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In the nitrate-responsive, homodimeric NarX sensor, two cytoplasmic membrane «-helices delimit the
periplasmic ligand-binding domain. The HAMP domain, a four-helix parallel coiled-coil built from two
a-helices (HD1 and HD2), immediately follows the second transmembrane helix. Previous computational
studies identified a likely coiled-coil-forming «-helix, the signaling helix (S helix), in a range of signaling
proteins, including eucaryal receptor guanylyl cyclases, but its function remains obscure. In NarX, the HAMP
HD2 and S-helix regions overlap and apparently form a continuous coiled-coil marked by a heptad repeat
stutter discontinuity at the distal boundary of HD2. Similar composite HD2-S-helix elements are present in
other sensors, such as Slnlp from Saccharomyces cerevisiae. We constructed deletions and missense substitu-
tions in the NarX S helix. Most caused constitutive signaling phenotypes. However, strongly impaired induc-
tion phenotypes were conferred by heptad deletions within the S-helix conserved core and also by deletions that
remove the heptad stutter. The latter observation illuminates a key element of the dynamic bundle hypothesis
for signaling across the heptad stutter adjacent to the HAMP domain in methyl-accepting chemotaxis proteins
(Q. Zhou, P. Ames, and J. S. Parkinson, Mol. Microbiol. 73:801-814, 2009). Sequence comparisons identified
other examples of heptad stutters between a HAMP domain and a contiguous coiled-coil-like heptad repeat
sequence in conventional sensors, such as CpxA, EnvZ, PhoQ, and QseC; other S-helix-containing sensors,
such as BarA and TorS; and the Neurospora crassa Nik-1 (Os-1) sensor that contains a tandem array of
alternating HAMP and HAMP-like elements. Therefore, stutter elements may be broadly important for HAMP

function.

Transmembrane signaling in homodimeric bacterial sensors
initiates upon signal ligand binding to the extracytoplasmic
domain. In methyl-accepting chemotaxis proteins (MCPs), the
resulting conformational change causes a displacement of one
transmembrane a-helix (TM «-helix) relative to the other. This
motion is conducted by the HAMP domain to control output
domain activity (reviewed in references 33 and 39).

Certain sensors of two-component regulatory systems share
topological organization with MCPs. For example, the paralo-
gous nitrate sensors NarX and NarQ contain an amino-termi-
nal transmembrane signaling module similar to those in MCPs,
in which a pair of TM a-helices delimit the periplasmic ligand-
binding domain (Fig. 1) (24) (reviewed in references 32 and
62). The second TM «-helix connects to the HAMP domain.
Hybrid proteins in which the NarX transmembrane signaling
module regulates the kinase control modules of the MCPs Tar,
DifA, and FrzCD demonstrate that NarX and MCPs share a
mechanism for transmembrane signaling (73, 74, 81, 82).

The HAMP domain functions as a signal conversion module
in a variety of homodimeric proteins, including histidine pro-
tein kinases, adenylyl cyclases, MCPs, and certain phospha-
tases (12, 20, 77). This roughly 50-residue domain consists of a
pair of amphiphilic a-helices, termed HD1 and HD2 (formerly
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AS1 and AS2) (67), joined by a connector (Fig. 2A). Results
from nuclear magnetic resonance (NMR) and electron para-
magnetic resonance (EPR) spectroscopy, Cys and disulfide
scanning, and mutational analysis converge on a model in
which the HD1 and HD2 «-helices form a four-helix parallel
coiled-coil (7, 20, 30, 42, 67, 75, 84). The mechanisms through
which HAMP domains mediate signal conduction remain to be
established (30, 42, 67, 84) (for commentary, see references 43,
49, and 50).

Coiled-coils result from packing of two or more a-helices
(27). The primary sequence of coiled-coils exhibits a charac-
teristic heptad repeat pattern, denoted as a-b-c-d-e-f-g (52, 61),
in which positions a and d are usually occupied by nonpolar
residues (reviewed in references 1, 47, and 80). For example,
the coiled-coil nature of the HAMP domain can be seen in the
heptad repeat patterns within the HD1 and HD2 sequences
(Fig. 2A).

Coiled-coil elements adjacent to the HAMP domain have
been identified in several sensors, including Saccharomyces
cerevisiae Slnlp (69) and Escherichia coli NarX (60). Recently,
this element was defined as a specific type of dimeric parallel
coiled-coil, termed the signaling helix (S helix), present in a
wide range of signaling proteins (8). Sequence comparisons
delimit a roughly 40-residue element with a conserved heptad
repeat pattern (Fig. 2A). Based on mutational analyses of
SInlp and other proteins, the S helix is suggested to function as
a switch that prevents constitutive activation of adjacent output
domains (8).



VoL. 192, 2010 COMPOSITE HAMP-S-HELIX ELEMENT 735

Transmembrane Signaling Signal Conversion Central Transmitter
A A A A
r ALl N Ald N
Periplasmic Domain HAMP GAF-like Domain DHp Domain CA Domain

r A ) — r = N 2 2 A N

NarX N— s > C > C H>C  H>mmC >—C® ccc — D ——C O>—C— o H—(C
™1 H1 H2  H3 H4  TM2 . ) H X N D G
S helix

: : : : : : |

100 200 300 400 500 600

FIG. 1. NarX modular structure. Linear representation of the NarX protein sequence, from the amino (N) to carboxyl (C) termini, drawn to
scale. The four modules are indicated at the top of the figure and shown in bold typeface, whereas domains within each module are labeled with
standard (lightface) typeface. The nomenclature for modules follows that devised by Swain and Falke (67) for MCPs. Overlap between the HAMP
domain HD2 and S-helix elements is indicated in gray. The three conserved Cys residues within the central module (62) are indicated. TM1 and
TM2 denote the two transmembrane helices. Helices H1 to H4 of the periplasmic domain (24), and the transmitter domain H, N, D, G (79), and
X (41) boxes, are labeled. The HPK 7 family of transmitter sequences, including NarX, have no F box and an unconventional G box (79). The scale
bar at the bottom of the figure shows the number of aminoacyl residues.

The term “signaling helix” previously was used to define the
a4-TM2 extended helix in MCPs (23, 33). Here, we use the
term S helix to denote the element described by Ananthara-
man et al. (8).

