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(Background: HAMP domains are four-helix bundles that transmit signals from receptor to output domains in signaling
Results: Opposite stimulus-induced helix motions with opposite signal output are resolved for two tandem HAMP domains on

Conclusion: A molecular mechanism for HAMP domain switching and signal transmission is proposed.
Significance: The HAMP switching and relay mechanism is important to many signal transduction proteins.

J

The phototaxis receptor complex composed of sensory rho-
dopsin II (SRII) and the transducer subunit HtrII mediates pho-
torepellent responses in haloarchaea. Light-activated SRII
transmits a signal through two HAMP switch domains (HAMP1
and HAMP?2) in HtrII that bridge the photoreceptive membrane
domain of the complex and the cytoplasmic output kinase-mod-
ulating domain. HAMP domains, widespread signal relay mod-
ules in prokaryotic sensors, consist of four-helix bundles com-
posed of two helices, AS1 and AS2, from each of two dimerized
transducer subunits. To examine their molecular motion during
signal transmission, we incorporated SRII-HtrII dimeric com-
plexes in nanodiscs to allow unrestricted probe access to the
cytoplasmic side HAMP domains. Spin-spin dipolar coupling
measurements confirmed that in the nanodiscs, SRII photoacti-
vation induces helix movement in the HtrII membrane domain
diagnostic of transducer activation. Labeling kinetics of a fluo-
rescein probe in monocysteine-substituted HAMP1 mutants
revealed a light-induced shift of AS2 against AS1 by one-half
a-helix turn with minimal other changes. An opposite shift of
AS2 against AS1in HAMP2 at the corresponding positions sup-
ports the proposal from x-ray crystal structures by Airola et al.
(Airola, M. V., Watts, K. J., Bilwes, A. M., and Crane, B. R. (2010)
Structure 18, 436 —448) that poly-HAMP chains undergo alter-
nating opposite interconversions to relay the signal. Moreover,
we found that haloarchaeal cells expressing a HAMP2-deleted
SRII-Htrll exhibit attractant phototaxis, opposite from the
repellent phototaxis mediated by the wild-type di-HAMP SRII-
HtrII complex. The opposite conformational changes and cor-
responding opposite output signals of HAMP1 and HAMP2
imply a signal transmission mechanism entailing small shifts in
helical register between AS1 and AS2 alternately in opposite
directions in adjacent HAMPs.
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Phototaxis by the archaeon Natronomonas pharaonis is
mediated by the light receptor sensory rhodopsin II (SRII)? in a
2:2 complex with a transducer protein HtrIlI (1-3). HtrII con-
tains two transmembrane helices (TM1 and TM2), with which
the SRII subunits associate followed by a cytoplasmic signal
relay domain (two tandem HAMP modules) and a hairpin-
shaped cytoplasmic domain that binds and modulates CheA, a
histidine kinase (Fig. 1). HAMP domains are widely distributed
among prokaryotic signal-transducing proteins and relay
incoming conformational changes in the membrane domain to
transducer domains modulating cytoplasmic enzymatic activi-
ties (4, 5). The numbers of HAMP modules vary among trans-
ducers, but the structure of an individual module characteristi-
cally consists of two amphipathic helices, AS1 and AS2, linked
through a flexible connector peptide. In all cases studied,
dimers of signal transducers produce a four-helix bundle con-
sisting of two AS1 and two AS2 helices. In the HtrII dimer, there
are two HAMP domains in tandem forming a biconcatenated
HAMP chain connecting the photoreceptive membrane
domain to the cytoplasmic kinase-binding domain of the
transducer.

Several mechanisms have been proposed for signal relay by
HAMP modules, each assuming a two-state switching function
of the HAMP. Based on the NMR structure from a sensor/
transducer of unknown function, Af1503 from Archaeoglobus
fulgidus, Hulko et al. (6) proposed a gearbox model entailing
counter-rotation of the four helices by 26°, triggered by the axial
rotation of the input transmembrane helix of Af1503. From a
disulfide mapping study of the aspartate chemotaxis receptor,
Swain and Falke (7) proposed a possible scissor-like motion of
paired helices. From mutation analysis of chemotaxis receptors
and structural considerations, Parkinson (5) suggested a
dynamic helix destabilization mechanism (8) with stimuli
inducing shifts between a tightly packed versus loosely packed

2 The abbreviations used are: SRIl, sensory rhodopsin II; Htrll, transducer for
SRII; HAMP, a domain named for its presence in histidine kinases, adenylyl
cyclases, methyl-accepting proteins, and phosphatases; DDM, n-dodecyl-
B-D-maltopyranoside; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line; MSP, membrane scaffold protein; TM, transmembrane; Ni-NTA, nickel-
nitrilotriacetic acid; Np, N. pharaonis.
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FIGURE 1. SRII-Htrll dimeric complex in nanodiscs. Top, schematic of the
complex with membrane-embedded portion (TM Domain) composed of the
transducer subunit Htrll dimer (one protomer colored green and the other
gray) flanked by SRIl subunits (red) and CheW/CheA kinase (purple) binding at
the cytoplasmic distal end of the transducer. The tandem HAMP domains
were drawn from the crystal structure of Aer2 (10). HAMP1 and HAMP2 are
each composed of two helices named AS1 and AS2 (AS1’ and AS2’ for the
other Htrll protomer) linked with a loop. A magnified drawing of the two
HAMP domains is shown in the blow-up box on the right to emphasize that (i)
the AS2 pairin each HAMP is interior to the AS1 pair, and (ii) the AS2 helices of
HAMP1 extend downward and form the AS1 helices of HAMP2; i.e. for each
protomer, AS2 of HAMP1 and AS1 of HAMP2 are the membrane-proximal end
and membrane-distal end, respectively, of the same a-helix. Truncated ver-
sions of Htrll were made at positions 157 and 237 to produce the single HAMP
and double HAMP constructs, respectively, used for accessibility labeling.
Bottom, drawings of the nanodisc within a lipid bilayer encircled by an MSP
dimer viewed from the side and top. The nanodisc particle and SRII-Htrll
dimeric complex are drawn to scale; molecular dimensions of the nanodisc
are from electron micrographs (Fig. 2) and of the SRII-Htrll complex from
Gordeliy et al. (23).

