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Abstract

HAMP domains mediate input-output signaling in histidine kinases,
adenylyl cyclases, methyl-accepting chemotaxis proteins, and some
phosphatases. HAMP subunits have two 16-residue amphiphilic helices
(AS1,AS2) joined by a 14- to 15-residue connector segment. Two alter-
native HAMP structures in these homodimeric signaling proteins have
been described: HAMP(A), a tightly packed, parallel, four-helix bundle;
and HAMP(B), a more loosely packed bundle with an altered AS2/AS2’
packing arrangement. Stimulus-induced conformational changes prob-
ably modulate HAMP signaling by shifting the relative stabilities of
these opposing structural states. Changes in AS2/AS2’ packing, in turn,
modulate output signals by altering structural interactions between out-
put helices through heptad repeat stutters that produce packing phase
clashes. Output helices that are too tightly or too loosely packed most
likely produce kinase-off output states, whereas kinase-on states require
an intermediate range of HAMP stabilities and dynamic behaviors. A
three-state, dynamic bundle signaling model best accounts for the sig-
naling properties of chemoreceptor mutants and may apply to other
transducers as well.
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INTRODUCTION

Microbes lead rich sensory lives. Their phys-
ical and chemical environments can undergo
rapid and unpredictable changes, presenting
both new nutritional opportunities and life-
threatening challenges. Accordingly, bacteria
and archaea employ a variety of sensory sys-
tems to monitor their living conditions and
to elicit adaptive responses to environmental
changes. These sensory systems must handle
signaling tasks common to most biological sig-
nal transduction pathways: detection of an ex-
ternal stimulus, transmission of stimulus in-
formation across the cytoplasmic membrane,
and conversion of that information to a sig-
nal that triggers a change in behavior or gene
expression.

Many bacterial signaling proteins contain
HAMP domain signaling motifs, so-called be-
cause they are found in histidine kinases (HKs),
adenylyl cyclases, methyl-accepting chemotaxis
proteins (MCPs), and some phosphatases (6,
59). In membrane-associated proteins, HAMP
domains usually lie near the cytoplasmic side of
the membrane, where they convert transmem-
brane and intracellular sensory inputs to output
response signals. This review focuses on stud-
ies of HAMP domain structure and function in
a few well-studied representatives of chemore-
ceptors and histidine kinases (Figure 1). All
these signaling proteins function as homo-
dimers, and HAMP domain signaling mecha-
nisms are probably intimately tied to this struc-
tural organization.

The goal of this review is to present testable
mechanistic models of HAMP function in the
chemoreceptors Tar and T'sr and in the histi-
dine kinase NarX, for which the experimental
pictures are most complete. I also discuss Aer,
Htrll, and EnvZ to illustrate mechanistic vari-
ations on HAMP signaling themes.

Tar and T'sr

These members of the MCP superfamily
(2) mediate attractant responses to the amino
acids aspartate (Tar) and serine (Tsr) in
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Escherichia coli (Ec) and in Salmonella enter-
ica serovar Typhimurium (St) (reviewed in
Reference 32). Chemoeffectors bind directly to
the periplasmic sensing domains of these trans-
ducers, triggering conformational changes that
are transmitted across the membrane through
transmembrane helices (TM) joined to each
HAMP subunit. The HAMP domain in turn
connects to output methylation helices (MHI,
MHLY’) that comprise part of the receptor ki-
nase control module. MH1 and MH1’" form
an antiparallel four-helix bundle with their
C-terminal counterparts (MH2, MH?2’). The
MH bundle contains sites of covalent mod-
ification for sensory adaptation (see below).
Its membrane-distal tip promotes binding in-
teractions with other receptors, with the his-
tidine kinase CheA, and with CheW, which

couples CheA activity to chemoreceptor con-
trol. Receptor signaling complexes are stable
and regulate CheA autophosphorylation activ-
ity with high cooperativity. Phospho-CheA do-
nates phosphoryl groups to two response reg-
ulators: CheY, for motor control, and CheB,
for adaptation control. Phospho-CheY binds to
the flagellar switch, enhancing the probability
of clockwise (CW) rotation, which causes ran-
dom changes in swimming direction. Counter-
clockwise (CCW) rotation, the default direc-
tion, produces forward-swimming episodes.
Tar and Tsr sense spatial chemical gradi-
ents temporally by comparing current ligand
concentrations with those averaged over the
past few seconds of the cell’s travels. Ligand
history is recorded in the form of methyl-group
modifications at specific glutamyl residues in
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the MH bundle. When current and past con-
ditions do not match, the receptor triggers a
change in CheA activity to elicit an appropriate
motor response. The stimulus also initiates
a feedback loop that updates the receptor’s
methylation record to reflect current condi-
tions so that the cell is poised to respond to
any further chemical changes. Two competing
enzymes control receptor methylation status:
CheR, a methyltransferase, and CheB, a
methylesterase/deamidase. CheR operates at
fixed velocity, whereas CheB activity is greatly
enhanced by phosphorylation. In addition, the
signaling states of receptor molecules influence
their substrate properties for the methylation
and demethylation enzymes.

It is convenient to consider two receptor
signaling states, a kinase-activating (ON or
CW) state and a kinase-deactivating (OFF or
CCW) state. Changes in ligand occupancy
drive receptors toward one output state or
the other to initiate behavioral responses,
and subsequent changes in methylation state
restore the prestimulus balance of the two
states to achieve sensory adaptation.

Aer and HtrII

Aer is an MCP-like protein that mediates aero-
tactic behavior in E. coli and S. enterica (8, 42).
The Aer molecule has a cytoplasmic MH bun-
dle and protein interaction tip similar to those
of Tar and Tsr, but it lacks methylation sites
for sensory adaptation (9). Nevertheless, cells
expressing Aer as their sole transducer do adapt
to aerotactic stimuli; the underlying mechanism
isunknown (52). Aer has no periplasmic sensing
domain, but rather a cytoplasmic N-terminal
PAS domain that binds flavin adenine dinu-
cleotide (FAD) (7, 8, 43). The FAD cofactor
functions as a redox sensor of electron trans-
port activity (52). Changes in the level of oxy-
gen or another electron acceptor shift the redox
state of the PAS/FAD domain, which transmits
that sensory information to the HAMP domain,
which in turn modulates the kinase control out-
put domain.

Parkinson

Htrll is an MCP-like phototransducer that
has been extensively studied in Halobacterium
salinarum (Hs) and, more recently, in Na-
tronomonas  pharaonis (Np) (45). The Herll
molecule has an MCP adaptation and kinase
control domain preceded by two HAMP do-
mains, connected through a linker helix, and
four TM segments. HtrII(Np) has no appre-
ciable periplasmic domain, whereas HtrII(Hs)
has an extensive periplasmic domain that has
been implicated in chemical sensing (33). The
TM segments of HtrlIl form a stable membrane
complex with sensory rhodopsin II (SRII), a
photosensor. SRII detectslight stimuli centered
around a wavelength of 500 nM and triggers
a repellent (photophobic) locomotor response
through HerIl.