The NarX and NarQ sensors encompass four distinct mod-

ules (Fig. 1): the amino-terminal transmembrane signaling
module, the signal conversion module (including the HAMP
domain and S-helix element), the central module of unknown
function, and the carboxyl-terminal transmitter module (62).
The S-helix element presumably functions together with the
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FIG. 2. HAMP domain extensions. (A) Sequences from representative MCPs (E. coli Tsr and Salmonella enterica serovar Typhimurium Tar)
and S-helix-containing sensors (E. coli NarX, NarQ, and BarA, and S. cerevisiae Slnlp). The HAMP domain, S-helix element, and the initial
sequence of the MCP adaptation region are indicated. Flanking numbers denote positions of the terminal residues within the overall sequence.
Sequential heptad repeats are indicated in alternating bold and standard (lightface) typeface. Numbering for heptad repeats in the methylation
region and S-helix sequences has been described previously (4, 8). Numbers within the HD1 and HD2 helices indicate interactions within the
HAMP domain (42). Residues at heptad positions a and d are enclosed within boxes, residues at the stutter position a/d are enclosed within a
thickly outlined box, and residues in the S-helix ERT signature are in bold typeface. (B) NarX mutational alterations. Deletions are depicted as
boxes, and missense substitutions are shown above the sequence. Many of these deletions were reported previously (10) and are presented here
for comparison. The phenotypes conferred by the alterations are indicated as follows: impaired induction, black box; constitutive and elevated
basal, light gray box; reversed response, dark gray box; wild-type, white box; null, striped box.
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HAMP domain in conducting ligand-responsive motions from
the transmembrane signaling module to the central module,
ultimately regulating transmitter module activity.

Regulatory output by two-component sensors reflects op-
posing transmitter activities (reviewed in reference 55). Posi-
tive function results from transmitter autokinase activity; the
resulting phosphosensor serves as a substrate for response
regulator autophosphorylation. Negative function results from
transmitter phosphatase activity, which accelerates phosphore-
sponse regulator autodephosphorylation (reviewed in refer-
ences 64 and 65). We envision a homogeneous two-state model
for NarX (17), in which the equilibrium between these mutu-
ally exclusive conformations is modulated by ligand-responsive
signaling.

Previous work from our laboratory concerned the NarX and
other HAMP domains (9, 10, 26, 77) and separately identified
a conserved sequence in NarX and NarQ sensors, the Y box,
that roughly corresponds to the S helix (62). Therefore, we
were interested to explore the NarX S helix and to test some of
the predictions made for its function. Results show that the S
helix is critical for signal conduction and suggest that it func-
tions as an extension of the HAMP HD2 a-helix in a subset of
sensors exemplified by Slnlp and NarX. Moreover, a stutter
discontinuity in the heptad repeat pattern was found to be
essential for the NarX response to signal and to be conserved
in several distinct classes of HAMP-containing sensors.

MATERIALS AND METHODS

Plasmid and strains. Phenotypes were determined for narX alleles in plasmid
pVJIS2474 (10), which contains the ColEl-type replication origin from plasmid
pBR322 (13). The narX* allele on this plasmid was modified to contain several
unique, silent restriction endonuclease sites. Small, readily sequenced DNA
segments were subcloned after mutagenesis to reconstruct an intact narX gene,
thereby reducing the likelihood of spurious mutations elsewhere in the gene.

NarX positive function (autokinase plus phosphotransfer) was monitored in
host strain VIS5054 [N®(narG-lacZ)250 AnarX242 ychN2084:Q-Cm narQ251::
Tnl0d(Tc) narL™ pcnBl zad-981::Tnl0d(Km)] (76). This strain carries the pcnBI
allele, which results in an average plasmid copy number of approximately one (44).

NarX negative function (phosphatase) was monitored in host strain VJIS4033
N®(narG-lacZ)250 AnarX242 ych02084::Q-Cm narQ251::Tnl0d(Tc) narL505
penB ™ (76). The pcnB™ allele, which permits the normal average plasmid copy
number of about 20, allows for increased sensitivity in assigning phenotypes
(C. E. Noriega, H.-Y. Lin, L.-L. Chen, and V. Stewart, unpublished data).

Phenotypes. During anaerobic growth, expression of the narGHII operon
encoding respiratory nitrate reductase is induced about 100-fold by nitrate. This
wide dynamic range encompasses a variety of distinct phenotypes. Induction by
nitrate requires the narL™* gene and, in the narX narQ double null strains
employed, plasmid-encoded NarX sensor function. Test strains carry a mono-
copy ®(narG-lacZ) gene fusion at att\ (58). The induction ratio is calculated as
the LacZ specific activity from the nitrate-supplemented culture divided by
activity from the unsupplemented culture.

(i) Constitutive phenotype. The constitutive phenotype denotes mutants for
which ®(narG-lacZ) expression was similar in both cultures, with an induction
ratio of 1.3 or less and uninduced values 35 to 75% of the wild-type induced level.
Mutants with the strong constitutive phenotype had uninduced values 80% or
more of the wild-type induced level. Others use the term “locked-on” for these
phenotypes (6, 25).

(ii) Elevated basal phenotype. The elevated basal phenotype denotes mu-
tants for which induced ®(narG-lacZ) expression was at least 30% of the
wild-type level, with an induction ratio of 1.4 or more and uninduced values
of about 7.5 to 30% of the wild-type induced level. Mutants with the strong
elevated basal phenotype had uninduced values 35% or more of the wild-type
induced level.

(iii) Impaired induction phenotype. The impaired induction phenotype de-
notes mutants for which induced ®(narG-lacZ) expression was less than 40% of
the wild-type level, with an induction ratio of 12 or more and essentially wild-type
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uninduced level. Mutants with the strongly impaired induction phenotype had
induced values essentially equal to the wild-type uninduced level and an
induction ratio of 3.3 or less. Others use the term “locked-off” for these
phenotypes (6, 25).

(iv) Null phenotype. The null phenotype was distinguished from the strong
impaired induction phenotype by testing for NarX negative function in strain
VIS4033. The NarL(V88A) protein expressed by this strain can be phosphory-
lated by a Nar-independent route. In narX null strains, ®(narG-lacZ) expression
from uninduced cultures is equal to the fully induced level, whereas in narX™
strains uninduced expression is lower due to NarX phosphatase activity (58, 76).
Additionally, sensor protein was undetectable by Western blot analysis of mem-
brane fractions from two null mutants, narX A(Y227-L258) and narQ A(Y226-
L.257) (36) (J. A. Appleman and V. Stewart, unpublished data).

(v) Reversed response phenotype. The reversed response phenotype denotes
mutants for which the induction ratio is 0.2 or less (10).

Culture media and conditions. Defined, complex, and indicator media for
genetic manipulations were used as described previously (48). Defined medium
to grow cultures for enzyme assays was buffered with 3-(N-morpholino)propane-
sulfonic acid (MOPS) as described previously (63). Glucose was added at 80 mM.
NaNOj; (40 mM) was added as indicated. TY broth contained tryptone (0.8%),
yeast extract (0.5%), and NaCl (0.5%).

Plasmid-containing strains were cultured in medium prepared by mixing equal
volumes of defined (MOPS) and complex (TY) media. This medium produces a
favorable combination of rapid growth and robust response to nitrate (10).
Ampicillin (Ap; 100 pg ml~') was added to maintain selection for plasmid-
bearing cells.

Culture densities were monitored with a Klett-Summerson photoelectric col-
orimeter (Klett Manufacturing Co., New York, NY) equipped with a number 66
(red) filter. Cultures to monitor ®(narG-lacZ) expression were grown at 37°C to
the early exponential phase (about 25 to 35 Klett units). Anaerobic cultures were
grown in filled screw-cap tubes as described previously (63).

