
Strongly Hydrogen-Bonded Water Molecule Present near the Retinal Chromophore
of LeptosphaeriaRhodopsin, the Bacteriorhodopsin-like Proton Pump from a

Eukaryote†

Masayo Sumii,‡ Yuji Furutani,‡,§ Stephen A. Waschuk,| Leonid S. Brown,| 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 Department of Physics, UniVersity of Guelph, Guelph, Ontario N1G 2W1, Canada

ReceiVed July 13, 2005; ReVised Manuscript ReceiVed September 3, 2005

ABSTRACT: Leptosphaeriarhodopsin (LR) is an archaeal-type rhodopsin found in fungi, and is the first
light-driven proton-pumping retinal protein from eukaryotes. LR pumps protons in a manner similar to
that of bacteriorhodopsin (BR), a light-driven proton pump of haloarchaea. The amino acid sequence of
LR is more homologous to that ofNeurosporarhodopsin (NR) than BR, whereas NR has no proton-
pumping activity. These facts raise the question of how the proton-pumping function is achieved. In this
paper, we studied structural changes of LR following the retinal photoisomerization by means of low-
temperature Fourier transform infrared (FTIR) spectroscopy, and compared the obtained spectra with
those for BR and NR. While the light-induced photoisomerization from the all-trans to 13-cis form was
commonly observed among LR, BR, and NR, we found that the structural changes of LR are closer to
those of BR than to those of NR in terms of detailed vibrational bands of retinal and protein. The most
prominent difference was seen for the water O-D stretching vibrations (measured in D2O). LR exhibits
an O-D stretch of water at 2257 cm-1, indicating the presence of a strongly hydrogen-bonded water
molecule. Such strongly hydrogen-bonded water molecules (O-D stretch at<2400 cm-1) were observed
for BR, but not for NR. Comprehensive studies of BR mutants and archaeal rhodopsins have revealed
that strongly hydrogen-bonded water molecules are found only in the proteins exhibiting proton-pumping
activity, suggesting that strongly hydrogen-bonded water molecules and transient weakening of their binding
are essential for the proton-pumping function of rhodopsins. This observation for LR provided additional
experimental evidence of the correlation between strongly hydrogen-bonded water molecules and proton-
pumping activity of archaeal rhodopsins.

Leptosphaeriarhodopsin (LR)1 is a membrane retinal-
binding protein which belongs to the type I rhodopsin family
(1, 2). Type I rhodopsins contain all-trans-retinal bound to
a lysine side chain roughly in the middle of the seventh
transmembrane helix via a protonated Schiff base, but are
not otherwise homologous to visual pigments (type II
rhodopsins). The retinal chromophore experiences all-trans
to 13-cis photoisomerization followed by a chain of thermal
relaxations called the photocycle. The protein moiety of type
I rhodopsins responds to the changes in the retinal geometry
with its own conformational changes which serve the purpose

of ion transport or signaling (reviewed in ref3). The first
major function of type I rhodopsins is ion transport as
exemplified by light-driven pumping of protons or chloride.
The second major function is photosensory transduction,
where optical signals are transformed into conformational
changes and communicated to a transducer protein mediating
phototaxis or other responses to light. There is also a special
case of rhodopsins fromChlamydomonas, where the type I
rhodopsin domain is part of a much larger protein in which
it regulates passive transport of protons or calcium (4, 5).

Type I rhodopsins were first discovered in halobacteria,
so this protein family is sometimes called the family of
rhodopsins of the haloarchaeal type (1). Halobacterial
rhodopsins are very well studied, and the halobacterial
genome contains genes encoding four related proteins (6):
bacteriorhodopsin (BR), halorhodopsin (HR), sensory rhodop-
sin (SR, also called sensory rhodopsin I, SR-I), and phobor-
hodopsin (pR, also called sensory rhodopsin II, SR-II). BR
and HR are light-driven ion pumps, which act as an outward
proton pump and an inward Cl- pump, respectively (7-9).
On the other hand, SR and pR are photoreceptors of
halobacteria mediating attractant and repellent responses in
phototaxis, respectively (10-12). Even though physiological
and biochemical data suggested that type I rhodopsins may
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exist in organisms other than halobacteria, only very recently
have several genome sequencing projects convincingly
demonstrated the presence of rhodopsins of the haloarchaeal
type not only in Archaea but also in Bacteria and Eukaryota
(reviewed in refs1, 3, and13). Eubacterial rhodopsins were
found in bothγ- andR-proteobacteria (14, 15) as well as in
cyanobacteria (16). In eukaryotes, type I rhodopsins were
found in fungi (17), green algae (4, 5), dinoflagellates (18),
and cryptomonads (3).

