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ABSTRACT: pHtrII, a pharaonishalobacterial transducer protein, possesses two transmembrane helices
and forms a signaling complex withpharaonisphoborhodopsin (ppR, also calledpharaonissensory
rhodopsin II, NpSRII) within the halobacterial membrane. This complex transmits a light signal to the
sensory system located in the cytoplasm. It has been suggested that the linker region connecting the
transmembrane region and the methylation region ofpHtrII is important for binding toppR and subsequent
photosignal transduction. In this study, we present evidence to suggest that the linker region itself interacts
directly with ppR in addition to the interaction in the membrane region. Anin Vitro pull-down assay
revealed that the linker region bound toppR, and its dissociation constant (KD) was estimated to be
approximately 10µM using isothermal titration calorimetry (ITC). Solution NMR analyses showed that
ppR interacted with the linker region ofpHtrII (pHtrIIG83-Q149) and resulted in the broadening of many
peaks, indicating structural changes within this region. These results suggest that thepHtrII linker region
interacts directly withppR. There was no demonstrable interaction between the C-terminal region ofppR
(ppRGly224-His247) and either the linker region (pHtrIIG83-Q149) or the transmembrane region (pHtrIIM1-E114)
of pHtrII. On the basis of the NMR, CD, and photochemical data, we discuss the structural changes and
role of the linker region ofpHtrII in relation to photosignal transduction.

The pharaonishalobacterial transducer protein,pHtrII,
from Natronomonas (Natronobacterium) pharaonis(1), is
a two-transmembrane helical protein and belongs to a family
of two-transmembrane helical methyl-accepting chemotaxis
proteins (MCPs) (2-4). MCPs exist as homodimers com-
posed of a∼50-60-kDa subunit and form the ternary
complex with CheA and CheW. Chemical stimuli activate
phosphorylation cascades that modulate flagella motors (5).
In relation to chemoreception in bacteria, MCPs act not only
as transducers but also as signal receptors. In terms of
photoreception inNatronomonas pharaonis, a direct interac-
tion is required betweenpHtrII and the photosignal receptor
pharaonis phoborhodopsin (ppR,1 also calledpharaonis
sensory rhodopsin II, NpsRII) (1, 6). ppR transmits light
signals topHtrII through changes resulting from the interac-
tion, andpHtrII eventually activates phosphorylation cascades
that modulate flagella motors. The active (signaling) inter-

mediates of theppR/pHtrII complex are referred to as the
M and O intermediates (7). Using these sensing systems,N.
pharaonisavoids harmful near-UV light (λ < 520 nm).

ppR is a member of the seven-transmembrane helical
retinal group of proteins (8) that includes rhodopsin (9),
bacteriorhodopsin (10), and others (11, 12). ppR andpHtrII
are stable within the membrane andn-dodecyl-â-D-maltoside
micelles (13, 14). Expression systems utilizingEscherichia
coli cells can provide large amounts ofppR and pHtrII
proteins (several mg/L culture) (15). Consequently,ppR and
pHtrII have been well-characterized over the past few years
using various methods (for reviews, see refs1, 8, 16, and
17). Sudo et al. demonstrated a 2:2 stoichiometry in theppR/
pHtrII complex (18) and calculated the binding constant
betweenppR andpHtrII under various conditions (19, 20).
Figure 1 shows the crystal structure of theppR/pHtrII
complex (21). Of particular importance is the hydrogen-
bonding network between Tyr199ppR and Asn74pHtrII and
between Thr189ppR and Glu43pHtrII/Ser62pHtrII and the phenolic
ring of Tyr199ppR and Phe28pHtrII (14, 22). Furthermore, the
importance of Thr189ppR, Asp193ppR, and Thr204ppR for the
interaction has also been examined (Yamabi et al., manu-
script in preparation).

