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ABSTRACT: Neurosporarhodopsin (NR, also known as NOP-1) is the first rhodopsin of the haloarchaeal
type found in eucaryotes. NR demonstrates a very high degree of conservation of the amino acids that
constitute the proton-conducting pathway in bacteriorhodopsin (BR), a light-driven proton pump of archaea.
Nevertheless, NR does not appear to pump protons, suggesting the absence of the reprotonation switch
that is necessary for the active transport. The photocycle of NR is much slower than that of BR, similar
to the case ofpharaonisphoborhodopsin (ppR), an archaeal photosensory protein. The functional and
photochemical differences between NR and BR should be explained in the structural context. In this
paper, we studied the structural changes of NR following retinal photoisomerization by means of low-
temperature Fourier transform infrared (FTIR) spectroscopy and compared the obtained spectra with those
for BR. For the spectroscopic analysis, we established the light-adaptation procedure for NR reconstituted
into 1,2-dimyristoyl-sn-glycero- 3-phosphocholine/1,2-dimyristoyl-sn-glycero-3-phosphate (DMPC/DMPA)
liposomes, which takes approximately 2 orders of magnitudes longer than in BR. The structure of the
retinal chromophore and the hydrogen-bonding strength of the Schiff base in NR are similar to those in
BR. Unique spectral features are observed for the S-H stretching vibrations of cysteine and amide-I
vibrations for NR before and after retinal isomerization. In NR, there are no spectral changes assignable
to the amide bands ofR helices. The most prominent difference between NR and BR was seen for the
water O-D stretching vibrations (measured in D2O). Unlike for haloarchaeal rhodopsins such as BR and
ppR, no O-D stretches of water under strong hydrogen-bonded conditions (<2400 cm-1) were observed
in the NRK minus NR difference spectra. This suggests a unique hydrogen-bonded network of the Schiff
base region, which may be responsible for the lack of the reprotonation switch in NR.

Neurosporarhodopsin (NR,1 also known as NOP-1) is a
membrane retinal-binding protein, which belongs to the
type-I rhodopsin family (1). 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 (re-
viewed in ref2). 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 photosen-
sory 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 fromChlamy-
domonas, where the type-I rhodopsin domain is part of a
much larger protein in which it regulates passive transport
of protons or calcium (3, 4).

In the not so distant past, it was believed that type-I
rhodopsins were present only in halobacteria, so this protein
family is sometimes referred to as rhodopsins of haloarchaeal
type (1). Halobacterial rhodopsins are very well studied and
the halobacterial genome contains genes coding for four
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related proteins (5): bacteriorhodopsin (BR), halorhodopsin
(HR), sensory rhodopsin (SR, also called sensory rhodopsin
I, SR-I), and phoborhodopsin (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 (6-8). On the other hand, SR and pR
are photoreceptors of halobacteria mediating attractant and
repellent responses in phototaxis, respectively (9-11). Even
though physiological and biochemical data suggested that
type-I rhodopsins may exist in organisms other than halo-
bacteria, it was only during the last 5 years that several
genome sequencing projects have convincingly demonstrated
the presence of rhodopsins of haloarchaeal type not only in
archaea, but also in bacteria and eukaryota (reviewed in refs
1, 2, 12). Eubacterial rhodopsins were found both inγ and
R proteobacteria (13, 14), as well as in cyanobacteria (15).
In eucaryotes, type-I rhodopsins were found in fungi (16),
green algae (3, 4), dynoflagellates (17), and cryptomonads
(2).

Neurosporarhodopsin was the first fungal and the first
type-I eucaryotic rhodopsin characterized on the genetic level
(16) and remains the only fungal rhodopsin characterized as
a protein (18-20). More than a dozen of genes for related
fungal rhodopsins were discovered since then (21-23), but
their function remains unknown (reviewed in ref12). The
primary structure of fungal rhodopsins, especially in their
putative transmembrane regions, is highly homologous to
that of both BR and pR (Figure 1) (1, 12, 16). Strong
conservation of the amino acids involved in proton translo-
cation in BR (especially Asp-85 and Asp-96, respective
acceptor and donor of the Schiff base proton) suggested that
NR should possess some proton-pumping activity, even
though its slow photocycling rate suggested otherwise (18).
Thus, a more detailed biophysical study was necessary.

NR was heterologously overexpressed in the methylo-
trophic yeastPichia pastoris, where it inserts into the cell

membrane and readily reconstitutes with all-trans-retinal to
form a red photoactive pigment (18). It should be kept in
mind that NR may behave somewhat differently in its native
lipid environment and in the presence of its possible protein
partners. Photochemistry and proton transport activity of
wild-type NR and some of its mutants were studied using
time-resolved spectroscopy in the visible and infrared,
combined with static Raman spectroscopy and proton-
pumping assays (18-20). It was found that both photochem-
istry and proton kinetics are more similar to those of pR
than of BR, suggesting that NR may be a photosensor rather
than a pump. The proton kinetics and pumping studies found
that the transient proton release and uptake in the NR
photocycle did not result in a detectable proton transport (19).
Time-resolved spectroscopy of NR mutants showed that,
even though Asp-131, the homologue of Asp-85 of BR,
became protonated in the course of the Schiff base depro-
tonation (M rise), the reprotonation of the Schiff base did
not occur from the homologue of Asp-96 of BR, Glu-142
(19, 20). The existing model of the photocycle of NR
assumes that, although it goes through a sequence of
photointermediates qualitatively similar to K, L, M, N, and
O of BR, there is no net transport of protons, because both
H+ uptake and release happen on the extracellular side of
the protein (19). This is a very surprising result, taking into
account almost complete conservation of the amino acids
constituting the proton-conducting pathway in BR and the
BR-like retinal configuration in NR as evidenced by the
Raman spectra (19). The working hypothesis is that NR may
not transport protons despite all of the structural similarities
with BR because its reprotonation switch is not functional.
The latest views on the reprotonation switch mechanism of
BR supported by X-ray diffraction data and FTIR spectros-
copy stress the importance of strain in the retinal bonds and
the interaction of its Schiff base with internal water molecules
(24, 25). Thus, if the reprotonation switch is truly dysfunc-
tional in NR, one may expect to see the differences (with
respect to BR) in the retinal geometry as well as in its
interactions with water upon photoisomerization. In this
paper, we studied low-temperature FTIR characteristics of
the K intermediate of NR, comparing it with those of BR
and paying special attention to the bands of bound water,
retinal Schiff base, and retinal skeleton. This study expands
FTIR characterization of NR to earlier intermediates comple-
menting the previous reports on late intermediates (19, 20).
It reveals important structural differences between the K
intermediates of BR and NR, which may eventually shed
light on a mechanism of their functional divergence.

