
Temperature-Dependent Interactions between PhotoactivatedPharaonis
Phoborhodopsin and Its Transducer†

Kentaro Kamada,‡ Yuji Furutani,‡,§ Yuki Sudo,‡ Naoki Kamo,| and Hideki Kandori*,‡,§

Department of Materials Science and Engineering, Nagoya Institute of Technology, Showa-ku, Nagoya, 466-8555, Japan,
Core Research for EVolutional Science and Technology (CREST), Japan Science and Technology Corporation,

Kyoto 606-8502, Japan, and Laboratory of Biophysical Chemistry, Graduate School of Pharmaceutical Sciences,
Hokkaido UniVersity, Sapporo 060-0812, Japan

ReceiVed January 10, 2006; ReVised Manuscript ReceiVed February 25, 2006

ABSTRACT: Pharaonisphoborhodopsin (ppR, also calledpharaonissensory rhodopsin II,psRII) is a receptor
for negative phototaxis inNatronomonas pharaonis. In membranes, it forms a 2:2 complex with its
transducer proteinpHtrII, and the association is weakened by 2 orders of magnitude in the M intermediate
(ppRM). Such a change is believed to correspond to the transfer of the light signal topHtrII. A previous
Fourier transform infrared (FTIR) study observed hydrogen-bonding alteration of Asn74 inpHtrII in the
M state, suggesting a light-signaling pathway from the receptor to the transducer [Furutani, Y., Kamada,
K., Sudo, Y., Shimono, K., Kamo, N., and Kandori, H. (2005)Biochemistry 44, 2909-2915]. In this
paper, we measure temperature dependence of theppRM minusppR spectra in the absence and presence
of pHtrII at 250-293 K. Significant temperature dependence was observed for the amide-I vibrations of
helices only for theppR/pHtrII complex, where the amplitude of amide-I vibrations was reduced at room
temperature.13C-Labeling ofppR orpHtrII revealed that such spectral changes of helices originate from
ppR and notpHtrII. The hydrogen-bonding alteration of Asn74 inpHtrII was temperature-independent,
implying that the observed helical structural perturbation inppR takes place in different region. On the
other hand, temperature-dependent structural changes of helices were diminished for the complex ofppR
with the G83C and G83F mutants ofpHtrII. Gly83 is believed to connect the transmembrane helix and
cytosolic linker region in a flexible kink near the membrane surface ofpHtrII, and its replacement by Cys
or Phe abolishes the photosensory function. The present study provides direct experimental evidence that
Gly83 plays an important structural role in the activation processes of theppR/pHtrII complex. A molecular
mechanism of protein structural changes in theppR/pHtrII complex is discussed on the basis of the present
FTIR results.

Pharaonisphoborhodopsin (ppR,1 also calledpharaonis
sensory rhodopsin II,psRII) is one of the archaeal rhodopsins
that have all-trans-retinal as a chromophore (1-5). The
retinal forms a Schiff base linkage with Lys205 in the middle
of the seventh transmembrane helix (6, 7). ppR serves as a
photoreceptor inNatronomonas pharaonisand forms a
signaling complex in archaeal membranes withpharaonis
halobacterial transducer protein,pHtrII (8). pHtrII is a
transmembrane two-helical protein and belongs to a family
of transmembrane two-helical methyl-accepting chemotaxis

proteins (MCPs) (9, 10). It is well-known that MCPs exist
as homodimers composed of 50-60 kDa subunits and form
a ternary complex with CheA and CheW. Chemical stimuli
activate phosphorylation cascades that modulate flagella
motors (11-13), where MCPs act not only as signal receptors
but also as transducers. The light signal is received byppR,
a protein different frompHtrII, so that specific interactions
are required between them (8, 14).

ppR transmits light signals topHtrII through the change
in such interactions, andpHtrII eventually activates phos-
phorylation cascades that modulate flagella motors. Using
this signaling system, haloarchaea avoid harmful near-UV
light, displaying what is called a negative phototaxis.ppR
absorbs maximally at 498 nm, and the light triggers trans-
cis photoisomerization of the retinal chromophore in its
electronically excited state (15), followed by rapid formation
of the ground-state species such as the K intermediate (ppRK).
Relaxation ofppRK leads to functional processes during the
photocycle, where protein structural changes are transmitted
from ppR to pHtrII presumably in the M and/or O states
(16).