pHtrII is composed of four regions consisting of two-
transmembrane segments (TM1 and TM2), a linker region,
a methylation region, and a signaling domain. Kim et al.
reported on the X-ray structure of the methylation region
and the signaling region of a serine chemotaxis receptor (Tsr)
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(23). The X-ray structure of the transmembrane region of
pHtrII in the ppR/pHtrII complex has recently been reported
(21) (Figure 1). Tsr belongs to the two-transmembrane helical
MCPs (2, 24). Although these results have facilitated the
next stage of research to do with photosignal transduction,
detailed structural investigations concerning the linker region
connecting the membrane region and the methylation region
of MCPs have not been reported. The linker region posesses
what is referred to as a HAMP domain, which is typically
found in various proteins such as histidine kinases, adenylyl
cyclases, methyl-accepting chemotaxis/phototaxis proteins,
and phosphatases (2, 24). This domain plays crucial roles in
the phosphorylation or methylation of homodimeric receptors
by transmitting conformational changes from the periplasmic
to the cytoplasmic domain. It has been suggested that the
linker region of the transducer may participate in the
interaction with the sensor retinal pigment because certain
residues within the linker region of HtrI (theHalobacterium
salinarumtransducer protein) modulate the sensory rhodopsin
(sR, also called sensory rhodopsin I, sRI) photocycle (4, 25).
Umemura et al. reported that the sensing of cytoplasmic pH
by chemoreceptors involves the linker region (26). Recently,
Yang et al. reported that the E-F loop of ppR was located
near the part of thepHtrII linker region based on probe
accessibility data, disulfide formation assays, the flash
photolysis analysis, as well as the FRET analysis (27). In
this paper, we demonstrate that the linker region ofpHtrII
(pHtrIIG83-Q149) interacts directly withppR.

MATERIALS AND METHODS

Protein Expression and Purification.The ppRHis (His
refers to a hexa-histidine tag at the C terminus) expression

plasmid was constructed as previously described (28). The
GST-pHtrIIG83-Q149gene was prepared by employing a PCR
methodology. Primer 5′-GGATCCTGGGCGGTGACAC-
CGCCGCCTCGCTTTC-3′ (the underlined bases indicate the
added restriction site forBamHI) and the reverse primer 5′-
TTATGTGCCTGCTCTGCGTCCTCGCGAGCGTTC-3′ (the
underlined bases indicate the added stop codon) were
designed for the PCR. The PCR product was subcloned into
the pGEM-T Easy (Promega) plasmid vector. TheBamHI
and EcoRI digested fragment was ligated to a pGEX5X-3
vector (Amarsham). This cloning strategy resulted in the
following N- and C-terminal peptide sequence: GST-
pHtrII 83GGDTA- - -AEQAQ149.

ppR was expressed inE. coli strain BL21 (DE3) (Invit-
rogen, Carlsbad, CA) at 37°C in 2× YT medium containing
ampicillin and subsequently induced by the addition of 1
mM IPTG and 10µM all-transretinal. Preparation of crude
membranes and purification ofppR was performed as
previously described (29). GST-pHtrIIG83-Q149and GST only
were overexpressed inE. coli strain BL21 (DE3) star cells
(Invitrogen, Carlsbad, CA) and subsequently induced by the
addition of 1 mM IPTG (Wako Pure Chemical Industries,
Osaka, Japan).ppR proteins possessing a histidine tag at the
C terminus were solubilized with 1.0%n-dodecyl-â-D-
maltoside (DM) and subsequently purified using a Ni column
as previously described (29).

IPTG-induced cells that expressed GST alone and GST-
pHtrII linker were harvested by centrifugation at 4°C. Pellets
were resuspended in buffer A [50 mM Tris-HCl (pH 8.0)
and 5 mM MgCl2] and then broken by sonication. The
supernatants were collected by ultracentrifugation (140000g
for 30 min at 4°C) to remove the membrane fraction. GST
and GST-pHtrII 83-149 were then applied to a glutathione
sepharose 4B resin column. The resin was washed exten-
sively with buffer B [50 mM Tris-HCl (pH 8.0) and 300
mM NaCl] to remove nonspecifically bound proteins. GST
and GST-taggedpHtrII were then eluted with buffer C [50
mM Tris-HCl (pH 8.0), 300 mM NaCl, and 10 mM
glutathione]. The sample medium was exchanged by Amicon
Ultra (Millipore, Bedford, MA) filtration and the samples
were finally suspended in a buffer solution containing 150
mM NaCl, 50 mM Tris-HCl (pH 7.5), and 1 mM CaCl2.
Purified GST-pHtrII 83-149 was incubated with Factor Xa (0.5
unit/mg of protein) for∼3-4 h at 4°C. The reaction was
stopped by the addition of a protease inhibitor (1,5-dansyl-
Glu-Gly-Arg-chloromethyl ketone dihydrochloride, Calbio-
chem). GST-digestedpHtrIIG83-Q149 was separated by gel-
filtration chromatography in a buffer solution containing 150
mM NaCl, 50 mM Tris-HCl (pH 7.5), and 1 mM CaCl2. A
final yield of 30 mg ofpHtrII 83-149/L of cell culture was
obtained.

