the 4. fulgidus Af1503 HAMP domain and the sequence of the
E. coli Aer HAMP domain, was used for this study (18, 36). The Af1503 and Aer
HAMP domains both contain conserved sequence features that are common to
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canonical HAMP domains, as found in membrane-bound receptors (12). Py-
MOL (http://pymol.sourceforge.net) was used to view the Aer HAMP model,
substitute side chains, and measure B-carbon distances.

Site-directed mutagenesis. Site-directed mutagenesis was performed on pMB1
and pMBl1-derived plasmids according to the instructions of the QuikChange II
site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). Plasmids
were introduced into BT3312, and Aer expression was confirmed by Western
blotting using anti-Aer, ;4 antisera (28). Mutations were confirmed by the
sequencing of the entire aer gene.

Aecrotaxis phenotypes were determined for each of the Aer mutants by inoc-
ulating cells into succinate-minimal soft agar containing 50 pg ml~' ampicillin,
incubating the plates at 30°C for 15 to 20 h, and then observing the colony
morphologies (32). To determine clockwise (CW) biases and oxygen responses,
cells were grown in tryptone broth and induced with either 200 pM or 1 mM
IPTG. Cells were placed into a gas perfusion chamber and monitored when the
gas was switched between air and nitrogen, as described previously (27, 32).

In vivo cross-linking. BT3312 cells expressing each of the Aer-cysteine mutants
were grown to mid-log phase in H1 minimal salts medium supplemented with 30
mM succinate, 0.1% (wt/vol) Casamino Acids, and 100 pg ml~' ampicillin.
Cultures were then induced for 3 h with 50 uM IPTG, and steady-state Aer
accumulation levels were compared with that of C-less Aer (pMB1). After
Western blotting, band intensities were quantified and compared on a UVP
BioSpectrum digital imaging system (UVP, Upland, CA). For disulfide-cross-
linking experiments, all of the mutants were cultured and induced as described
above, with the exception of Aer-V209C/E238C and Aer-E213C/E238C, which
had lower steady-state levels and were induced with 100 uM IPTG. Cross-linking
was performed at 25°C by exposing whole cells to 600 wM Cu(II)(1,10-phenan-
throline); (CuPhe) for 10 min, a procedure similar to that described previously
(3, 17, 36) but with modifications as described previously (21, 32). For all
proximal di-Cys pairs, disulfide bond formation was also determined in time
courses over 20 min. Cross-linked products were separated by SDS-PAGE and
quantified on the UVP digital imaging system after Western blotting. The per-
cent cross-linking was calculated by dividing the intensity of the cross-linked
dimer band by the sum of the intensities of the monomer and dimer bands,
multiplied by 100. Aer-V260C (36) and C-less Aer (23) were used as positive and
negative cross-linking controls, respectively. Dimer bands were absent for C-less
Aer, whereas Aer-V260C routinely formed ~50% dimers. To compare cross-
linking with and without N34D or N85S, statistical analyses were carried out by
using a two-tailed Student ¢ test. A P value of <0.05 was considered to be
statistically significant.

RESULTS

Study design. We previously probed the subunit interface of
an Aer HAMP dimer by disulfide cross-linking and found that
the symmetric (AS-1-AS-1" and AS-2-AS-2") dimer interfaces
mirrored those of the Af1503 HAMP domain (18, 36). In the
current study, we extended that analysis to examine structural
relationships between the asymmetric AS-1 and AS-2' helices
and tested the hypothesis that, similar to Af1503, the Aer
HAMP domain is a parallel four-helix bundle. For these stud-
ies, an Aer HAMP homology model was constructed from the
coordinates of the Af1503 HAMP structure (18, 36) and was
used to predict the closest contact distances between all AS-1
and AS-2’ residues at the asymmetric packing face (Fig. 2)
(29). The goal was to identify AS-1 residues that were not at
the symmetric dimer interface of Aer but were instead closer to
an AS-2’ residue than to their cognate AS-1' residue. Proximal
AS-1-AS-2’ residue pairs were defined as having AS-1-AS-2’
B-carbon—f-carbon distances of =7 A and AS-1-AS-1', AS-2—
AS-2', and AS-1'-AS-2’ distances of >10 A. All 10 residue
pairs that satisfied these constraints are listed in Fig. 2A and
are mapped onto the Aer HAMP model in Fig. 3. A subset of
distal residue pairs (Fig. 2A), defined as having all four possi-
ble B-carbon—B-carbon distances of >10 A, were selected as
controls (compare examples of proximal and distal di-Cys pairs
in Fig. 2B).
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A Cysteine Pairs Selected for Analysis of the
AS-1-AS-2’ HAMP Interface