However, what is the molecular mechanism of light-signal
transduction in theppR/pHtrII complex? Fourier transform
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infrared (FTIR) spectroscopy is a powerful tool to study
detailed structural changes in the activation processes not
only for a receptor protein but also for a receptor/transducer
complex. In fact, we first applied FTIR spectroscopy to the
ppR/pHtrII complex in 2003 (17), finding from spectral
analysis of amide-I and amide-A vibrations in theppRK

minusppR spectra that the complex formation betweenppR
andpHtrII perturbs the peptide backbone structure. Hydrogen-
bonding network in the Schiff base region was not altered
in theppR/pHtrII complex. We also observed D2O-insensi-
tive pHtrII-dependent bands at 3479 (-)/3369 (+) cm-1 (17),
which were later assigned to the O-H stretching vibrations
of Thr204 (18). Last year, we reported difference FTIR
spectra betweenppR and ppRM, the putative signaling
intermediate (19). At the ppRM stage, we observed (i)
relaxation of the O-H stretch of Thr204 inppR and (ii)
hydrogen-bonding alteration of the CdO group of Asn74 in
pHtrII and Tyr199 inppR. In addition, amide-I vibrations
were surprisingly similar between the samples with and
without pHtrII. From these results, we concluded that the
transducer activation accompanies relaxation of Thr204 in
the receptor and hydrogen-bonding alteration of Asn74 in
the transducer, during which helices of the transducer
perform rigid-body motion without changing their secondary
structures (19).

These studies revealed the intra- and intermolecular
pathways of light-signal transduction, from Lys205 (retinal)
of the receptor to Asn74 of the transducer through Thr204
and Tyr199 (17-19). However, these residues are membrane-
embedded, while the importance of protein-protein interac-
tions at the cytoplasmic side is still unclear. In fact, previous
spin-labeling studies observed the outward tilt of the F helix
in the cytoplasmic region ofppR, which forces rotational
motion in pHtrII (20, 21). In this paper, we measured the
ppRM minus ppR spectra in the absence and presence of
pHtrII in a wide temperature range of 250-293 K. We
observed a significant temperature dependence of the amide-I
vibrations of helices only for theppR/pHtrII complex, where
the amplitude of amide-I vibrations was reduced at room
temperature.13C-Labeling ofppR orpHtrII revealed that such
spectral changes originate fromppR and notpHtrII. Tem-
perature-dependent structural changes of helices were di-
minished for the complex ofppR with the G83C or G83F
mutants ofpHtrII. It is known that replacement of Gly83 of
pHtrII by cysteine or phenylalanine abolishes the photosen-
sory function (22, 23). Therefore, the importance of the
structural role of Gly83 during the signal relay fromppR to
pHtrII is confirmed. The molecular mechanism of protein
structural changes in theppR/pHtrII complex is discussed
on the basis of the present FTIR results.

MATERIALS AND METHODS

Hydrated films ofppR or theppR/pHtrII mixture were
prepared as described previously (17, 24, 25). pHtrII was
truncated at position 159. Uniformly13C-labeledppR or
pHtrII was prepared by growing cells in a standard minimal
medium containing 2 g/L of13C-D-glucose (Isotec, Inc.) (17).
The G83C and G83F mutant genes were constructed by PCR
using the QuickChange site-directed mutagenesis method.
As a template, t-HtrHis was used (26). All constructed
plasmids were analyzed using an automated sequencer. The
ppR andpHtrII proteins possessing a C-terminal histidine

tag were expressed inEscherichia coli, solubilized with 1.0%
n-dodecyl-â-D-maltoside (DM) and purified on a Ni2+

column. For the complex, purifiedppR andpHtrII proteins
were mixed in 1:1 molar ratio and incubated for 1 h at 4°C.
The samples (ppR or theppR/pHtrII mixture) were then
reconstituted intoL-R-phosphatidylcholine (PC) liposomes
(ppR/PC) 1:50 molar ratio) by removing DM with Bio-
Beads (SM-2, Bio-Rad). The PC liposomes were washed 3
times with a buffer at pH 7.0 (2 mM phosphate), and 90µL
of the sample was dried on a BaF2 window with a diameter
of 18 mm.