MATERIALS AND METHODS

Expression of Neurospora Rhodopsin in P. pastoris.Wild-
type His-tagged NR with a truncated N terminus was
expressed inP. pastoris(the expression system was kindly
provided by John and Elena Spudich, University of Texas
Medical School, Houston, TX) as described before (18)
with the following modifications. The cells were harvested
36-42 h after the expression was induced in BMM medium
(minimal methanol buffered with phosphate at pH 5.6,
methanol concentration 0.7%), because we noticed a steep
decrease in the NR concentration when the cells were
incubated longer. Additionally, we added all-trans-retinal
(Sigma Chemicals) directly to the growth medium 24 h after

FIGURE 1: Comparison of amino acid sequences of bacteriorho-
dopsin and the expressed part of NR. The transmembrane topology
is based on the crystallographic three-dimensional model of BR
(54). The sequence alignment was done using CLUSTALW (63)
with the default settings. Single letters in a circle denote residues
common to NR and BR. The residues that are different in NR and
BR are denoted at the top and bottom of the circles, respectively.
The bold or filled circles compose the retinal-binding site within 5
Å of the chromophore.
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the induction to a final concentration of∼5 µM. Membranes
containing wild-type NR were isolated as described else-
where (19) with the following modifications. WashedP.
pastoris cells were resuspended in buffer A (7 mM
NaH2PO4 at pH 6.5, 7 mM EDTA, 7 mM DTT, and 1 mM
PMSF) and slowly shaken with all-trans-retinal (added to a
final concentration of∼50µM) at room temperature for 3-4
h in the presence of∼20 mg of lyticase (crude, from
Arthrobacter luteus, Sigma Chemicals) per 1.5 L of cell
culture to digest cell walls. Subsequently, the cells were
centrifuged at 1500g and resuspended in an equal volume
of buffer A. The cells were vortexed several times with a
40% volume of glass beads (420-600µm, acid washed) and
centrifuged at low speed (700g). The colored supernatant
was withdrawn and stored, while the remaining cells and
debris were resuspended in a few milliliters of the same
buffer, and vortexing followed by centrifugation was re-
peated several times until the breakage of the cells was
complete. The supernatants were combined and centrifuged
for 20-30 min at 30000g in a fixed-angle rotor, and the
resulting red-colored pellets were frozen for later use.

Purification and Reconstitution into Liposomes.The
liposomes containing NR were obtained as follows. The NR
membrane pellets were resuspended in solubilization buffer
(1% Triton X-100 and 20 mM K phosphate at pH 7.5) and
stirred for a few hours at room temperature followed by
overnight stirring at 4°C. The solubilization mixture was
centrifuged for 20-30 min at 30000g in a fixed-angle rotor,
the supernatant was stored, and the pellet was re-extracted
with the same solubilization buffer if necessary. Combined
supernatants were supplemented with 300 mM NaCl, and
the solubilized protein was incubated with Ni-NTA agarose
(Qiagen) for several hours. The resin with bound NR was
repeteadly washed with the solubilization buffer and then
treated with the elution buffer (250 mM imidazole, 400 mM
NaCl, 50 mM K phosphate, and 0.25% Triton X-100 at pH
7.5), supplemented with polar lipids ofP. pastoris (0.2
mg/mL in 2% Triton X-100) to stabilize the purified NR.
The polar lipids were extracted fromP. pastoriscells fol-
lowing the protocol of Kates et al. (26) with methanol/
chloroform extraction followed by acetone precipitation. The
purified NR eluate was concentrated using Millipore Ul-
trafree centrifugal filter devices (cutoff 10 000 Da) at 3700g
and reconstituted into liposomes following the method of
Rigaud et al. (27). Briefly, 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-
3-phosphate (DMPA) (Avanti Lipids) were taken in a 9:1
ratio by weight, dissolved in warm chloroform, thoroughly
dried under vacuum, and rehydrated for 1 h in a liposome
buffer (150 mM KCl and 1 mM K phosphate at pH 6.8).
Multilamellar liposomes formed this way (at a concentration
of ∼8 mg/mL) were diluted 2-fold with reconstitution buffer
(100 mM Na sulfate and 20 mM K phosphate at pH 7.5)
and mixed with the purified concentrated NR in a 4:1 lipid/
protein ratio by weight. We assumed that 1 OD (1-cm path
length) of absorbance of NR at 526 nm originates from 0.5
mg of the protein in 1 mL. The protein-lipid mixture had
to be transparent at this point, indicating that the multila-
mellar liposomes were solubilized. If the solution was not
transparent, 2% Triton X-100 was added until most of the
turbidity disappeared. After incubation for 10 min, Bio-Beads
SM-2 (Bio-Rad) degassed in the reconstitution buffer were

added to remove the detergent. We made four additions of
Bio-Beads, one every hour, approximately 100 mg per 1 mL
of 1% Triton. After incubation for 4 h with the beads, the
liquid was removed by a syringe and the liposomes were
collected by centrifugation in 100 mM NaCl (30 min at
40000g). The liposomes were further washed by additional
centrifugations, and the final liposome pellet was frozen for
later use.

