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ABSTRACT: Halobacterialpharaonisphoborhodopsin [ppR, also calledNatronomonas pharaonissensory
rhodopsin II (NpSRII)] is a phototaxis protein which transmits a light signal to the cytoplasm through its
transducer protein (pHtrII). pHtrII, a two-transmembrane protein that interacts withppR, belongs to the
group of methyl-accepting chemotaxis proteins (MCPs). Several mutation studies have indicated that the
linker region connecting the transmembrane and methylation regions is necessary for signal transduction.
However, the three-dimensional (3D) structure of an MCP linker region has yet to be reported, and hence,
details concerning the signal transduction mechanism remain unknown. Here the structure of thepHtrII
linker region was investigated biochemically and biophysically. Following limited proteolysis, only one
trypsin resistant fragment in thepHtrII linker region was identified. This fragment forms a homodimer
with a Kd value of 115µM. The 3D structure of this fragment was determined by solution NMR, and
only oneR-helix was found between two HAMP domains of the linker region. ThisR-helix was significantly
stabilized within transmembrane proteinpHtrII as revealed by CW-EPR. The presence of Af1503 HAMP
domain-like structures in the linker region was supported by CD, NMR, and ELDOR data. TheR-helix
determined here presumably works as a mechanical joint between two HAMP domains in the linker region
to transfer the photoactivated conformational change downstream.

Transducer proteinpHtrII from the extreme halophilic and
alkalophilic archaeonNatronomonas pharaonisis a two-
transmembrane protein, belonging to the group of methyl-
accepting chemotaxis proteins (MCPs)1 (1), forms a ho-
modimer comprising subunits of ca. 60 kDa, and is located
in the cytoplasmic membrane. MCPs form a complex with
the histidine kinase CheA and the adaptor protein CheW.
The stimuli associated with this group of proteins modulate
the flagella motors via phosphorylation cascades (2-5). In
bacterial chemotactic signal transduction, MCPs act as
transducers as well as signal receptors, whereas phototactic

signaling inN. pharaonisutilizes pHtrII in the form of a
complex with photosignal receptorpharaonisphoborhodop-
sin, ppR [also calledN. pharaonissensory rhodopsin II
(NpSRII)] (6). ppR is a member of the seven-transmembrane
helical retinal binding protein family which includes rhodop-
sin and bacteriorhodopsin (7). M and/or O photo intermediate
states ofppR activate signal transduction throughpHtrII (8,
9).

pHtrII consists of four distinct areas comprising trans-
membrane, linker, methylation, and signaling regions (Figure
1). Crystal structures of the two-transmembrane region of
pHtrII comprising residues 24-82 as complexes withppR
in the dark (10) and K and late M states have been reported
(11), although N-terminal residues 1-23 and C-terminal
residues 83-114 or 83-157 were missing. The crystal
structure of the methylation and signaling regions has been
reported forEscherichia coliTsr, a member of the MCP
group (12), although part of the methylation region was
missing. Given that the primary sequences ofpHtrII and Tsr
are 26% identical, the two proteins may possess similar
structures with respect to the methylation and signaling
regions. Although a crystal structure of the linker region has
yet to be reported, the flexible aspects of the linker region
have been reported (13-15). The functional importance of
the linker region in relation to signal transduction has been
investigated inpHtrII (16-18) and other MCPs (19, 20).
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The linker region contains a HAMP domain, a common
structural element which has been identified by sequence
comparisons and mutation analyses of sensor kinases and
MCPs (21-23). Recently, the NMR structure of the HAMP
domain was reported for the non-MCP protein Af1503, which
was found to contain a HAMP domain as its sole cytoplasmic
part (24). The HAMP domain consists of two helical
amphipathic sequences (AS-1 and AS-2) linked by a con-
nector sequence of undefined secondary structure. Unlike
the AS-2 helix, the presence of the AS-1 helix in thepHtrII
linker region is detected by EPR (14). Almost all MCPs
possess a linker region comprising ca. 60 residues, although
the pHtrII linker is twice as long as many other MCPs and
its role is unknown (21). Long linker regions are also present
in Halobacterium salinariumHtrI and HtrII (25, 26) and are
expected to play a unique role in phototactic signal trans-
duction.

Klare et al. (27) reported that the structure and activity of
thepHtrII-ppR complex is partly disrupted by solubilization
using the mild detergent DDM and suggested the investiga-
tion of membrane-reconstituted samples. EPR provides a
valuable tool for the structural investigation of proteins, and
especially transmembrane proteins reconstituted into lipo-
somes. With EPR, two electron spins interact with each other
through a dipolar interaction dependent onr-3, wherer is
the interspin distance (28). With the CW-EPR analysis, the
relatively short distances (<20 Å) are observed as line
broadenings (28, 29). In pulsed ELDOR [also called double
electron-electron resonance (DEER)] experiments, the
longer distances of>20 Å are observed as time-dependent
signal intensity modulation (28-30).