CB - CpB Distance (A)

AS-1, AS-2 Pair AS-1-AS-2'  AS-1-AS-1’  AS-2-AS-2'  AS-1'-AS-2’
Proximal Pairs
V209, E238 5.77 13.25 14.19 13.22
E213, E238 6.52 17.67 14.19 15.14
E213, L241 7.04 17.67 17.2 16.45
A216, L241 4.36 12.26 17.2 14.51
A216, A245 44 12.26 10.8 11.97
L220, A245 5.21 18.2 10.8 14.36
L220, Q248 6.31 18.2 16.06 16.42
A223, A245 6.91 13.57 10.8 13.83
A223, Q248 3.89 13.57 16.06 14.55
A223, M252 5.02 13.57 10.99 12.94
A216, R244* 7.38 12.26 19.09 14.77
L220, R244* 8.45 18.2 19.09 17.25
L220, G247* 10.6 18.2 17.6 145
A223, R244* 9.64 13.57 19.09 17.35
A223, G247* 8.8 13.57 17.6 14.1
A223, L251* 7.38 13.57 18.5 15.0
Distal Pairs
H217, R244 1.2 20.03 19.09 16.1
H217, Q248 11.41 20.03 16.06 17.32
Q218, M252 13.93 15.6 10.99 15.0
A223, D237 19.54 13.57 21.15 24.72
B " Proximal Distal
\) N ~ - e

G)

220, 245

217, 248 223,237

FIG. 2. Cysteine pairs selected for analysis of the AS-1-AS-2" HAMP interface. (A) Summary of proximal and distal di-Cys pairs and relevant
B-carbon distances. Four B-carbon distances were determined for each cysteine pair on an Aer HAMP model that was generated from the
coordinates of the Af1503 HAMP domain (18). Proximal pairs were selected so that AS-1-AS-2" distances were =7 A, and the three other
distances (AS-1-AS-1', AS-2-AS-2’, and AS-1'-AS-2") were all >10 A. Distal di-Cys control pairs had all four B-carbon distances of >10 A. An
additional set of proximal cysteine pairs were selected based on experimental data rather than on distance constraints (indicated by an asterisk)
(see the text for details). (B) Examples of proximal and distal AS-1-AS-2" pairs mapped onto the HAMP model to demonstrate their predicted
intersubunit separation. AS-1 substitutions are shown as red spheres, and AS-2’ substitutions are shown as blue spheres.

To map the AS-1-AS-2' interface using disulfide cross-link-
ing, cysteine residues were serially substituted for each of the
proximal and distal residue pairs by site-directed mutagenesis
of a cysteineless (C-less) Aer expression vector (pMB1). C-less
Aer (Aer-C193S/C203A/C253A) orchestrates aerotaxis in soft
agar, although cells expressing C-less Aer have a slower rate of
colony spreading than cells expressing wild-type (WT) Aer
(Fig. 4A). This is likely caused by the C253A substitution in
C-less Aer (15). Larger substitutions at C253 abolish Aer func-
tion (C253R) (37), possibly by disrupting HAMP packing or
PAS-HAMP contacts. The changes that result from C253A
decreased but did not abolish aerotaxis in soft agar (Fig. 4A) or
in temporal gas perfusion assays (data not shown).