FTIR spectroscopy was performed as described previously
(19, 27, 28). After hydration by H2O, the sample was placed
in a cell, which was mounted in an Oxford DN-1704 cryostat
placed into the Bio-Rad FTS-60 spectrometer. Samples were
illuminated with>480 nm light (VY-50, Toshiba) from a 1
kW halogen-tungsten lamp for 2 min, which convertedppR
to ppRM. At 273 and 293 K, difference spectra were obtained
by subtracting the spectra taken before the illumination from
the ones taken during the illumination as described earlier
(28). The difference spectrum was calculated from the spectra
constructed from 128 interferograms. A total of 24 spectra
obtained in this way were averaged for theppRM minusppR
spectrum. At 250 K, the difference spectrum was calculated
from the spectra constructed from 128 interferograms
recorded after the illumination, subtracting those recorded
before the illumination (19). We confirmed that identical
spectra were obtained by subtracting the spectra taken before
the illumination from the ones taken during the illumination
as described earlier (19). For the comparison of theppRM

minusppR spectra, we normalized the negative band at 1202
cm-1.

To ensure the reproducibility, we measured the FTIR
spectra from two independent preparations (different expres-
sions). In each preparation, two or three films were made
and spectra were compared. All of these samples produced
the same results.

RESULTS

Temperature-Dependent Helical Structural Changes in the
ppR/pHtrII Complex. Figure 1 shows theppRM minusppR
difference spectra in the absence (a) and presence (b) of
pHtrII at 250-293 K. In the absence ofpHtrII, the difference
spectra were almost identical to each other, which reproduced
the previous observations (28). The bands at 1664 (-)/1643
(+) cm-1 are the largest in the amide-I region, indicating a
structural perturbation of a helix (Figure 1a). Such structural
changes take place for the M state regardless of the
temperature between 250 and 293 K.

In contrast, a significant temperature dependence was
observed for theppR/pHtrII complex. Figure 1b shows the
ppRM minusppR difference spectra in the presence ofpHtrII,
where clear spectral variation was seen between different
temperatures. In particular, the amide-I vibrations at 1664
(-)/1643 (+) cm-1 are significantly reduced at higher
temperatures, although the peak positions are not changed.
At 250 K, the amplitude of the bands at 1664 (-)/1643 (+)
cm-1 is slightly smaller for theppR/pHtrII complex than for
ppR (79% in amplitude). On the other hand, the amplitude
of the bands for theppR/pHtrII complex is less than half of
that for ppR at 293 K. Such temperature dependence was
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also reported by the previous time-resolved FTIR study (29).
A reduction of the bands at 1569 (+)/1545 (-) cm-1 at room
temperature probably originates from the amide-II vibrations
(Figure 1b), which also show structural perturbation of
helices. It should be noted that Figure 1 does not contain
other spectral components such as from the O intermediate,
because theppRO-characteristic band at 1538 (+) cm-1 (30)
is missing from the spectra in parts a and b of Figure 1.
Fingerprint vibrations at 1300-1100 cm-1 are identical
between 250 and 293 K spectra (data not shown).

This raises an interesting question of the origin of the
temperature dependence exclusive for the complex. One
possibility is that the amide-I bands ofppR (Figure 1a) are
influenced by complex formation withpHtrII. Alternatively,
even when similar amide-I bands ofppR are preserved in
the complex, additional peptide backbone alterations of
pHtrII may result in the reduction of the total amide-I bands.
To resolve this, we examined the origin of the bands by use
of 13C-labeled samples. Figure 2 compares theppRM minus
ppR difference spectra of the unlabeledppR/pHtrII complex
(s) with 13C-labeledpHtrII ( ‚‚‚ in a-c) or ppR (‚‚‚ in d-f).
Essentially, the same spectra for12C- and13C-pHtrII (parts
a-c of Figure 2) strongly suggest that the temperature-
dependent spectral changes originate fromppR and not
pHtrII, because of the minor isotope effect. Spectral devia-
tions at 1695-1685 cm-1 in parts a-c of Figure 2 come
from the CdO stretching vibration of Asn74 ofpHtrII (19),
which is analyzed in detail below.