EnvZ and NarX

EnvZ and NarX employ two-component
signaling pathways to regulate target gene
expression. Both sensors control the phospho-
rylation state of their cognate response regu-
lator (OmpR and NarL, respectively) through
competing kinase and phosphatase activities.
It is convenient to regard them as two-state
signaling devices: One output state has high au-
tokinase and phosphotransfer activity, and the
other has high phosphatase activity. Through a
poorly understood mechanism, EnvZ monitors
the osmolarity of the medium and regulates the
relative expression levels of outer membrane
porins. NarX has a periplasmic domain that
senses extracellular nitrate and nitrite levels.
Under anaerobic conditions, NarX controls ex-
pression of gene products needed to use nitrate
and nitrite compounds as terminal electron
acceptors. The ligand-binding signals traverse
the membrane to the HAMP domain, which
communicates with an adjoining coiled-coil
segment (S-helix) that in turn feeds informa-
tion to a GAF-like domain, which probably
modulates NarX output signals. S-helices are
widespread signaling motifs (4) whose signaling
interactions with HAMP domains have been in-
tensively studied only in the NarX system (48).
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HAMP sequence features and bundle-packing arrangement. (#) Sequences of the HAMP domains discussed in this review. Af1503 is
from Archacoglobus fulgidus (Af); Tsr, Tar, Aer, EnvZ, and NarX are Escherichia coli (Ec) proteins; Tsr(St) is the Tar protein of Salmonella
enterica serovar Typhimurium (St); HtrlI-1 and HerlI-2 are two HAMP domains in Herll from Natronomonas pharaonis (Np). Important
residue positions are color-coded to the structure shown in panel 4. The gray region of the connector functions as a nonspecific linker
(3). (b) Helical wheels of the packing interactions promoted by the x and #/d residues positions in AS1 and AS2, viewed from the top
(N termini) of the Af1503 four-helix bundle. Solid lines indicate intrasubunit interactions; dotted lines indicate intersubunit
interactions. Two packing layers are shown: upper (black) and lower ( gray).

HAMP STRUCTURES

HAMP motifs are defined by a few conserved
residues, by characteristic hydrophobic hep-
tad repeats, and by predicted helical and non-
helical secondary-structure elements (6, 15, 24,
59). HAMP subunits are ~50 residues long,
with two predicted amphiphilic helices joined
by a nonhelical connector (Figure 2). HAMP
secondary-structure elements have been given
diverse names, and their boundaries are also
variously defined. The designations shown in
Figure 2 (AS1, AS2, CTR) correspond to
those used for the serine receptor Tsr (3). The
HAMP endpoints correspond to the first and
last residues critical to HAMP function in Tsr
(63).

HAMP(A): A Tight Four-Helix Bundle

Several years ago, Hulko et al. (34) reported a
high-resolution NMR structure for a HAMP
domain from a thermophile protein of un-
known function (Af1503), an important break-
through that has guided subsequent work on

HAMP. The Af1503 HAMP structure revealed
a parallel, four-helix bundle with each connec-
tor wrapped around the outside of the bundle
in contact with the two helices from the same
subunit (Figure 34). The AS1 and AS2 helices
are offset by one helical turn in the bundle,
with principal packing interactions between
the characteristic heptad repeat hydrophobic
residues (Figure 2). The defining residues in
HAMP sequences occupy key positions in the
Af1503 bundle structure (using Tsr number-
ing): P221 (ASI) and E248 (AS2) lie at the N
terminus of the bundle, and A233 (AS1) lies at
the C terminus of the bundle (Figure 24 and
Figure 34). G235, a conserved residue at the
start of the connector, makes a sharp turn in the
structure (Figure 34); L237 and 1241, although
not strictly conserved connector residues, are
typically hydrophobic amino acids whose side
chains pack against the AS1 and AS2 helices to
stabilize the bundle.

The Af1503 HAMP packing arrangement is
unorthodox. A third position, usually occupied
by a small, but not necessarily hydrophobic,
residue (Figure 2) also contributes to bundle
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Two HAMP structures. The Tsr-HAMP sequence was threaded onto
coordinates for Af1503 (34) and Aer2-HAMP2 (1); images were generated with
PyMOL software. (#) Two side views of the Tsr-HAMP(A) bundle showing the
register of AS1 and AS2 helices, key residues at the top and bottom of the
bundle (Jeft), and three key connector residues (right). Note that the connector

lies in the groove between

the AS1 and AS2 helices of the same subunit.

(b)) Two side views of the Tsr-HAMP(B) bundle showing the inward splay of
AS?2 helices and the outward splay of AS1 helices at the bottom of the bundle
(left) and some key structural interactions at the C terminus of AS2 (right).
Connector residue 1241 interacts with 1.256 from the same subunit; connector
residue 1.237 interacts with 1.263’ from the other subunit. The side chains of
1.256, 1.263, and M259 face toward the AS2/AS2’ interface.
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packing. In this complementary x-da, or knobs-
to-knobs, packing, the side chains of some hy-
drophobic residues project into the core of the
bundle and make contact with their counter-
parts in the other subunit, whereas the side
chains of the flanking hydrophobic residues in-
teract with similar residues in the other helix of

Parkinson

the same subunit (Figure 25). In contrast, the
less hydrophobic packing positions (Figure 2b)
interact with similar residues in the other helix
from the other subunit. This packing arrange-
ment differs somewhat from the more com-
monly seen a4-d or knobs-in-holes packing of
coiled-coils, although a heptad repeat pattern
of hydrophobic residues is common to both.

The Aer2 protein of Pseudomonas aeruginosa
contains three sequentiall HAMP domains
whose X-ray structures have recently been
determined (1). Aer2-HAMP domains 1 and
3 have a bundle structure similar to that of
Af1503-HAMP, but with further variations on
the packing arrangements of the hydrophobic
residues. These tight four-helix bundles, in
which all AS1 and AS2 hydrophobic residues
are intimately involved in bundle-stabilizing
packing interactions, may represent a widely
distributed HAMP structural state (1, 24),
which I designate HAMP(A).

HAMP(B): A Loose
Four-Helix Bundle

The HAMP-2 domain of Aer2 has a rather
different structure that may represent a
widespread alternative HAMP conformational
state (1, 24). I denote this structure HAMP(B)
and refer to it as a loose bundle. In the
HAMP(B) structure the four helices have par-
allel orientations but are less tightly packed and
splay apart from one another: AS1 and ASI’
are closest at the top of the bundle; AS2 and
AS2’ are closest at the bottom of the bundle
(Figure 3b). Most importantly, the AS2/AS2’
helices pack against one another in a phase ar-
rangement different from thatin the HAMP(A)
bundle, mainly through interactions between
their three C-terminal hydrophobic residues
(L256, M259, L263 in Figure 3b). This al-
ternative packing configuration is stabilized
by the key hydrophobic connector residues:
One (LL237) packs against the last hydrophobic
residue of AS2 from the other subunit (.263");
another (I241) packs against the first of the
three C-terminal hydrophobic residues from
the same subunit (I.256).
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HAMP STRUCTURES
IN THE TRANSDUCERS

Tar and T'sr

Cysteine-scanning studies of the Tar(St) recep-
tor in membrane preparations have provided
the most direct information on HAMP struc-
ture in chemoreceptors, including the first ev-
idence for amphiphilic helices in HAMP do-
mains (15). A subsequent study, using predicted
pairs of proximal and distal cysteine reporters,
confirmed a four-helix bundle structure for Tar
HAMP similar to that of Af1503 HAMP, but
with somewhat different packing of the con-
nector residues (49).

