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ABSTRACT: pharaonisphoborhodopsin (ppR; also calledpharaonissensory rhodopsin II,psRII) is a
photoreceptor for negative phototaxis inNatronobacterium pharaonis. ppR activates the cognate transducer
protein,pHtrII, upon absorption of light.ppR andpHtrII form a tight 2:2 complex in the unphotolyzed
state, and the interaction is somehow altered during the photocycle ofppR. In this paper, we studied the
influence ofpHtrII on the structural changes occurring upon retinal photoisomerization inppR by means
of low-temperature FTIR spectroscopy. We trapped the K intermediate at 77 K and compared theppRK

minusppR spectra in the absence and presence ofpHtrII. There are no differences in the X-D stretching
vibrations (2700-1900 cm-1) caused by presence ofpHtrII. This result indicates that the hydrogen-
bonding network in the Schiff base region is not altered by interaction withpHtrII, which is consistent
with the same absorption spectrum ofppR with or withoutpHtrII. In contrast, theppRK minusppR infrared
difference spectra are clearly influenced by the presence ofpHtrII in amide-I (1680-1640 cm-1) and
amide-A (3350-3250 cm-1) vibrations. The identical spectra for the complex of the unlabeledppR and
13C- or 15N-labeledpHtrII indicate that the observed structural changes for the peptide backbone originate
from ppR only and are altered by retinal photoisomerization. The changes do not come frompHtrII,
implying that the light signal is not transmitted topHtrII in ppRK. In addition, we observed D2O-insensitive
bands at 3479 (-)/3369 (+) cm-1 only in the presence ofpHtrII, which presumably originate from an
X-H stretch of an amino acid side chain inside the protein.

pharaonisphoborhodopsin (ppR)1 from Natronobacterium
pharaonisis a member of the archaeal rhodopsins family
(1, 2). ppR activates the cognate transducer protein,pHtrII,
upon light absorption leading to negative phototaxis. It
possesses a retinal chromophore that is attached to one of
its 7-transmembrane helices, similarly to the case of well-
studied proton-pump bacteriorhodopsin (BR) (1-3). In ppR
and BR, the retinal forms a Schiff base linkage with Lys205
or Lys216, respectively, and the protonated Schiff base is
stabilized by a negatively charged counterion, Asp75 or
Asp85, respectively. Light absorption byppR triggers trans-
cis photoisomerization of the retinal chromophore in its
electronically excited state (4), followed by rapid formation
of the ground-state species such as the K intermediate (5).
The same process occurs in BR also. Relaxation of the

primary intermediates eventually leads to functional pro-
cesses during their photocycles (1-3).

Although molecular mechanism of theppR functioning
is not completely understood, its functional expression in
Escherichia coli(6) produced a large amount of the protein
to be characterized in detail (see ref1 for review). The crystal
structure ofppR was determined in 2001 by two groups (7,
8). The crystal structure of the K intermediate was also
determined (9). In addition, the crystal structure of theppR-
pHtrII complex has been reported recently (Figure 1) (10).
These advances opened the next stage of research on this
photosensor.

