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ABSTRACT: pharaonisphoborhodopsin (ppR; also calledpharaonissensory rhodopsin II,psR-II) is a
photoreceptor protein for negative phototaxis inNatronobacterium pharaonis. During the photocycle of
ppR, the retinal chromophore is thermally isomerized from the 13-cis to all-trans form. We employed
FTIR spectroscopy ofppR at 260 K and pH 5 to reveal that this isomerization occurs upon formation of
the O intermediate (ppRO) by usingppR samples reconstituted with 12,14-D2-labeled retinal. InppRO,
CdO stretching vibrations of protonated carboxylates newly appear at 1757 (+)/1722 (-) cm-1 in H2O
and at 1747 (+)/1718 (-) cm-1 in D2O in addition to the 1765 (+) cm-1 band of Asp75. Amide I vibrations
are basically similar betweenppRM andppRO, whereas unique bands ofppRO are also observed such as
the negative 1656 cm-1 band in D2O and intense bands at 1686 (-)/1674 (+) cm-1. In addition, O-D
stretching vibrations of water molecules in the entire mid-infrared region are assigned forppRM and
ppRO, the latter being unique forppR, since it can be detected at low temperature (260 K). TheppRM

minusppR difference spectra lack the lowest frequency water band (2215 cm-1) observed in theppRK

minusppR spectra, which is probably associated with water that interacts with the negative charges in the
Schiff base region. It is likely that the proton transfer from the Schiff base to Asp75 inppRM can be
explained by a hydration switch of a water from Asp75 to Asp201, as was proposed for the light-driven
proton-pump bacteriorhodopsin (hydration switch model) [Tanimoto, T., Furutani, Y., and Kandori, H.
(2003)Biochemistry 42, 2300-2306]. In the transition fromppRM to ppRO, a hydrogen-bonding alteration
takes place for another water molecule that forms a strong hydrogen bond.

pharaonisphoborhodopsin (ppR)1 from Natronobacterium
pharaonis is a member of the archaeal rhodopsin family
[bacteriorhodopsin, halorhodopsin, sensory rhodopsin (also
called sensory rhodopsin I), phoborhodopsin (also called
sensory rhodopsin II)] (1, 2). ppR is a photosensor for
negative phototaxis which activates the cognate transducer
protein,pHtrII, upon light absorption. It possesses a retinal
chromophore which is connected to one of its seven
transmembrane helices, similarly to the case of well-studied

proton-pump bacteriorhodopsin (BR) (1-4). 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 (5), followed by rapid formation
of the ground-state species such as the K intermediate (6).
The same process occurs in BR. Relaxation of the primary
intermediates leads to the formation of late intermediates,
such asppRL, ppRM, ppRN, andppRO. The structural changes
of protein in these intermediates eventually lead to the
activation ofpHtrII.

We started a comparative investigation of structural
changes inppR 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 chromophore (7), hydrogen bonds
of internal water molecules (8), and protonated retinal Schiff
base (9). These observations were consistent with the similar
crystallographic structures ofppR (10, 11) and BR (12, 13).
In contrast, the structural alteration in the K state after
photoisomerization was more extended inppR than in BR
(7). Such observation was also reported by X-ray crystal-
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lography ofppRK (14). These observations probably correlate
with the high thermal stability ofppRK, asppRK is stable
even at 170 K, while the L intermediate appears in BR at
this temperature (7). Accompanying the relaxation ofppRK,
the M intermediate ofppR (ppRM) appears via deprotonation
of the Schiff base. We previously reported that the CdO
stretching vibrations of the protonated carboxyl group at 1765
cm-1 originated from Asp75 and that the N-like protein
structure inppR was not observed at alkaline pH (15). These
observations suggested that the proton transfer mechanism
in ppR is similar to that in BR, but the protein structural
changes are different between them.

In the last step of the photocycle ofppR, the O intermedi-
ate (ppRO) appears. In contrast toppRK and ppRM, our
knowledge onppRO remains limited. The reason is thatppRO

is normally observed in the mixture with other intermediates
such asppRM, and it is difficult to extract information on
pureppRO. The previous time-resolved FTIR studies ofppR
reported many important structural changes involvingppRO

(16, 17). However, it was not clear whether the observed
vibrational bands indeed originate fromppRO.

In this paper we attempted to obtain theppRO minusppR
difference FTIR spectra. SinceppRM was also produced
under the present experimental conditions (260 K and pH
5), we subtract the contribution ofppRM on the basis of UV-
vis spectroscopy. TheppRO minus ppR difference spectra
thus obtained are analyzed in detail. By use of theppR
samples with 12,14-D2-labeled retinal, we determined the
retinal configuration inppRO to be all-trans. InppRO, CdO
stretching vibrations of protonated carboxylates newly appear
at 1757 (+)/1722 (-) cm-1 in H2O and at 1747 (+)/1718
(-) cm-1 in D2O in addition to the 1765 (+) cm-1 band of
Asp75. Unique amide I vibrations are observed forppRO

that probe peptide backbone alterations. In addition, mea-
surements upon hydration with D2O or D2

18O revealed
structural changes of water molecules inppRM and ppRO.
Unlike the O intermediate of BR,ppRO is detected at 260
K, so that water vibrations can be examined. As a conse-
quence, low-temperature FTIR measurements provided in-
formation on the water structural changes not only forppRM

but also for ppRO. These observations are discussed in
comparison with those of BR.