In E. coli BT3312 (aer tsr), all of the di-Cys Aer mutants

exhibited the classic dome shape of an aerotactic colony in
succinate minimal soft agar, with an outermost ring of aerot-
actic bacteria at the lower edge (Fig. 4A) (32). Colony diam-
eters ranged from 68% to 230% of those of wild-type Aer
colonies (as expressed from pGH1 in BT3312), with seven of
the mutants behaving as “superswarmers” (colony diameters
>1.3 times the diameter of wild-type colonies [22]) (see exam-
ple in Fig. 4A). There was no correlation between the behavior
of the mutants in soft agar and the steady-state cellular accu-
mulation levels of the modified Aer proteins, which varied
from 54% to 125% of that of C-less Aer. The finding that Aer
can signal in the presence of the introduced cysteine pairs
suggests that the native structure of Aer is not seriously dis-
torted by the introduced cysteines.
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FIG. 3. Aer HAMP model showing the nearest AS-1 and AS-2’
residues that were tested in proximal di-Cys pairs (as listed in Fig. 2A).
HAMP subunits are yellow or gray, and part of the HAMP domain has
been made transparent to highlight AS-1 and AS-2'. All side chains are
shown as cysteine replacements.

Cross-linking of the AS-1-AS-2’ interface of the Aer HAMP
domain. The extent of disulfide cross-linking in response to the
oxidant copper phenanthroline (CuPhe) depends on several
parameters in addition to the distance between introduced
cysteines. These parameters include the flexibility and orien-
tation of the region being analyzed, the proclivity to form
redox-active sulfanions, and the accessibility of the sulfanions
to oxidizing reagents (8, 10, 17). To promote the formation of
disulfide bonds, each di-Cys Aer receptor and all relevant
single-Cys Aer controls (3, 36) were oxidized in vivo with 600
pM CuPhe for 10 min, unless specified otherwise. Disulfide-
linked Aer dimers were separated from monomers by SDS-

0
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PAGE under nonreducing conditions, visualized by Western
blotting, and quantitated by densitometry.

Figure 4B summarizes the extent of disulfide formation (af-
ter 10 min with CuPhe) for each of the predicted proximal and
distal di-Cys receptors (black bars) and each of the relevant
single-Cys controls (AS-1-AS-1" and AS-2-AS-2") (hatched
bars and gray bars, respectively). For representative di-Cys
pairs, time courses for cross-linking are shown in Fig. 6A. The
cross-linking observed between AS-1 and AS-2 (Fig. 4B, black
bars) occurred exclusively between cognate subunits (AS-1-
AS-2'-linked dimers) rather than between AS-1 and AS-2 of
the same subunit. Intrasubunit AS-1-AS-2 bonds would have
resulted in compact monomers with different mobilities on
SDS-PAGE gels (5), and these were not detected for any of the
di-Cys pairs. The most extensive cross-linking between AS-1
and AS-2" occurred with Aer-E213C/E238C and Aer-A216C/
L241C (Fig. 4B), each of which has cysteine substitutions at the
membrane-proximal end of the four-helix bundle (i.e., the top
of the HAMP diagram in Fig. 3). Notably, the di-Cys pair
A216C-L241C had one of the shortest predicted AS-1-AS-2’
distances in this study (Fig. 2A). Three additional proximal
di-Cys pairs (V209C/E238C, E213C/L241C, and A223C/
M252C) produced intermediate levels of disulfide-linked Aer
dimers that were all greater than those of their relevant single-
Cys controls (Fig. 4B). The extents of disulfide formation for
these five proximal di-Cys pairs were therefore consistent with
a parallel four-helix HAMP structure. Of note, A223C/M252C
was the only proximal di-Cys pair that yielded substantial cross-
linking in the lower, membrane-distal, portion of the four-helix
bundle (Fig. 4B). The five remaining proximal di-Cys pairs,
which contained AS-2 residue A245C or residue Q248C, ex-
hibited less dimer formation, even though they had predicted
AS-1-AS-2' distances of between 3.9 and 6.9 A, well within the
range expected to generate disulfide-linked dimers (Fig. 2A
and 4B).