Both LR and another fungal type I rhodopsin from
Neurospora(NR) were recently investigated (2, 19-21).
Figure 1 shows that the levels of identity of amino acids
between LR and BR and between LR and NR are 25.7 and
55.8%, respectively. It is reasonable that LR is more
homologous to NR than BR from the evolutionary point of
view. On the other hand, amino acid residues along the
proton pathway in BR are highly conserved for both LR and
NR. They include Thr46, Ala53, Tyr57, Arg82, Asp85,
Trp86, Thr89, Leu93, Trp182, Tyr185, Glu204, and Asp212
(using numbering for BR) (Figure 1). Some exceptions are
as follows. Val49 in BR is replaced with Ile in LR and NR.
Asp96 is replaced with Glu in NR. Glu194 is replaced with
Asp in LR, while it is deleted in NR (Figure 1). These facts
suggested that both LR and NR may function as light-driven
proton pumps similar to BR. It was however found that NR
does not pump protons (20), suggesting that the reprotonation
switch is not functional in NR. In contrast, it was revealed
that LR pumps protons in a manner similar to that of BR
(22). Thus, LR and NR (in comparison to each other and
BR) are a good system for revealing the structural elements
necessary for proton pumping by rhodopsins.

Previously, we have studied protein structure and structural
changes of several archaeal rhodopsins by means of low-
temperature Fourier transform infrared (FTIR) spectroscopy.
Newly developed measurements in a frequency region
detecting X-H and X-D (X ) O or N) stretching vibrations
(4000-1800 cm-1) provided new information about the
hydrogen bonding network, including internal water mol-
ecules (23). In fact, comparing the K intermediate (BRK)
minus BR difference spectra recorded with D2O or D2

18O in
the X-D stretching region (2700-1800 cm-1) enabled us
to assign the O-D stretching vibrations of water molecules
not only with weak hydrogen bonding (at>2500 cm-1) but

also with strong hydrogen bonding (at<2400 cm-1) (24).
Mutational study showed that one of the O-D stretches
(2171 cm-1) originates from a bridge water molecule between
the Schiff base and its counterion (Asp85) (25). Hydration
switch of the water plays an important role in the proton
transfer reactions in BR (26). Interestingly, comprehensive
studies of BR mutants and other rhodopsins have revealed
that strongly hydrogen-bonded water molecules are found
only in the proteins exhibiting proton-pumping activity (24,
27-30). This suggests that a strongly hydrogen-bonded water
molecule that bridges the Schiff base and its counterion is
essential for the proton-pumping function. While NR does
not have such strongly hydrogen-bonded water molecules
and does not pump protons (31), what is the case for LR,
which is a proton pump?

In this work, we studied low-temperature FTIR charac-
teristics of the K intermediate of LR by comparing them
with those of BR, and paying special attention to the bands
of bound water, retinal Schiff base, and retinal polyene chain.
This study expands FTIR characterization of LR to earlier
intermediates, complementing the previous report on the late
intermediates (22). It reveals important structural differences
among BR, LR, and NR. In particular, a strongly hydrogen-
bonded water molecule was observed for LR, which was
similarly observed for BR, but not for NR. This observation
for LR is entirely consistent with our finding of the
correlation between strongly hydrogen-bonded water mol-
ecules and proton-pumping activity of archaeal rhodopsins.

MATERIALS AND METHODS

Expression of Leptosphaeria Rhodopsin in Pichia pastoris.
The Leptosphaeria maculans opsgene was modified and
cloned into the pHIL-S1 vector in a manner similar to the
procedure previously used forNeurosporarhodopsin (NR)
(19). Briefly, L. maculans opswas modified such that
Leptosphaeriaopsin was N-terminally truncated (48 residues)
with a 6× His tag added to the C-terminus (22). The protein
was expressed in the methylotrophic yeastP. pastoris, strain
GS115, following our optimized procedure for NR (31).
During expression inP. pastoris, 5 µM all-trans-retinal
(Sigma) was added to the growth medium at approximately
24 h following induction with methanol.