Solid and dotted lines are different in parts d-f of Figure
2, indicating that most spectral changes originate fromppR.
The bands at 1664 (-)/1643 (+) cm-1 for the unlabeled
complex (s) shift to lower frequencies, presumably to 1625
(-)/1604 (+) cm-1 (‚‚‚). The intensity of the bands at 1625
(-)/1604 (+) cm-1 (‚‚‚ in parts d-f of Figure 2) is reduced

at 293 K in a manner similar to the unlabeled complex
(Figure 1b). We thus conclude that all amide-I vibrations in
theppR/pHtrII complex originate fromppR, and the spectral
contribution of secondary structural changes inpHtrII itself
is minor. This implies that the protein motions ofppR,
particularly at the helices, are somehow perturbed by the
presence ofpHtrII. Such events take place at room temper-
ature but are suppressed at low temperatures such as 250 K.
Because the water is frozen at 250 K, the interaction between
ppR andpHtrII may be inhibited at such a low temperature.

Temperature-Dependent Secondary Structural Changes of
a Helix in the ppR/pHtrII Complex Are Diminished for the
Gly83 Mutants of pHtrII. A mechanism by which the
secondary structural changes of helices inppR are perturbed
by the presence ofpHtrII is interesting and requires further
explanation. Yang et al. reported that the replacement of
Gly83 inpHtrII by cysteine or phenylalanine diminishes the
photosensory function, indicating the important role of Gly83
in the protein structural changes of theppR/pHtrII complex
upon activation (22). We thereby studied FTIR difference
spectra of the mutants of Gly83. Figure 3 compares theppRM

minusppR difference spectra in theppR/pHtrII complex for
the wild-type (a), G83C (b), and G83F (c)pHtrII. It is clear
that there is no temperature dependence of amide-I vibrations
for G83C and G83F. It should be noted that this observation
does not originate from the absence of the interaction
betweenppR and the mutantpHtrII. They form a complex
in the dark as can be argued from the two following facts.
First, the decay kinetics of the M state is delayed in the
presence of the G83C and G83F mutantpHtrII similar to
the wild type (data not shown) (19, 31). Second, the complex-
dependent infrared signal of Asn74 ofpHtrII is also observed
for these mutants (see below). Thus, the G83C and G83F
mutant pHtrII forms a complex withppR resembling the
wild-type pHtrII.

FIGURE 1: ppRM minus ppR infrared difference spectra in the
1730-1520 cm-1 region taken without (a) and with (b)pHtrII.
Spectra are measured at 250 K (blue), 273 K (green), and 293 K
(red) upon hydration with H2O. One division of they axis
corresponds to 0.01 absorbance units.

FIGURE 2: ppRM minus ppR infrared difference spectra for the
unlabeledppR with unlabeled (s of left) and 13C-labeled (‚‚‚ of
left) pHtrII and for the unlabeled (s of right) and13C-labeled (‚‚‚
of right) ppR with unlabeledpHtrII in the 1705-1590 cm-1 region.
Spectra are measured at 250 K (a and d), 273 K (b and e), and 293
K (c and f) upon hydration with H2O. One division of they axis
corresponds to 0.01 absorbance units.
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Temperature dependence of amide-I vibrations of helices
is more clearly seen in Figure 4, where difference in
absorbance between 1643 and 1664 cm-1 is plotted versus
temperature. As shown in Figure 1a, there is no temperature
dependence in the absence ofpHtrII (b in Figure 4), where
the difference is 0.013 absorbance units. In contrast, the

amplitude of amide-I vibrations is reduced at high temper-
atures in the presence of the wild-typepHtrII (9 in Figure
4). Amplitude of the amide-I bands exhibits an approximately
linear correlation with temperature. Such temperature de-
pendence is diminished in the presence of the G83C and
G83F mutantpHtrII (4 in Figure 4). The difference is 0.010
absorbance units for all of the complexes at 250 K, being
considerably smaller than in the absence ofpHtrII. While
the value is not changed for the G83C and G83F mutant
pHtrII, it decreases about 2-fold for the wild-typepHtrII at
293 K. These results strongly suggest that Gly83 ofpHtrII
plays a key role in the helical structural changes ofppR.

Hydrogen-Bonding Interaction of Asn74 of the Transducer
Is Temperature-Independent and Not Influenced by the
Mutation of Gly83. In the previous paper, we revealed that
the M formation is accompanied by a hydrogen-bonding
alteration of Asn74 inpHtrII by identifying its CdO
stretching vibrations (19). In view of the marked temperature
dependence of the amide bands, it is instructive to look at
the temperature dependence of the Asn74 bands. Figure 5a
represents a double-difference spectrum between the blue
spectra in parts a and b of Figure 1, where the spectrum
without pHtrII (a) is subtracted from that withpHtrII (b).
The bands at 1694 (-)/1684 (+) cm-1 were previously
assigned to the CdO stretch of Asn74 by use of13C-labeling

FIGURE 3: ppRM minus ppR infrared difference spectra in the
1730-1520 cm-1 region taken with the wild-type (a), G83C (b),
and G83F (c)pHtrII. Spectra are measured at 250 K (blue), 273 K
(green), and 293 K (red) upon hydration with H2O. One division
of the y axis corresponds to 0.01 absorbance units.