FTIR Spectroscopy.FTIR spectroscopy was performed as
described previously (28, 29) but with the modified light
adaptation. The NR sample reconstituted into DMPC/DMPA
liposomes was washed 3 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 520 nm
per mL. An 80-µL aliquot was deposited on a BaF2 window
of 18-mm diameter and dried in a glass vessel that was
evacuated by an aspirator.

The dark-adapted NR contains both 13-cis- and all-trans-
retinal. The light adaptation yielded a spectral red shift of
λmax of the visible absorption (from 519 to 532 nm), which
accompanied 13-cis- to all-trans-retinal isomerization. For
the NR sample in the DMPC/DMPA liposomes, the light
adaptation required continuous illumination for about 1 h
with a 500-nm light (through an interference filter 03FIV006,
Melles Griot) from a 1-kW halogen-tungsten lamp in a slide
projector. We also found that the dark adaptation takes a
very long time (about 1 day). Therefore, in our measure-
ments, we first hydrated the NR film with a saturating
amount of water and illuminated it for 1 h at room
temperature. After the procedure, the NR film was quickly
dried and rehydrated 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 or 100 K for 2 min
converted NR to NRK. Because NRK was completely
reconverted to NR upon illumination with>600-nm light
for 1 min, as evidenced by the spectral shape, which is a
mirror image of that for the NR-NRK 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. A total of 24
difference spectra obtained in this way were averaged to
produce the NRK minus NR spectrum. Because linear
dichroism experiments revealed random orientation of NR
molecules in the liposome film, an IR polarizer was not used.

BRK minus BR difference spectra were taken from Kandori
et al. (30) and Tanimoto et al. (24). Because BR molecules
are highly oriented in the film, unlike NR, the data with a
window-tilting angle of 53.5° in polarized FTIR spectroscopy
were used for comparison.

Raman-Scattering Spectroscopy.Raman spectra of NR
were measured using the Renishaw Raman Imaging Micro-
scope, System 2000 that is located in the Electrochemical
Technology Center, University of Guelph, Wellington,
Canada. The probe beam was provided by a 27-mW diode
laser at 785 nm, and spectral resolution was 1 cm-1. The
samples were prepared by drying the buffered liposome
suspension on one of the walls of a 1× 1 cm quartz cuvette.
After that, 100-200 µL of H2O or D2O was placed inside
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the cuvette, it was sealed, and sufficient time for the vapors
to equlibrate was given before the measurements were started
(as monitored using Raman lines of H2O or D2O). In this
sample configuration, the buffer lines are negligible and the
whole spectrum is dominated by the scattering from the
retinal chromophore with an exception of several minor
bands coming from the protein/lipid moiety (most notably
at around 1000 and 1450 cm-1, with the latter overlapping
with the retinal bands).

RESULTS

Light Adaptation of NR.Dark-adapted NR contains both
13-cis- and all-trans-retinal (18, 19), similar to the light-
driven ion pumps BR and HR but different from the
phototaxis proteins pR and sR. All archaeal rhodopsins use
all-trans-retinal in their functional forms; thus, the light
adaptation should be conducted to accumulate it. Under the
present experimental conditions, we can light-adapt BR
samples by illuminating with>500-nm light for 2 min at
273 K. In contrast, we found that much longer illumination
is required for the light adaptation of NR. As described in
the Materials and Methods, we illuminated each NR film
for 1 h. As a consequence, visible absorption maximum
shifted from 519 to 532 nm. It was reported that the NR
sample reconstituted with all-trans-retinal in the yeast
membrane has its absorption maximum at 535 nm (18).

The light adaptation process was also monitored by Raman
spectroscopy. Dark-adapted NR samples possess the ethyl-
enic CdC stretches at 1535 and 1552 cm-1 (data not shown),
which correspond to the all-trans and 13-cis forms, respec-
tively, according to the known linear correlation between
ethylenic stretch frequencies and visible absorption maxima
of retinal proteins (31). After illumination with a 515-nm
laser for 1 h, the band at 1552 cm-1 disappeared. The
remaining single peak at 1535 cm-1 in Figure 2 indicates a
predominance of the all-trans form. Figure 2 also shows
characteristic vibrational bands of the retinal skeleton, which
will be referred to if they appear in the FTIR difference
spectra described below.

Measurement of the NRK Minus NR Difference Spectra.
Figure 3a shows the NRK minus NR difference spectrum
measured at 77 K and pH 7. The ethylenic stretching
vibration at 1536(-)/1526(+) cm-1 implies that NR is
converted to a red-shifted intermediate, NRK, upon light
absorption at 77 K. There are negative bands at 1247,
1203, and 1166 cm-1 in the C-C stretching region and at
1010 cm-1 in the hydrogen out-of-plane (HOOP) region,
which were also detected in the Raman spectrum (solid
line of Figure 2). These spectral features are similar to those
of BR (Figure 3b), suggesting that the NR to NRK conver-
sion is accompanied by the retinal photoisomerization from
the all-trans to 13-cis form. Below, we compare the differ-
ence spectra measured for the two proteins, NR and BR, in
detail.