We started comparative studies ofppR and BR by means
of low-temperature FTIR spectroscopy. The results on the
primary K intermediate revealed the structural similarity
betweenppR and BR in the polyene chain of the chromo-
phore (11) and hydrogen bonds of internal water molecules
(12). These observations were consistent with the similar
crystallographic structures ofppR (7, 8) and BR (13, 14).
In contrast, the K state inppR after photoisomerization had
larger protein structural changes than in BR (11, 15), which
is consistent with the recent crystallographic structure of
ppRK (9). We also reported theppRM minus ppR spectra,
which showed thatppRM does not have the N-like protein
structure (16, 17). These low-temperature FTIR spectra are
reproduced by the recent time-resolved FTIR study (18).
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Thus, comparative FTIR investigation ofppR and BR
provided a number of useful results. However, the function
of ppR is to activate the transducer protein,pHtrII. Therefore,
the most important question in theppR studies is howppR
transmits the light signal topHtrII. To answer this question,
application of FTIR spectroscopy to the complex between
ppR andpHtrII is necessary and promising. We have reported
the FTIR study of the complex between visual rhodopsin
and a G-protein transducin (19, 20). In this case, complex
formation only takes place upon illumination, so the hydrated
film samples in FTIR studies were not suitable, as the
diffusion was a prerequisite for rhodopsin to bind transducin.
In contrast,ppR andpHtrII form the 2:2 complex in the
unphotolyzed state (10, 21-23), and the complex state is
stable even in a detergent such as DM (23). In contrast to
the visual rhodopsin system,pHtrII is presumably locked in
the inactive state byppR, and activation by light corresponds
to dissociation ofpHtrII from ppR. Indeed, the dissociation
constant is larger inppRM than inppR (23). EPR measure-
ments implied light-induced tilting of the F-helix, which
possibly breaks the interaction that existed in the unphoto-
lyzed state (22, 24).

Regarding the interaction mechanism ofppR with pHtrII,
the recent crystallographic structure of the complex may
provide an important insight since the structure ofppR in
the complex (10) was very similar to that in the crystal of
ppR itself (7, 8). In fact, backbone structures are almost
identical, while there are some deviations in side chains (10).
Then, a question arises when protein structural changes (i.e.,
light signal) are transmitted fromppR to pHtrII. Since the
photocycle ofppR is not much influenced by the presence
of pHtrII (1), a structural study is important to provide the
answer.

In this paper, we studied the influence ofpHtrII on the
structural changes occurring upon retinal photoisomerization
by means of low-temperature FTIR spectroscopy. We trapped

the K intermediate at 77 K and compared theppRK minus
ppR spectrum in the presence and absence ofpHtrII. The
ppRK minus ppR infrared difference spectra are clearly
influenced by the presence ofpHtrII. While there are no
spectral differences in the X-D stretching vibrations (2700-
1900 cm-1) caused by the presence ofpHtrII, clear differ-
ences were observed for amide-I (1680-1640 cm-1) and
amide-A (3350-3250 cm-1) vibrations. The former result
indicates that the hydrogen-bonding network in the Schiff
base region is not altered by interaction withpHtrII, which
is consistent with the fact that the absorption spectrum of
ppR is identical with and withoutpHtrII (23). The latter result
indicates that the complex formation affects the structure of
the peptide backbone. The identical spectra for the complex
of the unlabeledppR and13C- or 15N-labeledpHtrII revealed
that the observed structural changes for the peptide backbone
originate fromppR, and the light-signal is not transmitted
to pHtrII in ppRK. We also observed D2O-insensitive bands
at 3479 (-)/3369 (+) cm-1 only in the presence ofpHtrII,
which presumably originate from an X-H stretch of amino
acid side chain inside the protein. The nature of complex
formation betweenppR andpHtrII is discussed on the basis
of the present vibrational analysis.

MATERIALS AND METHODS

Sample Preparation.Procedure of the sample preparation
was described previously (11, 25, 26), wherepHtrII was
truncated at position 159. Briefly, theppR andpHtrII proteins
possessing a histidine tag at the C-terminus were expressed
in E. coli BL21 (DE3), solubilized with 1.5%n-dodecyl-â-
D-maltoside (DM), and purified by Ni-column. The purified
ppR andpHtrII proteins were mixed in the 1:1 molar ratio
and incubated for 1 h at 4 °C. Complex formation was
confirmed by the decay kinetics ofppRM as described (23).
The mixture was then reconstituted intoL-R-phosphatidyl-
choline (PC) liposomes (ppR/PC ) 1:50 molar ratio) by
removing DM by dialysis.