Enzyme assay. B-Galactosidase activities were measured in CHCl;-sodium
dodecyl sulfate-permeabilized cells. Specific activities are expressed in arbitrary
units (Miller units) (53). Assays were performed at room temperature at approx-
imately 21°C. Reported values are averaged from at least two independent
cultures grown on different days. Each culture was assayed in duplicate, with one
assay reaction mixture containing twice as much cell extract as the other.

DNA cloning and sequencing. Standard methods were used for PCR, restric-
tion endonuclease digestion, ligation, and transformation of DNA (48). Restric-
tion enzymes and T4 DNA ligase were from New England Biolabs, Inc. (Beverly,
MA). DNA for sequencing was isolated from purified plasmid minipreps (Qia-
gen, Valencia, CA). DNA sequencing was performed by Davis Sequencing
(Davis, CA) or by the College of Biological Sciences Automated DNA Sequenc-
ing Facility (University of California, Davis, CA).

Site-specific mutagenesis. Oligonucleotide-directed deletions and single-nu-
cleotide substitutions were generated by a modification of the QuikChange PCR
protocol (Stratagene, La Jolla, CA) as described previously (10). In cases where
phenotypes were unexpected or confusing, we used oligonucleotide-directed
mutagenesis to change the alteration back to the wild-type sequence (true re-
version) in order to ensure that the wild-type phenotype was restored. This
provided reassurance that the mutant allele did not contain other, undetected
alterations contributing to the phenotype.

Computational analyses. Genome database searches employed the BLAST
programs (5) at the National Center for Biotechnology Information (http://www
.ncbi.nlm.nih.gov). Identification of potential coiled-coil regions used the COILS
and PCOILS programs (37), accessed through the MPI Bioinformatics Toolkit
(15). The MTDIK matrix was used, and both weighted and unweighted analyses
were performed (37). Both programs return analyses with scanning window sizes
of 14, 21, and 28 residues.

RESULTS

Sequence features. The S-helix element, located between
two signaling domains, is predicted to form a dimeric parallel
coiled-coil (8). A defining feature is denoted as the “ERT
signature” in the central heptad, with conserved residues Glu
(or another polar residue) at S-helix position 19 (heptad posi-
tion c), Arg or Lys at position 20 (heptad position d), and Thr
at position 21 (position ) (numbering shown in Fig. 2A) (8).
Other conserved residues include Asn (or another polar resi-
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FIG. 3. Positive-function phenotypes conferred by HAMP and S-helix deletions. Expression of the ®(narG-lacZ) reporter is normalized to the
induced wild-type value, which corresponds to about 2,000 Miller units. Hatched bars show data from cultures grown in the absence of nitrate
(uninduced). Filled bars show data from cultures grown in the presence of nitrate (induced). Data for mutants indicated with asterisks are from

reference 10.

due) at S-helix position 10 (heptad position a), Glu at position
14 (heptad position e), Val at position 17 (position a), and Leu
at positions 13 (position d) and 24 (position a). Sequence
outside this region is less conserved, except for the pattern of
hydrophobic residues that predominate at heptad positions a
and d. We therefore denote the region spanning positions 10
through 24 as the S-helix conserved core (Fig. 2A).

As identified by Anantharaman et al. (8), the NarX S helix
encompasses residues Asn-218 through Arg-257 (Fig. 2A), be-
tween the upstream HAMP domain and downstream central
module. This sequence includes characteristic S-helix features,
including the ERT signature (NarX residues Glu-236, Lys-237,
and Thr-238) as well as S-helix conserved core residues Leu-
230, Glu-231, Val-234, and Leu-241 (Fig. 2A).

An earlier analysis of Nar sensor domain architecture de-
fined a 32-residue element, spanning residues Tyr-227 through
Leu-258, as strongly conserved in NarX and NarQ sequences
(62). This element was termed the Y box because of the nearly
invariant residue Tyr-227, which lies at S-helix position 10.
Other noted features were the heptad repeat pattern, the
charged residue Lys-237 at heptad position d (in the ERT
signature), and the nearly invariant residues Glu-231 and Thr-
238. Thus, the Y box corresponds to positions 10 to 40 of the
S helix (Fig. 2A).

It is suggested that some S-helix modules likely merge at
their termini with adjacent helical segments (8). Indeed, in-
spection reveals that the six amino-terminal residues of the
NarX and NarQ S-helix elements overlap with the six carboxyl-
terminal residues of their adjacent HAMP domain HD2 heli-
ces (Fig. 2A). The identical six-residue overlap is present in
other sensors, including S. cerevisiae Slnlp and E. coli BarA
(Fig. 2A). Similarly, the S-helix distal portion (Fig. 2A) likely
forms part of the NarX central module, a GAF-like domain
(see Discussion).

Prior computational analysis identified potential coiled-coils
spanning E. coli NarX residues Leu-212 through Leu-251 and
NarQ residues Asn-216 through Arg-246 (60). Similar results
were obtained with the programs COILS and PCOILS, run as
described in Materials and Methods. Although exact bound-
aries varied somewhat according to the parameters and scan-
ning window size, the region encompassing NarX HD2 residue
Leu-212 through the S-helix core sequence was consistently
identified has having a high probability of forming a coiled-coil
(results not shown).

Inspection reveals that the HAMP-S-helix overlap includes
a discontinuity within the heptad repeat pattern, termed a
stutter, equivalent to a three-residue deletion (19). We denote
the stutter in Fig. 2A as position a/d, because the residue at this
position (Leu-223) lies at heptad position a with respect to the
upstream sequence but at heptad position d with respect to the
downstream sequence.

Large deletions. The A(L178-R206) deletion (29 residues)
removes the HD1 and connector elements from the HAMP
domain, whereas the A(L178-L216) deletion (39 residues) re-
moves most of the HAMP domain. Both conferred the consti-
tutive phenotype (Fig. 3). The A(P181-N217) deletion (37 res-
idues), which also removes most of the HAMP domain,
conferred the strong elevated basal level phenotype, as did the
A(H243-R256) deletion (14 residues), which removes the distal
portion of the S-helix element. Finally, the A(Y227-L.241) de-
letion (15 residues), which removes the S-helix conserved core,
conferred the strong constitutive phenotype. The constitutive
and strong constitutive phenotypes are similar to those con-
ferred by seven- and ten-residue deletions within the HD1 and
connector elements, and the strong elevated basal level phe-
notypes are similar to those conferred by the A(M209-N218)
and A(M209-M219) deletions (10 and 11 residues, respec-
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TABLE 1. Effects of HAMP and S-helix alterations on NarX
negative function: NarL(V88A)-dependent
D (narG-lacZ) expression”

LacZ sp act

Alteration” Indu;ti(pn
— Nitrate + Nitrate ratio
None (vector only) 1,270 1,150 0.9
None (wild type) 200 1,440 7.2
A(S220-L223) 330 140 0.4
A(1L223-S226) 170 74 0.4
A(Y227-L258) 2,050 1,150 0.6
A(V234-G240) 7 150 21
A(K237-H243) 7 890 127
A(K244-F250) 56 1,390 25
A(L251-R257) 2,660 1,390 0.5
R233E 18 1,350 75
L241A 280 1,370 4.9

¢ Strains were cultured anaerobically to the mid-exponential phase in enriched
medium (TY broth plus a 1:1 mixture of MOPS-glucose). Nitrate was added as
indicated at 40 mM.

b Alteration on the indicated narX allele on plasmid pVJS2474 derivative in
strain VIS4033 [®(narG-lacZ) AnarX242 narQ251::Tnl0 narL505 pcnB™].