Here, the structure of thepHtrII linker region is investi-
gated. Following limited proteolysis, the trypsin resistant
fragment was identified as belonging to thepHtrII linker
region. This fragment was characterized by CD, NMR, and

analytical ultracentrifugation under conditions that included
temperature and protein concentration as variable parameters.
The high-resolution structure of this fragment was determined
by NMR and further characterized by CW-EPR using
detergent-solubilized and liposome-reconstitutedpHtrII pro-
tein. Finally, the role of the linker region in signal trans-
duction is discussed on the basis of the ELDOR data for the
photoactivatedppR-pHtrII fusion protein and the structural
model of the whole linker and transmembrane region of
pHtrII complexed withppR.

EXPERIMENTAL PROCEDURES

Expression and Purification of pHtrII(1-159) Protein. The
expression plasmid of the C-terminally truncated transducer
(1-159) was constructed as previously described (31). The
protein with a C-terminal six-residue histidine tag was
expressed inE. coli BL21(DE3) star using M9 minimal
medium and purified by a previously described method with
slight modifications (31).

Trypsin Digestion of pHtrII(1-159) Protein and Identi-
fication of the Proteolytic Fragment. Purified 0.48 mM
pHtrII(1-159) protein was incubated with 1µg/mL trypsin
(Sigma) in Ni2+-NTA agarose column elution buffer [Tris
buffer (pH 8.5) containing 300 mM KCl, 500 mM imidazole,
and 0.1% DDM] for 10 h at 4°C. The reaction was stopped
by addition of a protease inhibitor (Pefablock SC; Roche
Applied Science), and the proteolytic fragment was separated
by gel filtration chromatography using a HiLoad Superdex
75 column (GE Healthcare) in buffer A [10 mM citric acid
buffer (pH 5.0), 50 mM KCl, and 0.1% DDM] containing
0.75 mM Pefablock SC. The proteolytic fragment was
identified by N-terminal protein sequencing analysis and
MALDI-TOF MS. Uniformly labeledpHtrII(100-159) pro-
teolytic fragment was prepared for CD and NMR investiga-
tion.

CD Spectroscopy.Circular dichroism (CD) spectra were
recorded using a J-720W CD spectropolarimeter (Jasco). The
CD spectra were recorded between 200 and 260 nm [0.1
cm cell, 5 mg/mL protein in 5 mM MES buffer containing
25 mM KCl (pH 5.5)] at 0.1 nm intervals with a time
constant of 4 s and a scan speed of 20 nm/min. The
secondary structure was predicted using Spectra Manager,
Windows version 1.0 (Jasco).

Sedimentation Equilibrium Determined by Analytical Ul-
tracentrifugation. Sedimentation equilibrium experiments
were performed using an Optima XL-A analytical ultracen-
trifuge (Beckman) with a four-hole An60Ti rotor at 4°C
containing six-sector cells. Concentration profiles of 20 and
800 µM 15N-enriched samples in buffer B [10 mM citric
acid buffer (pH 5.0) containing 50 mM KCl] were monitored
by absorbance at 215 and 280 nm, respectively, at rotor
speeds of 21 000, 30 000, and 39 000 rpm. The molecular
weight of each sample was determined on the basis of a self-
association model using Optima XL-A/XL-I data analysis
software version 6.03 (Beckman). Solvent viscosity and
density were calculated using SEDNTREP (J. Philo, Amgen).

NMR Spectroscopy and Structure Calculation of pHtrII-
(100-159). Purified pHtrII(100-159) fragment was dis-
solved in buffer B containing a 90% H2O/10%2H2O mixture.
NMR spectra were acquired at 277 K using a DRX800 NMR
spectrometer (Bruker Biospin). Resonance assignments for

FIGURE 1: Schematic representation ofpharaonishalobacterial
transducer protein (pHtrII) and pharaonisphoborhodopsin (ppR)
based on the crystal structures. The dashed line indicates the linker
region that was the focus of this study.
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1HN, 15N, 13CR, 13Câ, and13C′ nuclei for thepHtrII(100-
159) fragment were obtained from the following triple-
resonance spectra applied to the15N- and 13C-labeled
sample: three-dimensional (3D) HNCACB, 3D HN(CO)-
CACB, 3D HN(CA)CO, and 3D HNCO (32). HR resonances
were assigned using 3D H(CACO)NH, and side chain1H
and 13C resonances were assigned using 3D CCONH, 3D
TOCSY-HSQC, 3D NOESY-HSQC, and 3D HCCH-TOCSY
(32). 3D 15N-edited NOESY (100 ms mixing time) and 2D
1H NOESY (100 ms mixing time) were used to obtain
distance restraints (32). All NMR spectra were processed
using NMRPipe/NMRDraw (33) and analyzed using Sparky
(34). φ and ψ angles were obtained using TALOS (35).
CYANA version 2.1 with the CANDID protocol was used
for the structure calculation (36). The 100 structures that were
obtained were refined using AMBER version 9.0 (37) with
a 20 ps molecular dynamics simulation using an implicit
generalized Born solvent model and 1500-cycle energy
minimization. The final 20 lowest-energy structures were
checked using PROCHECK-NMR (38). All graphics were
created using MOLMOL (39).