Mutational analyses of Tsr HAMP are also
consistent with the HAMP(A) structure (3, 63).
Tsr-HAMP residues critical for signaling func-
tion are the heptad repeat hydrophobic residues
that promote AS1-AS2 packing interactions
(63), the conserved proline near the start of AS1,
the conserved alanine near the end of AS1, the
conserved glutamate at the start of AS2 (63), the
conserved glycine that forms the sharp turn at
the beginning of the connector, and the two hy-
drophobic connector residues that pack against
AS1 and AS2 side chains in the cleft between
those helices (3) (see Figure 2 and Figure 3).
Many amino acid replacements at these critical
HAMP positions impair or abolish T'sr signal-
ing function, whereas all other HAMP positions
tolerate a variety of amino acid replacements
with no deleterious consequences. In addition,
small, polar residues introduced at some of the
critical hydrophobic packing positions in AS1
or AS2 are suppressible by residue changes in
the same, or a contiguous, packing layer of the
four-helix bundle (63). These suppression ef-
fects are allele specific, consistent with direct
structural interactions between the deleterious
and suppressor residues. Finally, dominance
tests of HAMP lesions, particularly proline and
arginine replacements at critical packing posi-
tions, distinguish most of the x residues from
the critical #/d residues in the AS1 and AS2 he-
lices, consistent with a bundle arrangement for
Tsr HAMP in which the x and 4/d residues play
nonidentical packing roles (34, 63) (Figure 25).

Aer and HtrII

In vivo cysteine-directed cross-linking studies
have shown that Aer HAMP contains two he-
lical segments joined by a structured, but non-
helical, connector (56). In the native Aer dimer,
the AS1 and AS2 helices form a four-helix bun-
dle with principal packing interactions between
hydrophobic residues at heptad repeat positions
characteristic of the Af1503 bundle (56). How-
ever, the packing arrangement, inferred from
disulfide-formation rates of predicted proximal
and distal cysteine pairs, is not fully consis-
tent with an x-da or a-d bundle (1; K. Watts,
personal communication).

In vitro spectroscopy studies have pro-
vided some structural information for the first
HuIlI(Np) HAMP domain. There is no struc-
tural information for the second HtrIl HAMP
domain and there is little mutational infor-
mation for this system. Spin-labeling distance
measurements of an HtrIl fragment contain-
ing HAMP-1 and the linker helix, reconsti-
tuted with SRII in membrane lipids, indicated
that the HAMP-1 domain was in equilibrium
between compact and dynamic conformations
(21). The proportions of the two forms were in-
fluenced by ionic strength and temperature (11,
21), and the compact form was suggested to re-
semble the tight bundle of Af1503 HAMP (21).
Trypsin cleaved a similar, solubilized Htrll
fragment in the AS1 segment of HAMP-I,
yielding a C-terminal fragment in which only
the linker helix had a discernable NMR solution
structure (31).

NarX and EnvZ

The sequence features (Figure 24) and mu-
tant phenotypes of NarX HAMP are consis-
tent with a four-helix bundle. Amino acid re-
placements in NarX have identified most of the
same residues that play key structural roles in
other HAMP bundles (5, 20). Although there
has been no systematic mutational analysis of
the EnvZ-HAMP domain, the available mutant
evidence is at least consistent with a four-helix
bundle structure. Mutations at several EnvZ
residues that correspond to key positions in
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the Af1503-HAMP bundle abrogate EnvZ sig-
naling (36, 41, 65). Circular dichroism studies
of EnvZ fragments containing the HAMP do-
main showed that those fragments were random
or unstructured. Replacement with a more hy-
drophobic residue at one of the presumptive
AS1 packing residues (A193L) conferred some
secondary structure on the fragments, consis-
tent with improved stability of a HAMP bundle
(38).

HAMP SIGNALING MECHANISMS

Input Transmission
via Control Cables

The most common route for sensory in-
puts to HAMP (used by Tar, Tsr, EnvZ,
and NarX) involves transmission of stimulus-
induced changes through helical TM segments.
The key to understanding HAMP input con-
trol by this route appears to be the segment
linking TM2 to AS1, which I call the control
cable. The control cable corresponds to the sec-
tion between the membrane-anchoring deter-
minants of TM2 and the first critical residue
of AS1. TM2 segments of transducers typically
have one or more aromatic residues near their
cytoplasmic end that partition at the lipid-water
interface (22, 23). These are followed a few
residues later by one or more basic residues
that probably serve as stop-transfer signals dur-
ing membrane insertion of the nascent receptor
subunits. The side chains of those basic groups
probably interact with negatively charged lipid
head groups (40) but may not be embedded in
the membrane (10). By these criteria, the con-
trol cables of Tar and T'sr are five residues in
length; those of NarX and EnvZ appear to be
one or two residues shorter.

Two plausible mechanisms of TM2-HAMP
communication have been suggested: (z) a
crankshaft and gearbox mechanism involving
axial rotation of TM2 segments in the plane
of the membrane (34), and (b) a piston mecha-
nism involving displacements of TM2 segments
perpendicular to the plane of the membrane

(27, 28). The crankshaft and gearbox model

Parkinson

arose from the suggestion that there should
exist a more orthodox #-d packing alternative
to the Af1503-HAMP x-da bundle, differing
by an ~26° counterrotation of the four helices
(34). If such a structure represented a different
HAMP signaling state, then axial rotation of the
connecting TM2 helices would provide a sim-
ple mechanism for triggering conformational
changes in HAMP. Despite the broad appeal of
thisidea (16, 24, 29, 51), there is no experimen-
tal evidence for the rotation mechanism in Thar,
Tsr, EnvZ, and NarX. Rather, these transduc-
ers seem to employ piston-based communica-
tion mechanisms (27).