FIGURE 1: Comparison of amino acid sequences of bacteriorhodopsin (BR) and the expressed portions ofLeptosphaeriarhodopsin (LR)
andNeurosporarhodopsin (NR). The transmembrane topology is based on the crystallographic three-dimensional model of BR (63). The
sequence alignment was done using CLUSTALW (64). The residues identical to those of LR are colored purple. The 25 bold circles
compose the retinal biding site within 5 Å of thechromophore in the BR structure (63), where single letters in a circle denote the residues.
In addition, three important residues in the proton pathway of BR (Asp96, Glu194, and Glu204) are shown by single letters for both LR
(Asp150, Asp248, and Glu258) and NR (Glu142, deleted, and Glu251).
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Purification and Reconstitution into Liposomes.Breakage
of P. pastoriscells, solubilization of the membranes, and
purification and concentration of LR followed our methods
previously used for NR (31). For reconstitution into lipo-
somes, solubilized Ni-NTA-purified LR was added to
preformed DMPC/DMPA (9:1) liposomes at a 3:1 lipid:
protein ratio (w/w). Reconstitution by detergent (Triton
X-100) removal was done using Bio-Beads SM-2 (Bio-Rad),
as described elsewhere (31). Liposomes were washed repeat-
edly by centrifugation with 50 mM Na2SO4 and 50 mM K2-
SO4 at speeds of 40000g and frozen for further use.

HPLC Analysis.Extraction of retinal oxime from the
sample in DM solution was carried out with hexane after
denaturation by methanol and 500 mM hydroxylamine as
described previously (32). A high-performance liquid chro-
matograph was equipped with a silica column (6 mm× 150
mm, YMC-A012-3). The solvent was composed of 12% (v/
v) ethyl acetate and 0.12% (v/v) ethanol in hexane, and the
flow rate was 1.0 mL/min. The molar compositions of the
retinal isomers were calculated from the areas of the peaks
in the HPLC patterns.

FTIR Spectroscopy.FTIR spectroscopy was performed as
described previously (28, 33). The LR sample reconstituted
into DMPC/DMPA liposomes was washed three times with
2 mM phosphate buffer (pH 7). The pellet was resuspended
in the same buffer, and the concentration was adjusted to
∼2 OD units at 535 nm per milliliter. An 80µL aliquot was
deposited on a BaF2 window with a diameter of 18 mm and
dried in a glass vessel that was evacuated with an aspirator.

The dark-adapted LR contains predominantly all-trans-
retinal with a small portion of 13-cis-retinal. The LR sample
was hydrated with H2O, D2O, or D2

18O. The sample was
then placed in a cell in an Oxford DN-1704 cryostat mounted
in the Bio-Rad FTS-40 spectrometer. The cryostat was
equipped with an Oxford ITC-4 temperature controller, and
the temperature was regulated with 0.1 K precision.

Illumination with 500 nm light at 77 K for 2 min converted
LR to LRK. Since LRK was completely reconverted to LR
upon illumination with >600 nm light for 1 min, as
evidenced by the spectral shape and amplitude which is a
mirror image of that for the LR to LRK transition, cycles of
alternating illumination with 500 and>600 nm light were
repeated a number of times. The difference spectrum was
calculated from two spectra constructed from 128 interfero-
grams taken before and after the illumination; 56 difference
spectra obtained in this way were averaged to produce the
LRK minus LR spectrum. As linear dichroism experiments
revealed the random orientation of LR molecules in the
liposome film, an IR polarizer was not used.

BRK minus BR difference spectra were taken from Kandori
et al. (23) and Tanimoto et al. (26), and NRK minus NR
spectra were taken from Furutani et al. (31). Since BR
molecules are highly oriented in the film, unlike LR, the
data with a window tilting angle of 53.5° in polarized FTIR
spectroscopy were used for comparison.