50
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N85S ? 25
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FIG. 4. Behavior and in vivo disulfide cross-linking of di-Cys mutants. (A) Influence of HAMP-cysteine and PAS-N85S substitutions on
Aer-mediated behavior in succinate-minimal soft agar containing 50 pg ml~! ampicillin. E. coli BT3312 (aer tsr) mutants were inoculated into soft
agar, incubated for 20 h, and compared with positive (WT Aer and C-less Aer [Aer-C193S/C203A/C253A]) and negative (pTrc99A vector)
aerotaxis controls. Representative aerotactic (Aer-V209C/E238C) and “superswarming” (Aer-A223C/R244C) colonies are shown. All Aer-cysteine
mutants containing N34D or N85S were nonaerotactic (Aer-N85S/V209C/E238C and Aer-N85S/A223C/R244C are shown). (B) Percent disulfide-
linked dimer formation for Aer di-Cys receptors (black bars) and corresponding single-Cys controls (hatched and gray bars). Cross-linking was
determined after the incubation of whole cells with CuPhe for 10 min at 25°C. Error bars indicate the standard deviations determined from two

or more independent experiments.
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FIG. 5. Incongruity between the HAMP model and cross-linking at residues 245C and 248C. (A) Aer HAMP model showing the location of
residues 216C, 220C, and 223C in AS-1 and their predicted orientations relative to those of residues 244C’, 245C’, 247C’, 248C’, 251C’, and 252C’
in AS-2'. (B) Comparison between percent dimer formations for Aer di-Cys receptors containing R244C or A245C, G247C or Q248C, and L251C
or M252C. The higher cross-linking values for R244C and G247C suggest that residues 244’ and 247" are closer to AS-1 and/or that the orientation
of these residues is different from how they are modeled in Fig. SA. Error bars indicate the standard deviations determined from two or more

independent experiments.

Possible discontinuity in the HAMP AS-2 helix. Of all the
proximal di-Cys pairs, those containing the A245C substitution
generated the lowest extents of disulfide-linked dimers (Fig.
4B). This was unexpected and differed from equivalent di-Cys
substitutions in the Tar HAMP domain, which rapidly formed
dimers in an in vitro cross-linking assay (29). We therefore
considered the possibility that a discontinuity in AS-2 alters the
orientation of the Aer-A245C side chain so that it is different
from the orientation of the corresponding residue in Tar or
Af1503. To investigate an alternative side-chain orientation in
Aer, we examined cross-linking between AS-1 residues A216C,
L220C, and A223C and the nearest neighbor of A245C, R244C
(Fig. 5) (V246 was not tested because it is located at the
HAMP dimer interface). The R244C-containing pairs formed
more dimers than did the A245C-containing pairs (Fig. 5B), a
finding that is incongruent with the predicted orientation of
R244C (Fig. 5A) and the predicted AS-1-AS-2’ distances (Fig.
2A). Since the side chain of residue 244 was predicted to face
away from the HAMP domain (Fig. 5A), we considered the
possibility that R244C forms disulfide bonds with a neighbor-
ing dimer. To test this we constructed the tri-Cys receptor
Aer-A184C/A223C/R244C. Because A184C forms intradi-
meric cross-links exclusively (2), any interdimeric cross-linking
of residue 223C or 244C would produce oligomers larger than
just dimers. Cells expressing the tri-Cys receptor were treated
with CuPhe for 15 min at 30°C, during which time Aer-A184C/
A223C/R244C produced only dimers (data not shown). This
suggests that Aer A223C and R244C cross-link exclusively
within dimers and that residue 244’ is either closer to AS-1
than residue 245" and/or that the side chain of residue 244’ is
oriented differently from how it is modeled in Fig. SA. Since a
reorientation of residues could not occur within the normal
constraints of an a-helix, these data suggest that there is a
discontinuity of the AS-2 helix before residue 244.

Although it is plausible that the formation of A245C-contain-
ing disulfide bonds was restricted by the local chemical environ-
ment and/or by side-chain constraints, this scenario does not ex-
plain the relatively rapid cross-linking observed for di-Cys pairs
containing R244C. We considered the possibility that residue
244C was more accessible to solvent and therefore more readily
oxidized, which would yield artifactually high levels of cross-link-

ing. However, both R244C and A245C showed nearly identical
solvent accessibilities, as determined by using the disulfide probe
polyethylene glycol (PEG)-maleimide (K. J. Watts, unpublished
data). Overall, the data are consistent with a deformation of the
AS-2 helix in an Aer HAMP dimer that has not been observed for
other HAMP domains.