Uniformly 15N- or 13C-labeledpHtrII was prepared by
growing cells in standard minimal medium containing 0.5
g/L 15N-ammonium chloride (Isotec Inc.) or 1 g/L13C-D-
glucose (Isotec Inc.), respectively.

FTIR Spectroscopy.FTIR spectroscopy was performed as
described previously (11, 12). The ppR sample in the PC
liposomes was washed twice by a buffer at pH 7 (2 mM
phosphate). A total of 90µL of the ppR sample was dried
on a BaF2 window with a diameter of 18 mm. After hydration
by either H2O or D2O, the sample was placed in a cell, which
was mounted in an Oxford DN-1704 cryostat mounted in
the Bio-Rad FTS-40 spectrometer. Illumination conditions
for ppR were identical to those reported previously; 450 nm
light for ppR toppRK conversion and>560 nm light for the
ppRK to ppR conversion at 77 K (11). The difference
spectrum was calculated from the spectra constructed with
128 interferograms before and after the illumination. Twenty-
four spectra obtained in this way were averaged for theppRK

minusppR.

We measured the spectra from two independent prepara-
tions (different expressions). In each preparation, two films
were made, and spectra were compared. All these samples
produced the same results. In addition, we also measured

FIGURE 1: X-ray crystallographic structure of the complex between
ppR (green) andpHtrII (blue) (PDB code, 1H2S) (10). All-trans
retinal is colored purple. This figure was drawn with the program
VMD (35).
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the spectra of the 1:2 mixture ofppR andpHtrII, whose
spectra were identical to the 1:1 mixture.

RESULTS

Spectral Differences Caused by Presence of pHtrII in
Vibrations in the Low-Frequency Region.Figure 2 shows
ppRK minusppR infrared difference spectra in the absence
(dotted line) and presence (solid line) ofpHtrII in the 1800-
800 cm-1 region. Both dotted and solid lines look very
similar in this frequency region, indicating that the complex
formation betweenppR andpHtrII has almost no effect on
the structural alterations that happen upon the retinal photo-
isomerization. Nevertheless, a spectral difference was ob-
served in the frequency region of amide-I vibration (arrows).

Figure 3 expands the data of Figure 2 in the 1710-1615
cm-1 region. There are two negative peaks at 1657 and 1651
cm-1 in the absence ofpHtrII (dotted line in Figure 3a).
These frequencies are characteristic of amide-I vibration of
R-helix. The CdN stretching vibration of the retinal Schiff
base is also located in this frequency region. In fact, a broad
negative feature in the 1660-1650 cm-1 region in H2O
(dotted line in Figure 3a) is reduced in D2O (dotted line in
Figure 3b), by shifting to 1633 cm-1. In the presence of
pHtrII, new negative and positive peaks appear at 1663 and
1671 cm-1, respectively, in H2O, while negative peaks at
1657 and 1651 cm-1 are reduced in amplitude (Figure 3a).
These observations are repeated in D2O, although the peaks
at 1671 (+)/1663 (-) cm-1 seem to exist even in the absence
of pHtrII (Figure 3b). The 1704 (-)/1700 (+) cm-1 bands,
which were assigned to the CdO stretching vibration of
Asn105 (15), are never influenced by the presence ofpHtrII.

The 1671 (+)/1663 (-) cm-1 bands appear in the
frequency region typical for the amide-I vibration of theRII-

helix, while the 1657 cm-1 band appears in the range of
amide-I vibration of theRI-helix (27). Since theRII-helix
possesses considerably distorted structure (28), the present
observation suggests that the association ofppR andpHtrII
yields distortion of the helical structure that is altered by
the retinal photoisomerization.