MATERIALS AND METHODS

Preparation of the ppR Samples.The ppR samples were
prepared as described previously (7, 18). Briefly, the ppR
protein with a histidine tag at the C-terminus was expressed
in Escherichia coli, solubilized with 1.5%n-dodecylâ-D-
maltoside (DM), and purified by a Ni column. The purified
ppR sample was then reconstituted intoL-R-phosphatidyl-
choline (PC) liposomes by the removal of the detergent with
Bio-Beads, where the molar ratio of the added PC toppR
was 50:1. TheppR samples with 12,14-D2-labeled retinal
were produced by adding 1µM 12,14-D2-labeled all-trans-
retinal into theE. coli culture instead of the unlabeled all-
trans-retinal.

FTIR Spectroscopy. FTIR spectroscopy was performed as
described previously (7, 8, 15). The samples ofppR in PC
liposomes were washed twice by buffers at pH 5.0 (2 mM
citrate), pH 7.0 (2 mM phosphate), or pH 9.0 (2 mM borate).
Ninety microliters of theppR sample was dried on a BaF2

window with a diameter of 18 mm. After hydration with
H2O, D2O, or D2

18O, the sample was placed in a cell, which
was mounted in an Oxford DN-1704 cryostat placed in the
Bio-Rad FTS-40 spectrometer. All spectra were measured
with 2 cm-1 resolution. TheppRK minus ppR difference
spectra were measured as follows (7). Illumination of the
ppR film at pH 7 with 450 nm light at 77 K for 2 min
convertedppR to ppRK, and subsequent illumination with
>560 nm light revertedppRK to ppR. The difference
spectrum was calculated from spectra constructed with 128
interferograms collected before and after the illumination.
Twenty-four spectra obtained in this way were averaged for
the ppRK minusppR spectra.

The ppRM minusppR difference spectra were measured
at 250 K and pH 9 as follows (15). To convertppR toppRM,
the sample was irradiated for 90 s with>480 nm light;
subsequent illumination with UV light revertedppRM to ppR.
The difference spectrum was calculated from the spectra
constructed with 64 interferograms collected after and before
the illumination. Twenty-four spectra obtained in this way
were averaged for theppRM minusppR spectra.

The ppRO minus ppR difference spectra were measured
at 260 K and pH 5. To accumulateppRO efficiently, the
sample was irradiated for 2 min with the light through the
band path filter whose transmittance spectrum was shown
as a gray line in Figure 1. After being in the dark for 2 min,
ppRO reverted toppR almost completely (as shown in the
text). The difference spectrum was calculated from the
spectra constructed with 32 interferograms collected after
and before the illumination and before and after relaxing in
the dark. It should be noted that the data acquisition time
after illumination is between 4.5 and 30 s under the present
conditions. Sixteen spectra obtained in this way were
averaged.

The obtained difference spectrum, however, contained
ppRM in the product, so that we had to subtract theppRM

minusppR spectrum to obtain theppRO minusppR spectrum.
The amount of the residualppRM in the difference spectrum
at 260 K was estimated by means of kinetic UV-vis
measurements as follows.

FIGURE 1: UV-vis absorption spectra ofppR and ppRM and
transmittance spectrum of the optical filter used to accumulateppRO.
The solid line and the dotted line represent theppR andppRM
spectra, respectively. The solid gray line represents the transmittance
spectrum of the optical filter for accumulation ofppRO. The filled
triangles denote relative absorbance ofppRO at 390, 500, and 560
nm, derived from Miyazaki et al. (19).
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UV-Vis Measurements.Hydrated films were used as for
the FTIR spectroscopy. After hydration by either H2O or
D2O, the sample was placed in a cell, which was mounted
in an Oxford DN-1704 cryostat placed in the JASCO V-550
spectrometer.

The UV-vis spectrum ofppR at pH 5 was measured at
260 K. The UV-vis spectrum ofppRM at pH 9 was
measured at 240 K, not at 250 K, because some amounts of
ppRM reverted to the original state during the UV-vis
measurement at 250 K. The residualppR component after
illumination with >480 nm light was subtracted using the
ppR spectrum taken at 240 K, and the resulting spectrum of
ppRM was as shown in Figure 1. TheppRO spectrum could
not be obtained because theppRO intermediate reverted to
the original state during the UV-vis measurement. Then,
we assumed the relative absorbance ofppRO to be 0.30 at
390 nm, 0.50 at 500 nm, and 1.10 at 560 nm according to
Miyazaki et al. (19). As a consequence, the time-dependent
absorbance changes at each wavelength are described as
follows.

From these equations, the time-dependent relative concentra-
tion changes can be calculated as follows.

We determined the amounts ofppRO andppRM during the
FTIR measurements according to these equations on the basis
of time-resolved UV-vis measurement data between 4.5 and
30 s (shaded regions in Figure 2).

Time-dependent absorbance changes at 390, 500, and 560
nm at 260 K were measured as follows. After reaching a
photo-steady state by illumination with light through the
band-pass filter (whose transmittance spectrum is shown as
a gray line in Figure 1) for 2 min, the absorbance changes
were measured with 1 s intervals at each wavelength (Figure
2a,b). Each absorbance change shown is an average of three
measurements.