If there is a discontinuity in AS-2, it may result in a distortion
of the helix beyond residue A245C. Since di-Cys pairs contain-
ing Q248C exhibited only slightly higher reactivities than di-
Cys pairs containing A245C (Fig. 4B), we examined cross-
linking between AS-1 residues L220C and A223C and AS-2
residue G247C. G247C is located almost one turn C terminal
to R244C and, like R244, is predicted to face away from the
AS-1-AS-2" interface (Fig. 5A). A223C dimerized to similar
extents with G247C and with Q248C (data not shown),
whereas L.220C formed more dimers with G247C than with
Q248C (Fig. 5B) (G247C alone does not dimerize). These data
suggest that the discontinuity in AS-2 continues beyond resi-
due 245 and are consistent with an altered side-chain orienta-
tion that is not present in the structure of Af1503. The defor-
mation, which appears to be a rotation, includes multiple
residues, but it is not clear whether it extends to the end of
AS-2. L251C, which is located one heptad C terminal to R244,
cross-linked with A223C, suggesting that the discontinuity in
AS-2 rotates L.251C with respect to the Af1503-based HAMP
model (Fig. 5B) (L251C alone does not form disulfide bonds).
However, there was also substantial cross-linking between
M252C and A223C (Fig. 5B), suggesting that any helical rota-
tion at M252C is less than the apparent rotation at A245C.

Cross-linking snapshots of HAMP signaling. To explore
conformational changes in the Aer HAMP domain that are as-
sociated with signaling, we compared both the rates and extents of
disulfide formation in the kinase-off and kinase-on states of the
receptor. In native Aer, the kinase-on state of the receptor is
initiated by the reduction of PAS-FAD. This signal is relayed to
the HAMP domain and kinase control module to generate the
kinase-on conformation of Aer. This conformation in turn trig-
gers the autophosphorylation of CheA, CW flagellar rotation, and
cell tumbling (31). Since CuPhe creates an oxidizing environment,
the cross-linking data presented above most likely represent the
kinase-off conformation of the Aer HAMP domain. Moreover,
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FIG. 6. Influence of signaling state on HAMP disulfide-linked dimer formation. (A) Percent cross-linking over 20 min for representative
proximal di-Cys pairs in the presence of PAS-N85S (gray lines) or the wild-type PAS sequence (black lines). (B and C) Percent dimer formation
for proximal di-Cys pairs (B) and distal di-Cys pairs (C) in receptors containing PAS-N85S (gray bars) or the wild-type PAS sequence (black bars)
(data from Fig. 4B and 5B). Black asterisks indicate statistically significant differences in the extents of dimer formation in the presence of N85S
(P < 0.05). Some differences could reflect changes in the intersubunit disulfide formation rates between the AS-1-AS-1" and/or AS-2-AS-2’
controls (D), and gray asterisks are used to identify these. (D) Percent dimer formation for receptors containing a single cysteine substitution in
AS-1 (residues 213 to 223) or AS-2 (residues 237 to 248) in the presence (gray bars) or absence (black bars) of N85S. Error bars indicate the
standard deviations determined from two or more independent experiments.

oxidation by CuPhe is catalytically dependent on oxygen, and
efficient disulfide formation with CuPhe is not possible in an
anaerobic environment. To capture the kinase-on state of Aer in
an aerobic environment, we introduced the CW-inducing substi-
tution N85S into the PAS domain (Fig. 1). Aer-N85S was recently
identified as a kinase-on mutant in a PAS mutant screen (9). By
analogy with other PAS-FAD proteins (19, 34), the side chain of
N85 in Aer is predicted to project inwards to contact and stabilize
the isoalloxazine ring of FAD and not interact directly with the
HAMP domain (9) (Fig. 1).