four-helix bundle, a concept related to the “frozen-dynamic”
model of Sung-Huo Kim (9). Most recently, Crane and
co-workers (10) crystallized a poly-HAMP segment of the Pseu-
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domonas aeruginosa aerotaxis receptor, Aer2, which contains
three concatenated HAMP modules. This work made a major
contribution by revealing two different HAMP conformations.
The first and third HAMP modules are similar in structure to
each other and to the NMR structure of the Af1503 HAMP,
whereas the second differed in helical register, crossing angle,
and rotational position of the helices. The authors proposed
that the two structures observed are opposing HAMP signaling
states and suggested a signal relay mechanism in poly-HAMP
chains in which repeating HAMPs would assume alternating
conformations and interconvert in a binary fashion (10).

Here we report photostimulus-induced HAMP surface
accessibility changes in SRII-HtrII complexes combined with
independent assessment of the signal output of HAMP1 and
HAMP2 by in vivo photomotility response measurements of
mutants. For the accessibility measurements, the HAMPs of
functional SRII-HtrII complexes needed to be exposed to sol-
vent to enable open accessibility of a soluble fluorescein probe
to the HAMP domain. To this end, we embedded the SRII-HtrII
complex into nanodiscs in which the membrane protein com-
plex in a lipid bilayer is encircled by a membrane scaffold pro-
tein (MSP1E3D1) (11). After establishing the dimeric state and
functional communication between the photoreceptor (SRII)
and transducer (HtrII) subunits in the nanodiscs, we performed
fluorescein probe accessibility scanning along the AS1 and AS2
helices in the HAMP domain with and without light activation
of SRII. The results reveal a stimulus-induced displacement of
AS2 with respect to AS1 in the membrane-proximal HAMP1
and the opposite motion in the membrane-distal HAMP2. The
physiological assessment of signaling by HAMP1 versus
HAMP2 entailed excision of HAMP2 from the wild-type com-
plex, whereas retaining the HAMP1 in functional register with
the output kinase-modulating domains. The results show that
the photosignal output from HAMP1, like the AS2 to AS1 dis-
placement, is opposite to that from HAMP2, indicating that
signal transmission through the HAMP domain region is
through alternating conformational changes with alternating
sign of the signal.

EXPERIMENTAL PROCEDURES

Reagents—Alexa Fluor 660 was from Invitrogen, 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine lipid (DMPC) was from
Avanti Polar Lipids, Inc., Bio-Beads SM-2 adsorbent was from
Bio-Rad Laboratories, and #n-dodecyl-B-p-maltopyranoside
(DDM) was from Affymetrix Inc.

Plasmid Constructions and Site-directed Mutagenesis—The
gene for MSP1E3D1 with codon usage optimized for Esche-
richia coli expression was synthesized and incorporated in the
pUC57 vector between Ncol and HindII sites (Integrated DNA
Technologies, Inc., Coralville, IA). The gene was then ligated
into an E. coli expression vector pET28a between the Ncol and
HindIII sites and was transformed into BL21(DE3) cells.

Single cysteine-encoding mutations were introduced using
a site-directed mutagenesis kit, QuikChange XL (Stratagene,
Wilmington, DE), on each of residue of the AS1 helix and AS2
helices on HAMP1 and selected residues (162—-165, 200 —204)
on HAMP?2 of Htrll in the pET21 E. coli expression vector con-
taining the gene for the fusion protein of N. pharaonis SRII-
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HtrlI in which the C terminus of SRII is joined through a flexi-
ble peptide linker (ASASNGASA) to the N terminus of Htrll
truncated at residue 157 (single HAMP construct, SRII-Ht-
rll, ) or 237 (double HAMP construct, SRII-HtrlL,;,). The
HAMP1 is defined from 85 to 135, and HAMP?2 is defined from
156 to 210. We truncated at 157 to include the helical linker
(135-157) immediately following the HAMP1 region. Simi-
larly, the double HAMP construct was truncated at 237 to
include the helical linker (210-237) immediately beyond
HAMP2.

HAMP2-deleted versions were designed to excise 136-211,
137-211, and 138-211 from the full-length Htrll. The
HAMP2-deleted sequences of the SRII-Htrll fusion protein
were transferred into the Halobacterium salinarum expression
plasmid pPR5 plasmid (12) for cell motility analysis. All muta-
tions were confirmed by sequencing from either the University
of Texas at Houston Medical School Sequencing Facility or
Genewiz (Genewiz, South Plainfield, NJ).