RESULTS

The ppRO minus ppR Spectra Determined by UV-Vis
Measurements.Dotted lines in Figure 3 show the IR
difference spectra at 260 K and pH 5. The shift of the
ethylenic CdC stretching vibrations to lower frequency (from
1550 to 1538 cm-1) clearly shows the appearance of the red-
shifted intermediate, presumablyppRO. However, these
spectra also contain the contribution ofppRM, so that it is
necessary to subtract theppRM minusppR difference spectra
to obtain the pureppRO minusppR difference spectra. Since

we know the shape of theppRM minusppR difference spectra
(15), we can calculate theppRO minusppR difference spectra
if we obtain the ratio ofppRM to ppRO in the product. In
this case, theppRM-specific band is normally used as a
marker for proper subtraction of theppRM minusppR spectra.
It is, however, known that theppRM minusppR spectra do

abs (390 nm))
0.27× ppR + 1.28× ppRM + 0.30× ppRO

abs (500 nm)) 1.00× ppR + 0.50× ppRO

abs (560 nm)) 0.06× ppR + 1.10× ppRO

ppRM ) 0.78× abs (390 nm)-
0.20× abs (500 nm)- 0.12× abs (560 nm)

ppRO ) 0.94× abs (560 nm)- 0.056× abs (500 nm)

ppR ) 1.03× abs (500 nm)- 0.47× abs (560 nm)

FIGURE 2: UV-vis absorbance changes at 390, 500, and 560 nm
and relative concentration changes ofppR, ppRM, andppRO after
the relaxation of the photoequilibrium mixture produced by
illumination through the optical filter whose transmittance spectrum
is shown in Figure 1. The measurements were done with H2O (a)
and D2O (b). The relative concentration changes in H2O (c) and
D2O (d) are calculated by the method described in the Materials
and Methods section. FT-IR spectra were collected during the times
represented by shaded regions (from 4.5 to 30 s).

FIGURE 3: ppRO minusppR infrared difference spectra in the 1820-
870 cm-1 region. The solid lines are pureppRO minusppR spectra
which are made by subtracting theppRM component from the raw
spectra drawn in dotted lines. These spectra were measured at 260
K and pH 5 upon hydration with H2O (a) and D2O (b). One division
of the y-axis corresponds to 0.01 absorbance unit.
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not exhibit many positive bands (15, 20). One of the
characteristic bands is the positive 1765 cm-1 band due to
protonated Asp75 (15), but the dotted lines in Figure 3a
suggest thatppRO also possesses the positive band at the
same frequency. Thus, we determine the ratio ofppRM and
ppRO during the FTIR measurements by kinetic UV-vis
measurements.

Panels a and b of Figure 2 show the absorbance changes
at 390, 500, and 560 nm during the relaxation of the
photoequilibria at 260 K and pH 5 upon hydration with H2O
and D2O, respectively. Absorbance changes at 390, 500, and
560 nm mainly originate fromppRM, ppR, and ppRO,
respectively (Figure 1). By use of absorbance of each state
at three wavelengths, we are able to calculate the ratio of
ppRM to ppRO during the FTIR measurements (4.5-30 s;
shaded regions in Figure 2). According to the equations in
the Materials and Methods section, we determined the kinetic
traces ofppR,ppRM, andppRO in panel c (in H2O) and panel
d (in D2O) of Figure 2. The obtained ratios ofppRM to ppRO

during the FTIR measurements are 39:61 in H2O (Figure
2c) and 49:51 in D2O (Figure 2d).

The present UV-vis measurements showed that about half
of the product in the raw spectra at 260 K and pH 5 (dotted
lines in Figure 3) isppRM. If we add the three kinetic traces
in Figure 2c,d, their sum will be zero for both H2O and D2O.
This fact indicates that the relative absorbances ofppRM,
ppR, andppRO in Figure 1 are reasonable. This also suggests
that other spectral species such as the N intermediate can be
excluded from the present analysis. In contrast, the same
kinetics at room temperature [such as in Miyazaki et al. (19)]
are highly different from those in Figure 2, as the decay of
ppRM coincides with the appearance ofppRO in the former.
In the present study, bothppRM and ppRO seem to be
equilibrated and decay in parallel (Figure 2). Such difference
presumably originates from use of different temperatures
(room temperature vs 260 K). It is likely that at 260 KppRO

can be trapped (unlike the O intermediate of BR) but not as
a pure state (like the O intermediate of BR).