Aer-N85S-containing receptors were constructed for both
proximal and distal di-Cys pairs, and BT3312 cells expressing

each of these receptors were nonaerotactic in succinate semi-
soft agar (see examples in Fig. 4A). When viewed under the
microscope in air, all of the mutants were more CW biased
than their parents, although their biases varied from moder-
ately CW biased to CW locked. These CW biases persisted
after CuPhe was added, indicating that the kinase-on state of
the receptor is maintained under the conditions used for di-
sulfide cross-linking. This enabled us to use disulfide cross-
linking to investigate the structure of the Aer HAMP domain
in the kinase-on state and to conclude that changes caused by
N85S most likely reflected differences in residue proximities
and/or flexibilities during the kinase-on state. Figure 6 sum-



Vor. 193, 2011

Aer-N85S

FIG. 7. Model showing differences between HAMP AS-1 and
AS-2' in the kinase-on versus the kinase-off state. Proximal AS-1-
AS-2' di-Cys pairs that showed significantly decreased (green) or in-
creased (blue) collisional frequencies in the presence of the PAS ki-
nase-on lesion N85S are shown. Collisions were inferred from the rates
and extents of disulfide bond formation (Fig. 6). Only those di-Cys
pairs that had significantly altered extents of disulfide bond formation
in the presence of N85S are shown. Arrows designate helical move-
ments that are consistent with the data (solid arrows indicate high
confidence, and broken arrows indicate lower confidence).

marizes the rates (Fig. 6A) and extents (Fig. 6B to D) of
disulfide formation determined for di-Cys receptors in the ki-
nase-off state (black curves and bars) and their kinase-on,
N85S-containing, counterparts (gray curves and bars). In the
fixed-time assays, statistically significant changes in di-Cys
cross-linking are indicated (Fig. 6B and C, asterisks). Where
similar changes were also observed for the single-Cys controls
(Fig. 6D), the di-Cys mutants are highlighted by gray asterisks
in Fig. 6D and were not analyzed further. In the cross-linking
time courses, the shapes of the reaction curves presumably
reflect the different environments of the different cysteine pairs
(Fig. 6A). However, there were also clear differences between
the reaction rates of the kinase-off and kinase-on states, con-
firming conclusions based on the extents of cross-linking at 10
min. Five N85S-containing receptors showed significant in-
creases in cross-linking at the bottom (the membrane-distal)
half of the HAMP four-helix bundle compared with the kinase-
off state (Fig. 6A and 7). In contrast, significant decreases in
cross-linking were observed at the upper (membrane-proxi-
mal) portion of the four-helix bundle for two of the N85S-
containing receptors (E213C/E238C and A216C/L241C) (Fig.
6 and 7). These findings indicate that the orientations of the
helices are different in the kinase-on and kinase-off states, even
though the HAMP domain retains the four-helix bundle archi-
tecture in both states (Fig. 7). The simplest interpretation of
these data is that the HAMP helices move closer together at
the bottom of the bundle in the kinase-on state but move
further apart at the top of the bundle. However, results for the
upper portion of the bundle were less conclusive, since there
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were fewer data for this region and the decrease in disulfide
formation observed with Aer-E213C/L.241C was not significant
(Fig. 6).

In experiments similar to those with Aer-N85S, we also
investigated changes in HAMP cross-linking effected by the
CW-inducing PAS substitution N34D (Fig. 1) (37). However,
the changes in the rates and extents of disulfide formation were
less in the family of N34D-containing receptors than in the
N85S receptors and were close to the precision limits of the
disulfide cross-linking technique (results not shown). As a re-
sult of the noise associated with those measurements, we were
unable to obtain statistically reliable data for N34D-containing
receptors.

A significant cross-linking change was also observed for the
distal di-Cys control Aer-N85S/A223C/D237C (Fig. 6C). This
increase in dimer formation was unexpected, since residues
223 and 237 are located at opposite ends of the HAMP four-
helix bundle (19.5 A apart) (Fig. 2B). To determine whether
disulfide bonds between residues 223C and 237C’ might have
formed in nascent peptides before folding was complete, we
inhibited protein synthesis by treating cells with 500 pg ml~!
chloramphenicol for 15 min prior to cross-linking. After chlor-
amphenicol treatment, the extent of cross-linking observed for
Aer-N85S/A223C/D237C was similar to the extent before
treatment. In contrast, chloramphenicol treatment decreased
the extents of cross-linking for other distal di-Cys controls,
whereas for several proximal di-Cys mutants it either did not
change or increased dimer formation (data not shown). The
reason for the increased dimer formation between A223C and
D237C in the presence of N85S is unclear.