Protein Expression and Purification—For expression of
MSP1E3D1, BL21(DE3) cells transformed with pET28a_
MSP1E3D1 were cultured in LB medium containing 10
pg/ml kanamycin at 37 °C to optical density ~0.3 at 600 nm,
and expression was induced by 1 mm isopropyl 1-thio-B-p-
galactopyranoside. 1 h after induction, the temperature was
lowered to 25 °C, and the cells were harvested after 4 h. The
cells were suspended in Buffer A (50 mm Tris-HCL, pH 7.4, 1
mM PMSF, 1% v/v Triton X-100) and disrupted by sonica-
tion. After centrifugation at 20,000 X g for 30 min, the lysate
was mixed with Ni-NTA resin for 1 h to allow binding of
His-tagged MSP1E3D1, and then the resin was packed in a
column and washed with 4 bed volumes of 1% v/v Triton
X-100 in Buffer B (50 mm Tris-HCI, pH 7.4 + 150 mm NaCl),
50 mm deoxycholate in Buffer B, and 50 mm imidazole in
Buffer B, and finally eluted with 300 mm imidazole in Buffer
B. The imidazole was removed by dialysis against Standard
Buffer (10 mm Tris-HCI, 0.1 m NaCl, 0.5 mm EDTA, pH 7.4).
Purified MSP1E3D1 protein was stored with 0.02% w/v azide
at —20 °C.

The cysteine mutants of SRII-HtrlI were expressed in E. coli
BL21(DE3). Cultures grown at 37 °C to optical density ~0.3 at
600 nm were induced with 1 mm isopropyl 1-thio--p-galacto-
pyranoside and 5 uM all-trans retinal. After induction, the cul-
ture was incubated at 18 °C for 6 —14 h. Cells were harvested by
centrifugation at 4,000 X g with an SLC-4000 rotor and dis-
rupted with a Microfluidizer (Microfluidics Corp., Newton,
MA). Cell debris was pelleted at 6,000 X g for 30 min. Mem-
branes were harvested by centrifuging the supernatant at
200,000 X g for 30 min with an Optima™" L-100 XP ultracen-
trifuge from Beckman Coulter followed by resuspending with a
buffer containing 50 mm Tris-HCl at pH 7.5 and 300 mm NaCl.
The pellet was then solubilized in 2% w/v DDM in the same
buffer. SRII-HtrlIl,5, or SRII-Htrll,,, mutants were purified
through Ni-NTA affinity columns as described earlier (13) and
dialyzed against buffer containing 50 mm Tris-HCL at pH 7.5
and 300 mm NaClL

Nanodisc Reconstitution and Purification—Reconstitution of
nanodiscs encircling SRII-HtrIl in DMPC lipid bilayers with
MSP1E3D1 was performed in accordance with the previous
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optimization of the ratio of the three components (14-16). A
best yield was obtained when the solutions of 50 um SRII-Ht-
rll, ., in 0.02% w/v DDM in 50 mum Tris-HCl at pH 7.5 with 150
mwm NaCl, 150 um MSP1E3D1, and 50 mm DMPC in 10% w/v
DDM were combined in a molar ratio of SRII-HtrIl,.:MSP:
lipids = 1:1:100 followed by a 20-min incubation at 23 °C and
elimination of DDM using SM-2 Bio-Beads (Bio-Rad) under
gentle shaking at 23 °C for 4 h. The lysate after removing pre-
cipitated aggregates by low speed centrifugation was concen-
trated and applied to a size-exclusion column using Superdex
200. The nanodisc samples with the target complex protein
omitted eluted at retention volume of 12.5 ml in good agree-
ment with the previous investigation with MSP1E3D1 nanodisc
reported earlier (see Fig. 2a) (17). The sample containing SRII-
HtrIl complex, on the other hand, contains two populations of
different sizes eluting at retention volumes of ~8 and ~11 ml
(see Fig. 2a). The 8-ml fraction is a void volume attributable to
aggregates, whereas the 11-ml fraction is the identical retention
volume as obtained previously for MSP1E3D1 nanodiscs
enclosing the trimer bacteriorhodopsin (18), which is of
approximately the same molecular weight as an SRII-HtrlI, .,
dimer, arguing that this fraction contains nanodiscs with
dimeric complexes.

Furthermore, the molar ratio between SRII-Htrll,,, and
MSPI1E3D1 as assessed from the intensities of the bands in
SDS-PAGE gels shows that the 8-ml fraction is dominated by
SRII-Htrll,,, whereas the 11-ml fraction contains approxi-
mately the same staining intensity between the two proteins
(see Fig. 2¢). Further confirming nanodiscs with dimeric com-
plexes, the expected A 550 /A 400 nm absorbance ratio of nano-
discs with a 1:1 molar content of SRII-HtrlI,., complex and
MSP1E3D1 protein is 2.1 (calculated from the measured ratio
of 1.7 for the SRII-HtrlI, ., complex and adding the calculated
molar extinction contribution at 280 nm from MSP1E3D1 pro-
tein). We consistently measured A,go nm/A490 nm Values of 2.1—
2.2 in our nanodisc preparations, establishing that the SRII-
Htrll,,, complexes are dimeric because there are two
MSP1E3D1 protein molecules per nanodisc.