The ppRO minus ppR Difference Spectra in the 1820-
870 cm-1 Region.The solid lines in Figure 3 show the pure
ppRO minusppR difference spectra calculated by subtracting
the ppRM minusppR spectra from the raw spectra (Figure
3, dotted lines) according to the ratio determined by the UV-
vis measurements. The ethylenic stretching vibrations at 1538
and 1550 cm-1 clearly show that the obtained spectra are
the difference spectra betweenppRO and ppR. The 1164,
1203, and 1253 cm-1 bands are the C-C stretching vibra-
tions of retinal inppR and were already described in the
literature (7). The positive bands at 1179 cm-1 in H2O and
at 1175 cm-1 in D2O show that the retinal Schiff base of
ppRO is protonated and these bands derived from the C-C
stretching vibrations near the Schiff base because of the
deuterium effect (4 cm-1). Similar bands were observed in
the N intermediate of BR at 1185 cm-1 (21, 22) and in the
O intermediate of BR at 1168 cm-1 (22, 23). The N and O
intermediates of BR have different retinal configurations. The
former has a 13-cis-retinal, while the latter has an all-trans-
retinal. Therefore, these frequencies have been regarded as
markers of the 13-cis or all-trans chromophore. The observed
frequencies at 1179 cm-1 in H2O and at 1175 cm-1 in D2O
are located in between, so that we cannot conclusively

identify the retinal configuration ofppRO without using
labeled retinals.

In the HOOP region, deuterium-insensitive bands at 956
and 967 cm-1 and a deuterium-sensitive band at 1004 cm-1

appear at the positive side. These positive bands suggest that
the retinal chromophore ofppRO is twisted similar to that in
the O intermediate of BR (23). The ppR samples reconsti-
tuted with the 12,14-D2-labeled retinal lack the 956 cm-1

band in theppRO minusppR spectra (Figure 4c), indicating
that the HOOP vibration at 956 cm-1 originates from C12-H
and/or C14-H. In the ppRK minus ppR difference infrared
spectra, there are four positive bands and one negative band
in addition to these bands. The deuterium-sensitive positive
bands at 994, 987, and 979 cm-1 and the deuterium-
insensitive bands at 1023 (+) and 1013 (-) cm-1 appear in
the ppRK minusppR spectra (7). The appearance of fewer
HOOP bands in theppRO minusppR spectra suggests that
the chromophore ofppRO is less distorted than that ofppRK.

Determination of the Retinal Configuration in the Inter-
mediates of ppR.The retinal configuration, either all-trans
or 13-cis, can be determined by use of 12,14-D2-retinal (24).
Curry et al. demonstrated that the frequencies of the in-phase
rocking vibrations of the C12 and C14 hydrogens are sensitive
to the configuration about the C13dC14 bond (24). When the
C12 and C14 positions are deuterated, the dependence of these
frequencies on the C13dC14 configuration is most apparent,
because their rocking vibrations are shifted into the 1050-
900-cm-1 range, where they are relatively isolated from C-C
stretches and other CCH rocks. In fact, in-plane rocking
vibrations of C12D + C14D appear at 901 and 936 cm-1 for
all-trans- and 13-cis-retinal, respectively, in solution (24).
Smith et al. demonstrated that the bands are located at 914

FIGURE 4: Bands from C12D + C14D rocking vibrations in theppRK
minusppR (a), theppRM minusppR (b), and theppRO minusppR
(c) spectra. The solid lines were obtained from theppR sample
reconstituted with 12,14-D2-retinal. In the 935-890 cm-1 region,
there are no bands in the nativeppR sample reconstituted with
unlabeled retinal as shown by the dotted lines. These spectra were
measured at 77 K and pH 7 (a), 250 K and pH 9 (b), and 260 K
and pH 5 (c) upon hydration with D2O. One division of they-axis
corresponds to 0.0024 absorbance unit.
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cm-1 for BR and the O intermediate of BR that have all-
trans-retinal but at 941 cm-1 for the dark-adapted bacteri-
orhodopsin that has 13-cis-retinal (23). Thus, the difference
in frequency of about 30 cm-1 for 12,14-D2-retinal can be a
good indicator of isomeric state.

We measured theppRK minusppR,ppRM minusppR, and
ppRO minus ppR difference spectra of theppR sample
reconstituted with the 12,14-D2-retinal (Figure 4). In the
935-890 cm-1 region, there are no bands for the nativeppR
sample reconstituted with unlabeled retinal (dotted lines).
In contrast, clear bands were observed for all of the spectra
with the labeled retinal. TheppRK minus ppR spectrum
exhibits positive and negative bands at 921 and 908 cm-1,
respectively (Figure 4a), which can be interpreted in terms
of 13-cis- and all-trans-retinal, respectively. TheppRM minus
ppR spectrum exhibits only negative bands (Figure 4b),
presumably because of the reduction of the positive signal
intensity due to the retinal Schiff base deprotonation inppRM.
The negative band at 908 cm-1 corresponds to the in-phase
rocking vibration of the C12D + C14D combination inppR.
TheppRO minusppR spectrum exhibits positive and negative
bands at 902 and 908 cm-1, respectively (Figure 4c), and
no positive bands in the 940-920 cm-1 region. From such
a low frequency (902 cm-1), we concluded thatppRO

possesses all-trans-retinal as is the case for the O intermediate
of BR.