DISCUSSION

In this study, we used a homology model based on the
three-dimensional structure of Af1503-HAMP to predict that
the Aer HAMP domain is a parallel four-helix bundle. Overall,
the extents of dimer formation generated from engineered
cysteine replacements at the symmetric (AS-1-AS-1" and AS-
2-AS-2") (36) and asymmetric (AS-1-AS-2") (Fig. 3 and 4B)
HAMP dimer interfaces support a four-helix bundle structure
for the Aer HAMP domain. This arrangement appears to be
broadly similar to the resolved HAMP structures of Af1503
(14, 18) and Aer-2 (1) and similar to the structure of the Tar
HAMP domain that was determined previously by disulfide
cross-linking (29). The four-helix HAMP fold was maintained
in the kinase-on and kinase-off signaling states of the Aer
receptor, although the chemical reactivities of many of the
engineered cysteine residues differed between the two states
(Fig. 6 and 7). The simplest explanation for this is that the
different HAMP signaling states have different conformations.
The reactivities of cysteine residues at the bottom of the
HAMP four-helix bundle increased in the kinase-on state,
whereas the reactivities of cysteine residues at the top of the
bundle tended to decrease (Fig. 6). These findings are consis-
tent with a helical tilt motion between the kinase-off and ki-
nase-on signaling states.

In addition to providing evidence for conformational
changes associated with HAMP signaling states, this study is
the first to demonstrate a conformational change in a HAMP
domain associated with the signal-on state of a PAS domain.
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N85S, with its predicted location buried within the FAD-bind-
ing pocket of the PAS domain (9), was associated with greater
cross-linking changes than was N34D (with its predicted loca-
tion near the PAS N-terminal cap) (9). N85S may therefore
cause more global conformational changes than does N34D. In
the presence of N85S, the extent of dimer formation was sig-
nificantly lower at the top of the four-helix bundle for E213C/
E238C and A216C/L241C but was inconclusive for E213C/
L241C (Fig. 6). In Fig. 7, broken arrows are used to indicate
that the tops of the AS-1 and AS-2’ helices may move apart in
the kinase-on state but that this finding was not conclusive. In
contrast, solid arrows in Fig. 7 denote an increased confidence
that conformational changes occurred at the bottom of the
four-helix bundle. The cross-linking data do not provide evi-
dence for, or against, the gearbox model of HAMP signaling.
However, transitional changes from x-da to canonical knob-
into-hole packing in Af1503 are associated with helical rota-
tions and bundle shape changes that are most prominent at the
bottom of the four-helix HAMP bundle (14, 18). In particular,
the C-terminal ends of AS-2 were splayed outward in Af1503
signal-off mutants, which is qualitatively analogous to the dif-
ferences observed for Aer HAMP in this study.

In comparison with models like the gearbox signaling model
that propose static kinase-on and kinase-off conformations, an
alternative HAMP signaling model was recently proposed, in
which the kinase-on state was associated with a dynamic x-da
bundle (39, 40). This raises the possibility that the cross-linking
differences that we observed in the kinase-on state are the
result of a more relaxed HAMP structure, in which case di-Cys
pairs that were previously well placed to cross-link might show
decreased dimer formation and vice versa. Interestingly, the
HAMP region that appeared to move closer together (i.e., that
showed increased extents of disulfide formation) in the ki-
nase-on state overlaps with the site of HAMP lesions that
promote the kinase-on state of Aer (36).