Evidence for the piston mechanism in
chemoreceptors has come from comparison
of the apo and ligand-bound structures of the
Tar periplasmic domain (17), from disulfide
formation rates of cysteine reporters in the TM
segments of chemoreceptors (28), and from
the signaling changes caused by relocating the
aromatic and basic anchor residues that secure
the position of TM segments in the membrane
bilayer (22, 23, 40). Shifts that move TM2
toward the periplasm enhance CW output
activity, whereas shifts in the opposite direc-
tion enhance CCW signaling. Thus, outward
piston movements in chemoreceptors mimic
a repellent stimulus, and inward displacements
The small
vertical displacement is consistent with the free

mimic an attractant stimulus.

energy change of ligand binding (18, 27).
X-ray structures of nitrate-bound and apo
forms of the NarX periplasmic domain re-
vealed an overall structural organization simi-
lar to the periplasmic aspartate-binding domain
of Tar (18). However, unlike Tar, NarX has
only a single binding site at the dimer inter-
face; one bound ligand molecule induces quasi-
symmetric conformational changes in both
NarX subunits. Nitrate binding causes a small
(~1A) displacement of both TM2 helices rel-
ative to the TM1 helices. However, this piston
motion is directed toward the periplasm, in the
opposite direction of the aspartate-triggered
piston movement in Tar (18). A hybrid trans-
ducer (Nart) containing the periplasmic do-
main of NarX and the kinase control domain of
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Tar mediates repellent responses to nitrate and
nitrite, consistent with an outward stimulus-
induced piston movement (55). A single amino
acid change (G51R) in the NarX P box, which
contains the ligand-binding determinants (47),
changed Nart to an attractant receptor for ni-
trate (54). These findings suggest that the in-
put control mechanism of HAMP signaling in
NarX is similar to that in chemoreceptors.

Output Control Through
Phase Clashes

Output control by HAMP domains most likely
occurs through their structural connections
to adjacent signaling elements. There is no
evidence for long-range interactions between
HAMP and output regions in other parts of
the signaling molecule, a control mechanism
suggested by Aravind & Ponting in their
defining paper on HAMP (6). Rather, the
junctions between AS2 and contiguous output
helices provide two important structural clues
to a possible general mechanism of HAMP
output control (Figure 4a). First, the adjoin-
ing output elements are «-helices capable of
coiled-coil-like packing interactions. EnvZ and

AS2 Stultter OH
efgabc!efgabc efg. .

Tsr 256 LRH QGELMRTVGDRNGAN TG 280

Aer 246 VGQEGLMCRWLINDYUSSQVSSERNG 270
Htrll-2 SED 221
LLMAGYISHD 244
NarX 216 LNNYJSAELAESYAV[EEQRV: K G 240

EnvZ

Figure 4

NarX HAMPs connect to helices that interact
in a pairwise fashion; the HAMP domains of
Tar, Tsr, and Aer, and the HAMP-2 domain of
Htrll, connect to helices that form an antipar-
allel, four-helix bundle (Figure 44). Second,
each of the AS2-output helix junctions in these
signaling proteins exhibits a shift of +4 (or
—3) residues in heptad repeat register (48, 63),
a so-called phase stutter (13, 39) (Figure 44).
Similarly, the linker helix in HtrII comprises
an in-phase extension of the AS2-1 helix with a
phase stutter at its junction with the AS1-2 he-
lix (not shown). Despite the diversity of output
elements in these signaling proteins, the consis-
tent presence of a phase stutter at their junction
with AS2 helices makes a strong circumstantial
case that HAMP signaling could involve shifts
in the packing stability of output helices.
Phase stutters create an oppositional struc-
tural coupling between helical interaction
faces. The AS2 helices emerging from a
tight HAMP(A) bundle, in either x-da or a-d
configuration, should force adjoining output
helices into an unfavorable packing register
(Figure 4b). By contrast, loose or altered pack-
ing interactions of AS2/AS2" would allow the
output helices to adopt a more stable packing

) ) HAMP(A) !
Tighter packing  pundle  Looser packing
-—

_—
Looser packing gult_PUt Tighter packing
@ elices o
O® 0Q
© %, OH OH'
i/ Yo N o
© (@)

Heptad phase stutters and their structural consequences. (#) Junctions of AS2 and output helices (OH); the
gray segment is the stutter region. Hydrophobic packing residues in the AS2 and OH segments are labeled
in the conventional #-d notation for coiled-coils and color coded to the corresponding positions in the helical
wheel diagrams in panel 4. Regions underlined with arrows are shown as helical wheels in panel 4. Boxed
segments identify specific features of output helices discussed in the text. (b)) Predicted oppositional coupling
of AS2/AS2" and OH1/OH1’ packing interactions. Helical wheels are depicted in the N to C direction and
correspond to the segments underlined by arrows in panel 2. Edge residues that could rotate into the packing
interface when the opposing structure is tightly packed are indicated by yellow (AS2) and light blue (OH)
symbols and are keyed to their positions in panel 4.
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arrangement (Figure 4b). These structural
interactions should operate in both directions.
Unstable packing of the output helices would
favor a tight HAMP bundle, whereas tight
packing of the output helices would favor a
loose HAMP bundle. Recent genetic studies,
described below, indicate that this mechanistic
logic most likely operates in Tsr (63) and in
NarX (48).

HAMP SIGNALING IN Tar
AND T'sr

Flagellar rotation patterns provide an in vivo
readout of receptor signals because the extent
of CW rotation is directly related to CheA
activity. The flagellar rotation profiles of cell
populations having wild-type Tsr as their only
chemoreceptor are shown in Figure 5a4. In
the absence of attractant stimuli, cells without
a sensory adaptation system (i.e., lacking the
CheR and CheB enzymes) exhibit CW-biased
output (Figure 54). The receptors in CheR~
CheB~ cells have a QEQE modification pat-
tern, in which two of the potential methylation
sites are glutamine residues and two are glu-
tamate residues. The glutamine residues mimic
the functional properties of glutamyl methyl es-
ters and shift receptors toward a kinase-on state.
In adaptation-competent cells, the CheB en-
zyme converts those glutamines to glutamates
in an irreversible deamidation reaction (37, 44).
The opposing activities of CheR and CheB
then adjust steady-state methylation to a level
that offsets ambient attractant concentrations
in the environment. In the absence of attrac-
tant stimuli, wild-type cells have relatively low
MCP methylation levels that produce frequent
flagellar reversals, but with an overall CCW-
biased signal output (Figure 54). This output
state represents the set point of the adaptation
system.

Dynamic Influences on Output Signals

A growing body of evidence links the signaling
properties of MCP molecules to their struc-
tural stabilities or dynamic motions. Recep-
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tor molecules in clustered arrays, for example,
seem to freeze or melt in response to stimulus
inputs (12), which confers high cooperativity
and signal amplification (32). These dynamic
effects are best understood for the adaptation
region of the MH bundle, where methylation
and demethylation changes affect the stabil-
ity of helix-helix interactions (46, 60). Loosely
packed methylation bundles are good substrates
for the CheR methyltransferase, which converts
targetsite glutamates to glutamyl methyl esters.
Neutralization of the negative charge enhances
the packing interactions between methylation
helices and serves to stabilize the MH bundle.
Conversely, stable MH bundles are good sub-
strates for the CheB methylesterase, which hy-
drolyzes glutamyl methyl esters to glutamates,
creating negative charges along the methylation
helices that weaken their interactions.