FIGURE 4: Temperature dependence of the amplitude of amide-I
vibrations of helices. The absorbance difference between 1643 and
1664 cm-1 is plotted versus the temperature, where the spectra are
normalized by the negative band at 1202 cm-1. Three independent
measurements from different hydrated films were averaged.

FIGURE 5: (a-c) Double-difference spectra obtained from the data
of parts a and b of Figure 1 in the 1740-1675 cm-1 region, where
the spectra in Figure 1a was subtracted from those in Figure 1b at
the corresponding temperatures. Spectra are measured at 250 K
(a), 273 K (b), and 293 K (c) upon hydration with H2O. One division
of the y axis corresponds to 0.002 absorbance units. (d-f) ppRM
minus ppR infrared difference spectra for the13C-labeledppR
without (‚‚‚) and with (s) unlabeledpHtrII in the 1740-1675 cm-1

region. Spectra are measured at 250 K (d), 273 K (e), and 293 K
(f) upon hydration with H2O. One division of they axis corresponds
to 0.0025 absorbance units.
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and the N74T mutation (19). Parts b and c of Figure 5
represent double-difference spectra between green and red
spectra in Figure 1, respectively. The appearance of the 1694
(-)/1684 (+) cm-1 bands strongly suggests that the hydrogen-
bonding alteration of Asn74 inpHtrII also takes place at
273 and 293 K.

The hydrogen-bonding alteration of Asn74 was further
examined by use of13C-labeling. Parts d-f of Figure 5 show
theppRM minusppR infrared difference spectra for the13C-
labeledppR without (‚‚‚) and with (s) unlabeledpHtrII.
Using the13C-labeling ofppR but notpHtrII, the vibrations
in the 1700-1680 cm-1 region such as the CdO stretch of
Asn105 [1707 (+)/1701 (-) cm-1] (27) and the negative
1686 cm-1 band ofppR can be downshifted by 30-50 cm-1.
As a result, the vibration bands because ofpHtrII will appear
more clearly and make the double-difference spectra un-
necessary. This was indeed the case. In parts d-f of Figure
5, the13CdO stretches of Asp75 appear at 1721 cm-1, being
shifted from 1765 cm-1. The 1721 cm-1 band was not
affected by the presence ofpHtrII and was temperature-
independent. In contrast, the bands at 1694 (-)/1684 (+)
cm-1 were only observable in the presence ofpHtrII (s in
d-f) regardless of the temperature. Thus, we concluded that
the 1694 (-)/1684 (+) cm-1 bands of Asn74 are not
influenced by temperature between 250 and 293 K, suggest-
ing that the hydrogen-bonding alteration of Asn74 observed
at 250 K (19) persists at room temperature.

Then, we examined the effect of the mutation at Gly83
on the hydrogen bond of Asn74 inpHtrII. Figure 6 shows
the double-difference spectra between theppRM minusppR
spectra at 293 K, taken in the presence and the absence of
pHtrII. Similar to the wild-typepHtrII (a), the bands at 1694
(-)/1684 (+) cm-1 were observed for the G83C (b) and
G83F (c) mutantpHtrII. This fact indicates that mutations

of Gly83 do not affect the hydrogen-bonding alteration of
Asn74 upon formation of the M state, although the signal
transduction is impaired.

DISCUSSION

In the previous paper, we reported that theppRM minus
ppR difference spectra at 250 K are surprisingly similar with
and without the transducer protein (19). The result strongly
suggested that secondary-structure alterations do not occur
for pHtrII during the activation processes. On the other hand,
we found that the hydrogen bond of Thr204 inppR, being
altered in the primary K intermediate (17, 18), is restored,
while the hydrogen bond of Asn74 inpHtrII is strengthened
in ppRM, presumably because of the change in the interaction
with Tyr199 of ppR (19). These facts provided a light-
signaling pathway from Lys205 of the receptor to Asn74 of
the transducer through Thr204 and Tyr199. The present work
has extended these studies by obtaining the accurateppRM

minusppR difference spectra in a wide temperature range
of 250-293 K, providing new insights into the signal
transduction mechanism.