Spectral Differences Caused by Presence of pHtrII in X-D
Stretching Vibrations.Figure 4 showsppRK minus ppR
infrared difference spectra in the absence (dotted line) and
presence (solid line) ofpHtrII in the 2750-1900 cm-1 region.
Both spectra coincide well in this frequency region, implying
that there is no influence of the transducer protein. Previous
spectral comparison between hydration with D2O and D2

18O
demonstrated the isotope shift of water molecules at 2677
(-), 2672 (+), 2614 (+), 2573 (-), 2370 (+), 2312 (-),
and 2214 (-) cm-1 (12, 29). The peaks at 2513 (-)/2474
(+) cm-1 did not exhibit the isotope shift of water molecules
(12, 29). Since a similar phenomenon was observed for the
2506 (-)/2466 (+) cm-1 bands of Thr89 in BR (30), they

FIGURE 2: ppRK minus ppR infrared difference spectra in the
absence (dotted line) and presence (solid line) of the transducer
protein,pHtrII, in the 1800-800 cm-1 region. Spectra are measured
at 77 K and pH 7 upon hydration with H2O (a) and D2O (b). The
spectra look very similar with and withoutpHtrII, while a spectral
difference is seen in the frequency region of amide-I vibration
(arrows).

FIGURE 3: ppRK minus ppR infrared difference spectra in the
absence (dotted line) and presence (solid line) of the transducer
protein,pHtrII. The spectra in Figure 2 are enlarged to show the
1710-1615 cm-1 region clearly.

FIGURE 4: ppRK minus ppR infrared difference spectra in the
absence (dotted line) and presence (solid line) of the transducer
protein, pHtrII, in the 2750-1900 cm-1 region. Spectra are
measured at 77 K and pH 7 upon hydration with D2O.
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possibly originate from the O-D stretch of Thr79. Negative
peaks at 2142 and 2092 cm-1 do not originate from the water
O-D stretches (12, 29). Since the N-D stretch of the retinal
Schiff base in BR is located at similar frequencies (31), they
possibly originate from the N-D stretch of the retinal Schiff
base. Thus, spectral changes in the X-D stretching vibrations
are direct probes of hydrogen-bonding alterations in the
Schiff base region, and two coincident spectra suggest that
the complex formation does not affect the structure of the
hydrogen-bonding network present in the retinal Schiff base
region. This observation is consistent with the fact that the
complex formation does not change the color ofppR.

Spectral Differences Caused by Presence of pHtrII for
X-H Stretching Vibrations.The N-H stretching vibrations
of the peptide backbone (amide-A) appear at 3320-3270
cm-1, where amide-A vibration of theR-helix is located at
3279 cm-1 (27). Therefore, the sharp peaks at 3333 (+), 3311
(-), 3286 (+), and 3266 (-) cm-1 in D2O (Figure 5)
probably correspond to amide-A vibrations. As described
above, peaks at 1671 (+), 1663 (-), and 1657 (-) cm-1

(Figure 2) are attributable to amide-I vibrations (28). Since
the frequency at 1657 cm-1 corresponds to characteristic
amide-I vibration of an idealR-helix, the N-H group with
a vibration at 3266 cm-1 is likely to form hydrogen bond
with the CdO group with vibration at 1657 cm-1 in ppR.
On the other hand, it is known that amide-A and amide-I
vibrations are considerably upshifted in the distortedR-helix,
RII-helix (28). Thus, the amide-A vibrations at 3333 (+)/
3311 (-) cm-1 are likely to correspond to the amide-I
vibrations at 1671 (+)/1662 (-) cm-1, which probe structural
changes in theRII-helix. The frequency upshift of theRII-
helix upon formation ofppRK indicates weakened hydrogen
bonding. This observation is in contrast to that for BR, where
frequency downshifts were observed for both amide-A and
amide-I vibrations of theRII-helix (32).