¢ The induction ratio is calculated as the LacZ specific activity from the
nitrate-supplemented culture divided by activity from the unsupplemented cul-
ture (minus nitrate).

tively) within the HD2 element (10) (examples presented in
Fig. 3).

In contrast, two other large deletions conferred the null
phenotype (in vivo phosphotransfer data not shown), and
therefore likely cause severe structural perturbations. The
A(W182-S220) deletion (39 residues) removes most of the
HAMP domain, including the first three residues of the S helix
(10), and the A(Y227-L258) deletion (32 residues), designed to
eliminate the Y-box element, removes most of the S helix (Fig.
2B). In vivo negative-function data for the A(Y227-L258) de-
letion are shown in Table 1; those for the A(W182-S220) de-
letion are presented in reference 10. (Note that this deletion
erroneously is depicted as including residue Pro-181 in Fig. 2
of reference 10.) The congruent A(Y226-L257) deletion of
NarQ also conferred the null phenotype (data not shown).

Heptad deletion scan. Previously, our laboratory constructed
a series of overlapping seven-residue deletions to scan through
the HAMP domain HD1, connector, and HD2 elements (10).
In an a-helix, seven residues correspond to two full turns (56),
so these heptad deletions are expected to leave the overall
coiled-coil structure intact, albeit shorter. This contrasts to the
larger deletions described above, most of which disrupt the
heptad repeat pattern and therefore likely disrupt the coiled-
coil structure.

We extended this heptad deletion scan across the S-helix
element. Patterns of ®(narG-lacZ) expression are shown in
Fig. 3, which also includes results from previous analysis of
HD2 deletions for comparison. The A(L223-V229) and
A(Y227-R233) deletions conferred constitutive phenotypes,
the A(L230-E236) and A(L248-A254) deletions conferred ele-
vated basal level phenotypes, the A(L241-1247) deletion mu-
tant was essentially wild-type, and the A(L251-R257) deletion
conferred the null phenotype (Table 1).

Strikingly, three S-helix heptad deletions, A(V234-G240),
A(K237-H243), and A(K244-F250), conferred strong impaired
induction phenotypes. These mutants were differentiated in

J. BACTERIOL.

the phenotypic test for negative function (Table 1). The
A(V234-G240) and A(K237-H243) deletions, which both re-
move the ERT signature motif, exhibited strong negative-func-
tion phenotypes comparable to those of missense mutants de-
void of autokinase activity (C. E. Noriega, H.-Y. Lin, L.-L.
Chen, and V. Stewart, unpublished data). In contrast, the neg-
ative-function phenotype for the A(K244-F250) mutant was
similar to that of the wild type. Thus, the A(V234-G240) and
A(K237-H243) mutant proteins appear to be strongly biased
toward the ligand-free signaling conformation.

Stutter deletions. We constructed a pair of four-residue de-
letions, each with residue Leu-223 at one endpoint (Fig. 2B).
These deletions remove the stutter, thereby forming a contin-
uous heptad repeat pattern from the HD2 element through the
end of the S helix. These deletions conferred the strong im-
paired induction phenotype (Fig. 3), quite different from the
elevated basal level and constitutive phenotypes conferred by
the heptad deletions A(M219-E225) and A(L223-V229) which
remove residue Leu-223 but leave the stutter pattern intact
(Fig. 2B). Additionally, the four-residue stutter deletion mu-
tants exhibited strong negative function that, unlike all other
mutants tested, was indifferent to added inducer (Table 1).
This suggests that these mutant proteins are essentially immo-
bilized in the ligand-free signaling conformation. Therefore,
the stutter is indispensable for NarX response to nitrate.

Heptad Ala scan. We used site-specific mutagenesis to sub-
stitute Ala at each heptad position a or d from Met-209 in the
HD2 element through Asn-255 near the end of the S helix (Fig.
2B). Alanine-scanning mutagenesis was developed originally to
infer functional contributions of aminoacyl side chain atoms
beyond the a carbon (28). Our further goal here was to identify
alterations that destabilize the coiled-coil structure. Formation
of parallel coiled-coils is governed in large part by interaction
of hydrophobic “knobs” at heptad positions a and d with their
corresponding “sockets” on the partner helix (27). Accord-
ingly, the large aliphatic residues (Leu, Val, and Ile) predom-
inate at these positions, although polar and charged residues
account for about 20% of the total (reviewed in references 1,
47, and 80). In particular, Leu residues prevail at the d heptad
positions in parallel two-stranded coiled-coils due to perpen-
dicular packing geometry (38). We reasoned that Ala substi-
tutions at heptad positions a and d could act to destabilize the
corresponding regions of the HD2-S-helix coiled-coil and
thereby provide informative phenotypes, although cognizant
that effects of individual residues are extremely dependent on
context (45). Recently, similar logic was employed as part of a
detailed analysis of the Tar adaptation region (68).

Ala substitution mutants displayed the range of phenotypes
excluding null (see Fig. 5). All five of the elevated basal level or
constitutive phenotype alterations lie within the first seven
heptad positions in the region tested (Fig. 2B). Two of these
(L212A and L216A) are at positions critical for HD2 function
(10, 84). The remainder exhibited the wild-type phenotype,
with two notable exceptions. Ala substitution at residue Leu-
241 (at the end of the S-helix conserved core) conferred the
impaired induction phenotype (Table 1), whereas substitution
at Leu-251 (in the S-helix distal portion) conferred the re-
versed response phenotype. The basis for the reversed re-
sponse phenotype is unknown (10).

The position corresponding to NarX residue Lys-244, at
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TABLE 2. Effects of S-helix missense substitutions on NarX
positive function: ®(narG-lacZ) expression”

LacZ sp act

Substitution(s)” Indu?tlcon
— Nitrate + Nitrate ratio
None (wild type) 12 1,660 142
E231A 16 1,800 111
E231V 29 1,330 45
E231R 17 1,470 88
R233E 10 370 36
E231R + R233E 12 370 30
E236K 50 1,660 33
K237E 170 1,850 11
T238A 14 1,560 111
T238F 730 1,550 2.1
K244L 7 690 98
W252R 940 950 1.0

¢ Strains cultured anaerobically to the mid-exponential phase in enriched
medium (TY broth plus a 1:1 mixture of MOPS-glucose). Nitrate was added as
indicated at 40 mM.

® Substitution(s) at the indicated narX allele on plasmid pVJS2474 derivative
in strain VIS5054 [®(narG-lacZ) AnarX242 narQ251::Tnl0 pcnBl].