Spin Labeling and EPR Measurements—Spin labeling was
performed during the purification process on Ni-NTA-agarose
His-binding resin. Briefly, harvested E. coli membrane contain-
ing the single cysteine substitution V78C mutant of SRII-Ht-
rll;5;, named SRII-Htrll 5, V78C, was solubilized and
adsorbed on Qiagen Ni-NTA-agarose His-binding resin. The
resin was washed with 6 X bed volume of 1% w/v DDM in 50 mm
Tris-HCI buffer at pH 7.5 with 150 mm NaCl and subsequently
suspended in the spin-labeling buffer containing 0.01% w/v
DDM, 200 mMm (1-oxyl-2,2,5,5-tetramethylpyrroline-3-meth-
yl)-methanethiosulfonate (designated R1, Toronto Research
Chemicals, North York, Ontario, Canada) dissolved in the same
buffer by gently shaking it at 4 °C overnight. Excess labeling
reagent was removed by washing with 10 bed volumes of the
same buffer containing 0.01% w/v DDM. The purified labeled
hexahistidine-tagged proteins were eluted with a buffer con-
taining 0.01% w/v DDM, 150 mm NaCl, 250 mm imidazole, and
25 mM Tris-HCI (pH 7.5) and finally dialyzed to remove imid-
azole against the same buffer without imidazole.
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EPR spectra were recorded on a Bruker EMX spectrometer
using a modulation amplitude of 2.0 G, a modulation frequency
of 100 kHz, and microwave power of 1 milliwatt. Data acquisi-
tion was conducted using WinEPR. 25-ul samples (~100 um)
were loaded into EPR glass capillaries (0.9-mm inner diameter).
Light for photoactivation of the sample was from a fiber optic
illuminator transmitting a 250-watt tungsten halogen lamp
(product ID FOI-250 from Titan Tool Supply Inc, Buffalo, NY)
beam passed through a 500 = 5-nm interference filter plus a
heat-absorbing filter through the side window of the sample
chamber (resonator). The spectral data represented in Fig. 3
are averages of four individual measurements for the DDM-
solubilized sample and 12 individual measurements for
nanodisc samples and proteoliposome samples, respectively.

Electron Microscopy (EM)—SRII-Htrll nanodisc samples
were purified through a Superdex 200 sizing column before
their examination by EM. The nanodiscs were diluted to 0.05
mg/ml and applied to EM grids and treated with uranyl acetate.
The grids were imaged using a Polara G2 electron microscope
(FEI Co.) equipped with a field emission gun and a 4000 X 4000
charge-coupled device camera (TVIPS GmbH) as described
(19).

Fluorescein Labeling Efficiency Analysis—The SRII-Htrll
complexes with monocysteine mutations in nanodiscs were
reacted with Alexa Fluor 660 by rapidly mixing 140 ul of nano-
disc sample containing 10 um SRII-HtrIl with 2.8 ul of 1 mm
Alexa Fluor 660 (1:2 molar ratio) in the dark or light condition
(illumination through an interference filter at 492 = 6 nm and a
heat-absorbing filter) followed by transfer of 20-ul aliquots into
tubes for quenching with 20 ul of 1 M 2-mercaptoethanol at
15s, 30 s, 45 s, 60 s, 2 min, 5 min, and 10 min. The reaction
mixtures were dialyzed against buffer or diluted/concentrated
with Amicon Ultra 0.5-ml centrifugal filter tubes (Millipore,
Billerica, MA) more than six times to eliminate free fluorescein
dye. The labeled nanodisc samples were finally concentrated to
~25 pl and diluted to 0.5 ml for spectrophotometric analysis
with a Cary 4000 UV-visible spectrometer (Varian, Cary, NC).
The labeling efficiency was defined as the absorbance peak ratio
of Alexa Fluor 660 at 667 nm to the SRII peak at 490 nm. A
cysteine-less SRII-Htrll sample showed negligible nonspecific
labeling background when compared with a typical monocys-
teine mutant (see Fig. 4). We measured in each case the maxi-
mum amplitude of the reaction by adding 50-fold concentrated
(500 uMm) fluorescence probe for 2 h during which the labeling
efficiency reaches plateau. Four time points measured within
the initial 60 s of the reaction in each of the samples and the
maximum amplitude were subjected to a single exponential
curve fit to obtain the rate constant (k). The k values were used
as a measure of the accessibility of the cysteine at each position.
The analysis of disulfide labeling on HAMP2 takes into account
the native Cys-173 Htrll on the SRII-Htrll, ., construct. This
residue shows identical reaction rates with or without illumina-
tion, and its contribution to labeling was subtracted from the
data before curve fitting.

Cell Motility Measurements—Transformed H. salinarum
Pho81Wr ™ (20) was grown in complex medium with 1 mg/ml
mevinolin as described (12). Exponential growth phase cultures
were diluted 10-fold with fresh complex medium and incubated
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at 37 °C for 1 h before use. Cell trajectories were captured in real
time AVI format with a FlashBus Spectrim Lite video capture
PCI card on a computer running the VirtualDub 1.6.19.0 AVI
encoder software. Swimming reversal frequencies were calcu-
lated from 50 cells. Illumination was delivered from a Nikon
100-watt He/Xe short arc lamp beam passed through a 500 =
20-nm interference filter.