RESULTS

It is well-known that there is a correlation between
isomeric state in the dark and function for archaeal rhodop-
sins. Light-driven ion pumps, such as BR and HR, contain
both 13-cis- and all-trans-retinal in the dark state, but become

predominantly all-trans when light-adapted (34, 35). In
contrast, phototaxis proteins such as pR and sR contain only
all-trans-retinal in the dark (36, 37). This HPLC analysis
showed that LR contains mostly all-trans-retinal in the dark
(97%) (data not shown). This observation by HPLC is
consistent with the previous Raman study, which concluded
that the dark-adapted LR contains predominantly all-trans-
retinal (22). In contrast, by HPLC analysis, we confirmed
that the chromophore configuration of NR is 48% all-trans
and 52% 13-cis in the dark (data not shown). These results
suggest that the isomeric composition of the dark-adapted
states varies among type I rhodopsins and does not neces-
sarily correlate with their functions.

Measurement of the LRK minus LR Difference Spectra.
Figure 2a shows the LRK minus LR difference spectra
measured at 77 K. The ethylenic stretching vibration at 1537
(-)/1526 (+) cm-1 implies that LR is converted to a red-
shifted intermediate (38), LRK, upon light absorption at 77
K. There are negative bands at 1256, 1204, and 1168 cm-1

in the C-C stretching region and at 1010 cm-1 in the HOOP
region, which were also detected in the reported Raman
spectra (22). These spectral features are similar to those of
BR (Figure 2b) and NR (Figure 2c), suggesting that the LR
to LRK conversion is accompanied by the retinal photoi-
somerization from the all-transto the 13-cis form. However,
it is clear that the spectrum of LR is closer in its shape to
that of BR than that of NR, which we compare in detail
below.

Comparison of the Vibrational Bands of the Retinal
Chromophore among LR, BR, and NR.Figure 3 compares
the LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 1290-1130 cm-1 region. This
frequency region includes the C-C stretching and the vinyl
CCH rocking vibrations of the retinal chromophore. Negative

FIGURE 2: LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 1800-850 cm-1 region measured at pH 7
and 77 K. The sample was hydrated with H2O (s) or D2O (‚‚‚).
Spectra in panels b and c are reproduced from Furutani et al. (31).
One division of they-axis corresponds to 0.009 absorbance unit.
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bands in BR at 1255, 1216, 1203, and 1169 cm-1 can be
attributed to the C-C stretching vibrations of the retinal
chromophore at the C12-C13, C8-C9, C14-C15, and
C10-C11 single bonds, respectively (Figure 3b) (39, 40).
The negative 1255 cm-1 band is composed of a mixture of
D2O-insensitive C12-C13 stretching and D2O-sensitive
lysine rocking vibrations (41, 42). The positive 1194 cm-1

band of BR originates from C14-C15 and C10-C11
stretches (43). Analogous spectral features were observed
for LR (Figure 3a) and NR (Figure 3c), indicating a similar
chromophore conformation. In the case of LR, we tentatively
assigned the bands at 1256 (-), 1215 (-), 1204 (-), and
1168 (-) cm-1 as a mixture of the C12-C13 stretch and
lysine rock, and the C8-C9, C14-C15, and C10-C11
stretches, respectively. It should be noted that the C-C
stretching vibrations of LR are closer to those of BR than
those of NR. The frequencies are almost identical between
LR and BR, whereas the C10-C11 (1166 cm-1) and C12-
C13 and lysine rock (1247 cm-1) stretches of NR are
different in frequency from those of LR and BR (20, 31).
This result suggests that the chromophore structure of NR
is different from those of LR and BR in the middle of the
retinal.