In the absence ofpHtrII, the ppRM minusppR difference
spectra were temperature-independent at 250-293 K, which
reproduced the previous results (28). The largest peak pair
in the amide-I region was observed at 1664 (-)/1643 (+)
cm-1, indicating structural perturbation of theR helix (Figure
1a). A previous spin-labeling study ofppR observed an
outward tilt of the F helix in the cytoplasmic region (20,
21), which also takes place in the light-driven proton-pump
protein bacteriorhodopsin (BR) (32). Thus, the opening of a
cleft near the F helix is presumably common forppR and
BR. In fact, it is known thatppR pumps protons in the
absence ofpHtrII, even though the efficiency is lower than
that in BR (33). Temperature-independentppRM minusppR
difference spectra suggest that such a cleft opening takes
place in a wide temperature range of 250-293 K, although
the lack of the BRN-like amide-I changes forppR (28, 34)
may suggest a smaller helical motion inppR than in BR.2

In contrast toppR, a significant temperature dependence
was observed for theppR/pHtrII complex, which is clearly
illustrated in Figures 1b and 4. The amplitude of amide-I
vibrations of helices at 1664 (-)/1643 (+) cm-1 was
significantly reduced at room temperature.13C-Labeling of
ppR orpHtrII revealed that such spectral changes originate
from ppR and notpHtrII (Figure 2). The hydrogen-bonding
alteration of Asn74 inpHtrII was temperature-independent
(Figure 5), implying that the observed helical structural
perturbation inppR takes place in a different region. On the
other hand, temperature-dependent structural changes of
helices were abolished for the complex ofppR with the G83C
and G83F mutants ofpHtrII (Figure 3). We discuss the
molecular mechanism of protein structural changes in the
ppR/pHtrII complex by use of a schematic drawing of the
structure (Figure 7).

2 It should be noted that the origin of the helical structural alteration
in the amide-I vibration is not identified even for BR (34). Although
the F-helix opening occurs at the cytoplasmic surface, the amide-I band
can be localized at a different site. Peptide backbone alteration in the
membrane may control the rigid-body motion of the F helix, leading
to the opening. Much less has been understood forppRM. Therefore,
we have to be careful about the structural interpretation, whereas the
reported results onppR and BR strongly suggest that the amide bands
at 1664 (-)/1643 (+) cm-1 originate from the helix F opening.

FIGURE 6: Influence of Gly83 mutations on the hydrogen bond of
Asn74 inpHtrII. Double-difference spectra were obtained between
ppRM minusppR spectra at 293 K taken in the presence and absence
of pHtrII. a is reproduced from Figure 5c for the wild-typepHtrII,
while b and c are obtained for the G83C and G83F mutant proteins
of pHtrII, respectively. One division of they axis corresponds to
0.002 absorbance units.

Structural Changes in the Complex betweenppR andpHtrII Biochemistry, Vol. 45, No. 15, 20064863



Gordeliy et al. crystallizedppR complexed with truncated
pHtrII (residues 1-114), but the structure of the C-terminal
half of pHtrII (position 83-114) was not determined,
presumably because of structural lability (8). The residues
83-114 are probably located not in the membrane but in
the cytosolic aqueous environment, which may cause struc-
tural variations even in a crystal. According to the structure,
there are two hydrogen-bonding networks in the transmem-
brane region of theppR/pHtrII complex: one between
Tyr199 (ppR) and Asn74 (pHtrII) and the other between
Thr189 (ppR) and Glu43/Ser62 (pHtrII) (Figure 7). In
addition, the interaction of the E-F loop of ppR and the
cytosolic domain ofpHtrII has been suggested (23, 35, 36).
These interactions contribute to the strong association of the
ppR/pHtrII complex in the dark [Kd ∼ 160 nM (35, 37)].