¢ The induction ratio is calculated as the LacZ specific activity from the
nitrate-supplemented culture divided by activity from the unsupplemented cul-
ture (minus nitrate).

heptad position d, is occupied by Gln, Ala, Thr, or Ser in NarX
and NarQ sequences from other species, so the wild-type phe-
notype conferred by the K244A substitution is not altogether
surprising. Accordingly, we also substituted Lys-244 with Leu,
the residue generally preferred at coiled-coil heptad positions
d. Indeed, the K244L substitution conferred a mild impaired
induction phenotype (Table 2).

Missense substitutions. Finally, we employed site-specific
mutagenesis in order to examine specific residues within the S
helix.

(i) The ERT signature. NarX residues Glu-236, Lys-237, and
Thr-238 form the ERT signature at S-helix positions 19, 20,
and 21, respectively.

The Arg residue at S-helix position 20 (Arg-838) is critical
for control of human guanylyl cyclase 2D activity. Substitution
with Lys has no effect, whereas substitution with Glu or Asp
results in elevated activity that is regulated only weakly by
signal ligand (59). The corresponding K237E substitution in
NarX similarly conferred the elevated basal phenotype (Table
2). Surprisingly, the K237A change had little effect (see Fig. 5).
Nevertheless, some other S-helix sequences, including that
from BarA, have Ala at this position (Fig. 2B).

In S. cerevisiae Slnlp, substitution of large hydrophobic res-
idues for the Thr residue at S-helix position 21 (Thr-550; Fig.
2A) results in hyperactive kinase activity, whereas substitution
of Asp has little effect (69). Likewise, substitution of Met at
position Thr-839 in human guanylyl cyclase 2D causes in-
creased basal activity (59). The NarX T238F change caused the
elevated basal phenotype, whereas the T238A substitution had
little effect (Table 2).

Finally, the NarX E236K mutant, substituted at S-helix po-
sition 19, exhibited a mild elevated basal phenotype (Table 2).

(ii) Tyr-227. Residue Tyr-227 at S-helix position 10 (heptad
position a) is strongly conserved in NarX and NarQ sequences
(62). This position in other S-helix sequences is usually occu-
pied by a polar residue, such as Asn (8). As noted above,
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substitution of Ala for residue Tyr-227 (Y227A) resulted in the
strong constitutive phenotype (see Fig. 5). Confoundingly,
however, the congruent NarQ Y226A mutant behaved essen-
tially as the wild type did (data not shown).

(iii) Glu-231 and Arg-233. Residue Glu-231 at S-helix posi-
tion 14 is strongly conserved in NarX and NarQ sequences
(62). In S. cerevisiae Slnlp, substitution of Val at residue Glu-
243 results in strongly hyperactive kinase activity (69). How-
ever, the congruent change in NarX (E231V) conferred the
wild-type phenotype (Table 2), as did substitution of Ala
(E231A).

NarX residues Glu-231 and Arg-233 represent oppositely
charged residues at adjacent heptad positions e and g, which
are suggested to form interhelical interactions to help stabilize
the S-helix coiled-coil (8). (Note, however, that salt bridges in
coiled-coils usually result from interaction between position g
in one heptad and position e of the partner chain in the suc-
cessive heptad [reviewed in reference 80].) We reasoned that,
if residues Glu-231 and Arg-233 interact directly through their
opposite charges, single substitutions to the opposite charge at
these positions would each display the same phenotype,
whereas the double substitution would display a suppressed
phenotype (83). Thus, we made the single substitutions E231R
and R233E, as well as the double substitution E231R plus
R233E. The E231R change resulted in an essentially wild-type
phenotype, whereas the R233E change caused the impaired
induction phenotype (Tables 1 and 2). Notably, the double
mutant (E231R plus R233E) displayed the same phenotype as
the R233E single mutant (Table 2).

(iv) Trp-252. Finally, in human guanylyl cyclase A (natri-
uretic peptide receptor), substitution of Arg at S-helix position
35 (Leu-849) causes loss of catalytic activity, presumably by
interfering with dimerization (57). The congruent change in
NarX (W252R) caused the constitutive phenotype (Table 2).
This position is occupied by Tyr or Phe in most other NarX and
NarQ sequences. Interestingly, the N276S substitution at the
corresponding position in BarA was isolated as an impaired
induction mutant (70).

DISCUSSION

The homodimeric HAMP domain is a four-helix parallel
coiled-coil, in which the two helices of each monomer are
offset by one helical turn (42, 67, 84). Therefore, the carboxyl-
terminal end forms the beginning of a dimeric parallel coiled-
coil extruding from the domain. We propose that the S-helix
element functions as a contiguous coiled-coil extension of the
HAMP domain in NarX. Analogous coiled-coil extensions may
function in other sensor subclasses as described below.

The HAMP-S-helix stutter is essential. The heptad repeat
pattern at the distal boundary of the HAMP HD?2 element
exhibits a stutter, equivalent to a three-residue deletion within
a series of tandem heptads (19) (Fig. 2A). The four-residue
deletions A(S220-L223) and A(L.223-S226), which introduce a
continuous heptad repeat pattern, resulted in a uniquely strong
version of the impaired induction phenotype (Fig. 2B and
Table 1). In contrast, the seven-residue deletions A(L223-
V229) and A(M219-E225), which leave a stutter in place, re-
sulted in constitutive and strong elevated basal phenotypes,
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FIG. 4. Positive-function phenotypes conferred by HAMP and S-helix heptad scan deletions. Expression of the ®(narG-lacZ) reporter is
normalized to the induced wild-type value, which corresponds to about 2,000 Miller units. Hatched bars show data from cultures grown in the
absence of nitrate (uninduced). Filled bars show data from cultures grown in the presence of nitrate (induced). Data for mutants indicated with

asterisks are from reference 10.

respectively. Thus, this discontinuity was critical for signal
transmission.

Remarkably, the identical stutter marks the junction be-
tween the HAMP domain and helix 1 of the adjacent coiled-
coil adaptation (methylation) region in MCPs (Fig. 2A). The
MCP adaptation region forms part of an extended four-helix
antiparallel coiled-coil (78), whereas the S helix is a dimeric
parallel coiled-coil. Nevertheless, the conserved heptad stutter
suggests that HAMP domain signaling may operate in analo-
gous fashion through a contiguous coiled-coil extension in both
MCPs and NarX.

Recently, Zhou et al. suggested a dynamic bundle model to
account for signal propagation across the HAMP domain and
adaptation region in Tsr and other MCPs (84). They hypoth-
esize that the helical phase clash introduced by the stutter
contributes to oppositional stability of the flanking coiled-coil
structures. Indeed, coiled-coils can contain subdomains of rel-
atively high and low stability (40, 45), and stutters cause local-
ized distortion in the coiled-coil structure (19, 46, 66). Accord-
ing to the dynamic bundle model, strong helix packing within
the HAMP domain (kinase-off signaling state) leads to relaxed
helix packing in the adaptation region, whereas relaxed helix
packing within the HAMP domain (kinase-on signaling state)
leads to strong helix packing in the adaptation region (84). The
helix-packing mode within the adaptation region, in turn, is
hypothesized to be antisymmetrically coupled with that of the
protein interaction region that controls CheA autokinase ac-
tivity (68).