It is noted that the previous studies by use of 12,14-D2-
retinal were performed by resonance Raman spectroscopy
(23, 24), and in-phase rocking vibrations are weaker in IR
measurements. In such case, downshifts of HOOP vibrations
at positions C12-H and/or C14-H have to be taken into account,
because they could appear in the 935-890 cm-1 region.
Figure 4 shows that theppRK minusppR,ppRM minusppR,
andppRO minusppR difference spectra all possess positive
and negative bands at 956 and 961 cm-1, respectively (dotted
lines), that disappear in the 12,14-D2-labeled sample (solid
lines), whereas other HOOP bands are insensitive to the
12,14-D2 label. Interestingly, corresponding bands in the
lower frequency side are not clear for the 12,14-D2-labeled
sample, suggesting that the origin of the 961 (-)/956 (+)
cm-1 bands may not be common. A sharp positive band at
893 cm-1 in the ppRO minus ppR difference spectrum of
the 12,14-D2-labeled sample may correspond to that at 956
cm-1 (Figure 4c). Importantly, the positive band at 956 cm-1

is only HOOP band sensitive to the 12,14-D2 label in the
ppRO minus ppR difference spectrum, while two positive
peaks appear at 902 and 893 cm-1 for the 12,14-D2-labeled
sample. This suggests that one of them does not originate
from the HOOP band. In addition, there are no positive bands
in the 940-920 cm-1 region that corresponds to the in-phase
rocking vibration of the 13-cis form in theppRO minusppR
difference spectrum (Figure 4c), being in contrast to theppRK

minusppR difference spectrum (Figure 4a). These observa-
tions support the present assignment as the in-phase rocking
vibrations, and we concluded that the chromophore ofppRO

is all-trans form.
Spectral Comparison of the ppRK minus ppR, ppRM minus

ppR, and ppRO minus ppR Difference Spectra in the 1820-
1580 cm-1 Region.The infrared difference spectra in this
frequency region mainly monitor protein structural changes.
In our previous papers, we showed that the carbonyl
stretching vibrations of Asn105 appear at 1704 (-)/1699 (+)

cm-1 (25) and at 1707 (+)/1701 (-) cm-1 (15) in theppRK

minus ppR (Figure 5a) andppRM minus ppR (Figure 5b)
difference spectra, respectively. We also assigned the pro-
tonated carboxyl stretching vibrations of Asp75 at 1764 cm-1

in H2O and at 1753 cm-1 in D2O (Figure 5b) (15). Figure
5c shows that the bands of Asn105 and Asp75 remain at
1707 (+)/1701 (-) cm-1 and 1765 cm-1 upon theppRO

formation, respectively, while positive and negative bands
newly appear at 1757 and 1722 cm-1, respectively, in H2O.
These bands are downshifted to 1747 and 1718 cm-1 in D2O.
Therefore, these bands probably originate from protonated
carboxylic acids. The positive band at 1757 cm-1 in H2O
and at 1747 cm-1 in D2O is also observed by time-resolved
FTIR measurements by Hein et al. (16) and Bergo et al. (17).
In contrast, Hein et al. did not report on the negative 1722
cm-1 band in H2O (the 1718 cm-1 band in D2O), possibly
because of the presence of other states in the mixture. On
the other hand, Bergo et al. observed the negative band at
1724 cm-1 in H2O and at 1719 cm-1 in D2O also, but the
bands were narrower.

In the 1690-1610 cm-1 region containing the amide I
vibration, the features of theppRO minus ppR spectrum
(Figure 5c) are similar to those of theppRM minus ppR
spectrum (Figure 5b) but different from those of theppRK

minusppR spectrum (Figure 5a). The negative 1656 cm-1

bands in H2O are assigned to the CdN stretching vibrations
of ppR, which are downshifted to 1633 cm-1 upon the
hydration with D2O (9). The bands at 1686 (-), 1665 (-),
1644 (+), 1633 (-), and 1622 (+) cm-1 are common to the
ppRM minus ppR and theppRO minus ppR spectra. It is,
however, noted that the negative 1656 cm-1 band newly
appears for theppRO minusppR spectrum in D2O (Figure
5c), suggesting that structural perturbations take place in the

FIGURE 5: TheppRK minusppR (a), theppRM minusppR (b), and
theppRO minusppR (c) spectra measured in the 1820-1580 cm-1

region, mostly characteristic for protein vibrations. The samples
were hydrated with either H2O (solid lines) or D2O (dotted lines).
These spectra were measured at 77 K and pH 7 (a), 250 K and pH
9 (b), and 260 K and pH 5 (c). One division of they-axis
corresponds to 0.012 absorbance unit.
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R-helix upon formation ofppRO. In addition, the 1686 (-)/
1674 (+) cm-1 bands in D2O (Figure 5c) are characteristic
for the ppRO minus ppR spectrum and are assignable to
amide I vibrations of turn structures.

Spectral Comparison of the ppRK minus ppR, ppRM minus
ppR, and ppRO minus ppR Difference Spectra in the 2750-
1900 cm-1 Region.Figure 6 shows a spectral comparison of
the samples hydrated with D2O (red lines) and D218O (blue
lines) for ppRK (a), ppRM (b), andppRO (c). In the ppRK

minus ppR difference spectra, 10 peaks were assigned to
O-D stretching vibrations of water molecules, where
frequencies are widely distributed over the range of possible
stretching vibrations of water (Figure 6a) (8). The hydrogen
bond of the water O-D stretch at<2400 cm-1 is stronger
than that of a fully hydrated tetrahedral water, suggesting
that the O-D group interacts with a negative charge (26,
27). Thus, the O-D stretches at 2307 and 2215 cm-1 are
likely to belong to the water molecules which hydrate groups
with negative charges inppR. Higher frequency shifts upon
ppRK formation suggest that hydrogen bonds with negative
charges are weakened upon photoisomerization. Similar
observations were reported for BR, but with different
frequencies (27).