ppR-pHtrII(1-159) Fusion Protein Expression and Pu-
rification. PCR was used to introduce 27 nucleotides
encoding a nine-residue linker [Ala-Ser-Ala-Ser-Asn-Gly-
Ala-Ser-Ala (16) or Ala-Ser-Ala-Ser-Asn-Gly-Arg-Arg-Arg]
between the C-terminal residue ofppR and the N-terminal
residue ofpHtrII(1-159). This fusion protein, termedppR-
pHtrII(1-159), was expressed and purified as described for
thepHtrII(1-159) protein except for the addition of 10 mM
all-trans-retinal during the induction.

Expression and Purification of Cysteine Mutants.For
preparation of the cysteine mutants, a Quickchange site-
directed mutagenesis kit (Stratagene) was used. Cysteine
mutants of thepHtrII(1-159) and ppR-pHtrII(1-159)
proteins were expressed and purified as described for the
wild-type proteins except that 15 mM 2-mercaptoethanol was
present during the purification.

Spin Labeling and Reconstitution in PC Liposomes.The
spin-label (1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl)
methanethiosulfonate (MTSL; Toronto Research Chemicals
Inc.) was covalently attached to cysteine residues of solu-
bilized pHtrII(1-159) or ppR-pHtrII(1-159) protein ac-
cording to the reported protocol (40). Spin-labeled proteins
were checked using MS and mixed with twice the amount
of nonlabeled protein. For reconstitution intoL-R-phosphati-
dylcholine (PC), 20 mg of egg PC lipid (Avanti Polar Lipids,
Inc.) was dissolved in 1 mL of chloroform, and a thin lipid
film on the wall of a 5 mL flask was prepared by careful
evaporation of the solvent (41). One milliliter of buffer A
was added to the flask followed by the addition of protein
to a 1:70 molar ratio of protein to lipid. Bio-Beads SM-2
Adsorbent (Bio-Rad) was added to remove the DDM, and
the sample was then gently stirred overnight at 4°C. The
reconstituted protein was pelleted by centrifugation at 20000g
for 30 min at 4°C and then resuspended in 10 mM citric
acid buffer (pH 5.0) containing 50 mM KCl or 50 mM Tris
buffer (pH 7.2 for CW-EPR and pH 7.0 for pulsed ELDOR)
containing 50 mM KCl.

CW-EPR Measurements.Continuous wave (CW) EPR
spectra were recorded using a JES-TE300 EPR spectrometer
(JEOL) at 277, 293, or 298 K, with a microwave power of
3.0 mW and a modulation amplitude of 0.1 mT. Samples

were then loaded into an EPR flat cell (4.2 mm× 0.4 mm
× 41.7 mm). To avoid any intermolecular effect, 1:2 labeled/
unlabeled sample mixtures were used. This helps to ensure
the absence or a negligible amount of doubly labeled dimer
or oligomer in the sample. Solubilized samples were prepared
in buffer B, and 50 mM Tris buffer (pH 7.2) containing 0.1%
DDM and either 50 mM KCl, 4 M KCl, 2 M KCl and 2 M
NaCl, or 4 M NaCl.

Pulsed ELDOR Measurements.Pulsed electron-electron
double resonance (ELDOR) (30) was measured using an
ELEXSYS E580 FT-EPR spectrometer fitted with a second
microwave unit (Bruker Biospin). The spectrometer was
equipped with a cylindrical dielectric resonator (ER4118X-
MD5-W1, Bruker Biospin) and He gas flow system (CF935,
Oxford Instruments). To avoid any intermolecular effect, 1:2
labeled/unlabeled sample mixtures were used. Solubilized
samples were prepared in buffer B containing 10% glycerol
or 50 mM Tris buffer (pH 7.0) containing 50 mM KCl, 0.1%
DDM, and 10% glycerol and then loaded into EPR capillaries
(3 mm inner diameter). Interspin distances were determined
using simulation software (42).

PhotoactiVation of ppR.To measure the distances between
the M intermediateppR andpHtrII linker, samples were
placed in an EPR cell and illuminated (Figure 1 of the
Supporting Information). Illumination with>480 nm light
(VY-50, Toshiba), which convertedppR to ppRM, was
achieved using a 1 kW halogen-tungsten lamp (Rika-
gakuseiki) at 253 K for 90 s (43). The spin-label inppR at
position 154 has no affect on the photocycle kinetics (27).