RESULTS

Nanodisc-inserted SRII-Htrll Complex Is a Proper Model for
Studying Signal Transmission—Biochemical and structural
studies require membrane proteins prepared in liposomes or
detergent micelles to maintain their structures and activities.
Many membrane proteins alter their structures and functions
in the detergent-solubilized state. Conventional reconstituted
proteoliposomes have several limitations for many of the tech-
niques to manipulate or analyze membrane proteins because of
their enclosed interior, which hinders accessibility to aqueous
reagents. Nanodiscs made from purified components are
extremely stable, soluble, well defined, and homogeneous.
Their nonvesicular structure permits accessibility from both
sides, advantageous for study of SRII-HtrII structural changes
of transmembrane domains and cytoplasmic domains by probe
labeling. Furthermore, the photochemical reaction cycle prop-
erties of SRII-HtrlI, as well as of SRI-Htrl, complexes in nano-
discs are similar to those in native membranes (data not
shown).

Uranyl acetate negative-stained nanodiscs from fraction 11
(Fig. 2a) show homogeneous particles with a disk shape and a
disc diameter of 12.9 = 0.7 nm (Fig. 2b), matching within exper-
imental error the previously measured size of 12.6 nm for nano-
discs made from MSP1E3D1 (21). We observe 40 £ 2% of our
nanodiscs stacked after uranyl acetate staining with 2— 8 nano-
discs per stack (mean of 3.7). Stacking appears to be caused by
the negative staining process because a similar result was
reported for bacteriorhodopsin in nanodiscs, in which the
nanodiscs were almost entirely stacked after negative staining
with phosphotungstate and formed long rods(18), whereas
entirely homogeneous single nanodisc particles were observed
by scanning probe microscopy (17, 18).

SRII-Htrll 5, Is Parallel Dimerized in the Nanodiscs—
Dimerization of Htrll in reconstituted proteoliposomes was
demonstrated previously by the dipolar interaction of spin
probes labeled at membrane-embedded residue 78 near the
cytoplasmic end on the TM2 helix of HtrlI as observed by EPR
spectroscopy (22), confirming adjacent positions of the two res-
idues at position 78 in the dimer pair as expected from the
crystal structure (23). Dipolar interaction of the two spin
probes causes spectral broadening when compared with the
spectrum of noninteracting probes when the distance between
the two probes is within 8 —25 A (24), not expected to occur in
the monomer or non-native aggregates of the complex.
Accordingly, we introduced a cysteine substitution of Val-78 on
NpHtrll, ., (designated SRII-HtrIl,., V78C) and prepared R1
spin-labeled SRII-Htrll, ., V78C to test whether SRII-HtrlI, .,
embedded in the nanodisc is in a parallel dimer.

We compared the EPR spectra of the spin-labeled SRII-
Htrll,5, V78C in 0.02% w/v DDM, in Halobacterium polar
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FIGURE 2. Nanodisc isolation. a, chromatography of SRII-Htrll, 5, nanodiscs.
Nanodiscs were prepared from SRII-Htrll fusion protein, MSP, and DMPC lipid
as detailed under “Experimental Procedures,” and in the final step, injected
into a Superdex 200 sizing column for further purification. Fractions corre-
sponding to elution volume 10.5-11.5 ml were used for electron microscopy.
b, electron micrograph images of SRII-Htrll nanodiscs from top view (upper
panels) and side view (middle panels) and examples of stacked nanodiscs (bot-
tom panels). The nanodisc diameter is 12.9 = 0.7 nm, consistent with the size
of 12.6 nm from the use of MSP1E3D1 (17). ¢, SDS-PAGE of SRII-Htrll, 5, nano-
discs. Molecular masses of SRII-Htrll and MSP based on the molecular mass
standards are 42 and 33 kDa, respectively.

lipid proteoliposomes, and in nanodiscs with the amplitude of
the spectra normalized by equalizing the total spin concentra-
tions by double integration (Fig. 3a). The absence of spectral
broadening in the DDM-solubilized sample shows that SRII-
Htrll, ., is monomerized in the detergent as reported previ-
ously (25). On the other hand, the proteoliposome and nano-
disc samples exhibit marked broadening in their spectral
shapes when compared with the detergent-solubilized sample,
demonstrating the presence of parallel dimerization for these
two samples. The lesser broadening in the proteoliposome
sample when compared with the nanodisc sample is likely
attributable to partial contribution of monomer or incorrectly
inserted SRII-Htrll, ., in the proteoliposome sample, which is
consistent with the relatively weak binding (K, ~16 um) of
truncated Htrll in proteoliposomes (26). The nanodisc sample
exhibited the highest degree of dipolar coupling, indicating that
the nanodisc environment most effectively stabilizes dimeriza-
tion of SRII-HtrlIl, ..
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FIGURE 3.EPR spectra of spin labeled SRII-Htrll, 5, at position 78 of Htrll. g,
in nanodiscs (green line), DDM-solubilized sample (dotted black line), and HPL
proteoliposome sample (solid black line). b, EPR spectra of nanodisc embed-
ded SRII-Htrll; s, measured in the dark (green) and during the illumination
with 500-nm light at 23 °C (red). Gray shaded spectrum, light spectrum minus
dark spectrum. The EPR frequency was 9.30 gHz and centered at 3320 G with
a scan length of 250 G.

Hllumination Induces Separation at Position 78 on Dimeric
TM?2 Helices of HtrlI—Photoactivation of SRII results in con-
formational changes in HtrlI in the TM domain (27), including
light-induced narrowing of the EPR spectrum attributed to sep-
aration of the helices at position 78 (22). We observe a similar
light-induced narrowing of the spectrum (Fig. 3b) in nanodiscs
consistent with helix separation in the HtrIl dimer interface.