There are spectral differences in the amide-A region caused
by the presence ofpHtrII (Figure 5). As is the case of amide-I
vibration, the bands of the amide-A vibration ofRII-helix
(3333 (+)/3311 (-) cm-1) increase their intensities in the
presence ofpHtrII. In addition, a clear difference was
observed in the higher frequency region. Figure 5 shows the
negative 3479 cm-1 and positive 3369 cm-1 bands only in
the presence ofpHtrII. These frequencies are considerably

higher than the amide-A vibrations. Therefore, either the
N-H or the O-H stretching vibration of an amino acid side
chain is likely to undergo hydrogen-bonding alteration upon
retinal photoisomerization. This group is H-D unexchange-
able, and it seems that the hydrogen bond is strengthened
so as to exhibit frequency downshift by about 100 cm-1.

Effect of Isotope Substitution in pHtrII on the ppRK Minus
ppR Difference Spectra.The ppRK minus ppR infrared
difference spectra are clearly influenced by the presence of
pHtrII. While there are no spectral changes for the X-D
stretching vibrations caused by the presence ofpHtrII (Figure
4), such spectral changes were observed for amide-I (Figure
3) and amide-A (Figure 5) vibrations. In addition, new bands
appeared at 3479 (-)/3369 (+) cm-1 in the presence of
pHtrII (Figure 5). These facts indicate the structural perturba-
tion by pHtrII. In particular, the spectral changes in amide-I
and amide-A vibrations indicate perturbation of the peptide
backbone. Then, a question arises as to whether these bands
originate from vibrations ofppR or pHtrII. In the former
case, the interaction ofpHtrII andppR changes the structure
of ppR, which is altered upon retinal photoisomerization.
The latter case means that the protein structural changes
caused by retinal photoisomerization are already transmitted
to the transducer protein in the K state. Since the K formation
takes place in picoseconds, the latter case may indicate
ultrafast signal transduction from the receptor to the trans-
ducer protein.

The complex is formed from independently expressedppR
andpHtrII proteins. Therefore, we are able to examine the
above-mentioned question by using isotope labeling of one
of the two proteins. In the present study, we expressedpHtrII
protein in either13C- or 15N-enriched medium and produced
its complex with the unlabeledppR. As a consequence, the
complex possesses the unlabeledppR and either13C- or 15N-
labeledpHtrII proteins. If we detect isotope-induced spectral
shifts, we can conclude that the new bands observed for the
complex originate from vibrations ofpHtrII.

Figure 6 shows spectral comparison of theppRK minus
ppR infrared difference spectra in the presence of isotope-
labeled (solid lines) and unlabeled (dotted lines)pHtrII. Since
the normal mode of amide-I vibration corresponds to the Cd
O stretch of the peptide backbone, we compared the
unlabeled and13C-labeledpHtrII in Figure 6a. If the band
originates from the amide-I vibration ofpHtrII, we expect
to see the isotope-induced spectral downshift by about 30-
40 cm-1. No such downshift was observed in Figure 6a,
although some spectral deviations were observed in the
1670-1650 and 1600-1570 cm-1 regions. Therefore, we
concluded that the bands do not contain vibrations ofpHtrII.
No isotope shift was observed for15N-labeledpHtrII in this
frequency region (data not shown).

Since the normal mode of amide-A vibration corresponds
to the N-H stretch of the peptide backbone, we compared
the unlabeled and15N-labeledpHtrII in Figure 6b. If the band
originates from the amide-A vibration ofpHtrII, we expect
to see the isotope-induced spectral downshift by about 10
cm-1. No such downshift was observed in Figure 6b,
indicating that the bands do not contain vibrations ofpHtrII.
No isotope shift was observed for13C-labeledpHtrII in this
frequency region (data not shown).

By use of isotope label ofpHtrII, we excluded the
possibility that the light-signal is transmitted fromppR to

FIGURE 5: ppRK minus ppR infrared difference spectra in the
absence (dotted line) and presence (solid line) of the transducer
protein, pHtrII, in the 3600-3000 cm-1 region. Spectra are
measured at 77 K and pH 7 upon hydration with D2O.
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pHtrII in the K intermediate. It should be noted that we did
not use18O isotope label in this study, so that the O-H
stretching frequency ofpHtrII may be involved in the
observed change. On the other hand, we concluded that the
peptide backbone alterations observed in this study originate
from ppR, not frompHtrII. Association withpHtrII leads to
an alteration of the peptide backbone structure ofppR, which
is involved in the structural changes upon retinal photo-
isomerization.