Comparison of the Vibrational Bands of the Retinal
Chromophore between NR and BR.Figure 4 compares the
NRK minus NR (a) and BRK minus BR (b) 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 bands in BR at 1255,
1216, 1203, and 1169 cm-1 are attributable to the C-C
stretching vibrations of the retinal chromophore at the
positions C12-C13, C8-C9, C14-C15, and C10-C11,
respectively (Figure 4b) (32, 33). The negative 1255 cm-1

band is composed of a mixture of D2O-insensitive
C12-C13 stretching and D2O-sensitive lysine rocking vibra-
tions (34, 35). The positive 1194 cm-1 band of BR originates
from C14-C15 and C10-C11 stretches (36). Analogous
spectral features were observed for NR (Figure 4a), indicating
similar chromophore conformation. We tentatively assigned
the bands at 1247(-), 1215(-), 1203(-), and 1166(-) cm-1

as a mixture of the C12-C13 stretch and lysine rock, the
C8-C9, C14-C15, and C10-C11 stretches, respectively.
These bands were also observed at 1245, 1212, 1202, and
1166 cm-1 in the Raman spectrum measured upon hydration
with H2O (solid line of Figure 2), among which only the
1245 cm-1 band upshifted to 1258 cm-1 in D2O (dotted line

FIGURE 2: Raman scattering (785-nm excitation) spectra of light-
adapted NR liposomes measured in H2O (s) and D2O (- - -). The
bands assignable to retinal are labeled. As described in the Materials
and Methods, the Raman bands around 1000 and, in part, 1450
cm-1 come from the protein/lipid moiety and are not labeled.

FIGURE 3: NRK minus NR (a) and BRK minus BR (b) spectra in
the 1830-880 cm-1 region measured at pH 7 and 77 K upon
hydration with H2O. In the hydrated film, NR molecules are oriented
randomly, while BR molecules are highly oriented. The spectrum
in (b) is reproduced from Kandori et al. (30), where the sample
window is tilted by 53.5°. One division of they axis corresponds
to 0.006 absorbance units.
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of Figure 2). It seems that the Raman band at 1258 cm-1

corresponds to the C12-C13 stretching vibration in D2O.
The frequency of the C8-C9 and C14-C15 stretches in NR
are almost identical to those in BR, while the C10-C11 and
C12-C13 stretches are downshifted by 3 and 8 cm-1,
respectively, as also noted earlier (19). This result suggests
that the chromophore structure of NR is somewhat different
from that of BR in the middle of the retinal. The negative
D2O-insensitive peak at 1277 cm-1 in NR is prominent and
also observed at 1274 cm-1 in the Raman spectra. In the
case of BR, a similar Raman band at 1273 cm-1 was assigned
as the C11-H in-plane rocking vibration (35). The observa-
tion of this band in the NRK minus NR spectra suggests that
structural changes of the chromophore at C11 upon photoi-
somerization are larger in NR than in BR.

Figure 5 shows the NRK minus NR (a) and BRK minus
BR (b) spectra in the 1035-900 cm-1 region. It is well-

known that the HOOP vibrations of the retinal chromophore
appear in this region and that HOOP modes provide
information on chromophore distortions (32, 37-40). The
D2O/H2O exchange-insensitive negative peak at 1009 cm-1

in Figure 5b was assigned as the symmetric in-plane methyl
rocking combination involving mainly the methyl groups at
C9 and C13 positions in BR (35). 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. The appearance of a
sharp peak at 957 cm-1 is characteristic for the BRK minus
BR spectrum, and the D2O-sensitive bands at 974 and 957
cm-1 were assigned as HOOP vibrations of C15-H and
N-H (33). 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, which look similar to those ofppR (28).
The negative peak at 1010 cm-1 also appeared in the Raman
spectra at 1011 cm-1 (Figure 2), which is assignable to the
symmetric in-plane methyl rocking vibration. The 1025 cm-1

band was detected only in NR and may originate from protein
vibrations, given its absence in the Raman spectra (Figure
2). The negative peak at 978 cm-1 in D2O is probably
obscured by large positive bands. The corresponding Raman
band is at 979 cm-1 in D2O (Figure 2), which is assignable
to the N-D in-plane rocking vibration downshifted from
1337 cm-1 upon hydration with D2O. As for the positive
side, the bands at 999 and 983 cm-1 and the shoulder at 989
cm-1 are sensitive to D2O. These bands are probably
attributed to the HOOP vibrations of C15-H and/or N-H.
The bands at 974, 966, and 956 cm-1 are insensitive to D2O,
possibly originating from other HOOP modes. An appearance
of the D2O-insensitive HOOP modes in NR is more similar
to ppR than to BR, suggesting that specific distortions occur
in the middle of the chromophore.

Figure 6 shows the NRK minus NR (a) and the BRK minus
BR (b) spectra in the 1760-1570 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

FIGURE 4: NRK minus NR (a) and BRK minus BR (b) spectra in
the 1290-1130 cm-1 region, which correspond to C-C stretching
vibrations and C-H and 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 0.004
absorbance units.

FIGURE 5: NRK minus NR (a) and BRK minus BR (b) spectra in
the 1035-900 cm-1 region, which correspond to HOOP vibrations
of the retinal chromophore. The sample was hydrated with H2O
(s) or D2O (- - -). One division of they axis corresponds to 0.0025
absorbance units.