In the HAMP AS-2 helix, the reactivities of cysteine replace-
ments at residues R244 and G247 were not consistent with
either the structural predictions of the Af1503-based HAMP
model (Fig. 5) or Aer HAMP models created from the recently
solved Aer-2 HAMP structures (1; data not shown). All Aer
HAMP models show AS-2 as a continuous a-helix, with resi-
dues 245 and 248 projecting into the AS-1-AS-2" interface and
residues 244 and 247 projecting away from it (Fig. 5A). How-
ever, residue 244C’ in particular readily formed disulfide
bonds with AS-1 residues 216C, 220C, and 223C in both the
kinase-on and kinase-off states, whereas residue 245C’ did not
(Fig. 5B and 6). Moreover, residue 244C did not cross-link with
an adjacent Aer dimer, and the solvent accessibility (and, thus,
the CuPhe accessibility) of residue 244C was similar to that of
residue 245C. Consequently, there is no obvious explanation
for the reactivity of residue 244C, unless residue 244C’ is
oriented toward residues 216, 220, and 223, which would re-
quire a 60° to 90° rotation of the helical backbone. The unex-
pected reactivity of residue 247C’ in forming disulfide bonds
with residue 220C suggests that residue 247C is also rotated.
According to the HAMP model, the orientation of residue
247C’ for bonding to residue 220C is less favorable than the
orientation of either residue 244C’" or 248C’. Thus, the high
reactivities of residues 244C" and 247C" were unexpected and
are best accommodated by a rotation of the AS-2 helix.

J. BACTERIOL.

The discontinuity identified in the Aer HAMP AS-2 helix is
not present in the Tar or Af1503 HAMP domains (18, 29).
There is no residue in the primary sequence of AS-2 that is
known to distort an «-helix, but the free energy required to
distort the helix could be supplied by an external peptide that
interacts with AS-2 and is not present in Tar or Af1503. One
possibility is that the discontinuity in AS-2 is dependent on an
interaction with the PAS domain. In Aer, direct PAS-HAMP
signaling interactions were previously proposed (7, 22, 35-37),
and the region of AS-2 in Aer that includes HAMP residues
R244 and G247 is an attractive candidate for PAS interactions
because residues in this region are predicted to project out-
ward from the surface of the HAMP domain (36), but they
show poor solvent accessibility (Watts, unpublished). We re-
cently showed that HAMP-Q248C can be specifically cross-
linked to residues on the Aer-PAS B-scaffold (9), suggesting
that the PAS domain does interact with the HAMP domain in
this region. A more extensive analysis of this PAS-HAMP
interaction surface is currently in progress.

The Af1503 HAMP domain, upon which the structure of the
Aer HAMP domain was modeled, is at present an orphan
domain with no signaling role. It is possible that HAMP do-
mains that are constrained by lateral interactions with another
signaling domain or protein will be shown in the future to have
a discontinuity in the AS-2 helix, as demonstrated in the pres-
ent study. Constraints on the AS-2 helix are apparently an
integral component of the signaling mechanism. In chemore-
ceptors, such as Tsr or Tar, HAMP domains receive signals
directly from a transmembrane segment, and there is no evi-
dence of a discontinuity in AS-2 (8, 40). In methyl-accepting
chemoreceptors, constraints on AS-2 are imposed by the mo-
tion of the transmembrane helix (TM2) and by the adaptive-
methylation module (25), as opposed to the type of constraints
imposed by PAS or other sensory input domains. This suggests
that there may be fundamental differences in signaling in
chemoreceptors compared to Aer-type proteins. In either sys-
tem, the stimulus-induced change in the HAMP conformation
produces a signal that communicates with the downstream
kinase control region, the site of the receptor’s signal output.

Within the functional unit of chemoreceptors, the trimer of
dimers, HAMP dimers may alternate between an expanded
trimer-of-dimer conformation in the kinase-off state and a
compact conformation in the kinase-on state (20). Such con-
formational changes would require flexibility at the junction of
the HAMP and signaling domains, which could be accommo-
dated by the presence of a short unstructured sequence be-
tween the two domains (36). Recent studies suggested that the
“on” conformation of the HAMP domain stabilizes the four-
helix adaptation region in the proximal signaling domain, caus-
ing a concomitant destabilization of the distal kinase control
region of the receptor (25, 30, 39). There is also evidence that
minor alterations in local helical structures can be transmitted
to the chemoreceptor signaling tip by destabilizing the coiled-
coil structure of a receptor (26). In the current study, a defor-
mation was evident in the Aer HAMP AS-2 region, and this is
an attractive region for future studies. Although its role and
functional significance are currently unknown, it may be a key
to an understanding of the general mechanism used by Aer and
other PAS-HAMP proteins to pass signals onto downstream
components.
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