RESULTS

Domain Identification on the pHtrII Linker Region. pHtrII-
(1-159) protein was highly expressed inE. coli using M9
minimal medium. The expressed protein was purified from
the membrane fraction and subjected to limited proteolysis
with low concentrations of trypsin at low temperatures in
an effort to identify structural domains. AlthoughpHtrII-
(1-159) protein possesses 14 potential trypsin cleavage sites
(Figure 2A), only one major band was detected by SDS-
PAGE of the proteolytic products ofpHtrII(1-159) protein
(Figure 2B). The proteolytic product ofpHtrII(1-159)
protein was then subjected to N-terminal sequence and
molecular weight analyses (Figure 2C). The six N-terminal
amino acids of the proteolytic product were identical to
residues 100-105 ofpHtrII(1-159) protein. The molecular
weight was 7939.49, as determined by MALDI-TOF MS,
and is consistent with the theoretical value of 7938.43 for
thepHtrII(100-159) fragment including the C-terminal six-
residue histidine tag. Thus, it was concluded that the stable
structural domain was included in the trypsin resistant
fragmentpHtrII(100-159).

Secondary Structure Analysis of the pHtrII(100-159)
Fragment. CD spectra were measured in an effort to
investigate the secondary structure of the digested fragment
pHtrII(100-159). A negative band at 208 nm with a shoulder
at ca. 222 nm was observed at 277 K (Figure 2 of the
Supporting Information). These features are characteristic of
the presence ofR-helical structures. The contents ofR-helix,
â-sheet, turn, and random coil regions were estimated to be
40, 8, 0, and 52%, respectively. The temperature dependence
of the CD spectrum was monitored at 277, 283, 293, and
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303 K (Figure 2 of the Supporting Information). The
magnitude of the negative Cotton band decreased reversibly
with an increase in temperature. These data indicate that the
R-helical structure of thepHtrII(100-159) fragment is stable
at low temperatures. Therefore, all subsequent experiments
were carried out at 277 K, except for the pulsed ELDOR
experiments.

Concentration-Dependent Dimer Formation of the pHtrII-
(100-159) Fragment. 1H-15N HSQC spectra of thepHtrII-
(100-159) fragment were measured with 20, 45, 75, 150,
300, 690, or 800µM protein. In Figure 3A, the chemical
shift differences between 20 and 690µM samples were
plotted against residue number. Although the magnitude of
the difference was relatively small, the chemical shift
differences were localized to residues 105-120. The semilog
plots of these concentration-dependent peak shifts were
sigmoidal in shape. The plot of residue R113 is shown in
the inset of Figure 3A. The sigmoidal curves indicate the
presence of a concentration-dependent two-state transition.
Assuming a monomer-dimer equilibrium, the apparentKd

value was determined to be 115µM.
This equilibrium was further investigated by sedimentation

equilibrium analytical ultracentrifugation at low and high
protein concentrations (Figure 3B and Figure 3 of the
Supporting Information). As shown in Table 1, the molecular
weights determined for the15N-enrichedpHtrII(100-159)
fragments were 8.1 and 17.1( 1.8 kDa at 20 and 800µM,
respectively. These experimental values are consistent with
the theoretical molecular weights of monomer and dimer,
being 8044.4 and 16 088.8 Da, respectively. Thus, it was
concluded that thepHtrII(100-159) fragment forms a
homodimer.

Determination of the Solution Structure of the pHtrII(100-
159) Fragment.For the NMR structure determination,
isotopically labeled recombinantpHtrII(1-159) protein was
overexpressed inE. coli and purified by affinity column

chromatography. Following trypsin digestion, thepHtrII-
(100-159) fragment was purified by size exclusion and
affinity column chromatography and used for 3D structure
determination by solution NMR. The solution comprised
buffer A without detergent since the presence of 0.1% DDM
did not change the NMR spectrum. NMR resonance assign-
ments were obtained by performing double- and triple-
resonance NMR experiments using15N-labeled and15N- and
13C-labeled protein samples. Almost all of the main chain
and HR resonances were assigned by conventional triple-
resonance techniques, although several Câ peaks could not
be detected.13C resonances of 72% of the side chains could
be obtained using 3D CCONH and 3D HCCH-TOCSY, and
58% of the1H resonance assignments of the side chains,
including 85% Hâ and 52% Hγ, were obtained using 3D
TOCSY-HSQC, 3D HCCH-TOCSY, and 3D NOESY-
HSQC. Most of the sequentialdNN and medium-rangedRN-
(i, i + 2), dRN(i, i + 3), and dRN(i, i + 4) NOEs were
manually assigned using the15N-edited NOESY spectrum.
The observed medium-range NOEs indicated the presence
of R-helical content in at least residues 137-147 (Figure
4A).