FIGURE 6: NRK minus NR (a) and BRK minus BR (b) spectra in
the 1760-1570 cm-1 region, most of which are ascribable 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 units.
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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 6b) (41). 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
hydrogen-bonding strength of the Schiff base (31, 42, 43).
The small difference in BRK (1608 cm-1 in H2O versus 1606
cm-1 in D2O) has been interpreted in terms of the lack of a
hydrogen bond for the Schiff base nitrogen after photo-
isomerization (33, 44). In NR, the negative bands at 1640
and 1626 cm-1 are likely to originate from the CdN stretches
in H2O and D2O, respectively (Figure 6a). These IR bands
are in close frequency to the Raman bands at 1643 and 1625
cm-1 (Figure 2) because of the CdN stretches in H2O and
D2O, respectively. The similarity in frequency shifts between
NR and BR [14 versus 13 cm-1 in the presented FTIR spectra
and 18 versus 17 cm-1 in the Raman spectra presented here
and measured earlier (45)] implies the same hydrogen-
bonding strength of the Schiff base in NR and BR. This is
in contrast to the case of the positive 1627 and 1615 cm-1

bands, which are candidates for the CdN stretching mode
of NRK in H2O and D2O, respectively. If this assignment is
correct, the greater H2O/D2O frequency difference in NRK
as compared to BRK [12 versus 2 cm-1 in the presented FTIR
spectra] may indicate that the hydrogen bond of the Schiff
base in NRK is not disrupted after photoisomerization, unlike
that in BR. There is another possibility that the 1596 cm-1

band is the CdN stretch of the Schiff base, where the
deuterium shift is as small as that of BR. To distinguish
between the two possibilities, we measured the N-D
stretching vibration of the Schiff base to monitor its
hydrogen-bonding strength directly, which is shown below.

Comparison of the Vibrational Bands of the Protein Moiety
between NR and BR.The bands in Figure 6 (except the
CdN stretching vibrations of the Schiff base) come from
the protein moieties of NR and BR. In BR, the 1742(-)/
1733(+) cm-1 bands in H2O are shifted to 1727(-)/
1721(+) cm-1 in D2O, which was previously assigned as
the CdO stretch of Asp115 (46) (the homologous residue
in NR is Asp161 in helix D). Because the similar spectral
changes are observed at 1739(-)/1734(+) cm-1 in H2O and
1730(-)/1724(+) cm-1 in D2O for NR (Figure 6a), these
bands can be assigned to the CdO stretch of Asp161. As in
BR, the aspartic acid at this position is protonated in NR,
and the hydrogen-bonding alterations upon retinal isomer-
ization are similar.

The bands at 1623(+)/1617(-) cm-1 in Figure 6b were
previously assigned as the CdO stretch of the peptide
carbonyl (amide I vibration) of Val49 (47) near the Schiff
base of BR. The bands at 1668(-)/1664(+) cm-1 are highly
dichroic (30) and appear in the typical frequency region of
the amide I vibration of theRII helix (48), which is prob-
ably located in the transmembrane region. In NR, the spec-
tral changes caused by the amide I vibrations ofRII helix
are very small, while there are several bands in higher and
lower frequency regions. The bands at 1697(-), 1689(-)
and 1678(+) cm-1 are assignable to the CdO stretches of
the peptide carbonyls with very weak hydrogen bonds. The
1596 cm-1 band, which is relatively large, is not observed
in BRK in this frequency region; the corresponding negative
band may be located at 1607 cm-1. The frequencies of these

bands are too low to originate from the CdO stretching
vibrations of peptide carbonyls. As described above, the
possibility that these bands belong to the CdN stretch cannot
be excluded at this moment. A similar large band was also
observed in theppRK minusppR spectrum (28).

Structural Changes of Cysteine Residues upon the Retinal
Isomerization.Figure 7 shows the NRK minus NR spectra
in the 2590-2540 cm-1 (the upper panel) and 1880-1845
cm-1 (the lower panel) regions, which correspond to S-H
and S-D stretching vibrations of cysteine residues, respec-
tively. These spectra were recorded at 100 K to increase
the signal-to-noise ratio. We confirmed that the same
vibrational bands are observed at 77 K also but with reduced
intensity (data not shown). There is one negative peak at
2560 cm-1 and two positive peaks at 2573 and 2564 cm-1

in the S-H stretching region. These bands completely down-
shift to 1859(-) and to 1868(+) and 1865(+) cm-1 in the
S-D stretching region, respectively. The bands at 2560(-)/
2564(+) cm-1 were also reported by Bergo et al. in the
infrared difference spectra measured at 253 K (20). Because
their spectra report on the late photocycle intermediates, the
observed frequency change of the S-H group is persistent
over a wide time range. Another band at 2573 cm-1 may
originate from heterogeneity of the environment around the
S-H group in NRK. The fact that the frequency changes of
the S-H groups occur as early as NRK suggest that the
cysteine is located close to the retinal. Cys167 and especially
Cys190, which are located around theâ-ionone ring of the
retinal, are good candidates for those spectral features.

FIGURE 7: NRK minus NR spectra in the 2590-2540 cm-1 (upper
panel) and 1880-1845 cm-1 (lower panel) region, which cor-
respond to S-H and S-D stretching vibrations of cysteine residues,
respectively. The sample was hydrated with H2O (s in the upper
panel and - - - in the lower panel) or D2O (- - - lines in the upper
panel ands in the lower panel). The spectra were recorded at 100
K to improve the signal-to-noise ratio in these frequency regions.
One division of they axis corresponds to 0.0001 (upper panel) or
0.000 02 (lower panel) absorbance units.
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Comparison of the Structure of the Schiff Base Region
between NR and BR.Figure 8 shows the NRK minus NR (a)
and the BRK minus BR (b) spectra in the 2730-1970 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 its
frequencies upon retinal photoisomerization. The vibrational
bands exhibiting isotope-induced downshifts are assignable
to the O-D stretching vibrations of water (labeled in green,
Figure 8). The NRK minus NR spectra were recorded at 100
K to increase the signal-to-noise ratio. We also confirmed
that the same vibrational bands are observed in the spectra
recorded at 77 K, but with reduced intensity (data not shown).
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
8b). Because the frequencies of the negative peaks at 2321,
2292, and 2171 cm-1 are much lower than those of fully
hydrated tetrahedral water molecules (49-51), the hydrogen
bonds of those water molecules must be very strong, pos-
sibly indicating their association with negative charges.
Indeed, we recently assigned the 2171 cm-1 band to the O-D
group of a water molecule associated with deprotonated
Asp85 (52). This water molecule, called 402 in the crystal
structure of BR (PDB entry 1C3W), is located between the
Schiff base and Asp85 (see also Figure 9). A previous
QM/MM calculation of the Schiff base region of BR also
supported the existence of an extremely strong hydrogen
bond between water 402 and Asp85 (53). Water stretching
vibrations of BRK tend to be higher in frequency, implying
that the overall hydrogen bonding becomes weaker upon
photoisomerization.