Figure 4 shows the LRK minus LR (a), BRK minus BR
(b), and NRK minus NR (c) spectra in the 1035-900 cm-1

region. It is well-known that the hydrogen out-of-plane
(HOOP) vibrations of the retinal chromophore appear in this
region, and HOOP modes provide information about chro-
mophore distortions (39, 44-47). The D2O-H2O exchange-
insensitive negative peak at 1009 cm-1 in Figure 4b was
assigned as the symmetric in-plane methyl rocking combina-
tion involving mainly the methyl groups at C9 and C13
positions in BR (42). The 977 cm-1 band is observed for

the D2O-treated samples only, and is assigned as the N-D
in-plane rocking vibration downshifted from 1348 cm-1 upon
hydration with D2O, consistent with the recent Raman
observation of the same band at 979 cm-1 (22). The
appearance of a sharp peak at 957 cm-1 is characteristic of
the BRK minus BR spectrum, and the D2O-sensitive bands
at 974 and 957 cm-1 were assigned as HOOP vibrations of
the C15-H and N-H bonds (40). This result indicates that
the retinal distortions upon BRK formation are localized in
the Schiff base region. More complex spectral features were
observed in the NRK minus NR spectra (Figure 4c), which
look similar to those ofppR (33). While the D2O-sensitive
intense band at 983 cm-1 can be attributed to the HOOP
vibrations of the C15-H and/or N-H bonds, we also
observed the D2O-insensitive bands at 974, 966, and 956
cm-1. The appearance of the D2O-insensitive HOOP modes
in NR is more similar to that ofppR than to that of BR,
suggesting that specific distortions occur in the middle of
the chromophore (31).

Figure 4a clearly shows that the spectral features observed
for LR are closer to those of BR rather than those of NR.
The D2O-insensitive negative peak at 1008 cm-1 can be
assigned to the symmetric in-plane methyl rocking combina-
tion involving mainly the methyl groups at C9 and C13 in
LR (40). The corresponding positive band may be located
at 1004 cm-1, though half of the intensity of this band is
reduced in D2O. The negative 979 cm-1 band probably
corresponds to the negative band at 977 cm-1 in BR (Figure
4b), being able to be assigned to the N-D in-plane rocking
vibration downshifted from 1344 cm-1 upon hydration with
D2O. The appearance of a sharp peak at 958 cm-1 and its
downshift to 950 cm-1 in D2O (Figure 4a) are very similar
to the case of BR (Figure 4b). These results strongly suggest

FIGURE 3: LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 1290-1130 cm-1 region, being reproduced
and expanded from Figure 2. This frequency region corresponds
to C-C stretching vibrations and C-H, N-H in-plane rocking
vibrations of the retinal chromophore. The sample was hydrated
with H2O (s) or D2O (‚‚‚). One division of they-axis corresponds
to 0.0055 absorbance unit.

FIGURE 4: LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 1035-900 cm-1 region, being reproduced
and expanded from Figure 2. This frequency region corresponds
to hydrogen out-of-plane (HOOP) vibrations of the retinal chro-
mophore. The sample was hydrated with H2O (s) or D2O (‚‚‚).
One division of they-axis corresponds to 0.0035 absorbance unit.
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that the retinal distortions upon LRK formation are localized
in the Schiff base region, as in BRK.

Figure 5 shows the LRK minus LR (a), BRK minus BR
(b), and NRK minus NR (c) spectra in the 1760-1565 cm-1

region, where most of the bands originate from vibrations
of the protein. One exception is the CdN stretching vibration
of the retinal Schiff base that appears in the 1650-1600 cm-1

region. In BR, the CdN stretch has been observed at 1641
cm-1 in H2O and at 1628 cm-1 in D2O (Figure 5b) (48).
This frequency upshift in H2O is caused by coupling to the
N-H bending vibration of the Schiff base, and the difference
in frequency between H2O and D2O has been regarded as a
measure of the hydrogen-bonding strength of the Schiff base
(38, 49, 50). The small difference in BRK (1608 cm-1 in
H2O vs 1606 cm-1 in D2O) has been interpreted in terms of
the lack of a hydrogen bond for the Schiff base nitrogen
after photoisomerization (40, 51). The corresponding bands
of NR were observed at 1640 and 1628 cm-1 in H2O and
D2O, respectively (Figure 5c) (31). The D2O-sensitive
negative band was also observed for LR, with frequencies
of 1648 and 1629 cm-1 in H2O and D2O, respectively (Figure
5a). These IR bands are close in frequency to the Raman
bands of LR at 1648 and 1627 cm-1 (22), which were earlier
assigned to the CdN stretches of the Schiff base in H2O
and D2O, respectively. The IR frequency shift in LR (19
cm-1) is larger than those in BR (13 cm-1) and NR (12
cm-1), suggesting that the hydrogen bond of the Schiff base
is stronger in LR than in BR and NR. It should, however,
be noted that the negative 1648 cm-1 band has a shoulder at
the lower-frequency side, which makes the estimate less
accurate. We reexamined the hydrogen-bonding strength of
the Schiff base by the analysis of the N-D stretch vibrations,