Stability changes within the MH bundle in
turn modulate the packing stability of the recep-
tor’s signaling tip (Figure 1). Residue changes
in the cytoplasmic domain of Tar(St), designed
to weaken knob-in-hole helix packing interac-
tions, revealed a yin-yang relationship between
helix-packing stability in the adaptation and sig-
naling regions of the Tar molecule (50). Knob
truncations at adaptation-region residues of-
ten created receptors with locked-off kinase ac-
tivity, whereas knob truncations at signal-tip
residues often created receptors with locked-
on kinase activity (50). These findings sug-
gest that the adaptation and signaling regions
have structurally opposed stabilities. Enhanced
packing of the MH bundle, for example, could
weaken helix-packing interactions at the signal-
ing tip. These regions communicate through an
intervening flexible bundle and glycine hinge
(Figure 1), which play an important, but
poorly understood, role in receptor signaling
@, 19, 50).

Control Logic of Tsr-HAMP Signaling

Tsr constructs lacking a HAMP domain pro-
duce highly CW-biased rotation patterns,
whether or not the cells have the CheR
and CheB adaptation enzymes (Figure 5a)
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Figure 5

(@) Flagellar rotation patterns of wild-type and Tsr HAMP-deletion constructs. Each histogram summarizes
the behavior of 100 rotating cells; each cell was observed for 15 s. Each cell was assigned to one of five
rotation categories (arranged from left to right): exclusively counterclockwise (CCW); predominantly CCW,
but with occasional clockwise (CW) reversals; frequent CW and CCW reversals, with no overall directional
bias; predominantly CW, but with occasional CCW reversals; and exclusively CW. Each histogram shows
the output behavior of a chemoreceptor in two different genetic backgrounds: one competent for sensory
adaptation, (cheRB)*, and one lacking the CheR and CheB enzymes, A(cheRB). (b) Packing alignments of
C-terminal AS2 residues in HAMP(A) and HAMP(B) structures. Modeled Tsr-HAMP bundles are viewed
in the N to C direction; key hydrophobic side chains are shown as sticks. In HAMP(A) packing, the M259
side chains point toward one another and the center of the bundle. In HAMP(B), the AS2 helices are rotated
CCW, allowing the hydrophobic residues to interact in a phase arrangement that would enhance the packing
interactions of adjoining output helices.
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(P. Ames, Q. Zhou & ].S. Parkinson, unpub-
lished results). The A(HAMP) molecules are
not substantially modified by either enzyme
(P. Ames, Q. Zhou & ].S. Parkinson, unpub-
lished results). Moreover, when their appar-
ent methylation state is mutationally adjusted,
for example, to an EEEE or QQQQ pat-
tern, their output remains heavily CW biased
(P. Ames, Q. Zhou & ].S. Parkinson, unpub-
lished results). The A(HAMP) constructs re-
veal two important aspects of T'sr-HAMP con-
trol. First, the default output state of the Tsr
kinase control domain is CW (i.e., kinase-on).
The Tsr-HAMP domain is not needed for
CheA activation but instead must impose a
CCW override that deactivates CheA in re-
sponse to attractant stimuli. Second, the Tsr-
HAMP domain plays an active role in the adap-
tation process. HAMP-less T'sr molecules are
locked in a CW output state, regardless of
methylation status, and are poor substrates for
CheR and CheB modifications (P. Ames, Q.
Zhou & ].S. Parkinson, unpublished results).

Dual CCW Output Signals
of Tsr HAMP

A serine stimulus probably elicits a CCW
response by enhancing stability of the Tsr-
HAMP(A) bundle, which should destabilize the
MH bundle (63). CheB-mediated deamidation
and demethylation reactions reduce the sta-
bility of the MH bundle and should also drive
receptors toward the attractant-induced output
state, designated CCW(A). However, the flag-
ellar rotation patterns of Tsr-HAMP mutants
with structure-destabilizing lesions, for exam-
ple, polar, charged, or proline replacements at
hydrophobic AS1 and AS2 packing residues,
reveal another CCW output state, designated
CCW(B), which seems to be associated with
stable packing of the MH bundle (Q. Zhou,
P. Ames & J.S. Parkinson, unpublished re-
sults). Two observations indicate that the
CCW(B) output effect involves structural
interaction of the AS2/AS2’ helices, medi-
ated by their three C-terminal hydrophobic
residues. First, amino acid replacements in
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those AS2 residues cannot produce locked
CCW outputs (Q. Zhou, P. Ames & ].S.
Parkinson, unpublished results). Second,
A(AS1) Tsr-HAMP constructs have locked
CCW outputs, but amino acid replacements
at any of the C-terminal hydrophobic AS2
residues alleviate their CCW behavior (Figure
54) (P. Ames, Q. Zhou & ].S. Parkinson,
unpublished results). HAMP lesions, in-
cluding A(AS1) constructs, that damage the
HAMP bundle might allow the AS2 helices
to adopt new packing interactions, perhaps
similar to those in the HAMP(B) structure
(Figure 3b). The C-terminal hydrophobic
residues of unconstrained AS2 helices could
conceivably contribute to the stability of the
MH bundle by adopting the same packing
phase (Figure 56). Such AS2-augmented tight
packing of the MH bundle might account
for CCW(B) output behavior. The seemingly
contradictory conclusion that CCW output
occurs at both extremes of the MH bundle
stability range argues for a three-state model
of Tsr signaling.

A Three-State Model of T'sr Signaling

The dynamic properties of the oppositionally
coupled HAMP and MH bundles may con-
trol Tsr signal output in a biphasic manner
(Figure 6a). When the MH bundle is packed
either loose or tight, CheA activity is low and
output is CCW. CheA activation (CW output)
occurs only in the middle of the MH bundle
dynamic range. The adaptation set point of the
system lies near the CCW(A) end of the range
and defines the midpoint of a physiological op-
erating regime in which the interplay of stim-
uli and the adaptation system produces a direct
relationship between coupled HAMP-MH sta-
bility and CheA kinase activity. The signaling
behaviors of Tsr-HAMP mutants support this
model.

Single amino acid replacements at crit-
ical Tsr-HAMP residues cause a variety
of mutant output behaviors (Q. Zhou, P.
Ames & ].S. Parkinson, unpublished results).
The most numerous mutants, including those
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A three-state signaling model for T'sr HAMP. () Biphasic output diagram of CheA activity versus HAMP
and MH bundle packing stability. The system normally operates near the CCW(A) output state, but
destabilizing HAMP lesions can drive the system outside this physiological range, leading to aberrant signal
outputs, including CW and CCW(B). The precise shape of the blue output curve is not known. () Biphasic
output diagram for three types of Tsr-HAMP mutants: bipolar, inverted, and attractant (ATT)-mimic. Black
circles indicate the output activity of the mutant receptors in a cheR™ cheB~ host lacking both the CheR and
CheB adaptation enzymes. Their output signals change in hosts containing one or the other of these
enzymes: Gray circles indicate output in a cheR™ cheB~ host; the white circle indicates output in a cheR™

cheBT host. CW, clockwise; CCW, counterclockwise.

with helix-destabilizing proline replacements,
exhibit CCW outputs that are refractory to
sensory adaptation (Q. Zhou, P. Ames & J.S.
Parkinson, unpublished results). The three-
state model proposes that these sorts of le-
sions drive the HAMP bundle to the CCW(B)
end of its stability range (see Figure 6a4). In
contrast, mutants with high CW outputs are
much less frequent and seemingly have less
structure-perturbing amino acid replacements
(e.g., replacement of a critical hydrophobic
residue with glycine or with a different hy-
drophobic amino acid) (Q. Zhou, P. Ames &
J.S. Parkinson, unpublished results). The three-
state model predicts that CW lesions should
cause less drastic HAMP damage, driving bun-
dle stability only slightly outside the physiolog-
ical range (see Figure 6a).