Unambiguous NOESY peaks were manually identified
from the 15N-edited NOESY spectrum and used for initial
distance restraints. The dihedral angle constraints forφ and
ψ were obtained using TALOS, which also supported the
presence ofR-helical content in residues 137-152. For the
structure calculation, the monomer unit was used to simplify
the calculation since no long-range NOE was observed. The
first structure was calculated using CYANA version 2.1 and
employing the CANDID protocol for15N-edited NOESY and
2D 1H-1H NOESY. The CANDID protocol provided a total
of 480 distance restraints. The final structure was obtained
by restrained molecular dynamics using AMBER version 9.0.
Figure 4B shows the final 20 superimposed structures in
ribbon representation, with disordered regions being ex-

FIGURE 2: Limited trypsin digestion profile ofpHtrII. (A) Amino acid sequence of thepHtrII(1-159) protein. Letters in italics refer to the
six-residue histidine tag and the additional linker between the tag and thepHtrII(1-159) protein: (4) putative sites of trypsin cleavage and
(2) trypsin-digested site in this experiment. (B) Time course of trypsin digestion of thepHtrII(1-159) protein at 4°C analyzed by SDS-
PAGE. (C) Identification of the trypsin resistant fragment using MALDI-TOF MS and N-terminal protein sequencing. The digested fragment
comprises residues 100-159 of pHtrII.
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cluded. The final structure shows good alignment of an
R-helix between residues L135 and K150. The rms deviations
calculated from the averaged structure were 0.42 and 1.12

Å for backbone and heavy atoms of the converged region
(residues 135-150), respectively. The statistics of the
structure are given in Table 2.

Structure Analysis of Residues 135-150 of pHtrII(1-159)
Protein Solubilized in DDM or Reconstituted in PC Lipo-
somes. Residues 135-150 of thepHtrII(100-159) fragment
formed anR-helix in water. This structure was investigated
for the transmembrane proteinpHtrII(1-159) using CW-
EPR. The following single- or double-cysteine mutants of
pHtrII(1-159) protein were prepared for the CW-EPR
analysis: A145C, A141C, A138C, S134C, A145C/A141C,
A145C/A138C, and A145C/S134C. The mutants were spin-
labeled with MTSL at each cysteine residue. CW-EPR
spectra were measured for the samples solubilized in 0.1%

FIGURE 3: (A) Protein concentration dependence of chemical shifts of thepHtrII(100-159) fragment. The bars represent combined1H and
15N chemical shift differences (∆δ ) {∆δ(1H)2 + [∆δ(15N)/5]2}1/2) between 20µM and 0.69 mM samples. The asterisks indicate unassigned
residues. A plot of the protein concentration against∆δ of the R113 residue is shown in the inset. (B) Ultracentrifugation analysis of the
pHtrII(100-159) fragment. Sedimentation equilibrium data of 0.8 mM protein are shown at a rotor speed of 30 000 rpm with the curve
fitted to the self-association model.

Table 1: Molecular Weights ofpHtrII(100-159)a

concentration (µM) observed value (kDa) calculated value (Da)

20 8.1 8044.4 (monomer)
800 17.1( 1.8b 16088.8 (dimer)

a Molecular weight determined by sedimentation equilibrium analyti-
cal ultracentrifugation. Calculated values for monomer and dimer are
also given. For the equilibrium analysis, a total of 10 data sets were
globally fitted to a self-association model at each rotor speed.
b Averaged for three rotor speeds: 21 000, 30 000, and 39 000 rpm.
The error value represents the mean error.

14384 Biochemistry, Vol. 46, No. 50, 2007 Hayashi et al.



DDM or reconstituted into PC liposomes. Figure 5 shows
the spectra of the doubly labeled sample (gray line) and the
summed spectra of singly labeled samples (black line). Line
broadening was observed for all doubly labeled samples that
had been either solubilized or reconstituted. The degree of
broadening was consistent with the interspin distances of the
spin-labels assuming anR-helix structure for residues 135-
145 of pHtrII(1-159) protein. Under the presence of 1 M
guanidine hydrochloride, the line broadening considerably
disappeared and much sharper spectra were observed.