DISCUSSION

In this paper, we studied the influence ofpHtrII on the
structural changes occurring upon retinal photoisomerization
in ppR by means of low-temperature FTIR spectroscopy. We
trapped the K intermediate at 77 K and compared theppRK

minus ppR spectra with and withoutpHtrII. There are no
spectral changes for the X-D stretching vibrations (2700-
1900 cm-1) caused by presence ofpHtrII, indicating that
the hydrogen-bonding network in the Schiff base region is
not altered by interaction withpHtrII. The result is consistent
with the same absorption spectra ofppR with and without
pHtrII. These features are in contrast to those of sensory
rhodopsin (sR; also called sensory rhodopsin I, sRI), where
complex formation with the transducer protein changes the
pKa of the counterion of the Schiff base (33).

TheppRK minusppR infrared difference spectra are clearly
affected by the presence ofpHtrII in amide-I (1680-1640
cm-1) and amide-A (3350-3250 cm-1) vibrations. The
identical spectra for the complex of the unlabeledppR and
13C- or15N-labeledpHtrII indicate that the observed structural
changes for the peptide backbone originate fromppR. The

recent X-ray crystallographic structure of the complex
betweenppR andpHtrII with 1.94 Å resolution (10) showed
the identical peptide backbone structure ofppR in the absence
and presence ofpHtrII (7, 8). This observation does not
necessarily contradict the present FTIR results because of
the difference in resolution. Krimm and Bandekar showed
the linear relationship between the amide-A frequency and
the distance from the nitrogen to the oxygen atom, when
the oxygen is the hydrogen-bonding acceptor (27). According
to the relationship, the variation corresponds to 0.0035
Å/cm-1. Therefore, if amide-A frequency shifts by 10 cm-1,
the hydrogen bond of the peptide backbone can be shortened
by 0.035 Å. Thus, the present FTIR study probably detects
the structural perturbations of the peptide backbone inppR
upon the transducer binding, which are much smaller than
the X-ray detection limit. Influence ofpHtrII on the peptide
backbone structure has been also reported by solid-state
NMR (34).

Beside the signal from peptide backbone, we observed the
bands at 3479 (-)/3369 (+) cm-1 appearing in the presence
of pHtrII. Since the X-H group is not deuterated in D2O, it
is likely to be buried inside the protein. It is also possible
that the X-H group is located at the surface betweenppR
andpHtrII. According to the crystal structure of the complex
(10), Tyr199 ofppR forms a hydrogen bond with Asn74 of
pHtrII in the middle of membrane, while Thr189 ofppR
forms hydrogen bonds with Glu43 and Ser62 ofpHtrII at
the cytoplasmic side. Tyr199 is indeed important for the
interaction withpHtrII (26). Identification of the X-H group
is our future focus.

In conclusion, the present study is the first report of the
IR difference spectra ofppR in the presence of its transducer
protein, pHtrII, to study the mechanism of light-signal
transduction in archaeal rhodopsins. Unlike in visual rhodop-
sins,ppR forms a complex withpHtrII in its unphotolyzed
state. The influence ofpHtrII was observed for the primary
photointermediate,ppRK, which is trapped at 77 K. Such
perturbation does not originate from the ultrafast signal
transduction. Rather, structural modification ofppR bypHtrII
was concluded from the measurements with isotopically
labeledpHtrII. Thus, taken together with our previous studies
on visual rhodopsin (19, 20), this work demonstrated that
FTIR spectroscopy can provide useful information about
molecular mechanism of rhodopsins at the atomic resolution.
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