Other Tsr lesions appear to drive HAMP
stability into the region between the CW and
CCW(B) regimes and lead to other types of sig-
naling defects, including bipolar and inverted
outputs (Figure 6b). Mutant receptors with

bipolar outputs produce CW signals in CheR™~
CheB~ cells (like the wild type), but CCW out-
puts in adaptation-competent cells. Mutant re-
ceptors with inverted outputs produce CCW
signals in CheR™ CheB~ cells, but CW outputs
in adaptation-competent cells (3; Q. Zhou, P.
Ames & ].S. Parkinson, unpublished results).
To determine the individual effects of methy-
lation or deamidation on these unusual sig-
nal outputs, mutant receptors were tested in
cells having only the CheR or CheB enzyme
(Q. Zhou, P. Ames & ].S. Parkinson, unpub-
lished results). Bipolar outputs do not change in
CheB™ cells, but become more CCW in CheR™
cells (Figure 6b). Similarly, CheR function
does not affect signals from inverted receptors,
whereas CheB function shifts them to more
CW outputs (Figure 6b). Thus, the output
signals of both mutant types respond anoma-
lously to adaptational modification: Methyla-
tion drives bipolar receptors to a more CCW
output; deamidation drives inverted receptors
to a more CW output. These paradoxical
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responses are readily explained by a three-state
model but are difficult to explain in the context
of a two-state signaling model.

Most amino acid replacements at Tsr
residues P221 and E248 appear to enhance
stability of the HAMP(A) bundle. Lesions at
these positions cause CCW-biased outputs in
the absence of CheR and CheB, but more wild-
type outputs in adaptation-competent hosts (Q.
Zhou, P. Ames & J.S. Parkinson, unpublished
results). Because CheR alone can drive the
mutant receptors to more CW output states,
it seems that P221 and E248 lesions mimic
the attractant-induced, CCW(A) HAMP sig-
naling state (Figure 6b, ATT-mimics). Le-
sions at E248 fully abrogate serine-sensing by
Tsr, whereas most lesions at P221 only im-
pair Tsr function (63). Cells containing P221
mutant receptors can track serine gradients, al-
though with a reduced detection range, because
of the receptors’ elevated methylation levels (Q.
Zhou, P. Ames & ].S. Parkinson, unpublished
results). Conceivably, proline and glutamic acid
are conserved at these HAMP positions because
they confer an intermediate, rather than max-
imal, stability to the HAMP(A) bundle. These
residues lie close together at the membrane-
proximal end of the HAMP(A) bundle and
might play a role in initiating HAMP signal-
ing changes in response to stimulus inputs.

Input Control in Tar and T'sr

Tar and Tsr have two symmetric ligand-
binding sites at the dimer interface in their
periplasmic domains. Binding is negatively co-
operative, so receptor dimers usually bind only
one ligand molecule, an event that suffices to
initiate a signaling response (61). Because lig-
ands can bind in two alternative orientations,
stimuli induce an asymmetrical conformation
change (61), corresponding to an inward 1-2 A
piston displacement of one TM2 relative to the
other (28).

How could a piston motion modulate
HAMP signaling activity? In the pushrod-
scissors model, a rigid control cable transmits
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piston displacements to HAMP to cause a scis-
soring or pivoting motion of the bundle he-
lices (49, 50). In the dynamic bundle model,
the control cable exerts tension on the HAMP
bundle to modulate its structural stability (63).
The pushrod model requires that the control
cable be stiff, possibly a stable helix, whereas
this is not a requirement of the dynamic bundle
model. Although mutational studies in T'sr and
Tar have begun to elucidate the nature of the
control cable, both models remain in play.

Tsr tolerates insertion or deletion of a single
glycine residue inits control cable, butlargerin-
sertions and deletions abolish function (P. Ames
& J.S. Parkinson, unpublished observations).
Deletions enhance CW signal output, evidently
mimicking a repellent stimulus; insertions en-
hance CCW output, mimicking an attractant
stimulus. A series of alterations near the start of
the AS1 helix in Tar(Ec) have been made to test
the importance of helical structure for signal
transmission between TM2 and HAMP (M.D.
Manson, personal communication). Replace-
ments of four control-cable residues with 1-9
glycines generally mimicked an attractant stim-
ulus, but the three-, four-, and five-glycine re-
placements retained some signaling ability, sug-
gesting that overall length was a more critical
functional factor than specific bundle-packing
residues. Similarly, the Tar control cable tol-
erated deletion of one residue, but not more
than one. Additions of glycines or hydropho-
bic residues near the start of AS1 also impaired
function. However, the insertion of four hy-
drophobic residues allowed the most residual
function, hinting that the helical phase of the
control cable might also be an important factor
in HAMP signaling. These properties of the
control cable are compatible with the dynamic
bundle model but cannot discount the pushrod-
scissors model.

HAMP SIGNALING IN NarX
AND EnvZ

Deletions and amino acid replacements in
NarX HAMP produce a variety of regulatory
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phenotypes that have been monitored through
their effects on NarL-dependent induction of
a ®(narG-lacZ) reporter (5, 20, 48). Wild-type
NarX activates expression about 100-fold upon
induction with nitrate or nitrite. Constitutive
mutants have high expression levels in the ab-
sence of inducer. Elevated basal mutants have
high uninduced expression levels but show ad-
ditional expression increases upon induction.
Impaired induction and uninducible mutants
have low (i.e., wild-type) basal expression levels
but respond incompletely or not at all to in-
ducer. Reversed-response mutants have higher
expression levels in the absence than in the pres-
ence of inducer.

The Signaling Helix

The NarX HAMP domain controls its kinase
and phosphatase output activities through an
adjoining S-helix, an ~40-residue motif found
in a variety of signaling proteins (4). S-helices
contain five heptad repeats that are predicted to
form dimeric, parallel coiled-coils. Their defin-
ing feature is a central ERT sequence (EKT in
NarX), with the basic residue at a d heptad po-
sition (Figure 44). The NarX family sensors
also have a characteristic tyrosine near the be-
ginning of the S-helix, previously identified as
a 'Y box motif (47). In NarX, there is a phase
stutter at the junction of the AS2 and S-helices
(Figure 4a) that could produce an oppositional
structural coupling of the HAMP and S-helix
packing interactions (48).