Uniformly 15N-single-labeled and15N-,13C-double-labeled
proteins for NMR experiments were prepared by growing
the cells in standard minimal medium containing 0.5 g/L
15N-ammonium chloride (Isotec Inc., Miamisburg, OH) or
15N-ammonium chloride and 1.0 g/L13C-D-glucose (Isotec
Inc., Miamisburg, OH). Transformed cells were initially
grown at 37°C in 1 mL of LB medium and were inoculated
directly into 200 mL of isotope-labeled standard minimal
M9 medium followed by inoculation in 4 L of labeled
medium.

FIGURE 1: X-ray crystallographic structure of theppR/pHtrII
complex. The structure was obtained from the Protein Data Bank
(PDB code 1H2S).ppR andpHtrII form the signaling complex in
the dark and photolyzed state. Light stimulation activatesppR and
triggers trans-cis photoisomerization of the retinal chromophore.
Relaxation of the retinal leads to the functional processes during
the photocycle.ppR transmits light signals topHtrII in the
membrane.pHtrII forms a ternary complex with CheA and CheW
and activates phosphorylation cascades that modulate flagella
motors. In this paper, thepHtrII linker region and the C-terminal
region ofppR were designated as the regions frompHtrII Leu83 to
pHtrIIGln149 and from ppRGly224 to ppRHis247, respectively. The
membrane normal is roughly in the vertical plane of this figure,
and the top and bottom regions correspond to the extracellular and
cytoplasmic sides, respectively.
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Binding Assay between the pHtrII Linker Region
(pHtrIIG83-Q149) and ppR.GST-taggedpHtrIIG83-Q149, GST-
digested pHtrIIG83-Q149, and ppR were concentrated by
Amicon Ultra (Millipore, Bedford, MA) filtration. Buffer
solutions were exchanged completely by dialysis against a
buffer solution [300 mM NaCl, 10 mM Tris-HCl (pH 8.0),
and 1% OG] for 1 week using a 3-kDa cutoff dialysis cassette
(Molecular cut off, 3000, Daiichi Pure Chemicals Co. Ltd.
Tokyo, Japan). The protein concentration ofppR andpHtrII
was determined using the molar extinction coefficient at 500
nm (40 000 M-1 cm-1) (30) and 280 nm (Tyr (1420 M-1

cm-1), respectively.
An in Vitro pull-down assay was performed using a

glutathione sepharose column essentially as previously
described (18, 31). PurifiedpHtrIIG83-Q149(300µM) andppR
(30 µM) were mixed in a molar ratio of 1:10 in buffer B
containing 1% OG and then incubated for 1 h at room
temperature with gentle stirring. After the mixed samples
were bound to the glutathione sepharose resin, the resin was
poured into a chromatography column and washed exten-
sively with buffer B (about 5-fold volume against the column
volume) to remove nonspecifically bound proteins. Bound
ppR was eluted with buffer C.

For the isothermal titration calorimetry (ITC) experiments,
the ppR andpHtrIIG83-Q149 sample buffer solutions were
exchanged completely by dialysis against a buffer solution
[150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 0.05% DM]
for 1 week using a 3-kDa cutoff dialysis cassette. The protein
concentration ofppR andpHtrII was 0.35 and 0.03 mM,
respectively. All ITC experiments were performed at 308 K
on a VP-ITC Micro Calorimeter (Microcal Inc). For control
experiments, DM-containing buffers were used to ensure that
there was no effect because of the detergent. The binding
parameters were estimated using the following binding
scheme:

wheren represents the number ofpHtrII molecules required
for the formation of a complex withppR. Data were
evaluated by employing the Origin-ITC software package.