ERT signature function. In human guanylyl cyclase 2D, cer-
tain missense substitutions for residue Arg-838 in the ERT
signature cause a severe retinopathy, Leber congenital amau-
rosis (29). Molecular dynamics simulations provide a hypothet-
ical structure for this S helix and suggest a central role for
residue Arg-838 in forming salt bridges with nearby Glu resi-

dues (59). These bridges stabilize the local interface and
thereby constrain mobility in the distal portion of the coiled-
coil. The resulting interchain electrostatic repulsion involving
these and other S-helix Glu residues serves to repel the two
helical strands, resulting in a destabilized “splayed” structure
immediately distal to the ERT signature (59). This specific
mechanism likely is not general, as these Glu residues are
either not strongly conserved in receptor guanylyl cyclase se-
quences (16) or in S-helix sequences generally (8). Neverthe-
less, it illustrates a critical function for the ERT signature in
control of distal helix packing.

A dynamic bundle in NarX? The dynamic bundle model
provides a useful framework for interpreting effects of alter-
ations in the NarX HAMP-S-helix element. Evidence suggests
that signal-ligand binding to the NarX periplasmic domain
corresponds to the ligand-free signaling state of MCPs (Tar or
Tsr) (9, 24, 73) (for commentary, see reference 32). Thus,
nitrate binding would effect the HAMP-relaxed, S-helix-strong
packing conformations analogous to the MCP kinase-on out-
put response.

For NarX, it can be imagined that a structural perturbation
transmitted across the stutter residue controls formation or
geometry of interactions with ERT signature residues, thereby
influencing the distal coiled-coil structure. Support for this
notion comes from the mutant phenotypes reported here (Fig.
4 and 5). Two of the three heptad deletions that uniquely
conferred the impaired induction phenotype, A(V234-G240)
and A(K237-H243), affect the ERT signature in the S-helix
core (Fig. 2B). Likewise, the only Ala substitution conferring
an impaired induction phenotype, L241A, is at the end of the
S-helix conserved core just distal to the ERT signature. These
alterations, by abolishing ERT function, would trap the distal
portion of the S helix in the stabilized conformation, thereby
preventing output activation. In contrast, heptad deletions and
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FIG. 5. Positive-function phenotypes conferred by HAMP and S-helix Ala scan substitutions. Expression of the ®(narG-lacZ) reporter is
normalized to the induced wild-type value, which corresponds to about 2,000 Miller units. Hatched bars show data from cultures grown in the
absence of nitrate (uninduced). Filled bars show data from cultures grown in the presence of nitrate (induced).

missense substitutions proximal to the ERT signature almost
exclusively yielded constitutive or elevated basal phenotypes.

Heptad deletions through the S-helix distal portion yielded
the range of phenotypes (Fig. 4). Thus, even if the above model
is correct, the mechanism by which signal is propagated to
control transmitter output activity is unclear. The NarX
HAMP-S-helix element connects to the output transmitter
module through the intervening central module (Fig. 1), a
variant of the conserved GAF domain found in a variety of
signaling proteins (11) (C. E. Noriega, M. J. Gray, J. A. Apple-
man, H.-C. Wu, L.-L. Chen, and V. Stewart, unpublished
data). We hypothesize that the distal portion of the NarX S
helix comprises the initial a-helix for this GAF-like domain
(Fig. 2A). Thus, signal-responsive modulation of the S-helix
conserved core structure might control how the distal portion
interacts with the remainder of the GAF-like domain.

HAMP control of transmitter activity. As described above, a
heptad stutter at the HD2 distal boundary seems critical for
HAMP-mediated signaling in two distinct cases. To search for
HAMP-related stutters in other contexts, we examined sensors
for which the HAMP domain and transmitter module are
adjacent or nearly so. Below we first summarize transmitter
structure and dynamics and then consider three different ex-
amples of conserved stutters, suggesting a broad role for this
discontinuity in HAMP-mediated signaling.

The homodimeric transmitter module comprises two do-
mains connected by a flexible tether. The dimerization and
histidyl phosphotransfer (DHp) domain is an antiparallel four-
helix bundle that contains the phosphoaccepting His residue,
and the catalytic and ATP-binding (CA) domain embodies the
autokinase activity (reviewed in references 31 and 35). The
DHp domain governs receiver domain phosphorylation (phos-
photransfer activity) and dephosphorylation (phosphatase ac-
tivity). Therefore, transmitter activity reflects an equilibrium
between two distinct active conformations, autokinase and
phosphotransfer or phosphatase.

X-ray structures reveal a dynamic lateral interface between the
DHp and CA domains (2, 14, 21, 51). Thus, it is hypothesized that
regulatory signal influences the DHp antiparallel four-helix bun-
dle structure in order to modulate this interface, which must be
destabilized for autokinase action (allowing the CA domain to
interact with the phospho-accepting His residue) yet stabilized for
phosphotransfer or phosphatase activity (sequestering the CA
domain away from the His residue) (2, 21, 51).

These alternate conformations appear to result from rotation
between a-helices in the DHp domain antiparallel four-helix bun-
dle. This is obviously congruent with the model, suggested by
NMR structure analysis of the Af1503 HAMP domain, that the
HD1 and HD2 a-helices rotate relative to one another (42).
Confoundingly, however, HAMP domain rotation seems incom-
patible with the ligand-responsive piston-type motion exhibited by
MCP transmembrane signaling modules (67) (reviewed in refer-
ence 33). Analogous piston-type signaling motions likely operate
in many two-component sensors, including EnvZ, NarX, and
CpxA (9, 24, 72, 74) (for commentary, see reference 32).

The dynamic bundle hypothesis provides a mechanism
through which a TM2 piston-type motion results in destabili-
zation (i.e., helical rotation) within a distal helical element
(84). If this hypothesis applies broadly to two-component sen-
sors, one expects to find appropriately positioned heptad stut-
ters in different classes of HAMP-containing sensors. Three
such examples follow.