In the ppRM minus ppR difference spectra, five peaks
exhibit the isotope-induced spectral downshift by 10-17
cm-1, which are assigned to O-D stretching vibrations of
water molecules (Figure 6b). The peaks at 2369 (+)/2307
(-) cm-1 in theppRK minusppR difference spectra at 77 K
remain at 2416 (+)/2307 (-) cm-1 in theppRM minusppR
difference spectra at 250 K, while the peaks at 2274 (+)/

2215 (-) cm-1 disappear. The latter fact indicates that the
hydrogen bond of the water molecule with the O-D stretch
at 2215 cm-1 in ppR, the most strongly hydrogen-bonded
water, possesses the same strength as that inppRM. A similar
observation was made for BR, where the corresponding 2171
cm-1 band, which has been identified as the O-D stretch
of a bridging water molecule hydrating Asp85 (28), is also
restored in its M intermediate (29).

In theppRO minusppR difference spectra, three peaks at
2702 (+), 2681 (-), and 2645 (+) cm-1 were assigned as
O-D stretches of water on the basis of the isotope shift
(Figure 6c). There are no peaks at<2400 cm-1, indicating
that the strongly hydrogen-bonded water molecules whose
O-D stretches are at 2307 and 2215 cm-1 are present both
in ppR and in ppRO. The baseline variates considerably
around 2500 cm-1 (absolute absorption maximum of X-D
stretch) at 260 K, which also influences the spectral
comparison in Figure 6c. Nevertheless, no isotope shifts were
observed at<2600 cm-1.

Thus, vibrational analysis of strongly hydrogen-bonded
water molecules can be summarized as follows. Two water
O-D stretches at 2307 and 2215 cm-1 in ppR are weakened
upon formation ofppRK (Figure 6a). InppRM, the 2215 cm-1

band is restored by forming a strong hydrogen bond again,
whereas the weakened O-D stretch of the 2307 cm-1 band
is further weakened as shown by the spectral upshift to 2416
cm-1 (Figure 6b). This change is also restored inppRO by
forming a strong hydrogen bond again (Figure 6c). As a
consequence, the strongly hydrogen-bonded water molecules
apparently exhibit no changes of their hydrogen bonds, even
though Asp75 is protonated.

On the higher frequency side of theppRM minus ppR
difference spectra, three peaks are assigned as water O-D
stretches at 2702 (+), 2681 (-), and 2657 (+) cm-1 (Figure
6b). These water molecules possess weak hydrogen bonds,
and the spectra are similar to those of BR (29). The
corresponding O-H stretches are at 3654 (+), 3629 (-),
and 3588 (+) cm-1 (data not shown). This is similar to the
ppRO minusppR difference spectra, which possess positive
2702 cm-1 and negative 2681 cm-1 bands (Figure 6c). On
the other hand, the difference spectra slightly differ at 2650-
2600 cm-1. Strong water bands at 2614 (+)/2575 (-) cm-1

in the ppRK minus ppR were not observed for the late
photointermediates.

Besides the water O-D stretches, theppRK minus ppR
difference spectra exhibit the vibrational bands at 2515 (-),
2474 (+), 2142 (-), and 2090 (-) cm-1 (Figure 6a).
Previously, we found that the peaks at 2515 and 2474 cm-1

originate from the O-D stretch of Thr79, while the peaks
at 2474, 2142, and 2090 cm-1 were assigned to the N-D
stretch of the protonated retinal Schiff base (9). Similar
negative peaks are also observed at 2504, 2148, and 2090
cm-1 in theppRM minusppR spectra or at 2508, 2152, and
2092 cm-1 in the ppRO minusppR spectra. Assignment of
the corresponding positive peaks requires isotope labeling
and/or mutants. Nevertheless, the presence of the negative
peaks at 2152 and 2092 cm-1 in theppRO minusppR spectra
suggests that the hydrogen bonds of the protonated retinal
Schiff base are considerably weakened uponppRO formation,
the positive band at 2383 cm-1 being a candidate for the
upshifted N-D stretch (Figure 6c).

FIGURE 6: Comparison of the difference IR spectra of the samples
hydrated with D2O (red lines) or D218O (blue lines) in the 2750-
1900 cm-1 region. TheppRK minusppR (a), theppRM minusppR
(b), and theppRO minusppR (c) spectra were measured at 77 K
and pH 7, 250 K and pH 9, and 260 K and pH 5, respectively. One
division of they-axis corresponds to 0.0015 absorbance unit. The
frequencies labeled in green correspond to those identified as water
stretching vibrations. The frequencies labeled in purple are O-D
stretches of Thr79, while the underlined frequencies are N-D
stretches of the Schiff base (9).
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DISCUSSION

In this paper, we studiedppRO by means of FTIR and
UV-vis spectroscopy. By use of UV-vis spectroscopy, we
determined the ratio ofppRM to ppRO during the FTIR
measurements. Consequently, we obtained theppRO minus
ppR infrared difference spectra in H2O and D2O (solid lines
in Figure 3). In addition, we determined the retinal config-
uration of ppRO to be all-trans by use of theppR sample
reconstituted with 12,14-D2 isotope-labeled retinal. We also
assigned the O-D stretches of water molecules inppRO as
well asppRM for the first time.