Flash Photolysis with or without pHtrIIG83-Q149. The
apparatus and procedure for flash spectroscopy was es-
sentially as previously described (32). The decay rate of the
M photointermediate of the wild-typeppR (20µM) with or
without pHtrIIG83-Q149 (80 µM) and pHtrIIM1-L159 (80 µM)
was observed at 350 nm. TruncatedpHtrII expressed from
position 1-159 was used instead of the whole protein
because the truncated transducer tightly interacts withppR
[KD ) 0.1µM (in the dark state)] (22). The temperature was
maintained at 20°C.

NMR Spectroscopy.NMR experiments for13C/15N-labeled
pHtrIIG83-Q149were performed at 283 K on a Bruker Avance
500 spectrometer with a1H [13C/15N] pulse field gradient
cryogenic probe in a buffer solution containing 50 mM KCl
and 50 mM KPi (pH 6.5) without detergent. NMR experi-
ments for13C/15N-labeledppR were performed at 303 K on
a Bruker Avance 500 spectrometer in a buffer solution
containing 50 mM KCl, 10 mM citric acid (pH 5.0), and
3% 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) as
a detergent. The protein concentration was 1.8 and 0.4 mM
for pHtrII andppR, respectively. The assignments of the1H,

13C, and 15N resonances ofpHtrIIG83-Q149 and ppR were
obtained using1H-15N HSQC and a series of triple-resonance
experiments: HN(CO)CACB, HNCACB, HNCO, HN(CA)-
CO, and (H)N(CO-TOCSY)NH incorporating pulsed field
gradients, water flip-back pulses, and a sensitivity enhance-
ment scheme. All data were processed using NMRPipe (33)
and analyzed using Sparky (http://www.cgl.ucsf.edu/home/
sparky/) (34). The NMR experiments for13C/15N-labeled
pHtrIIG83-Q149 in the presence ofn-octyl-â-D-glucoside (OG)
were performed at 283 K on a Bruker Avance 500 MHz
spectrometer in a buffer solution containg 50 mM KCl and
50 mM KPi (pH 6.5).

CD Spectroscopy.The CD spectrum was recorded on a
JASCO (Tokyo, Japan) J-720W CD spectropolarimeter. The
CD spectrum was recorded between 260 and 200 nm (0.1
cm cell) at 0.1 nm intervals with a scan speed of 20 nm/
min. Signals were averaged over 6 separate scans. The
protein concentration was 20µM in a buffer solution
containing 50 mM KPi, 50 mM KCl, and OG (free, 0.5, 1.0,
and 7.2%).

RESULTS

Direct Interaction between the pHtrII Linker Region and
ppR. In an effort to determine whether thepHtrII linker
region (pHtrIIG83-Q149) interacts withppR, we performed the
in Vitro pull-down assay (see the Materials and Methods and
refs18and31). ppR adsorbed onto the glutathione sepharose
4B resin containing immobilized GST-pHtrIIG83-Q149. Figure
2 shows the adsorbed fraction ofppR in the presence of GST
(lane 2) and in the absence or presence of GST-pHtrIIG83-Q149

(lanes 1 and 3, respectively). Specifically adsorbedppR was
detected in the presence of GST-pHtrIIG83-Q149.

The interaction between thepHtrII linker region
(pHtrIIG83-Q149) andppR was then quantitatively examined

ppR/pHtrIIn T ppR + npHtrII

FIGURE 2: In Vitro pull-down assay using glutathione sepharose
resin. ppR was applied to the column without GST and GST-
pHtrIIG83-Q149 (lane 1), with GST (lane 2), and with GST-
pHtrIIG83-Q149 (lane 3). After the column was washed extensively
with buffer B (for details, see the Materials and Methods) to remove
nonspecifically bound proteins, bound proteins were eluted with
buffer C (see the Materials and Methods). The eluted material was
collected, and the UV-vis spectrum ofppR (λmax ) 500) was then
measured.
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using ITC. Figure 3 shows the titration curves ofppR with
pHtrIIM1-L159 andpHtrIIG83-Q149. Our ITC experiments were
performed under the conditions established by Engelhard and
co-workers (22). In these experiments,pHtrIIM1-L159 and
pHtrIIG83-Q149 were maintained at 318 and 308 K, respec-

tively, andppR was added in increments of 10µL using a
syringe. The dissociation constant ofpHtrIIM1-L159 (0.10µM)
was similar to the previously reported value (0.16µM) (22).
The dissociation constant (KD) of pHtrIIG83-Q149 (10 µM)
increased by nearly two orders and was almost identical to
that of the signaling complex (ppRM/pHtrII) (15 µM), as
determined by flash photolysis (18). Our ITC results and
those of other researchers are summarized in Table 1.