(i) EnvZ-type sensors. The well-studied EnvZ sensor repre-
sents a common structure, with an MCP-like transmembrane
signaling module and HAMP domain linked directly to a trans-
mitter module (72). Among the 15 HAMP-containing sensors
encoded by E. coli K-12 (10), 10 conform to this architecture.
(Four others, NarX, NarQ, BarA, and TorS, are described
above or below, whereas the fifth, RcsC, is not considered
here.) Sequence from the HAMP domain through the first
helix of the DHp domain for these 10 sensors is presented in
Fig. 6.
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HAMP Domain
HD1 Connector HDZ
12 3 4 2 ry
Tsr 214 VAPNRIDRHAGGDLVKPI-EVDGSNE@G AESI Iﬂocs MRT GD RN GNAEIYSGSEATGND 299
NarX 178 |LJLQPMROIL|L AMAIS A[V]SHRDFTQRA-N I SGRN E[MAMLIG T AlL SAE[L AES AV e RIVjQ EK|T AG|LE HIKIN @ 1]L]s FlL 259
d a d a d a d a a d a d a d
BaeS 189 LLAPVKRLVDGTHKLAAGDFTTRV-TPTSEDELGKLAQDF A of1]s[HIE[L]R T[P|L A v[L|R 6[E 270
BasS 91 |I|TRP|LAE|LIQKE[L|EARITADNLTP 1A- IHSATLE[I[E AV SAlL v|AHIE|LIR T|P|L A G|V|R L|H 172
CopS 183 |G|LRE[I|KKIL[SGV|TIEAILINYNDSREPVEVSALPRE|L|KP|LIGQA|L L{AH[E[L[R T|r[1 N AlL|L clo 265
CoxA 186 |L[AKP|AIRK|L|KNAJAIDE[VAQGNLRQHPELEAGP QE|F|L AlAlGAS|F 1[s|HE|LIR T|P[L TR|L|a LiG 268
cuss 209 |G|HAP|I|[Rs|v|srRalIlan[I[TskDLDVRLDPQTVP I E[L|EQILIVL S|F 1{AH[E| 1R T|R[1 TN|L1 TlO 291
EnvZ 182 0|NRPLVDLEHAALOVGKGIIPPPL-REYGASEVRSVTRAF v|s|HID|L|R T|P|L T RI[R L|A 263
PhoQ 217 [S|LRP|I|EAILJAKE|VIRE|LIEEHNRELLN--PATTRE|L|TS[L[vRN[L L{r[H[s|L|x T[p|L A viL|a s|T 297
aseC 185 |[E[LAP|LINK|L|ALA/LIRMRDPDSEKPLN-ATGVPSE|[VRP|LIVE S|L AlAH[E[L|R S|P|L T AlL|K Vi@ 266
aseE 197 [I[1 GP|V|KN|[I|ERMIINRILIGEGRSLGNSVSFSGPSE|L|RS|VIGQR]I L|S|HE|L|K T|r[L A S|MRElG 279
RstB 160 [HWQ DML K|L|E AA[AJQR[F[SDGHLNER | -HF DEGS S|F|E RIL|G V A[F 1 [AHIEILIR TlP|L v RL|R Y[R 241
H box

FIG. 6. EnvZ-type sensor HAMP domain extensions. Sequences from E. coli K-12 Tsr, NarX, and 10 HAMP-containing sensors are shown. The
HAMP domain and H-box motif (79) are indicated. Flanking numbers denote positions of the terminal residues within the overall sequence. Numbers
within the HD1 and HD2 helices indicate interactions within the HAMP domain (42). Residues at heptad positions a and d are enclosed within boxes,
residues at the stutter position a/d are enclosed within a thickly outlined box, and DHp domain invariant His residues are enclosed within a shaded box.
Alternate designations are as follows: CopS also called YedV, CusS also called YbcZ, QseC also called YgiY, and QseE also called YfhK.

All 10 of these EnvZ-type sensors are in the closely related Remarkably, for all 10 EnvZ-type sensors, the junction be-
HPK 1, HPK 2, and HPK 3 sequence subfamilies (79), the tween the HAMP HD2 helix and the DHp helix exhibits the
DHp domains for which are annotated in databases under the identical stutter pattern exhibited by MCPs and Slnlp-NarX
HisKA designation (e.g., pfam00512) (34). Available struc- sensors (Fig. 6). Thus, it is easy to envision the dynamic bundle

tures for this DHp domain class reveal an antiparallel four- model in operation, with control exerted directly over alternate
helix bundle, rather than a coiled-coil (14, 21, 51, 71). Never- conformations within the DHp domain.

theless, the proximal (H-box) helix does exhibit a heptad-like (ii) S-helix sensors. Like NarX, many sensors have interven-
repeat pattern that reflects hydrophobic packing interactions ing domains between the HAMP-S-helix element and the
in the domain interior (51), and a computational study con- transmitter module (8). However, the HAMP, S-helix, and

cluded that this helix forms a coiled-coil at least through the transmitter sequences are contiguous in the Slnlp sensor. We
conserved Pro residue (60). Moreover, the structure of the extracted a somewhat arbitrary selection of protein sequences

Bacillus subtilis DesK sensor DHp domain reveals an antipar- with similar architecture from the data set provided in refer-
allel four-helix coiled-coil (2), although DesK is in the distinct ence 8, taking care to include representatives in which the S
HPK 7 sequence subfamily, the DHp domain for which is helix appeared to have insertions or deletions. Examples are
annotated as HisKA_3 (pfam07730). presented in Fig. 7. For most, the 40-residue S-helix segment
HD2
2 3 4
a d a d ald a d a d a d a d a d a d
Padgs2 453 E[IjoaMaaalLeoMRa L~~ﬂ~~-a--dRTRRDAD DELRROVERRTAS AKDOAEAADRA-~~¢~ EERTE UathMsHe 517
vca0z3g 259 E[L|K T|L[ARHFNYMAQS[L- - e - - s - aEQADKERMS OLIEREVADRTOELAALQTLEKAKHQ--~¢- cacae FlANV[SHE 323
ebA3794 222 T|LRT[L[AEG{VNOMAAK|Lf- - @« caa e a . - gaSAHEDMSRAI[AD|ATAE|L|RARIKDE|AERIA[TLSa - cd-ca.-a- L|aalalslD 279
Sintp 520 E|L[sO[L[TETFINTIMTOALf -0« a--a---a--dDaHVAL|LEERVRARTKOLIEAAK I EA[EAANEAS -+ a -+ s a I|ani|sjHE 577
pat912 237 ElL[6 I[I[EKG{c|aH[LlaRAlY[- - ¢ - -a--d----'-dLNTVRDLNHHIEIATADLQSLELLEEKNIE LKKK I|aNn(sHE 308
BarA Ec 232 E[LoMuk NN spjams]]- - e rae g '-"dAAYHEEMOHNIDOATSDLRETLEQMEINVE D L{alk K Rlala ARI Lanslle 303
a d a d d d ald a d
TorS_So 430 E[L|T AMaNa[l]e FKRKTAH[ELKL@AD RQV LTEHKKALEQTVATRTQELAETNLR.DA@AKG.AK@RVV.EE]ESQA SOFLATMS E 518
vcos2z 458 E|I[GRIL|A v s|F|ERMQRS|I|- ---aRE |5|. QN KE|LESIN[L L I[1|RKlQNDEL|aL/ANKL . FlLlaT/T[s|HlE 518
Tors_Ec 387 E[LDT[1[GRLMDAF[RSN[v[- -0« - - a ----HALNRHREQLAAOVKARTAELQELVlE RAE.EK@SQAl-- SAFLAAMS E 454
Npun R1012 302 EIGLLAKSLNRLIERV'H"-'t' R --SERTKELQAKEL SKA-" cecacede e c[dsVFILANY[SHE 348
a d a d a d a d d a d
Npun R5253 230 E[V]E D[L]A K S[F]N YM)s LK(L]- - a - AEE]REILMK IOMNQRLELEISE xov]ﬂssLoxALoELKsr LIOT KMSS-'LGOLVAGVA E 312
Npun AR140 277 E[I[GV|L[ANS|FINK[L|I QR[I[ - @« - dAEY NLARETLESRV LSKALOSLOHT LVOA KMSS'-LGKLVAGVA E 350
PotB_St 396 E[LGRlIJARL[LRHTLGQ[Lf - o - e dNMORRQLEQEVAE KElE]ALRAM DELIQTAKLAV <o cvieaTMTT|LAME 458
S helix Conserved Core T Hbox