Interestingly, in NR, only two negative peaks assignable
to the O-D stretching vibrations of water at 2688 and 2465
cm-1 were observed. The water stretching vibrations of
NRK were assigned to the bands at 2679, 2664, 2628, and
2494 cm-1. It should be emphasized that there are no water
bands in the<2400 cm-1 region in a significant contrast to
the reported cases of archaeal rhodopsins such as BR and
ppR. In the case ofppR, two pairs of peaks were observed
in the<2400 cm-1 region, located at 2369(+)/2307(-) and
2274(+)/2215(-) cm-1 (29). There are several possible
explanations for the lack of bands of water under strong
hydrogen-bonding conditions in NR: (i) NR lacks water
molecules in the Schiff base region; (ii) NR possesses water
molecules in the Schiff base region, but their O-D vibrations
are located at the higher frequency side (>2400 cm-1); and
(iii) NR possesses water molecules in the Schiff base region
with O-D stretches at<2400 cm-1, but there are no
frequency changes upon retinal isomerization.

As shown in Figure 9, the BR structure possesses a water-
containing pentagonal cluster in the Schiff base region (54,
55). This is the case not only for BR, but also forppR (56,
57) and HR (58), the latter having one of the aspartates
replaced by a chloride ion. In all archaeal rhodopsins with
known structures, three water molecules are present in the
Schiff base region, possibly hydrating the charged groups.
Because many of the key amino acids are conserved in the
Schiff base region between NR and BR, such as Arg128,
Asp131, Trp132, Thr135, Trp230, Tyr233, Pro234, Asp259,
Ala262, and Lys263 in NR (Arg82, Asp85, Trp86, Thr89,
Trp182, Tyr185, Pro186, Asp212, Ala215, and Lys216,
respectively, in BR), it is reasonable to assume that NR also
possesses the water-containing pentagonal cluster.

It was found earlier that NR does not pump protons, even
though the amino acids constituting the proton-conducting

FIGURE 8: Comparison of the difference IR spectra of the samples
hydrated with D2O (red lines) and D218O (blue lines) in the 2730-
1950 cm-1 region. The spectra were recorded at 100 K to improve
the signal-to-noise ratio in this frequency region. Green-labeled
frequencies correspond to those identified as water stretching
vibrations. Purple-labeled frequencies are O-D stretches of Thr89
(60, 61), while the underlined frequencies are N-D stretches of
the Schiff base (62). The spectrum in (b) is reproduced from
Tanimoto et al. (24), where the sample window is tilted by 53.5°.
One division of they axis corresponds to 0.0006 absorbance units.
The distortion around the 2300 cm-1 region was caused by variation
in the CO2 concentration during the measurement.

FIGURE 9: X-ray crystallographic structures of the Schiff base
region of BR from PDB entry 1C3W (54). Top and bottom regions
correspond to the cytoplasmic and extracellular sides, respectively,
with the membrane normal being approximately vertical. Green
spheres (waters 401, 402, and 406) represent water molecules that
form a roughly pentagonal cluster with an oxygen from Asp85 and
an oxygen from Asp212. The pentagonal cluster structure will
stabilize an electric quadrupole in this region. Hydrogen atoms and
hydrogen bonds (- - -) are deduced from the structure; the numbers
are the hydrogen-bond distances in angstroms.
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pathway in BR are almost completely conserved and the
retinal configuration in NR is very much BR-like as
evidenced by Raman spectra (19). It was suggested that NR
may not transport protons despite all of the structural
similarities with BR because its reprotonation switch is not
functional. Absence of water bands in the<2400 cm-1 region
in NR may be correlated with this fact, keeping in mind that
the BR mutants (D85N and D212N) lacking water bands at
<2400 cm-1 do not pump protons in the absence of a Cl-

ion (59). On the other hand, protons are pumped by various
BR mutants if strong hydrogen-bonded water molecules
(<2400 cm-1) are present, such as T89A, Y185F (52), T46V,
R82Q, D96N, D115N, and E204Q (Shibata and Kandori,
unpublished). Thus, the strong hydrogen-bonded water
molecules may be functionally important. The underlying
molecular mechanism is still an open question, but one can
state that the rearrangement of a water-containing hydrogen-
bonded network must be correlated with the reprotonation
switch.