DISCUSSION

R-Helix Structure of Residues 135-150. In this study, the
R-helix structure was determined by NMR using fragment
pHtrII(100-159) obtained following trypsin digestion. This
structure was investigated using expressed proteinpHtrII-
(100-159), the amino acid sequence of which is identical
to that of the digested fragment. Surprisingly, theR-helix
structure of the expressed protein was less stable than the
digested fragment, as revealed by CD and NMR. TheR-helix
structure of the digested fragment was most stable at pH 5
at 277 K, with anR-helical content of 40%. Under the same
conditions, theR-helical content of the expressed protein was
22%. In an effort to identify the presence of extraneous
chemical factors that might contribute to stabilization of the

R-helix in the digested fragment, further investigations were
performed using NMR, MS, thin layer chromatography, and
SDS-PAGE followed by silver staining. Notwithstanding
the aforementioned analyses, no extraneous chemical com-
ponents, such as a peptide, amino acid, or lipid component,
were detected in the digested fragment sample.

The presence of anR-helix within the transmembrane
protein pHtrII(1-159) was confirmed using EPR at pH 5
and 277 K (Figure 5). At pH 7.2 and 298 K, dipolar
broadening was observed for both the solubilized and
reconstituted samples (Figure 6), although the degree of
broadening decreased slightly compared to that of the spectra
measured at pH 5.0 and 277 K. It was noted that theR-helical
content of digested fragmentpHtrII(100-159) almost disap-
peared at 298 K (Figure 2 of the Supporting Information).
These results indicate that theR-helix found within the
digested fragment is significantly stabilized within trans-
membrane proteinpHtrII(1-159), possibly because of the
homodimer stabilization via the transmembrane region.

Structure of pHtrII(1-159) Linker Region Residues 100-
134.R-Helical content is present only between residues 135
and 150 of thepHtrII(100-159) fragment. Only one major
trypsin resistant fragment,pHtrII(100-159), was detected,
although there are four potential trypsin cleavage sites that
lie between residues 100 and 134 (Figure 2A). This resistance
to trypsin digestion indicates the presence of protection
factors located between residues 100 and 134, which might
be related to the unique structure formed between residues
100 and 134 and/or intermolecular association. The former
possibility is suggested by the experimental data.

TheR-helical content of 40%, determined by CD analysis,
is significantly higher than the 24%R-helical content
calculated from the NMR structure. The chemical shift values

FIGURE 4: NMR structure of thepHtrII(100-159) fragment. (A)
Summary of the sequential NOE connectivities observed for the
pHtrII(100-159) fragment. Bars indicate NOESY cross-peaks
observed between two residues. Line thickness indicates the strength
of the NOE. (B) Superimposition of the 20 lowest-energy structures
from the final AMBER calculations (left) and ribbon drawing of
the representative structure (right).

Table 2: Structural Statistics forpHtrII(100-159)a

total no. of distance constraints 480
short-range (|i - j| e 1) 406
medium-range (|i - j| < 5) 74
long-range (|i - j| g 5) 0

no. of dihedral constraints (φ, æ) 22, 22
no. of hydrogen bonds 9
rms deviation from experimental constraintsb

distances (Å) 0.123( 0.057
angles (deg) 1.544( 0.207

rms deviation from idealized covalent geometry
bonds (Å) 0.0101( 0.0001
angles (deg) 2.509( 0.028

AMBER energy terms (kcal/mol)
Eamber -3229( 16
van der Waals energy -365( 12
electrostatic energy -3892( 130
constraint energy 5( 1

Ramachandran plotc (residues 135-150)
residues in most favored regions (%) 99.4
residues in additionally allowed regions (%) 0.6
residues in generously allowed regions (%) 0.0
residues in disallowed regions (%) 0.0

rms deviation of mean structure derived
from 20 calculated structures

backbone atoms (residues 135-150) (Å) 0.42( 0.17
all heavy atoms (residues 135-150) (Å) 1.12( 0.12

a These statistics comprise an ensemble of the 20 lowest-energy
structures obtained from 100 starting structures. The structure was
determined using CYANA version 2.1 with the CANDID protocol and
refined using AMBER version 9.0.b None of these structures exhibited
distance violations of>0.5 Å or dihedral angle violations of>5°.
c Determined using PROCHECK.
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and some NOE data suggest the formation of helical structure
between residues 100 and 134. Thus, it is reasonable to
assume that the structure adopted by residues 100-134
represents an unstableR-helix or a discontinuousR-helix.
Presumably thisR-helix is stabilized within the transmem-
brane proteinpHtrII, such as with theR-helix located
between residues 135-150 shown here, and with stabilization
of the R-helix of the EnvZ HAMP domain in the presence
of domain A (44). The presence of intermolecular association
is clear since the digestion experiment was performed using
0.48 mM protein, a concentration much higher than theKd

value of dimer formation, 115µM. However, it remains
unclear whether dimer formation can protect the protein from
trypsin digestion or if residues 100-134 can indeed form a
dimer interface.

