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ABSTRACT: Anabaena sensory rhodopsin (ASR) is an archaeal-type rhodopsin found in eubacteria. The
gene encoding ASR forms a single operon with ASRT (ASR transducer) that is a 14 kDa soluble protein,
suggesting that ASR functions as a photochromic sensor by activating the soluble transducer. One of the
characteristics of ASR is that the formation of the M intermediate accompanies a proton transfer from the
Schiff base to Asp217 in the cytoplasmic side [Shi, L., Yoon, S. R., Bezerra, A. G., Jr., Jung, K. H., and
Brown, L. S. (2006) J. Mol. Biol. 358, 686-700], in remarkable contrast to other archaeal-type rhodopsins
such as a light-driven proton-pump, bacteriorhodopsin (BR). In this study, we applied low-tempera-
ture Fourier transform infrared (FTIR) spectroscopy to the all-trans form of ASR at 170 K, and compared
the structural changes in the L intermediate with those of BR. The ASRL minus ASR difference spectra
were essentially similar to those for BR, suggesting common structures for the L state in ASR and BR.
On the other hand, unique CdO stretching bands of a protonated carboxylic acid were observed at 1722
(+) and 1703 (-) cm-1 at pH 5 and 7, and assigned to Glu36 by use of mutants. Glu36 is located at the
cytoplasmic side, and the distance from the Schiff base is about 20 Å. This result shows the structural
changes at the cytoplasmic surface in ASRL. pH-dependent frequency change was also observed for a
water stretching vibration, suggesting that the water molecule is involved in a hydrogen-bonding network
with Glu36 and Asp217. Unique hydrogen-bonding network in the cytoplasmic domain of ASR will be
discussed.

Four archaeal-type rhodopsins [bacteriorhodopsin (BR1),
halorhodopsin (HR), sensory rhodopsin I (SRI), and sensory
rhodopsin II (SRII) (also called phoborhodopsin)] were
discovered in the cytoplasmic membrane of Halobacterium
salinarum (1-4). The former two rhodopsins (BR and HR)
function as light-driven proton and chloride pumps, respec-
tively, while the latter two rhodopsins (SRI and SRII) act as
photosensors responsible for attractant or repellent phototaxis,
respectively. They have been extensively studied as model
systems converting light energy into electrochemical potential
or relaying environmental signal into cytoplasm. On the other
hand, genome sequencing projects and environmental ge-
nomics have recently revealed that archaeal-like rhodopsins

also exist in Eukarya and Eubacteria. In eukaryotes, archaeal-
type rhodopsins were found in fungi (5), green algae (6, 7),
dinoflagellates (8), and cryptomonads (9). Eubacterial rhodop-
sins were found in both γ- and R-proteobacteria (10-12) as
well as in Anabaena (Nostoc) sp. PCC7120, a freshwater
cyanobacterium (13), where it was named Anabaena sensory
rhodopsin (ASR).

The gene encoding ASR, which is a membrane protein of
261 residues (26 kDa), and a small gene ASRT encoding a
soluble protein of 125 residues (14 kDa) are under the same
promoter in a single operon (13). The opsin gene was
expressed heterologously in Escherichia coli and in the
presence of all-trans retinal formed a pink pigment (λmax 549
nm in the dark-adapted form). The previous study reported
thatcoexpressionwithASRTacceleratedthephotocycle(13,14),
suggesting physical interaction with ASR. Isothermal calo-
rimetry measurements also showed ASR interacting with a
tetramer of ASRT (15).

Archaeal-type rhodopsins generally possess all-trans or
13-cis retinal as the chromophore in the dark, and ASR was
suggested to function as a photochromic sensor existing in
both isomeric forms (14, 16). However, functionally impor-
tant states known so far were only derived from the all-trans
form for archaeal-type rhodopsins, and all the photocycles
of the all-trans forms have a common mechanism. For
instance, in the light-driven proton pump of BR, the stable
photoproduct at the end of the functional cycle of the all-
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trans form is 100% all-trans, i.e., it is truly cyclic. Surpris-
ingly, our recent low-temperature UV-visible spectroscopy
of ASR revealed that the stable photoproduct of the all-trans
form is 100% 13-cis, and that of the 13-cis form is 100%
all-trans (17). The complete photocycling for the proton
pump in BR and the complete photochromism for the
chromatic sensor of ASR are highly advantageous for their
functions, and the unique photoreactions must have been
acquired for each rhodopsin during evolution. One interesting
aspect is that the protein structures are similar between ASR
and BR (16), suggesting that distinct functions are determined
by small differences.