From these binding assays, we concluded that thepHtrII
linker region (pHtrIIG83-Q149) was able to interact directly
with ppR in the dark state. Thus, the transmembrane and
linker regions ofpHtrII are both important in facilitating a
direct and tight interaction withppR.

Detailed Analysis of the Interaction between the pHtrII
Linker Region and ppR by Solution NMR Spectroscopy.
Solution NMR spectroscopy was performed in an effort to
analyze the details of thepHtrIIG83-Q149-ppR interaction.
Figure 4 shows a1H-15N HSQC NMR spectrum of 1.8 mM
pHtrIIG83-Q149 in 50 mM KPi (pH 6.5) and 50 mM KCl at

FIGURE 4: Two-dimensional1H-15N HSQC spectrum ofpHtrIIG83-Q149. The spectrum was recorded in 50 mM KCl and 50 mM KPi (pH
6.5) at 283 K on a 500 MHz NMR spectrometer. The assignments of the backbone amide protons are labeled.

FIGURE 3: Isothermal calorimetric titration curves ofppR titrated
with pHtrIIM1-L159 (a) andpHtrIIG83-Q149 (b). The upper panels
represent the raw data. The lower panels represent the enthalpy
changes per mole plotted as a function of the molar ratio ofppR to
pHtrII. The solid lines represent best-fit curves (for details, see the
Materials and Methods). The dilution heat ofppR is subtracted in
these calculations. The binding parameters determined are listed
in Table 1.

Table 1: Dissociation Constants (KD) of VariousppR/pHtrII Mutant
Complexes for the Ground State ofppR as Determined by ITC

temperature
(K) pH

KD

(µM) reference

pHtrIIM1-T157 318 8 0.16 a
pHtrIIM1-E114 318 8 0.23 a
pHtrIIM1-L159 318 8 0.1 this paper
pHtrIIG83-Q149 308 8 10 this paper
pHtrIIM1-L159

(interaction withppRM)
293 7.2 15 b

a Data from Hippler-Mreyen et al. (22). b Data from Sudo et al. (18).
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283 K without detergent. Almost all of the signals from the
backbone amide groups were observed. Backbone1H, 13C,
and 15N resonances of 60 residues were assigned using
conventional triple-resonance techniques, resulting in iden-
tification of the random structure based on13C chemical
shifts. The assigned resonances are labeled in the figure. The
1H-15N HSQC spectra of 0.25 mMpHtrIIG83-Q149 in 50 mM
KPi (pH 6.5) and 50 mM KCl at 283 K with 1% OG as a
detergent in the absence or presence ofppR (0.25 mM) are
shown in Figure 5a as red and blue, respectively.ppR-
induced resonance shifts and broadening were detected for
many peakes, indicating thatpHtrIIG83-Q149 interacts with
ppR. This result is consistent with results of the aforemen-
tioned binding assays (Figures 2 and 3). Parts b and c of
Figure 5 show the amino acid residues ofpHtrIIG83-Q149 that
showed resonance shifts and broadening, respectively, in-
duced following association withppR. The broadening of
the resonance peaks originated from the middle part of the
linker region (pHtrIIE114-R132), indicating that some structural
changes in this region may occur.

Effect of the C-Terminal Region of ppR on the Interaction
with the pHtrII Linker Region.The interaction betweenppR
and thepHtrII linker region (pHtrIIG83-Q149) was examined
using stable isotope-labeledppR (not pHtrII). Figure 6a
shows a1H-15N two-dimensional NMR spectrum of 0.4 mM
ppR in 10 mM citric acid (pH 5.0) and 50 mM KCl at 303
K. Backbone1H, 13C, and15N resonances of 23 residues in
the C-terminal region ofppR (Figure 6b) were assigned using
a conventional triple-resonance procedure. The assigned
resonances are labeled in the figure. The1H-15N HSQC
spectra of 0.20 and 0.3 mMppR in the absence or presence
of 0.20 mMpHtrIIG83-Q149 and 0.3 mM ofpHtrIIM1-E114 are
shown in parts d and c of Figure 6, respectively.pHtrII-
induced resonance shifts and broadening were not detected.
Thus, the C-terminal region ofppR (ppRGly224-His247) does

not participate in the interaction withpHtrII within the
detergent micelles.