Dimer Interface of the pHtrII(100-159) Fragment. The
trypsin-digested fragmentpHtrII(100-159) forms a ho-
modimer as determined by analytical ultracentrifugation
(Figure 3). Significant NMR chemical shift changes upon
dimer formation are localized to residues 105-120. Chemical
shift changes are related changes in chemical environment,
such as those occurring at an interaction interface or

FIGURE 5: CW-EPR spectra of thepHtrII(1-159) protein at 277 K. 134C, 138C, 141C, and 145C refer to the spin-labeled positions. DDM
and PC refer to the solubilized sample in 0.1% DDM and the reconstituted sample in PC liposomes, respectively. The summed spectra of
two singly labeled samples (gray) and the spectrum of a doubly labeled sample (black) are superimposed.

FIGURE 6: CW-EPR spectra of thepHtrII(1-159) protein in Tris buffer (pH 7.2) at 298 K. Salt conditions are shown on the right shoulder
of each spectrum. 134C, 138C, 141C, and 145C refer to the spin-labeled positions. DDM and PC refer to the solubilized sample in 0.1%
DDM and the reconstituted sample in PC liposomes, respectively. The summed spectra of two singly labeled samples (gray) and the
spectrum of a doubly labeled sample (black) are superimposed.
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manifested by a conformational change. Thus, the dimer
interface and/or the conformational change induced by dimer
formation is localized to residues 105-120. The intermo-
lecular interaction affects NMR signals as the chemical shift
changes and/or line broadening occurs. Since no sequence-
specific line broadening was observed upon dimer formation,
we can conclude that the dimer interface is localized to
residues 105-120. This conclusion is consistent with previ-
ously reported EPR results showing close contacts between
residues 115 and 115 (interdimer) and residues 122 and 122
(interdimer) (14). The presence of induced conformational
change remains uncertain due to a lack of data. The apparent
disagreement between the NMR structure and the limited
digestion data can be explained by the presence of an
unstableR-helix between residues 100 and 134 and dimer
formation involving residues 105-120.

HAMP Domain in pHtrII.A HAMP domain is found in
the pHtrII linker region and consists of two helices, AS-1
and AS-2, located between residues 83 and 100 and residues
117 and 131, respectively (14). The solution structure of the
Af1503 HAMP domain was recently determined (24).
Sequence alignment of thepHtrII linker region and Af1503
HAMP domain was performed using CLUSTALW (Figure
7). On the basis of the secondary structure of Af1503, the
first and second helices were estimated to be located between
residues 83 and 102 and residues 115 and 136, respectively,
and the HAMP domain was localized to residues 83-136.
In Figure 7, another HAMP domain is shown in thepHtrII
linker region. On the basis of the secondary structure of
Af1503, the first and second helices of the second HAMP
domain were estimated to be located between residues 157
and 176 and residues 190 and 211, respectively, and the
second HAMP domain was localized to residues 157-211
of pHtrII. Using PROSITE (45-48), these two HAMP
domains within the linker region were also found as the first
and second HAMP domains located between residues 84 and
136 and residues 157 and 210, respectively.

In this study, only oneR-helix, located between residues
135 and 150, was determined for the digested fragment
pHtrII(100-159). This region lies outside of the HAMP
domain, and no clear structure is observed within the HAMP
domain. However, as discussed above, the structure adopted
by residues 100-134 of the HAMP domain is assumed to
be that of an unstableR-helix. Moreover, residues 105-120
represent the dimer interface of the digested fragment. These
characteristic features are consistent with those of the HAMP
domain. Assuming a four-helix bundle structure for the first
HAMP domain, the presence of an unstableR-helix located
between residues 100 and 134 can easily be ascribed to the
absence of the first helix in the first HAMP domain.

The structure of the HAMP domain was examined by the
pulsed electron-electron double-resonance (ELDOR) method
using theppR-pHtrII(1-159) fusion proteinsppRS154C-

pHtrII(1-159)S98CandppRS154C-pHtrII(1-159)S134Cwith an
MTSL spin-label at each cysteine residue (Figure 8). The
distances between theppR E-F loop and thepHtrII linker
region are listed in Table 3. TheppR154-pHtrII 98 distance
of ∼20 Å for the PC-reconstituted sample is slightly shorter
than that expected from the reported values (14). The

FIGURE 7: Sequence alignment ofpHtrII and theArchaeoglobus fulgidusAf1503 HAMP domain. Hydrophobic residues in heptad repeats
are shown in bold. The helix structure determined in this investigation (pHtrII) and that previously reported (Af1503) (24) are boxed in
black. Important regions involved in packing interactions in Af1503 are highlighted in yellow.

FIGURE 8: Interspin distance measurement using ELDOR. (A)
Schematic representation of spin-labeled residuesppR154 and
pHtrII 98 or pHtrII 134. Distances betweenppR154 and pHtrII 98 or
pHtrII 134 were determined. (B) ELDOR time traces (black line) and
simulated spectra (red line) are shown in the top panels with distance
distribution data (bottom panels).