To understand the details of light-induced structural
changes of ASR, we applied low temperature FTIR spec-
troscopy to all-trans ASR, and compared the difference
spectra at 77 K with those of BR (18). The K intermediate
minus all-trans form ASR difference spectra showed that
the retinal isomerizes from all-trans to distorted 13-cis form
similar to BR. On the other hand, a remarkable difference
between all-trans forms of ASR and BR was revealed in
water bands. Although ASR possesses a water molecule
between the Schiff base and its counterion Asp75 similar to
BR (16), the O-D stretching bands of water molecules were
observed only in the >2500 cm-1 region for the all-trans
form of ASR (18). We interpreted that fact as a weak
hydrogen bonding of the bridged water in ASR originating
from its unique geometry. Since ASR does not pump protons
and the direction of the proton movement is toward the
cytoplasmic side as inferred from the sign of the photoelectric
signal (13, 19), the results support the working hypothesis
that the existence of strongly hydrogen-bonded water mol-
ecules is essential for proton pumping activity in archaeal-
type rhodopsins (20).

The M intermediate with the deprotonated Schiff base is
an important state in proton transport and signal transduction.
It has been known that the Schiff base proton is transferred
to the counterion (Asp85 in BR) if it is deprotonated. In this
case, the proton transfer is toward extracellular side. On the
other hand, the previous time-resolved FTIR study of ASR
by Shi et al. reported the proton transfer to Asp217 in the
cytoplasmic side (21), though Asp75 works as the counterion
of the Schiff base in ASR. No proton transfer to Asp75 was
also reported by Bergo et al. (22). This may be reasonable,
because another aspartate (Asp212 in BR) is replaced by
proline in ASR, and Asp212 plays an important role in the
proton transfer in BR (23, 24). On the other hand, Sinesh-
chekov et al. reported that the direction of proton transfer
was dependent on the sample conditions, where the direction
is toward cytoplasmic and extracellular side for C-terminal
truncated and full-length ASR, respectively (25). According
to these results, native full-length ASR in E. coli cells
exhibits proton transfer direction the same as in BR. Thus,
the molecular mechanism of ASR activation remains yet
unclear.

In the present paper, we applied low-temperature FTIR
spectroscopy at 170 K to the dark-adapted ASR that has
predominantly all-trans retinal (97%) (26). The obtained
ASRL minus ASR spectra were similar between the full-
length and C-terminally truncated ASR, implying similar
protein structural changes for the L state. The ASRL minus
ASR spectra were essentially similar to those of BR, but a
unique spectral feature was observed in the carboxylic CdO

stretching region. The bands at 1722 (+) and 1703 (-) cm-1

were observed at pH 5, which was reduced at pH 7 and
disappeared at pH 9. The mutation study successfully
assigned the bands to the CdO stretch of Glu36. Interest-
ingly, Glu36 is located at the cytoplasmic side, and the
distance from the retinal Schiff base is about 20 Å (Figure
1). We also observed pH-dependent frequency change of a
water stretching vibration, which is located near Glu36.
Unique hydrogen-bonding network in the cytoplasmic do-
main of ASR will be discussed.

MATERIALS AND METHODS

Sample Preparation. In the present study, we prepared
C-terminally truncated and full-length ASR according to the
method described previously (13, 17, 27). The E36Q and
D217N mutants were designed based on the full-length ASR,
which were produced by a two-step megaprimer PCR method
(28), with two oligonucleotides (COSMO, Seoul, Korea):
E36Q F-50-CAG TAC CAA TAC CTT GTG GCG ATG-
30 and D217N R-50-GTA AAT TCA GAA AAA CTA AAT
C-30. The final PCR products were cloned into plasmid
pKJ606 (29), derived from pMS107, by replacing the original
insert with XbaI/NotI digestion. After ligation the plasmids
were transformed in E. coli strain DH5R. All of the mutations
were confirmed by DNA sequencing (COSMO, Seoul,
Korea). E. coli strain BL21 (Stratagene) was transformed