Fluorescein Probe Labeling Efficiency Analysis on HAMP
Domains—We assessed conformational changes of the HAMP
domain upon photostimulation of SRII by measuring the rate of
labeling of engineered cysteine residues with the water-soluble
alkylating reagent Alexa Fluor 660. The Alexa Fluor 660
maleimide group specifically reacts with thiol groups to form
stable thioether bonds. Its absorption spectrum shows little
overlap with that of SRII (Fig. 4a), enabling an unambiguous
evaluation of the amounts of attached fluorescein probe and of
SRII in the reaction.

Reaction conditions were optimized so that nonspecific
labeling of non-cysteine-engineered SRII-Htrll, 5, in the nano-
disc was negligible when compared with thiol-specific labeling
at the cysteine group engineered on the HAMP in NpHtrlI, -,
(Fig. 4b). The labeling reactions were conducted both in the
dark and under illumination at 492 nm. Samples from different
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FIGURE 4. Accessibility assay analysis. a, spectra of SRII-Htrll and Alexa Fluor
600. Averages of absorbance in the orange and blue bands were used for
determining sample contents of SRII-Htrll and Alexa Fluor 660, respectively. b,
example of absorption spectra evolution during the labeling reaction for a
representative monocysteine mutant S91C. Spectra from bottom (black) to
top (brown) were measured at 15, 30, 45, 60, 120, 300, and 600 s, respectively.
A constant amount of SRII-Htrll (at 490 nm) and an increase of the Alexa Fluor
labeling (at 670 nm) with time are evident. ¢, time course of the labeling
reactions in dark (black) and in the 500-nm light (red) for the mutant, fit as
first-order reactions. Labeling of non-cysteine-containing SRII-Htrll (blue dia-
monds) is negligible.

time points produced a nearly invariant amount of SRII-HtrlI
complex according to the SRII absorption bands (Fig. 4b), pro-
viding confidence in the nondenaturing reaction conditions
and the consistent processing of the samples. First-order rate
constants (k values) were obtained by fitting the time course of
labeling of the fluorescein obtained from the absorbance at 667
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FIGURE 5. Cys accessibility scanning of HAMP1. Alexa Fluor labeling reac-
tion rate constants in dark (blue) and light (red) plotted for positions 89-105
(AST helix) and 115-135 (AS2 helix) of HAMP1 are shown. Light-minus-dark
changes, which are localized light-induced increases, are shown in the bot-
tom panels as the mean =+ S.D. calculated from 2-5 independent measure-
ments. The graphic at the top shows the positions of the most significant
changes with arrows indicating a light-induced separation of AS1 and AS2
suggested to cause the increases (see under “Results”).

nm and used as a measure of the accessibility of the residue
position. At position 91, differences are observed in the dark
and light k values (Fig. 4c), showing changes in the accessibility
of this site resulting from the photoactivation of SRIL.

The k values at each engineered position on AS1 and AS2 of
HAMP1 (Fig. 5) exhibit periodicity of accessibility along AS1
with minimum k values appearing every 3—4 residues as
expected from the a-helical structure of AS1 and its association
with AS2 from the other subunit in the known structures (6,
10). In AS2, the accessibility is consistently low in the upper
portion between positions 114 and 123 with the rest of the
portion of AS2 exhibiting periodic increase and decrease in
accessibility. Because the HAMP structures show the upper
portion of AS2 in the other HAMP domains exposed to the
outside, this flat region in AS2 may be attributable to the con-
tact of SRII with the AS2 upper region of HtrIl HAMPI.

Light activation of SRII causes accessibility change only in
localized portions of the HAMP domain (Fig. 5), as is also evi-
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dent in the light-dark difference plot. Increases in accessibility
are observed with AS1 between residues 90 and 93, a short
stretch that has been reported to be in contact with SRII both by
Forster resonance energy transfer (27) and by EPR measure-
ments (28). AS2 exhibits reproducible and large changes only at
residues 127 and 128.

A salt-dependent equilibrium of two conformations of
HAMP1 in the SRII-HtrII complex was suggested to be respon-
sible for phototaxis signal transmission through HtrIl; how-
ever, the effects of photostimuli were not examined in the study
(29). Our data do not support that photostimuli induce shifts
between the compact and highly dynamic conformations
reported at high versus low salt concentration in that study.
Light-induced changes in accessibility of several critical resi-
dues on HAMP1 in low salt (300 mm NaCl) and high salt (4 m
NaCl) are closely similar (see Fig. 8), indicating that a similar
conformational change occurs at both salt concentrations we
tested.

The second HAMP domain, HAMP?2, is also composed of
AS1and AS2 helices linked through a flexible peptide linker. To
test whether similar conformational changes like those in
HAMP1 take place in HAMP2, we constructed a fusion protein
of SRII and Htrll with the latter truncated after HAMP2 at
position 237 (SRII-Htrll,,-) and incorporated the protein into
nanodiscs with the same procedure as for SRII-HtrlI, .. Based
on the primary sequence alignment (see Fig. 8a), we introduced
cysteines into HAMP2 at positions 162—165 in AS1 and 200 -
203 in AS2, corresponding to the critical positions 90-93 and
126 -129 in HAMP]I, respectively. A native cysteine exists on
wild-type HAMP2 (Cys-173). Because no difference in reaction
rate was observed in wild-type SRII-HtrlI,- in the dark and
under illumination (Fig. 6), we subtracted its constant extent of
labeling for the calculation of k values. In contrast to HAMP1,
the accessibilities in these same positions decreased upon pho-
tostimulation (Fig. 6), implying that conformational changes
elicited in HAMP?2 are opposite to those in HAMP1. In contrast
to HAMPI, the accessibilities in these same positions
decreased upon photostimulation (Fig. 6), implying that
conformational changes elicited in HAMP2 are opposite to
those in HAMP1 (Fig. 7). Accessibility measurements on
90-93 and 126 -128 on HAMP1 in the same construct con-
taining HAMP?2 (see Fig. 8¢) confirm that the accessibility
changes are opposite in HAMPI.