believed to be a more direct monitor than the CdN stretch
(52) (see below). Because it is also difficult to locate the
CdN stretching mode in LRK (Figure 5a), the spectral
analysis of the X-D stretching frequencies becomes even
more relevant for providing clear information about the Schiff
base environment.

Comparison of the Vibrational Bands of the Protein Moiety
among LR, BR, and NR.The bands in Figure 5 (except for
the CdN stretching vibrations of the Schiff base) come from
the protein moieties of LR, BR, and NR. In BR, the 1742
(-)/1733 (+) cm-1 bands in H2O are shifted to 1727 (-)/
1721 (+) cm-1 in D2O, which was previously assigned to
the CdO stretches of Asp115 (53). Corresponding amino
acids are Asp169 in LR and Asp161 in NR, and similar bands
were observed at 1750-1720 cm-1 (Figure 5a,c). This
indicates that the aspartic acid at this position is protonated
in both LR and NR, and the hydrogen-bonding alterations
upon retinal isomerization are similar. It is, however, noted
that the frequencies in LR are similar to those in BR, and
those in NR are considerably different. This tendency is
consistent with that for the chromophore bands.

The bands at 1668 (-)/1664 (+) cm-1 in BR are highly
dichroic (23) and appear in the typical frequency region of
the amide I vibrations of theRII helix (Figure 5b) (54), which
is probably located in the transmembrane region. Similar
spectral changes at 1668 (-)/1661 (+) cm-1 were also
observed for LR (Figure 5a), whereas there are no such bands
for NR (Figure 5c).

Comparison of the Structure of the Schiff Base Region
among LR, BR, and NR.Figure 6 shows the LRK minus LR

FIGURE 5: LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 1760-1565 cm-1 region, being reproduced
and expanded from Figure 2. Most of bands in this region can be
ascribed to vibrations of the protein moiety. The underlined peaks
are CdN stretching vibrations of the chromophore. The sample
was hydrated with H2O (s) or D2O (‚‚‚). One division of they-axis
corresponds to 0.004 absorbance unit.

FIGURE 6: LRK minus LR (a), BRK minus BR (b), and NRK minus
NR (c) spectra in the 2750-1900 cm-1 region. The sample was
hydrated with D2O (red lines) or D218O (blue lines). Spectra in
panels b and c are reproduced from Furutani et al. (31). Green-
labeled frequencies correspond to those identified as water stretching
vibrations. In BR (b), purple-labeled frequencies are O-D stretches
of Thr89 (59, 60) while the underlined frequencies are N-D
stretches of the Schiff base (52). One division of they-axis
corresponds to 0.00065 absorbance unit.

Strongly Hydrogen-Bonded Water Molecule in LR Biochemistry, Vol. 44, No. 46, 200515163



(a), BRK minus BR (b), and NRK minus NR (c) spectra in
the 2750-1900 cm-1 region, which contains the X-D
stretching vibrations of protein and water molecules. A
spectral comparison between the samples hydrated with D2O
and D2

18O reveals O-D stretching vibrations of water
molecules which change in frequency upon retinal photoi-
somerization. The vibrational bands exhibiting isotope-
induced downshifts can be assigned to the O-D stretching
vibrations of water (labeled in green; Figure 6). In BR, six
negative peaks at 2690, 2636, 2599, 2321, 2292, and 2171
cm-1 were earlier assigned to vibrations of water molecules.
The bands are widely distributed over the possible frequency
range for stretching vibrations of water (Figure 6b). Since
the frequencies of the negative peaks at 2321, 2292, and 2171
cm-1 are much lower than those of fully hydrated tetrahedral
water molecules (24, 55, 56), the hydrogen bonds of those
water molecules must be very strong, possibly indicating their
association with negative charges. Indeed, we assigned the
2171 cm-1 band to the O-D group of a water molecule
associated with deprotonated Asp85 (25). In addition, we
recently concluded that six vibrational bands can be assigned
to six O-D stretching vibrations of the three water molecules
present in the Schiff base region (27).