Stewart & Chen (48) characterized a va-
riety of HAMP and S-helix lesions in NarX
that support the idea of phase-clash control.
Several seven-residue deletions in the stut-
ter region, which would not alter the AS2/S-
helix phase relationship, produced a constitu-
tive phenotype. In contrast, two four-residue
deletions, which precisely ablate the stutter,
caused an uninducible phenotype, as did two
seven-residue deletions spanning the S-helix
EKT motif. These control defects could re-
flect changes in the structural interplay be-
tween HAMP and S-helix packing stabilities.

Removal of the phase stutter could conceivably
enhance the packing stability of the S-helix,
perhaps driving the overall dynamic behavior
of the coupled system outside the stimulus-
responsive range. Although the structural role
of the EKT motif is less clear, it could con-
ceivably serve to weaken the S-helix packing
interactions, thereby rendering them sensitive
to HAMP manipulation. Thus, removal of the
EKT residues might tighten S-helix packing,
perhaps with a concomitant loosening of the
HAMP bundle. These behaviors are reminis-
cent of the CCW(B) output state in T'sr.

Heptad-length deletions in the AS1 and
connector elements of NarX HAMP cause
constitutive phenotypes, but often with some
residual responsiveness to nitrate stimuli (5,
48). Deletions and amino acid replacements in
AS2 produced both constitutive and reversed-
response behaviors. Thus, the NarX AS2 he-
lices seem to play important roles in controlling
both basal and stimulus-induced output signals.
Perhaps, like their counterparts in T'sr, the C-
terminal hydrophobic AS2 residues in NarX
HAMP contribute to two kinase-off signaling
states.

A Working Model for NarX Signaling

NarX HAMP mutants with reversed responses
to ligands, which behave much like the in-
verted mutants of T'sr HAMP, imply a bipha-
sic relationship between kinase activity and the
dynamic behavior of the HAMP/S-helix duo.
Conceivably, NarX has kinase-oft states at each
end of its stability spectrum, analogous to the
CCW(A)and CCW(B) states of T'sr. The NarX
set point might be close to the kinase-off state
predicted for a tight HAMP(A) bundle. Stim-
uli could destabilize HAMP(A), driving it into
a more dynamic range with high kinase activity.
Evidently, many destabilizing lesions in NarX
HAMP also drive the system into the high ki-
nase range. Perhaps the intrinsic instability of
the S-helix prevents such lesions from driving
the system past the high kinase range. How-
ever, removal of the phase stutter or the EKT

www.annualyeviews.org o HAMP Domain Signaling Mechanisms

11§



Annu. Rev. Microbiol. 2010.64:101-122. Downloaded from www.annualreviews.org
by University of Utah - Marriot Library on 05/23/11. For personal use only

Phase clash:
incompatible packing
arrangements of
coiled-coil segments
on either side of a
phase stutter; causes an
oppositional coupling
of structural stabilities

116

motif might enhance S-helix stability enough to
drive the system into a second kinase-off state,
yielding an uninducible signaling phenotype.

HAMP Signaling in EnvZ

EnvZ HAMP is best understood at the in-
put control step, mainly based on studies of
chimeric transducers, which first demonstrated
that HAMP converts asymmetric conforma-
tional inputs to symmetric signal outputs (61,
65). Tazl and Tez1 contain the output domain
of EnvZ fused to the aspartate-binding domain
of Tar (53, 64). Tazl is spliced near the C ter-
minus of HAMP; Tez1 is spliced in the control
cable. In both transducers, an aspartate stimu-
lus enhances EnvZ kinase activity, suggesting
that, like Tar, the EnvZ-sensing domain might
transmit stimulus information through inward
TM piston motions. The Tezl chimera has
an uninducible phenotype, presumably owing
to the different lengths of the Tar and EnvZ
control cables. However, addition of an alanine
residue to the Tezl control cable provided reg-
ulated control, and addition of a second ala-
nine produced a constitutive phenotype (64).
These findings confirm that piston motions can
modulate EnvZ-HAMP signaling. Like NarX,
most EnvZ HAMP lesions produce constitu-
tive kinase activity, implying a similar signal-
ing logic (36, 41, 64). However, unlike NarX,
inward piston motions seem to induce EnvZ
kinase activity, suggesting that EnvZ-HAMP
may operate near the loose-packing end of the
HAMP stability range in a three-state signaling
scheme.

HAMP SIGNALING IN Aer
AND HtrlI

Output Control in Aer

Aer contains a phase stutter at the C termi-
nus of AS2 (Figure 4a), but unlike in Tar
and Tsr, this transition zone is not the epicen-
ter of destabilizing phase clashes between the
HAMP and methylation helices. Rather, disul-
fide cross-linking studies indicate that the AS2
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phase arrangement continues through the stut-
ter and the first three residues of MHI1 (56).
Moreover, cysteine replacements at two stut-
ter residues abrogated Aer function: W255C
caused a CW output bias; L256C caused a null
(CCW) phenotype (56). These defects suggest
that the AS2 packing phase is important for
Aer signaling and that the stutter residues con-
tribute to its stability.

Disulfide cross-linking studies also revealed
a loop in the Aer MH bundle from V260-
V267 (Figure 4a), followed by a continuation
of the a-d heptad phase of AS2, with numer-
ous polar residues at the MH packing posi-
tions (56). These patterns suggest that in Aer
the HAMP(A) bundle is relatively more sta-
ble than the MH bundle and dominates the
packing phase over an extended transition zone.
The loop might represent a region with low
helix-forming potential, perhaps comparable to
a proteolytically sensitive region at the AS2-
MHLI junction in Tar(St) (49). The signaling
properties of Aer-Tar hybrids indicate that the
loop residues of Aer influence MH bundle sta-
bility differently than their counterparts in Tar
or Tsr. Some chimeric transducers with the
PAS-HAMP portion of Aer and the kinase
control domain of Tar exhibit methylation-
mediated sensory adaptation to aerotactic stim-
uli, whereas others do not (9).

CWo-biased lesions in the Aer PAS do-
main altered cross-linking behavior in several
ways, presumably reflecting structural changes
in the HAMP domain upon CW signaling (K.
Watts, personal communication). Some cross-
links at the top of the bundle formed less read-
ily, whereas some at the bottom of the bun-
dle formed more readily. The CW signaling
state also showed increased vertical movements
of the AS1 and AS2 helices (K. Watts, per-
sonal communication). These changes are at
least consistent with a transition to a looser

HAMP bundle upon CW signaling.