We observe photostimulus-induced exposure of two resi-
dues (positions 127 and 128) on AS2 and four residues on AS1
(positions 90-93). Such a localized exposure could result from
ashort displacement of AS1 with respect to AS2 (i.e. a sliding or
“piston” motion). Such a translational shift (Fig. 5) would
explain exposure of ~2 residues on each of helices AS1 and AS2
without causing changes in exposure at other positions. The
results do not rule out that other types of motion also occur but
have minimal effects on labeling efficiency. The 90-93 region
of AS1 has been shown to be in close contact with SRII (27), and
changes in the SRII-Htrll interface may also contribute to
exposure of residues on AS1.

If sliding causes the localized accessibility changes, a strong
prediction is that in the four-helix bundle, the N-terminal end
of the AS2 helix must be positioned in the 90 -93 region of AS1
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FIGURE 6. Cys accessibility at selected positions of HAMP2. Positions on
HAMP2 in the region of the increases on HAMP1 were applied to the labeling
study. The R165C mutant failed to express. A distant native cysteine at posi-
tion 173 on wild-type SRII-Htrll237 shows negligible response to light (bottom
right) and therefore provides a constant labeling background in the mutants.
The graphic at the top shows the positions of the light-induced changes,
which are decreases, with arrows indicating a compaction motion of AS1 and
AS2, opposite to that of HAMP1 (Fig. 5), suggested to cause the decreases (see
under “Results”). Error bars, mean = S.D. calculated from 2-5 independent
measurements.

and the C-terminal end of the AS1 helix must be at residues 127
and 128 in AS2 (Fig. 5). To test this possibility, we aligned the
HtrIl HAMP structure (HAMP1 and HAMP2) with the first
two HAMP modules of the Aer2 poly-HAMP domain (10) (Fig.
8a). As shown on the structure of the HtrIl HAMP modeled on
that of Aer2 (Fig. 8b), residues 9093 on AS1 and 127-128 on
AS2 (shown with red) are positioned at the helix termini of the
companion helices precisely as predicted by the sliding model.
A second structural prediction from the sliding model is that
the continuity of AS2 from HAMP1 with AS1 from HAMP2
would ensure that downward (i.e. away from the membrane)
sliding of AS2 relative to AS1 in HAMP1 would result in
upward sliding of AS2 relative to AS1 in HAMP2. Therefore,
the model predicts that the HAMP2 residues corresponding to
those that exhibit light-induced increases of accessibility in
HAMP1 will exhibit light-induced decreases in accessibility in
HAMP2, ie. the opposite conformational change. Indeed,
monocysteine mutants in the corresponding positions in
HAMP2 exhibit light-induced decreases in accessibility (Fig.
8), which is also consistent with the proposal of Crane and
co-workers (10) that the two tandem HAMP domains
undergo opposite conformational changes. Other residue
positions in HAMP2 show negligible light-induced accessi-
bility changes, as do their corresponding positions in
HAMPI1 (data not shown).

Cell Motility Analysis Indicates the Output Signal from
HAMPI Is Opposite to That of the Output Signal from
HAMP2—The hypothesis that HAMP1 and HAMP2 alterna-
tively interconvert between two opposite states during signal-
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regions of HAMP2. ¢, light-induced increases of accessibility at selected positions on HAMP1 in low salt (300 mm NaCl) and high salt (4 m NaCl), in the construct

that contains HAMP?2 (i.e. Htrll truncated at position 237).

ing (see “Discussion”) predicts that the output signal from
HAMP1 would be opposite from the output signal from
HAMP2. To excise HAMP2 from HtrlI to allow HAMPI to
directly signal the Htrll output domains, we prepared three
HAMP2-deleted constructs, removing residues 136 —211, 137—
211, or 138 -211 in the expectation that two of these would be
nonfunctional because only one would be in proper register
with the downstream helices. Indeed, we observed that H. sali-
narum cells expressing SRII-HtrIl with the HAMP2 domain
excised at 137-211 or 138 —211 exhibit no response to light-on
or light-off stimuli (data not shown).