Then, the light-induced protein structural changes lower
the Kd value by 2 orders of magnitude inppRM [Kd ∼ 15
µM (31)]. This weakened interaction strongly correlates with
the ability for the light-signal transduction. However, what
is the origin of the changes in the interaction? Previous FTIR
studies revealed the changes in the hydrogen-bonding
interaction between Tyr199 ofppR and Asn74 ofpHtrII (19,
38). Additional structural changes have been reported at the
cytoplasmic surface of theppR/pHtrII complex. A spin-
labeling study observed the outward tilt of the F helix in
ppR, which then forces rotational motion of TM2 inpHtrII
(20, 21, 36). The experiments using FRET and cross-linking
suggested that the accessibility of the helix F ofppR and

the linker region ofpHtrII decreases upon illumination and
that a mutation at position 83 affects the interaction of these
regions (23). Gly83 presumably functions as a helix breaker
together with Gly84, which disconnects transmembrane helix
(TM2) from the helical linker region (Figure 7). Structural
flexibility at position 83 is important, because the replace-
ment of Gly83 by cysteine or phenylalanine impairs the
signal transduction (22). Thus, the reduction of the amide-I
vibrations of helices at room temperature in the present study
can be interpreted in terms of the impairment of the opening
of a cleft near the helix F by the linker region ofpHtrII. It
is likely that the F-helix movement inppR does not or only
partially occurs in theppR/pHtrII complex, which is mani-
fested as the reduced amide-I vibrations. Such a difference
must be correlated with the changed permeability of small
reagents into the protein interior (39-41). It should be noted
that, when the structural changes ofppR are suppressed by
the presence ofpHtrII, no additional changes were observed
for the amide-I bands inpHtrII (parts a-c of Figure 2). These
facts suggest that the signal transduction from the receptor
(ppR) to the transducer (pHtrII) does not accompany second-
ary structural alteration of the transducer.

Interestingly, such impairment of the movement of the
helix F of ppR in theppR/pHtrII complex does not occur (i)
at 250 K or (ii) for the Gly83 mutants ofpHtrII. Apparently,
the opening of a cleft near the helix F takes place in both
cases. In the latter case, a disconnection of the two helices
at Gly83 may be lost, so that TM2 is extended beyond
position 83. As a consequence, proper interaction changes
do not occur in the cytoplasmic region and the movement
of the helix F takes place. Similar FTIR spectra were obtained
for the wild type at 250 K, whereas the hydrogen-bonding
alteration of Asn74 inpHtrII was temperature-independent.
Therefore, we infer that the structure of the wild-typepHtrII
at 250 K becomes like that of the Gly83 mutant, and the
opening of a cleft near the helix F takes place inppR. In
this regard, a key issue may be that the linker region is
exposed to an aqueous phase, where freezing of water affects
the mobility significantly between 250 and 293 K. If it is
the case, a straight line between 250 and 293 K in Figure 4
does not describe the temperature dependence properly.
Further studies will reveal a more detailed mechanism on
the signal transduction in the complex.

Figure 7 illustrates two signal transduction pathways from
ppR topHtrII, which may operate by changing the interaction
in the complex.3 One is from retinal/Lys205 ofppR to Asn74
of pHtrII through Thr204 and Tyr199 in the transmembrane
region (blue arrow in Figure 7), which was investigated in
the previous FTIR studies (17-19, 38). In addition, the
opening of a cleft near the helix F through intramolecular
structural changes inppR (blue arrow in Figure 7) is
perturbed by the linker region ofpHtrII (red arrow in Figure
7). Such interaction changes are crucial for light-signal
transduction, and structural flexibility at position 83 must
be important. The mutation at this position and low tem-
perature (250 K) impair the proper interaction changes,

3 It may be possible that the complex formation withpHtrII changes
the structure ofppR more likeppRM in the unphotolyzed state, leading
to the reduced amide-I bands (Figure 1b). However, X-ray crystal-
lographic studies reported that the structure ofppR in the complex is
very similar to that ofppR in the absence ofpHtrII (8) but different
from that ofppRM in the complex (42).

FIGURE 7: Schematic drawing of the signal relay from the receptor
(ppR) to the transducer (pHtrII) in the archaeal photosensory
transduction. In the X-ray crystallographic structure of the complex
betweenppR (left) andpHtrII (right) (PDB code 1H2S) (8), the
structure of pHtrII at position 83-114 was not determined,
suggesting multiple conformations of the region. The association
betweenppR andpHtrII originates mostly from van der Waals
contacts in the transmembrane region, whereas Tyr199 and Thr189
of ppR form hydrogen bonds with Asn74 and Glu43/Ser62 of
pHtrII, respectively.
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allowing the F-helix movement ofppR, and hence, the light-
signal transduction is lost.
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