FIG. 7. S-helix-containing sensors. Sequences from representative examples are shown. The HAMP domain HD2 element, S-helix conserved
core, and the initial portion of the H-box motif (79) are indicated. Flanking numbers denote positions of the terminal residues within the overall
sequence. Numbers within the HD2 helix indicate interactions within the HAMP domain (42). Residues at heptad positions a and d are enclosed
within boxes, residues at stutter positions a/d are enclosed within a thickly outlined box, residues in the S-helix ERT signature are in bold typeface,
and DHp domain invariant His residues are enclosed within shaded boxes. Sequence gaps introduced to maximize alignment are indicated by dots,
and those corresponding to heptad position a or d are indicated. Sequences are denoted by gene name or by locus tag as appropriate. The named
proteins are Slnlp (S. cerevisiae), BarA and TorS (E. coli K-12), TorS (Shewanella oneidensis MR-1), and PgtB (S. enterica serovar Typhimurium
LT2). Anonymous protein locus tags are indicated as follows: PA for Pseudomonas aeruginosa PAO; VC and VCA for Vibrio cholerae N16961
chromosomes I and II, respectively; ebA for Aromatoleum aromaticum EbN1; Ipg for Legionella pneumophila Philadelphia 1; and Npun for Nostoc
punctiforme PCC 73102.



VoL. 192, 2010 COMPOSITE HAMP-S-HELIX ELEMENT 743

HAMP Domain
HD1 Connector HD2
2 3 4 1z ¥ 4 HAMP-like Connector
d a d a d a
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FIG. 8. Nik-1 tandem HAMP domains. Sequence from the amino-terminal portion of Neurospora crassa Nik-1 is shown. The HAMP and
HAMP-like domains and the initial portion of the H-box motif (79) are indicated. Flanking numbers denote positions of the terminal residues
within the overall sequence. Numbers within the HD1 and HD2 helices indicate interactions within the HAMP domain (42). Residues at heptad
positions a and d are enclosed within boxes, residues at the stutter position a/d are enclosed within a thickly outlined box, and DHp domain

invariant His residues are enclosed within a shaded box.

overlaps the HAMP or DHp sequence or both. Nevertheless,
almost all have a separate S-helix conserved core sequence. We
aligned the S-helix portions according to their ERT signature
elements (as defined by reference 8) for ease of comparison.
Three distinct classes are apparent.

One class, exemplified by S. cerevisiae Slnlp and E. coli
BarA, displays a HAMP-S-helix stutter identical to those in
MCPs and NarX (compare Fig. 2A and 7) and a second stutter
at the S-helix-DHp interface. The intervening sequences ex-
hibit uninterrupted heptad repeat patterns, but their length
varies, as does the position of the ERT signature with respect
to upstream and downstream HAMP and DHp elements.

A second class, exemplified by E. coli TorS, also has the
S-helix-DHp stutter, but the HAMP-S-helix interface exhibits
an uninterrupted heptad repeat pattern. Again, the length of
the intervening sequence varies, as does the position of the
ERT signature. Finally, the third class, exemplified by Salmo-
nella enterica serovar Typhimurium PgtB, exhibits a variety of
nonstutter heptad discontinuities at both interfaces.

Thus, although variations of the dynamic bundle hypothesis
may apply to many or most of these HAMP-S-helix-DHp
sensors, specific details likely span a range of possibilities.
Nevertheless, the overall conservation of the S-helix conserved
core, along with relatively uninterrupted heptad repeat pat-
terns for most, suggests that signaling functions through gen-
erally similar mechanisms for this broad sensor class.

(iii) Tandem HAMP domains in Nik-1. Finally, alert to
HAMP domain coiled-coil extensions, we encountered the
Neurospora crassa Nik-1 (Os-1) sensor, for which orthologs are
present in many species of ascomycetes (22). The Nik-1 amino
terminus, which has no obvious transmembrane segments, con-
tains six tandem HAMP domains (22). Alex et al. (3) described
this sequence as five tandem repeats of a 90-residue sequence
followed by a sixth truncated repeat.

All six tandem HAMP domains display the defining HD1-
connector-HD?2 architecture, although the 17-residue connec-
tor for the first domain is slightly longer than usual (Fig. 8).
Each of the first five HD2 elements is followed by an in-phase
heptad repeat sequence corresponding to two turns of a coiled-
coil, and each of the last five HD1 elements is preceded by a
two-turn contiguous heptad repeat joined by a stutter.

Remarkably, these apparent coiled-coil extensions exhibit a
HAMP-like architecture, with a pair of 15-residue amphipathic
a-helixes joined by a 15-residue connector (Fig. 8). However,

they differ from canonical HAMP domains, most obviously by
the conserved acidic residue at position 4 in the HD1-like
element, and by the absence of the conserved Glu at the
beginning of the HD2-like element.

Thus, the Nik-1 amino terminus contains a tandem array of
alternating HAMP and HAMP-like elements in which each
HAMP plus HAMP-like element pair comprises one of the
90-residue repeats (3). This structure provides a striking ex-
ample of HAMP domain coiled-coil extensions that likely are
essential for proper signaling and further emphasizes the func-
tional importance of stutter discontinuities at boundaries be-
tween HAMP domains and their adjacent coiled-coil exten-
sions.

Conclusions. The HAMP domain NMR structure suggests a
helix rotation model for signal transmission (42), which logi-
cally implies that distal helical elements also function through
rotation (2, 21, 54). Distal helices or coiled-coils seemingly
could act passively to convey the rotary motion from upstream
to downstream. In the case of S-helix function, however, the
opposite phenotypes (constitutive versus impaired induction)
conferred by different heptad deletions, together with depen-
dence on the conserved heptad stutter, imply an active, dy-
namic role for different portions of the S-helix coiled-coil.
Indeed, replacing the S helix with a heterologous coiled-coil
restored function but not regulation to the Slnlp sensor (69).
Thus, we favor models such as the dynamic bundle hypothesis
to guide future analysis of S-helix structure and function.

The NarX sensor represents only one of several cases where
a HAMP domain coiled-coil extension mediates intramolecu-
lar signaling. Although such extensions are S-helix elements in
some sensors (8), other examples abound as noted above.
Moreover, coiled-coils mediate intramolecular signaling in
other proteins that contain no HAMP domain (18, 54). There-
fore, coiled-coils likely conduct signal-responsive conforma-
tional changes through a variety of mechanisms.
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