However, cells expressing the 136-211 HAMP2-deleted
construct exhibit transient swimming reversal frequency
responses, and these are indeed opposite to the responses
exhibited by cells containing wild-type SRII-HtrIl (Fig. 7).
Wild-type SRII-Htrll is a repellent receptor, so when light is
turned on, the population exhibits a transient increase in swim-
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ming reversal behavior (caused by activation of the CheA
kinase) (30). Conversely, when light is turned off, the cells
exhibit a decrease in reversal frequency. These elemental
responses to light-on and light-off stimuli cause cells to reverse
their swimming direction more frequently when swimming
into higher intensity light, and therefore, they exhibit net
migration toward lower light intensity regions. Cells expressing
the HAMP2-deleted SRII-HtrII swim more smoothly (exhibit
lower reversal frequency) after illumination at 492 nm and,
most dramatically, exhibit a strong reversal frequency transient
when the light is turned off. This physiological behavior is
exactly opposite to the repellent responses of cells expressing
wild-type SRII-Htrll, i.e. the HAMP2-deleted complex medi-
ates attractant responses. We conclude that the output of
HAMPI1 is an attractant signal (ie. CheA kinase-activating
when light is turned off) in an otherwise wild-type receptor
complex lacking HAMP2.
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DISCUSSION

The pattern of light-induced accessibility changes on the
HAMP1 domain helices is notable in being localized to a 4-res-
idue region on AS1 and 2 adjacent residues on AS2. The dis-
crete localized changes we observed are not consistent with the
gearbox model, which predicts changes along the entire length
of the helices, nor with large-scale destabilization and unbun-
dling of the helices.

Our results support a model in which short displacements of
AS2 relative to AS1 alternately in opposite directions in adja-
cent HAMPs transmit the signal. In addition to the structural
evidence for the model from accessibility scanning, a strong
functional prediction can be made in terms of phototaxis
behavior. If HAMP1 and HAMP2 undergo opposite conforma-
tional shifts during signaling, then the output signal from
HAMP1 must be opposite to that of HAMP?2, i.e. cells express-
ing a HAMP2-deleted Htrll should have opposite phototaxis
behavior. The wild-type SRII-HtrII complex is a strong photo-
repellent receptor, and no mutations nor alterations of condi-
tions have been previously reported in which the complex acts
instead as a photoattractant receptor. Therefore, we interpret
our finding that HAMP2 excision uncovers an attractant signal
output of HAMP1 that confers robust attractant responses by
the complex (Fig. 7) as compelling support for the model.

Prior disulfide mapping of the Salmonella typhimurium
aspartate chemotaxis receptor HAMP domain by Butler and
Falke (31) also showed only subtle shifts in residue accessibility
following receptor activation, and previous study of SRII-HtrlI
complexes with truncation at different positions in the HAMP1
domain showed light-induced diffusion coefficient changes
only when both AS1 and AS2 helices were present (32). These
prior findings are consistent with signal transmission from a
relative AS1-AS2 interface change.

In summary, our labeling measurements fit well with signal
transmission by small displacements of AS2 versus AS1 short-
ening and lengthening the AS1-AS2 interface. The half-helix
turn distance of sliding may locally disrupt the “knob-into-
hole” interface between AS1 and AS2 in HAMP1 and form a
more dynamic state upon illumination, i.e. upon converting to
the dark HAMP2 conformation, a possibility raised for the Aer2
tandem HAMP structures (10).

Lateral interactions, in particular the assembly of bacterial
chemotaxis receptors into trimers of dimers, have been found
to be responsible for amplification of kinase modulation by che-
moeffectors (33-35). A cryoelectron microscopy study of che-
motaxis receptor arrays in E. coli cells that have been engi-
neered to overproduce the serine chemoreceptor Tsr shows an
increase in electron density indicating significant expansion of
the region of the Tsr HAMP domain (36) not expected from the
short sliding movement reported here. Possibly, large changes
result from conformational changes associated with the ampli-
fication of the signal that occurs only in the assembly of taxis
receptors (or transducers) into trimer-of-dimer arrays, which
the nanodisc is unable to accommodate in our study of the large
SRII-HtrII complex. However, the same HAMP domain of Tsr
in the single dimer is functional in a chimera joining the adeny-
lyl cyclase output domain at the C terminus of the Tsr HAMP
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domain (37), excluding the necessity of cooperative amplifica-
tion for the elemental functioning of HAMP domains.

Our results indicate that small displacements of half a helical
turn between AS1 and AS2 in both HAMP1 and HAMP2
domains correlate with positive phototaxis signal output and
displacements in the opposite direction with negative signal
output. The most notable difference between the two HAMP
conformations in the Aer2 crystal structure (10) is a difference
in the helical register between the AS1 and AS2 helices by halfa
helical turn (~2-3 A), which staggers the side chains that form
the buried core. The displacements would have the effect of
altering the AS1/AS2 interface in HAMP1 to make it more sim-
ilar to that of HAMP2 and vice versa, in agreement with the
suggestion by Crane and co-workers (10) of alternating confor-
mational changes in the signal transmission process. However,
the displacements alone are not sufficient to interconvert the
tandem HAMP structures because they exhibit other differ-
ences in side chains, helical tilt, and orientation, in addition to
their AS1/AS2 helical register. These other differences may
explain our finding that the light-induced increases on the two
patches of HAMP1 are not mirror image symmetric in ampli-
tude to the light-induced decreases on the two corresponding
patches of HAMP?2. The accessibility changes we observe may
be caused by AS1/AS2 sliding displacements accompanied by
other motions that influence the effect of the displacements on
accessibility.

Our data indicate that the N-terminal portion of the HAMP1
AS2 helix is buried, possibly by the SRII subunit, because it is
expected to be highly accessible based on the published struc-
tures of HAMP domains. FRET measurements (27) indicated
that the region spanning residues 91-95 on AS1 of HAMP1
contacts the NpSRII E-F loop, and EPR measurements (28) gave
similar results. This region of AS1 is also in contact with the
N-terminal portion of AS2, and therefore, the SRII E-F loop
may be responsible for the low accessibility of this portion of
AS2.
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