Table 3: Interspin Distances betweenppR and thepHtrII Linkera

interspin distance (Å)

pHtrII
position pH 5.0 (dark) pH 5.0 (dark)f pH 7.0 (dark) pH 7.0 (light)

98b 36.4( 3.6d 35.1( 4.5d 37.2( 3.4d 36.8( 4.0d

98c 20.2( 4d 19.7( 5.4d 21.3( 3.2d 22.2( 2.6d

134b 46.0( 7.5d 42.9( 7.8d 47.8( 7.4d 47.2( 7.2d

134c NDe NDe NDe NDe

a Interspin distances of theppR-pHtrII fusion protein betweenppR
(position 154) andpHtrII (position 98 or 134) determined using the
pulsed ELDOR method.b Solubilized by DDM.c Reconstituted in
phosphatidylcholine.d The deviation represents the experimental error
as a Gaussian peak width.e Not determined.f TheppR-pHtrII fusion
protein with a different linker sequence (ASASNGRRR) betweenppR
andpHrII.
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ppR154-pHtrII 98 distance of∼35 Å for the DDM-solubilized
sample was much longer than that of the reconstituted
sample. These distances were independent of pH and linker
sequence betweenppR andpHtrII. This difference in distance
between the solubilized and reconstituted samples may
support the proposition that the detergent-solubilized structure
is impaired in the juxtamembrane region (27). TheppR154-
pHtrII 134 distance for the PC-reconstituted sample was not
determined due to the fast electron spin relaxation. The
ppR154-pHtrII134 distance of∼45 Å for the DDM-solubilized
sample was much shorter than that of the extended structure
and suggests the presence of a folded structure. Although
ELDOR analysis could not clarify the detailed structure of
the HAMP domain, these data suggest the presence of some
distinct structure, such as a four-helix bundle.

Role of theR-Helix Located between Residues 135 and
150 in Signal Transduction.The R-helix structure between
residues 135 and 150 determined in this report together with
the crystal structure of theppR-pHtrII complex and the
modeled structures of two HAMP domains are shown in

Figure 9. The HAMP domain structures were generated on
the basis of the structure of the Af1503 HAMP domain using
MODELLER (49). The ppR154-pHtrII 98 and ppR154-pH-
trII 134 distances of the modeled structure shown in Figure 9
are ca. 20 and 35 Å, respectively. TheppR154-pHtrII 98

distance is in good agreement with our ELDOR data for the
PC-reconstituted sample (Table 3). TheR-helix located
between residues 135 and 150 is a direct continuation of the
second helix of the first HAMP domain which connects the
second HAMP domain. More specifically, theR-helix located
between residues 135 and 150 may function as a mechanical
joint helix between the two HAMP domains to transfer
rotational motion.

Finally, the light-induced structural change was monitored
by the ELDOR method. The interspin distances of the
activated state were measured at pH 7.0 since the absorption
maxima ofppR remained unchanged following illumination
with >480 nm light at pH 5.0. As shown in Table 3, no
significant distance change was observed, although a slight
increase was recorded for theppR154-pHtrII98 distance within
the error bar. These data suggest that the large structural
change of>3 Å is not induced in photoactivated signal
transduction. This is in good agreement with previous
structural studies (11, 24) and FRET analysis (50) where a
15° clockwise rotation with a 0.9 Å displacement of TM2
and a 0.3-0.8 Å movement of the linker region were
observed. To transmit these small conformational changes,
the structure of the transducer should be relatively rigid. The
modeled structure shown in Figure 9 can transmit such small
motion mechanically and, thus, facilitate signal transduction.

CONCLUSION

In this report, the structure of thepHtrII linker region was
investigated biochemically and biophysically. The trypsin
resistant fragmentpHtrII(100-159) within the linker region
contains∼40% R-helical content and forms a homodimer
with aKd value of 115µM. The NMR structure of thepHtrII-
(100-159) fragment reveals the presence of anR-helix
located between residues 135 and 150. ThisR-helix is
significantly stabilized within the transmembrane protein
pHtrII(1-159). Sequence alignment suggests the presence
of two HAMP domains located between residues 83 and 136
and residues 157 and 211. The presence of an unstable
R-helix between residues 100 and 134 and the dimer interface
between residues 105 and 120 are consistent with formation
of an Af1503 HAMP domainlike structure. TheppR154-
pHtrII 98 distance determined by ELDOR for the PC-
reconstituted sample is in good agreement with the modeled
structure based on the Af1503 HAMP domainlike structure.
The light-activatedppR154-pHtrII 98 change in distance is<3
Å. The R-helix located between residues 135 and 150 as
determined in this report may function as a mechanical joint
between two HAMP domains to transmit the photoactivated
small motion that facilitates signal transduction.
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