The Chromophore Structure in ppRO. Hein et al. previously
argued that the configuration of retinal inppRO is all-trans
from the similarity of the C-C stretching vibrations of retinal
to those in BR (16). In this study, we identified the retinal
configuration in ppRO as all-trans, because the in-phase
rocking vibrations of C12D + C14D combination (902 cm-1)
are very similar to those of all-trans-retinal in solution (901
cm-1) (Figure 4c) (24). The 12,14-D2-labeled samples also
show the disappearance of the 956 cm-1 band in theppRO

minus ppR spectra, indicating that the HOOP vibration at
956 cm-1 originates from C12-H and/or C14-H. The all-trans
chromophore ofppRO seems to be twisted in the middle.

The hydrogen bond of the retinal Schiff base is also
important. Although the hydrogen-bonding strength has been
examined through the CdN stretching vibrations (through
the difference between positions of CdNH and CdND),
Figure 5c does not clearly show the CdN stretches ofppRO

at the positive side. On the other hand, the N-D stretch of
the Schiff base in D2O is a more direct marker of the
hydrogen-bonding strength of the Schiff base, where the
frequency is lower when a hydrogen bond is stronger (30-
32). Figure 6c shows the presence of the bands at 2152 and
2092 cm-1, which presumably originate from the N-D
stretch of the Schiff base. Since there are no bands at their
lower frequency side, the N-D stretch ofppRO is located at
higher frequency. This indicates that the hydrogen bond of
the Schiff base is not restored inppRO, being considerably
weaker than inppR. In ppR, a hydrogen-bonding acceptor
of the Schiff base is a water molecule (water 402) (10, 11).
This fact may suggest that this water molecule does not return
to the original position inppRO. Another possibility is that
the N-H (N-D) group points differently because of a twist
in the chromophore, even when the water returns to the
original position. We infer that the former is more likely
because Asp75 is still protonated inppRO and the water-
containing hydrogen-bonding network is not restored. Further
discussion is presented as follows.

Protonated Carboxylates in ppRO. Time-resolved FTIR
measurements that probeppRM andppRO were reported by
Hein et al. (16) and Bergo et al. (17). Although they could
not obtain the pureppRO minusppR spectra, they observed
the CdO stretching vibrations of protonated carboxylates
in the 1780-1710 cm-1 region. Hein et al. argued that the
newly appeared 1757 cm-1 band in H2O originated from
protonation of Asp201 inppRO (16). On the other hand,
Bergo et al. argued that the 1757 cm-1 band is downshifted
from 1764 cm-1 upon theppRO formation, indicating that
the 1757 cm-1 band originates from the protonated Asp75
(17). Bergo et al. also showed that the negative 1724 cm-1

band appears at pH 6, but not upon complex formation with

pHtrII. They suggested that the 1724 cm-1 band originates
from Asp193, whose pKa value was reported to be about 6
in the presence of chlorine (33). They assumed that the
presence ofpHtrII decreases the pKa value of Asp193.

The presentppRO minus ppR spectra clearly show the
presence of positive bands at both 1765 and 1757 cm-1

(Figure 5c), excluding the possibility that the 1757 cm-1 band
originates from Asp75. In fact, the 1765 cm-1 band never
lacks the intensity in the M-to-O transition. Thus, the newly
appeared bands at 1757 and 1722 cm-1 probably originate
from other carboxylic groups, such as Asp193 or Asp201.
In this case, chloride ion may play important roles, because
Asp193 is located near the chloride binding site (11). The
assignment of the 1757 and 1722 cm-1 bands is in progress.

Protein Structure in ppRO. The pureppRO minus ppR
difference spectra now allow a spectral comparison in the
amide I vibrational region that monitors peptide backbone
alteration. Panels a and b of Figure 5 clearly show that the
peptide backbone is more altered inppRM than inppRK, as
evidenced by the greater spectral changes. In contrast, many
vibrational bands are common forppRM and ppRO. The
negative 1665 cm-1 band corresponding to distortedR-helix
is observed for bothppRM andppRO. In contrast, the negative
1656 cm-1 band that corresponds to a typicalR-helix newly
appears for theppRO minusppR spectrum in D2O (Figure
5c). Thus, the M-to-O transition is accompanied by structural
perturbation ofR-helices.

Another noteworthy issue is the 1686 (-)/1674 (+) cm-1

bands in D2O (Figure 5c) characteristic of theppRO minus
ppR spectrum. Bergo et al. observed the 1686 cm-1 band in
theppR-pHtrII fusion complex also (17). They reported that
this band was prominent in the presence ofpHtrII and thus
probes the structural changes induced by the transducer.
However, the present study showed that theppRO minusppR
difference spectra possess an intense negative band at 1686
cm-1 even in the absence ofpHtrII. In fact, this negative
band has the largest amplitude in the 1600-1800 cm-1 region
both in H2O (solid line in Figure 5c) and in D2O (dotted
line in Figure 5c). The apparent increase of the amplitude
of this negative band in the presence of transducer reported
in Bergo et al. (16) might originate from an equilibrium shift
from ppRM to ppRO. Since we obtained the pureppRO minus
ppR difference spectra in this study, similar measurements
in the presence of transducer are interesting and will be our
future focus.