FIGURE 1: X-ray crystallographic structure of the cytoplasmic region
of ASR (PDB entry 1XIO (16)). Top and bottom regions correspond
to the cytoplasmic surface and retinal binding pocket, respectively.
Green spheres represent water molecules in the cytoplasmic region.
Hydrogen-bonds (yellow dashed lines) are inferred from the
structure.
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by introducing pMS107-derivative plasmid (13), which
encodes the wild-type, E36Q and D217N opsin, and was
grown in 2x YT medium in the presence of ampicillin (50
µg/ml) at 38 °C. Three hours after IPTG induction with
addition of 10 µM all-trans retinal, pink-colored cells were
harvested, sonicated, solubilized by 1% DM, and purified
by a Ni2+-NTA column. The purified ASR was then
reconstituted into PC liposomes by removing the detergent
with Bio-Beads, where the molar ratio of the added PC to
ASR was 30:1. The liposomes were washed three times with
a buffer [2 mM sodium phosphate (pH 7.0)]. A 40 µL aliquot
was deposited on a BaF2 window of 18 mm diameter and
dried in a glass vessel that was evacuated by an aspirator.

FTIR Spectroscopy. FTIR spectroscopy was performed as
described previously (30). The ASR film sample was
hydrated with 1 µL of H2O, D2O, or D2

18O before the
measurements. Then, the sample was placed in a cryostat
(DN-1704, Oxford) mounted in the FTIR spectrometer (FTS-
40, Bio-Rad). The cryostat was equipped with a temperature
controller (ITC-4, Oxford), and the temperature was regulated
with 0.1 K precision. All experimental procedures until
setting the samples were performed in the dark or under dim
red light (>670 nm).

Illumination with >580 nm light at 170 K for 16 min
converted ASR to ASRL. Each difference spectrum was
calculated from two spectra constructed from 128 interfero-
grams taken before and after the illumination. Three differ-
ence spectra obtained in this way were averaged to produce
the ASRL minus ASR spectrum. The BRL minus BR spectra
were taken from Kandori et al. (30).

RESULTS

Comparison of the Difference Infrared Spectra of the L
Intermediate of Full-length ASR and Truncated ASR in the
1800-800 cm-1 Region. The previous photoelectric mea-
surements showed that the direction of charge movement of
full-length ASR was different from that of C-terminally
truncated ASR (truncated ASR) for the L and M intermedi-
ates, whereas both charge movements were similar for the
K intermediate (25). This suggests that full-length and
truncated ASR have different structural changes in the L and
M intermediates. Therefore, we prepared both full-length
and truncated ASR, and measured the difference FTIR
spectra for the L intermediate. Figure 2 compares the full-
length ASRL minus ASR (solid line) and the truncated ASRL

minus ASR (dotted line) spectra at 170 K upon hydration
with H2O. As is clearly seen, the spectrum of the full-length
ASR is very similar to that of the C-terminally truncated
ASR. Thus, the present FTIR spectra for the L intermediate
showed no effects of the C-terminal truncation. All data
below are shown for the full-length ASR including the
mutant proteins. It should be noted that we confirmed
similarity of the spectra at 170 K between full-length and
truncated ASR at acidic and alkaline pH as well, though they
could be different at room temperature.

Comparison of the Difference Infrared Spectra of the L
Intermediate of ASR and BR in the 1800-800 cm-1 Region.
Figure 3 compares the ASRL minus ASR (a) and the BRL

minus BR spectra (b) at 170 K. The samples were hydrated
with H2O (solid lines) and D2O (dotted lines). In Figure 3a,
the negative band at 1537 cm-1 corresponds to the ethylenic

vibration of all-trans retinal in ASR, which exhibits the
absorption maximum at 549 nm (26). The ASRK minus ASR
spectrum also showed the negative band at identical fre-
quency (18). In the case of BR, the ethylenic vibration of
the L intermediate is observed at higher frequency (1550
cm-1) than that of the original state (1528 cm-1), which
corresponds to the blue-shifted absorption maximum of BRL

(31). Similarly, illumination of ASR results in the spectral
upshift to 1558 cm-1. Blue-shifted visible absorption of ASRL

is consistent with our low-temperature UV–visible analysis
(17).