Interestingly, water vibrations in archaeal rhodopsins from
eukaryotes are remarkably different from those of BR. In
NR, only two negative peaks that can be assigned to the
O-D stretching vibrations of water at 2688 and 2465 cm-1

were observed (31) (Figure 6c). The water stretching
vibrations of NRK were assigned to the bands at 2679, 2664,
2628, and 2494 cm-1. In the case of LR, three negative bands
were observed at 2692, 2615, and 2257 cm-1 (Figure 6a).
In addition, the negative peak of water at 2478 cm-1 is
probably obscured by large positive bands. Corresponding
positive bands are located at 2684, 2668, 2655, and 2505
cm-1. It should be emphasized that there are no water bands
in the <2400 cm-1 region for NR (Figure 6c), whereas LR
possesses the O-D stretch of water at 2257 cm-1 (Figure
6a). Therefore, in contrast to NR, LR contains a strongly
hydrogen-bonded water molecule. Previously, we examined
the presence of strongly hydrogen-bonded water molecules
in various rhodopsins of the haloarchaeal type. Strongly
hydrogen-bonded water molecules were found in BR (24),
various BR mutants except for D85N and D212N (25, 27),
and ppR (28), which can pump protons in the transducer-
free form. In contrast, they were not found in HR (29) and
NR (31), which, together with the D85N and D212N mutants
of BR, have no proton-pumping ability (57, 58). On the basis
of these observations, we have proposed a working hypoth-
esis that the existence of strongly hydrogen-bonded water
molecules is required for proton-pumping activity in type I
rhodopsins. Since LR pumps protons (22), this FTIR result
supports this working hypothesis.

The frequency region shown in Figure 6 also contains
X-D stretching vibrations other than those of water mol-
ecules. In the BRK minus BR spectrum, the bands at 2506
(-)/2465 (+) cm-1 labeled in purple and the underlined
bands at 2465 (+), 2171 (-), and 2124 (-) cm-1 were
assigned to the O-D stretching vibrations of Thr89 (59, 60)
and the N-D stretching vibrations of the retinal Schiff base
(52), respectively (Figure 6b). Thus, the negative 2171 cm-1

band contains both the O-D stretch of water and the N-D
stretch of the Schiff base. The bands at 2292 (-)/2266 (+)
cm-1 also contain the N-D stretching vibration of Arg82

(61). In the LRK minus LR spectrum, there are five bands at
2453 (+), 2402 (+), 2155 (-), 2105 (-), and 2006 (-) cm-1,
which do not originate from water vibrations (Figure 6a).
Though not assigned directly by use of the labeled protein,
the bands at 2155 and 2105 cm-1 are likely to originate from
N-D stretching of the Schiff base. The frequencies are
similar, but considerably lower than those in BR (2171 and
2124 cm-1) and NR (2173 and 2114 cm-1) (Figure 6b,c).
Therefore, the hydrogen-bonding strength of the Schiff base
in LR is slightly greater than those in BR and NR, which is
consistent with the results obtained for the CdN stretching
vibrations shown above (Figure 5). The spectral shape of
the LRK minus LR (Figure 6a) clearly shows that the N-D
stretch of the Schiff base is located at the higher-frequency
side in LRK, indicating its weakened hydrogen bond. We
consider either the 2453 or 2402 cm-1 band to be the
candidate for the N-D stretch in LRK. In any case, the
hydrogen-bonding alterations of the protonated Schiff base
are essentially identical between LR and BR, where the
hydrogen bond is disrupted upon retinal isomerization.

DISCUSSION

In this paper, we studied the structural changes of LR
following retinal photoisomerization by means of low-
temperature Fourier transform infrared (FTIR) spectroscopy,
and compared the obtained spectra with those for BR and
NR. Among fungal rhodopsins, proton-pumping activity was
found for only LR and not for NR (20, 22). It is instructive
to see whether their functional differences can be explained
in terms of their structures.