The frequency region shown in Figure 8 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 a purple color and the
underlined bands at 2465(+), 2171(-) and 2124(-) cm-1

were assigned to the O-D stretching vibrations of Thr89
(60, 61) and the N-D stretching vibrations of the retinal
Schiff base (62), respectively. Thus, the negative 2171 cm-1

band contains both the O-D stretch of water and the N-D
stretch of the Schiff base. In the NRK minus NR spec-
trum, there are five bands at 2537(-), 2421(+), 2173(-),
2114(-), and 2004(-) cm-1, which do not originate from
water vibrations. The bands at 2537(-)/2494(+) cm-1 are
assignable to the O-D stretching vibrations of Thr135 using
analogy with BR. The peak at 2494 cm-1 probably contains
the O-D stretching vibrations of both water and Thr135,
which can be inferred from its amplitude being larger than
that of the corresponding negative band at 2465 cm-1. The
O-D frequency of Thr135 in NR (2537 cm-1), which is
higher than that of Thr89 in BR (2506 cm-1), indicates that
the hydrogen-bonding strength between Thr135 and Asp131
is weaker than that between Thr89 and Asp85 in BR.

Though not assigned directly by use of the labeled protein,
the bands at 2173 and 2114 cm-1 are likely to originate from
N-D stretching of the Schiff base, whose frequencies are
almost identical to those in BR (2171 and 2124 cm-1). This
indicates identical hydrogen-bonding strengths between NR
and BR, which are consistent with the results obtained for
the CdN stretching vibrations shown above (Figure 6). In
contrast, the analysis of the CdN stretching vibrations of
NRK suggested a very different hydrogen-bonding strength
of the Schiff base than the one inferred from the N-D
stretches shown in Figure 8. Clear presence of the BR-like
negative bands at 2173 and 2114 cm-1 strongly suggests that
the N-D stretch is upshifted in NRK, indicating its weakened
hydrogen bond. We consider the 2421 cm-1 band to be the
most likely candidate for the N-D stretch in NRK. In this
case, the hydrogen-bonding alterations of the protonated
Schiff base are essentially identical between NR and BR,
where the hydrogen bond is disrupted upon retinal isomer-
ization. The lower frequency observed for NRK (2421 cm-1

versus 2465 cm-1 in BRK) suggests a somewhat stronger
hydrogen bond of the Schiff base of NR after isomerization.

The negative band located at 2004 cm-1 in NR hydrated
with D2O (Figure 8a) was observed at 2617 cm-1 in the NRK

minus NR spectrum in H2O (data not shown). This band is
not detected in BR as shown in Figure 8b, but a smaller and
broader band exists at 2003 cm-1 on the negative side of
theppRK minusppR spectrum (29). This band may originate
from the N-D stretching vibration with an extremely strong
hydrogen bond. The corresponding band in NRK is not seen
on the positive side of the spectrum, or surprisingly, its
frequency may have changed to 2421 or 2494 cm-1, which
correspond to N-D stretching vibrations with weak hydrogen
bonds.

DISCUSSION

In this paper, we investigated NR expressed inP. pastoris
by Raman and low-temperature FTIR spectroscopy. NR is
the first archaeal rhodopsin-like protein discovered in eu-
caryotes (16). Sequence alignment analysis suggests that NR
has a structure similar to those of archaeal rhodopsins. In
fact, only 6 of 25 amino acids constituting the retinal binding
pocket are different from those of BR (Figure 1), while 10
amino acids are different inppR. Because of the particular
sequence similarity with BR, NR was expected to work as
a proton pump. However, the previous study showed that
NR lacks proton-pumping activity (19). In addition, earlier
flash-photolysis and time-resolved FTIR studies found that
its photocycle is much slower than that of BR, and the decay
times of the M and O intermediates were similar to those in
ppR (18, 19). These functional and photochemical differences
between NR and BR must be correlated with their protein
structures and light-induced structural changes. We thereby
investigated them by means of vibrational spectroscopy.

Light Adaptation of NR.In the present study, we found
that the dark-adapted NR sample possesses a significant
amount of 13-cis-retinal in DMPC/DMPA liposomes. This
is in clear contrast to NR inP. pastorismembranes, where
the reconstitution with all-trans-retinal led to formation of
only a small fraction of 13-cis-retinal as shown by subsequent
extraction of retinal (18). In the previous paper (19), both
dehydration and treatment with detergents increased the
amount of the 13-cis-retinal as in the case of BR. These facts
suggest the important role of the surrounding lipids and water
in a thermal equilibrium between 13-cis and all-trans forms.
Further experiments will be needed to elucidate the biological
significance of the light adaptation of NR.

Presence of the 13-cis form often makes it difficult to do
a thorough spectroscopic analysis of archaeal rhodopsins.
Because no light-adaptation procedure has been reported for
NR so far, we established it for the NR samples in the
DMPC/DMPA liposomes. The illumination regime is similar
to that for BR, although the illumination times are completely
different. In the case of BR, illumination for 2 min is
sufficient to entirely convert the 13-cis form to all-trans under
the present experimental conditions, where temperature is
kept at 273 K to prevent thermal reversion from the all-
trans to 13-cis form. In contrast, much longer illumination
is required for NR under the same experimental conditions,
consequently, we illuminated the NR sample for 1 h atroom
temperature. The thermal reversion was also very slow, so
that we were able to rehydrate the all-trans NR sample for
the FTIR measurements after light adaptation. It is likely
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that these unique properties of NR are correlated with the
structure of the retinal-binding pocket, including the internal
water molecules.