Does pHtrII Linker Region Interact with the M Photoin-
termediate of ppR?Sudo et al. estimated theKD value of
the complex between the M intermediate ofppR (ppRM) and
pHtrIIM1-L159 (18). In an effort to determine whether this
linker region (pHtrIIG83-Q149) can interact withppRM, a
photochemical assay (see the Materials and Methods and refs
19 and20) was employed. Figure 7 shows the decay of the
M photointermediate ofppR in the presence or absence of
pHtrII. The decays ofppRM with or without pHtrIIM1-L159

are shown as gray lines, reproduced from ref18, and that of
ppRM with pHtrIIG83-Q149 is shown as black dots. The
molecular ratios of bothppR/pHtrIIM1-L159 andpHtrIIG83-Q149

were 1:10. The decay rate constant of the M photointerme-
diate ofppR in the absence or presence ofpHtrIIM1-L159, as
well as that in the presence ofpHtrIIG83-Q149, was 1.66, 0.82,
and 1.69 s-1, respectively. No significant change in the M
decay rate was observed whenpHtrII 83-149 was added to a
molar ratio ofppR/pHtrIIG83-Q149 ) 1:30 (data not shown).
WhenppR interacts withpHtrIIM1-L159, the decay rate of the
M photointermediate ofppR changes∼2-4-fold. Thus,
pHtrIIG83-Q149 does not interact withppRM, although the
fragment might still physically interact but possibly not
sufficiently to alter the decay rate.

DISCUSSION

Hippler-Mreyen et al. reported that the dissociation
constant ofpHtrIIM1-T157 (0.16 µM) was nearly 3 orders
smaller than the value ofpHtrIIM1-L82 (>100 µM) (22).
pHtrIIM1-L82 lacks the linker region ofpHtrII. They concluded
thatpHtrIIG83-T157 is important for the interaction withppR.
Yang et al. made use of the fluorescence resonance energy

FIGURE 5: (a) Two-dimensional1H-15N HSQC spectra ofpHtrIIG83-Q149 with (blue) or without (red)ppR. Both spectra were recorded in
50 mM KPi (pH 6.5) and 50 mM KCl at 283 K with 1% OG. (b and c)ppR-induced chemical-shift changes and the broadening ratios
(complex/free1H line width), respectively, of the amide cross-peaks ofpHtrIIG83-Q149.

6148 Biochemistry, Vol. 44, No. 16, 2005 Sudo et al.



transfer (FRET) method and concluded that the interaction
site of ppR with the linker region is located near Ser-154
(27). From mutation analyses, Spudich and co-workers
reported thatpHtrIIGly83 andpHtrIIAla88 are important residues
involved in photosignal transduction (35). In this paper, we
demonstrated that thepHtrII linker region interacted directly
with ppR. Our results are consistent with their data. Thus,
the pHtrII linker region is important in facilitating a direct
interaction withppR that eventually results in phototrans-
duction by theppR/pHtrII complex.

OG was used as a detergent in the solution NMR analyses
becauseppR was not stable in the detergent-free solution.
However, OG may affect the structure of thepHtrII linker
region. From the CD spectroscopic measurements, it was
determined that the secondary structure of the linker region
changed from a random to anR-helical structure following
the addition of OG. The cmc of the detergent (about 1%) is
critical in determining the formation of theR helix (Figure
8a). This result is consistent with NMR experiments where
the addition of OG altered the1H-15N HSQC spectra in a
manner dependent on the micelle concentration of OG

(Figure 8b). Additionally, the resonance shifts and broaden-
ing were mainly detected in two short regions, the N-terminal
and C-terminal parts of thepHtrII linker region, suggesting
the formation of twoR helices. These results suggest that
the linker region would act as the chameleon sequence.
Formation of anR helix is consistent with the data presented
by Danielson et al., where the linker region of Tar corre-
sponding to thepHtrII linker region forms anR helix by the
cysteine and disulfide bond scanning method (36).