Internal Water Molecules in ppRM and ppRO. Internal
water molecules play important roles in archaeal rhodopsins,
and low-temperature FTIR spectroscopy is a powerful tool
to investigate water structural changes during their functional
processes (26). Earlier, we published theppRK minusppR
difference spectra in the entire water stretching vibrational
region (Figure 6a) (8), where five water O-D stretching
vibrations are widely distributed over the possible stretching
vibrations of water for bothppRK andppR. It should be noted
that the hydrogen bonding of water molecules with O-D
stretches at<2400 cm-1 is stronger than that of a fully
hydrated tetrahedral water. Thus, we concluded that the O-D
stretches at 2307 and 2215 cm-1 correspond to internal water
molecules hydrating negative charges inppR. The Schiff base
region ofppR contains three water molecules that constitute
roughly planar pentagonal cluster, whose structure is similar
to that in BR. In the case of BR, similar bands were observed
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at 2323, 2292, and 2171 cm-1 (27, 29), and the lowest
frequency band (2171 cm-1) was recently assigned to the
O-D stretch of water 402 (the bridging water between the
Schiff base and Asp85) hydrogen-bonded with Asp85 (28).
Our conclusion is also consistent with the quantum chemical
and molecular dynamics calculations (34). Although the
locations of water bands are not identified forppR, it would
be a reasonable postulation that the lowest frequency band
(2215 cm-1) is the bridging water between the Schiff base
and Asp75.

Formation ofppRM is accompanied by the proton transfer
from the Schiff base to Asp75. In general, the Schiff base
deprotonation reaction is a crucial step in the function of
rhodopsins. For instance, it triggers sequential proton transfer
reactions for the light-driven proton pump BR, and the M
formation also correlates with the switch reaction to deter-
mine the vectoriality (35, 36). In addition, deprotonation of
the Schiff base leads to an activated form in the light-signal
conversions of archaeal and visual rhodopsins. InppR and
BR, the proton donor and acceptor are rather close to each
other [4.0 Å forppR (10) and 4.4 Å for BR (12)], and a
mechanism of proton transfer between them has been a point
of interest. In the case of BR, we found that the lowest
frequency water band at 2171 cm-1 is restored in the M
intermediate even though Asp85 has no negative charge (29).
Since only Asp212 possesses a negative charge in the Schiff
base region, we interpreted that the water molecule hydrates
Asp212 in the M intermediate. In other words, switch of a
strong hydrogen bond of a water from Asp85 to Asp212
contributes to the proton transfer reaction from the Schiff
base to Asp85; we thus called this mechanism the “hydration
switch model”.

In the case ofppR, we still have to assign the water bands.
Nevertheless, as described above, the frequency at 2215 cm-1

is low enough to be considered as belonging to the bridging
water molecule similar to water 402 in BR (2171 cm-1). As
in BR, the ppRM minus ppR difference spectra lack the
negative band at 2215 cm-1 (Figure 6b), indicating that the
water finds the hydrogen-bonding acceptor inppRM. Taking
in account that the hydrogen-bonding acceptor is negatively
charged, it should be Asp201 inppRM that corresponds to
Asp212 in BR. Thus, the hydration switch model developed
for BR can also be applied toppR for the proton transfer
mechanism from the Schiff base to Asp75. Spectral features
of the higher frequency side (2700-2600 cm-1) are also
similar betweenppR and BR (29). One of the interesting
differences betweenppR and BR lies in the other bands. In
BR, the difference spectra lack not only the 2171 cm-1 band
but also the bands at 2323 and 2292 cm-1 (29). In contrast,
the negative water band at 2307 cm-1 is preserved in the
ppRM minus ppR difference spectra (Figure 6b). This fact
suggests that the hydrogen-bonding network in the M states
of ppR is rearranged differently from that of BR, though
the same mechanism drives the proton transfer reaction.

Water structural changes in the last step of the photocycle,
namely, in the O intermediate, are also interesting. However,
in the case of BR, the O intermediate cannot be trapped at
low temperatures, so that we have not studied water O-D
stretching vibrations of the O intermediate so far. The
advantage of theppR study is thatppRO can be trapped at
260 K, so that we are able to study water stretching vibrations
in ppRO. In this study, we could indeed obtain the information

on water bands of the O intermediate for the first time. In
theppRO minusppR difference spectra, the O-D stretches
of water appeared only in the>2600 cm-1 region (Figure
6c). The difference spectra lack the water bands at 2307 and
2215 cm-1, suggesting that the hydration structures of
internal water molecules are considerably restored inppRO.
It should be, however, noted thatppRO possesses protonated
Asp75 like ppRM. This may suggest that Asp201 is not
protonated inppRO, since it is the only negative charge in
the Schiff base region. The hydrogen-bonding acceptor of
the water at 2307 cm-1 is also of interest, and the future
mutation studies will lead to a better understanding of water
structural changes during the photocycle ofppR.
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