Chromophore Structure and Its Interaction with Protein
in NR and BR.The spectral comparison of the C-C
stretching vibrations of the retinal chromophore (Figures 2
and 4) revealed that the conformation of the polyene chain
in NR is similar to that in BR. Because BR has a planar
polyene chain (54, 55), this is likely to be the case for NR
as well. In general, these spectral features are also shared
by ppR. However, the lower frequencies of the C12-C13
and C10-C11 stretching vibrations in NR suggest that its
chromophore structure in the middle of the polyene chain is
somewhat different from that of BR andppR. The difference
between CdNH and CdND stretching vibrations and the
frequency of N-D stretching vibration of the retinal Schiff
base are regarded as markers of its hydrogen-bonding
strength. The values of the former in NR and BR are 14 and
13 cm-1 in the presented FTIR spectra and 18 and 17 cm-1

in the Raman spectra presented here and measured earlier,
respectively. The N-D stretching frequencies of the Schiff
base are 2173 cm-1 in NR and 2171 cm-1 in BR. These are
similar to each other and suggest that the hydrogen-bonding
strength of the Schiff base is almost the same as that in NR
and BR. This is in clear contrast toppR, which has a very
strong hydrogen-bonded Schiff base. This difference may
be caused by the four additional amino acid replacements
in its retinal-binding site (Leu139 to Ile, Asp161 to Asn,
Met164 to Val, and Ala262 to Thr inppR, using the NR
numbering). For these reasons, we assume that the retinal
structure of NR is very similar to that of BR as predicted
from the sequence similarity in the retinal-binding site.

Although the structure of retinal in NR is similar to that
in BR, the structural changes upon photoisomerization are
quite different. The most obvious differences were observed
in the HOOP region. The larger number of HOOP bands in
NRK implies that the structural changes of retinal extend from
the Schiff base region to the polyene chain, similarly to the
case ofppR. The observation of the light-induced changes
in S-H stretching vibrations may also support the notion of
the extended structural changes of the retinal, because
cysteine residues are not found in the Schiff base region of
NR as judged from the X-ray crystal structure of BR (54,
55). One of the most significant differences between NR and
BR can be seen in the amide-I vibrations. In the case of BR,
the presence of the bands at 1668(-)/1664(+) cm-1 dem-
onstrates the local perturbation of the peptide backbone in
an RII helix (48), which is probably located in a transmem-
brane region (Figure 6b). In contrast, no spectral changes
in the amide-I vibrations associated with helical regions
(1670-1650 cm-1) were detected for NR (Figure 6a). This
fact may suggest that the chromophore-protein coupling is
weaker in NR than in BR.

Pentagonal Cluster Structure Containing Water Molecules
in NR.Figure 9 shows the pentagonal cluster structure around
the Schiff base region of BR. Many vibrational modes
originating from this region appeared in the BRK minus BR
spectra. In particular, we found the O-D stretching vibrations
in the extraordinary low-frequency region (49) and assigned
one of them to the O-D group of water 402, which hydrates
Asp85 (52). Interestingly, only two negative peaks at 2688
and 2645 cm-1 coresponding to the O-D stretching vibra-

tions of water were observed in NR (Figure 8). It should be
particularly emphasized that there are no water bands in the
<2400 cm-1 region, which is in prominent contrast to the
reported archaeal rhodopsins such as BR andppR. As
discussed in the Results, there are three possibilities for the
lack of water bands under strong hydrogen-bonding condi-
tions in NR: (i) NR lacks water molecules in the Schiff base
region; (ii) O-D stretches of the water molecules in the
Schiff base region are located at>2400 cm-1; and (iii) O-D
stretches of the water molecules in the Schiff base region at
<2400 cm-1 exhibit no frequency changes upon retinal
isomerization.

Although we cannot exclude any of the three possibilities
at this time, the first possibility is the least plausible. Because
of the high similarity of the amino acid sequences of NR
and BR, it is reasonable to expect that NR possesses a water-
containing pentagonal cluster in the Schiff base region similar
to that of BR (Figure 9). A similar hydrogen-bonding strength
of the protonated Schiff base in NR and BR strongly supports
this hypothesis, as the hydrogen-bond acceptor of the
Schiff base in BR is a water molecule. If the 2537 cm-1

band originates from the O-D stretch of Thr135 in NR, its
hydrogen bond is also similar to that of Thr89 in BR, though
it is slightly weaker. If NR possesses the water-containing
pentagonal-cluster structure like those of BR andppR, the
observed lack of strong hydrogen-bonded waters could be
explained by either weak interaction of the water [case (ii)]
or the absence of light-induced hydrogen-bond alterations
[case (iii)]. In the former case, a weak hydrogen bond of
the bridging water with the negatively charged Asp131
may require another specific interaction to the water.
Otherwise, interaction of the water with Asp131, as is the
case of Asp85 in BR (52), should be strong, so that its O-D
stretch is located at the low-frequency side (<2400 cm-1).
Because the retinal isomerization is likely to perturb the
hydrogen-bonded network, hydrogen bonds of the water
molecule(s) should be altered, as expected from the earlier
observations for BR (24, 49, 52) andppR (29). Thus, further
experimental efforts are required to elucidate the structure
of the hydrogen-bonded network in the Schiff base region
of NR. At least, we can conclude that hydrogen bonds of
internal water molecules are clearly different in NR versus
BR andppR.

The different hydrogen-bonding pattern of water molecules
may be responsible for the fact that NR does not pump
protons. The amino acids constituting the proton conducting
pathway in BR are almost completely conserved in NR, and
the retinal configuration is very BR-like in NR as evidenced
by the Raman spectra (19). Nevertheless, why does NR not
pump protons? The hypothesis is that NR may not transport
protons despite all of the structural similarities with BR
because its reprotonation switch is not functional. The latest
views on the reprotonation switch mechanism of BR sup-
ported by X-ray diffraction data and FTIR spectroscopy stress
the importance of strain in the retinal bonds and the
interaction of its Schiff base with internal water molecules
(24, 25). The unique character of the hydrogen bonds of
internal water molecules may provide a hint on the lack of
the reprotonation switch in NR. Structural analysis of the
late photointermediates will lead to a better understanding
of this putative mechanism, which is our future focus.
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