The nature of the OG-induced resonance shifts and
broadening related to thepHtrII linker region was clearly
different from those of theppR-induced spectral changes (see
Figures 5 and 8). These results reflect the presence of a
specific interaction between thepHtrII linker region andppR
and that the observations made were not derived from
detergent-induced changes.ppR-induced chemical-shift
changes of thepHtrII signals mainly occurred in the
N-terminal part of thepHtrII linker region spanning about
20 residues, suggesting that this N-terminal region possesses
specific binding sites forppR.

FIGURE 6: (a) Two-dimensional1H-15N HSQC spectrum ofppR. The spectrum was recorded in 50 mM KCl and 50 mM KPi (pH 6.5) at
283 K on a 500 MHz NMR spectrometer. The assignments of the backbone amide protons are labeled. (b) 23 residues located in the
C-terminal region ofppR that were assigned. (c and d)1H-15N HSQC spectra of the15N-labeledppR in the absence (red) or presence (blue)
of pHtrIIG83-Q149 (c) andpHtrIIM1-E114 (d).
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From the flash photolysis analysis, it was concluded that
pHtrIIG83-Q149does not interact withppRM (Figure 7). Signal
transduction fromppR to pHtrII is accompanied by a
weakened interaction withppRM (14, 18, 22, 31). Therefore,
it seems that thepHtrII linker region is perturbed by the M
state ofppR; that is, the interaction betweenppR andpHtrII
becomes weak. Wegener et al. reported that the F helix of
ppR moves towardpHtrII following light activation ofppR

(37). Helix movement during the photocycle in bacteriorho-
dopsin (BR) has also been reported (38, 39). The helix
movement ofppR is the signaling trigger topHtrII. Engelhard
and co-workers reported that the TM-2 ofpHtrII rotates by
following helix movement ofppR (40) and have suggested
that the switch is in the M1 to M2 reaction (41). On the
basis of the evidence given in this paper, a new photosignal
transduction model is proposed (Figure 9). The movement
of the helix inppR and rotation of the TM-2 helix inpHtrII
occurs. Dissociation and conformational changes in thepHtrII
linker region, as demonstrated in this paper, follows. Thus,
the association/dissociation of thepHtrII linker region acts
as a signaling switch in this model. Our model is consistent
with the paper by Yang et al. (27) that the G83F mutant of
pHtrII, which eliminates the interaction withppR, also
eliminates phototaxis signaling.

In conclusion, we show that thepHtrII linker region
(pHtrIIG83-Q149) interacts directly withppR. Solution NMR
analyses in the presence or absence ofppR showed that the
global structural change of thepHtrII linker region occurs
because of association withppR. The CD and NMR
measurements at various OG concentrations revealed that
the pHtrIIG83-Q149 conformational changes are caused by a
direct and specific interaction withppR. Flash photolysis
analysis showed thatpHtrIIG83-Q149 could not interact with
ppR at the M state. Because the signal transduction from
ppR topHtrII is accompanied by a weakened interaction with
ppRM, the dissociation and subsequent conformational changes
of the pHtrII linker region that follow can effect a transfer
of the signal downstream. We propose this scheme as the
“linker switch model” for photosignal transduction.

FIGURE 7: Decay of the M photointermeditate ofppR with or
withoutpHtrIIG83-Q149andpHtrIIM1-L159. The decay was monitored
at 350 nm. Samples were suspended in a buffer solution containing
400 mM NaCl, 10 mM Tris-HCl (pH 7.0), and 1%n-dodecyl-â-
D-maltoside (DM). The temperature was maintained at 20°C. The
decay curves ofppRM with or withoutpHtrIIM1-L159 are represented
by gray lines, and that withpHtrIIG83-Q149 is represented by black
dots.

FIGURE 8: (a) CD spectrum ofpHtrIIG83-Q149 at various concentrations of OG detergent. The CD spectrum was recorded on a JASCO
J-720W CD spectropolarimeter between 200 and 260 nm at 283 K. The spectrum obtained was baseline-corrected. (b) OG-induced chemical-
shift changes (top) and the broadening ratios (bottom) (1H line width in the presence/absence of OG) of the1H-15N HSQC cross-peaks of
pHtrIIG83-Q149. Gray bars and black bars in b show the OG-induced changes in the presence of 1.0 and 7.2% OG, respectively.
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