Figure 1 shows that the primary structure of LR is highly
homologous to that of NR, but not to that of BR. It is
reasonable that fungal rhodopsins, LR and NR, possess a
high degree of homology, being distinct from archaeal BR.
Tertiary structures of LR and NR have not been determined,
but they must be quite similar to that of BR. According to
the BR structure, there are 25 amino acids within 5 Å of the
retinal chromophore as shown in Figure 1. There is only one
amino acid which differs among the corresponding 25 amino
acids of LR and NR (Ser141 of BR is Ala196 in LR and
Gly189 in NR). In contrast, there are five amino acids that
are different among the corresponding 25 amino acids of
LR and BR (Figure 1). These results may suggest that the
local structure around the retinal chromophore in LR is
similar to that in NR, but not in BR. However, this FTIR
study revealed that the structure of this region and its
structural changes upon retinal photoisomerization in LR are
similar to those in BR, and not those in NR. Photoisomer-
ization in LR yields the chromophore distortions in the Schiff
base region like those in BR as shown in the HOOP region
(Figure 4). Peptide backbone alterations in LR are also
similar to those of BR (Figure 5). These results suggest that
the local structural perturbations in the K state are not
necessarily determined by local structural elements. Rather,
distant amino acids and/or whole protein structure is the
determinant of the structure and its structural changes. In
the case of BR, local and distant protein structural changes
were found by isotope labeling and mutational analysis (62).
A similar study for fungal rhodopsins will identify the
location of the protein structural changes for LR and NR.

As shown above, the primary structure is highly homolo-
gous between LR and NR, whereas the local structure and
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structural changes of the chromophore are similar between
LR and BR. The latter is coincident with the function,
namely, the proton-pumping activity. Vibrations of internal
water molecules may give a hint about the answer to the
question on the structural determinants of the proton-pumping
activity. A significant difference was seen for water bands
among LR, BR, and NR. LR exhibits an O-D stretch of
water at 2257 cm-1, indicating the presence of a strongly
hydrogen-bonded water molecule (Figure 6). Such strongly
hydrogen-bonded water molecules (O-D stretch at<2400
cm-1) were observed for BR, but not for NR.

Then, the location of the water in LR is interesting. A
previous mutation study of BR revealed that the lowest water
band at 2171 cm-1 originates from the bridged water
molecule between the Schiff base and counterion (Asp85)
(25, 27). Since the frequency at 2257 cm-1 for LR is very
low as an O-D stretch of water, it is likely to interact with
a negative charge. Therefore, the water may bridge the Schiff
base and counterion (Asp139) also in LR. A mutation study
of LR will provide more detailed information about the
location of water molecules in the future.

On the basis of our FTIR studies of BR mutants and other
rhodopsins, we have found a correlation between strongly
hydrogen-bonded water molecules and proton-pumping
activity. Among various BR mutant proteins we have studied,
only D85N and D212N lack strongly hydrogen-bonded water
molecules. Other BR mutants possess their O-D stretches
at<2400 cm-1, which includes T46V, R82Q, R82Q/D212N,
T89A, D96N, D115N, Y185F, and E204Q (27). Among
these mutants, only D85N and D212N do not pump protons
under the experimental conditions for FTIR. Therefore,
strongly hydrogen-bonded water molecules are only found
in the proteins exhibiting proton-pumping activities. The
correlation between proton pumping activity and strongly
hydrogen-bonded water molecules is true not only for BR
mutants but also for various rhodopsins. We systematically
examined whether other rhodopsins possess strongly hydrogen-
bonded water molecules. We found that BR andpharaonis
phoborhodopsin (24, 26, 28), both of which pump protons,
possess such water molecules (O-D stretch at<2400 cm-1

in D2O). In contrast, strongly hydrogen-bonded water
molecules were not observed for halorhodopsin (29), and
bovine rhodopsin (30). It is known that none of them pumps
protons. Such comprehensive studies of archaeal and visual
rhodopsins have thus revealed that strongly hydrogen-bonded
water molecules are found only in the proteins exhibiting
proton-pumping activities. Taken together with our recent
results for LR and NR, it suggests that the strong hydrogen
bonds of water molecules and their transient weakening may
be essential for the proton-pumping function of rhodopsins.
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