Input Control in Aer

The PAS domain of Aer is essential for CW out-
put, even in chimeric transducers that have Tar
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or Tsr kinase control domains (K. Gosink &
J.S. Parkinson, unpublished observations). Aer
molecules lacking a PAS domain also cannot
acquire CheA-activating ability through single
mutational alterations of the kinase control do-
main (K. Gosink & J.S. Parkinson, unpublished
observations). These findings suggest that a
PAS domain with its FAD cofactor in a reduced
state activates CW output through interaction
with the Aer HAMP domain. Oxidation of the
FAD cofactor triggers a conformational change
in PAS that stops the CW signal, initiating an
aerotactic response. Two lines of evidence sug-
gest that the Aer PAS domain may interact with
the output end of the HAMP bundle and the
proximal MH segments: (#) An amino acid re-
placement at the C terminus of AS2 (C253R) is
phenotypically suppressed by a specific PAS al-
teration (N34D) (57); and (b)) many CW-biased
Aer-HAMP lesions cluster at the output end of
the HAMP bundle (56).

Lesions that enhance the CW output of Aer
still require the PAS domain for CW output
(K. Gosink & ]J.S. Parkinson, unpublished ob-
servations), suggesting that they act by pro-
moting the CW-generating PAS-HAMP in-
teraction. CW-biased Aer HAMP lesions (14,
56, 57) have counterparts in Tsr-HAMP (3;
Q. Zhou, P. Ames & ].S. Parkinson, unpub-
lished results) and most likely reduce the stabil-
ity of the HAMP(A) bundle (3, 63). These CW
HAMP lesions may enhance formation of an
alternative HAMP conformation that has high
affinity for the PAS domain. Upon PAS/FAD
binding, that HAMP structure presumably un-
dergoes additional changes that modulate the
stability of the Aer MH bundle and kinase con-
trol domain to activate the CheA kinase.

Aer is the best-studied example of a trans-
ducer that triggers stimulus responses through
direct cytoplasmic sensory input to the HAMP
domain. A recently described family of bi-
partite energy taxis receptors also employs
this signaling route, but with two sepa-
rate proteins: a PAS-containing sensor and
a HAMP-containing signaler (25, 26). Evi-
dently, a covalent connection between PAS and

HAMP is not a critical feature of this input
mode.

HAMP Signaling in HerII

Sensory rhodopsin II forms a stable membrane
complex with Htrll through structural inter-
actions of their transmembrane helices (30,
62). Light triggers conformational changes
in SRII that induce a 15° CCW rotation
of Hull-TM2 (viewed from the periplasm
toward the cytoplasm) (58). Assuming that the
connection between TM2 and the first Herll
HAMP domain is sufficiently rigid, CCW
rotation of the ASI helices would reduce the
stability of a HAMP(A) bundle by shifting
critical hydrophobic residues away from the
packing interface (Figure 2b). In fact, blue
light stimuli trigger a conformational change
in the first HAMP domain of Htrll that is
consistent with increased solvent exposure of
the AS1 helices (35).

The signaling role of the second HAMP
domain in Herll is unclear. Moderate desta-
bilization of a single HAMP(A) bundle would
be expected to shift the receptor to kinase-
activating output (63; Q. Zhou, P. Ames & J.S.
Parkinson, unpublished results), which should
suffice for a photophobic behavioral response.
However, if the second Htrll HAMP domain
operated mainly as a HAMP(B) bundle, its
structural stability would be reinforced by a
phase-stutter connection to a stable N-terminal
HAMP(A) domain. Conversely, destabilization
of the HAMP(A) domain should reduce stabil-
ity of the stutter-coupled HAMP(B) domain.
Perhaps tandem HAMP domains in oppos-
ing structural states comprise bistable switch-
ing units that exhibit more all-or-none response
behavior than single HAMP domains do.

The HtrII(Np) transducer appears to em-
ploy the crankshaft mechanism for HAMP in-
put control, although there may also be a piston
component to the light-induced TM2 motion.
HtrII(Hs) has a periplasmic domain that senses
serine as a chemoattractant (33). It may be
that both rotational and piston motions can
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Figure 7

Dynamic bundle model of HAMP signaling in T'sr. The greater the number of
shadow images for a particular structural element, the looser its packing.
HAMP domains may adopt two alternative conformations, HAMP(A) and
HAMP(B), both of which cause CCW output in T'sr. When the two HAMP
structures rapidly interconvert, or when neither is stable, output is CW. The
HAMP(A) conformation seems to predominate in T'sr. In T'sr, attractant
stimuli cause a small inward displacement of one TM2 segment
(downward-pointing triangle); repellent stimuli cause outward displacement of
one TM2 segment (upward-pointing triangle). Stimuli and methylation state
probably shift signal output by influencing the stability of the HAMP(A)
structure. Similar mechanisms may operate in other chemoreceptors and in
sensor kinases, using any portion of the overall HAMP(A)-HAMP(B) dynamic
range. Abbreviations: CW, clockwise; CCW, counterclockwise; MH,
methylation helices; TM, transmembrane helix.

SUMMARY POINTS

modulate HAMP signal output in the same
transducer. Comparison of light- and serine-
induced conformational changes in HerlI(Hs)
could elucidate this important mechanistic
issue.

A DYNAMIC BUNDLE VIEW
OF HAMP SIGNALING

In the three-state T'sr signaling model the CW
(kinase-on) output state corresponds to multi-
ple conformations in the middle of the HAMP
bundle dynamic range (63). One way the sys-
tem could work is through oscillation of the
HAMP bundle between the HAMP(A) and
HAMP(B) conformational states (Figure 7).
Stimuli could elicit signaling changes by shift-
ing the relative stabilities of those two HAMP
structures. Although the dynamic operating
ranges of T'sr and NarX seem to be dominated
by the HAMP(A) structure, lesions that reduce
HAMP(A) stability reveal the underlying con-
tribution of a HAMP(B)-like structure to their
signaling behavior. Other HAMP-containing
transducers might use a similar three-state sig-
naling mechanism, which in principle could op-
erate over any portion of the HAMP dynamic
range.

1. Stimulus-induced conformational changes can be conveyed to HAMP domains through
piston (Tar, Tsr, NarX, EnvZ) or rotary (HtrIl) motions of adjoining transmembrane
helices or through direct interaction with a cytoplasmic sensing domain (Aer).

2. Input stimuli probably modulate HAMP signaling by shifting the relative stabilities of
alternative HAMP structural states, designated HAMP(A) and HAMP(B), both of which
may generate kinase-off output states. Thus, control of output kinase activity could in-
volve changes in the dynamic behavior of one or both HAMP conformations.

3. HAMP domains probably control the output activities of signaling proteins by modulat-

ing the packing stabilities of the output helices through oppositional structural coupling.

4. Output control may involve helical phase clashes caused by a stutter arrangement of
hydrophobic packing residues at the junction between output helices and the AS2/AS2’

helices of HAMP.
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5. The kinase-on states of chemoreceptors and sensor kinases probably occur over an in-
termediate range of HAMP stabilities and dynamic behaviors. Output helices that are
too tightly or too loosely packed most likely produce kinase-off output states.

6. A three-state, dynamic bundle signaling model best accounts for the signaling properties
of Tsr and NarX HAMP mutants and may apply to other transducers as well.
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