C-C stretching vibrations of retinal in the 1300-1150
cm-1 region are sensitive to the local structure of the
chromophore. Negative bands at 1255, 1216, 1202, and
1169 cm-1 in Figure 3b were assigned to the C12-C13,
C8-C9, C14-C15, and C10-C11 stretching vibrations
of BR, respectively (32). These bands are typical to all-
trans retinal protonated Schiff base but located at higher
frequencies corresponding to charge delocalization in the
retinal molecule in BR. BRL has a 13-cis retinal, resulting

FIGURE 2: The full-length (solid line) and truncated (dotted line)
ASRL minus ASR spectra (pH 7) in the 1800-900 cm-1 region.
The spectra are measured at 170 K upon hydration with H2O. One
division of the y-axis corresponds to 0.004 absorbance unit.

FIGURE 3: The ASRL minus ASR (a) and the BRL minus BR (b)
spectra in the 1800-900 cm-1 region, which are measured at pH
7 and 170 K upon hydration with H2O (solid line) and D2O (dotted
line), respectively. One division of the y-axis corresponds to 0.012
absorbance unit.
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in the appearance of a strong positive band at 1192 cm-1,
which is assigned to C10-C11 and C14-C15 stretching
vibrations (33). Essentially similar observation was ob-
tained for ASR. From the similarity in frequency, negative
bands at 1248, 1215, 1196, and 1174 (and/or 1167) cm-1

can be assigned to C12-C13, C8-C9, C14-C15, and
C10-C11 stretching vibrations of ASR (Figure 3a).

The difference spectra in the 1110-890 cm-1 region are
expanded in Figure 4, where hydrogen out-of-plane (HOOP),
N-D in-plane bending and methyl rocking vibrations appear.
The presence of strong HOOP modes represents the distortion
of the retinal molecule (34). The ASRL minus ASR spectra
exhibit two positive peaks at 968 and 955 cm-1, which
possibly correspond to the bands at 968 and 951 cm-1 of
BRL, respectively (Figure 4). The bands at 986 (+) and 976
(-) cm-1 were assigned to the N-D in-plane bending
vibrations of BRL and BR, respectively (35). On the other
hand, the ASRL minus ASR spectrum does not show clear
H-D exchange-dependent bands in this region. The 1009
cm-1 band in Figure 4b is insensitive to the H-D exchange
and was assigned to the methyl rocking vibration of the
retinal in BR. The band at 1005 cm-1 in Figure 4a is also
assignable to the methyl rocking vibration in ASR. Thus,
similar L spectra were observed for ASR and BR.

Amide-I vibrations appear in the 1700-1550 cm-1 region
together with the CdN stretching vibration of the protonated
retinal Schiff base (Figure 3). In general, the former is little
sensitive to the H-D exchange, whereas the latter exhibits
a downshift in D2O. The bands at 1641 (-) and 1625 (+)
cm-1 were assigned to the CdN stretching vibrations of BR
and BRL, respectively (33). In the case of ASR, a prominent
negative peak at 1644 cm-1 is assignable to the CdN stretch
of ASR, because the D2O-sensitive 1644 cm-1 band in the
ASRK minus ASR spectra was identified by use of 15N-lysine
labeled ASR (26). On the other hand, the CdN stretch of
ASRL is not obvious. The positive peak at 1625 cm-1 is a
candidate, whereas the downshifted band was not clearly

observed in D2O (dotted line in Figure 3a). The H-D
independent band at 1663 cm-1 presumably originates from
amide-I vibration. The frequency suggests structural changes
of a distorted R-helix. Since the negative band at 1663 cm-1

is absent for the ASRK minus ASR spectra (18), the structural
changes of R-helix newly appear in ASRL.

Comparison of the Difference Infrared Spectra of the L
Intermediate in Protonated Carboxylic Acid (1800-1700
cm-1) Region. The infrared difference spectra in this
frequency region mainly monitor the structural changes of
protonated carboxylic acids. In the BRL minus BR difference
spectra, the bands at 1748 (+) and 1729 (+) cm-1 were
assigned to the CdO stretching vibrations of the protonated
Asp96 and Asp115, respectively, while large negative band
at 1740 cm-1 contains the corresponding bands of Asp96
and Asp115 in the unphotolyzed state (Figure 3b) (36). The
corresponding amino acids in ASR are Ser86 and Asn105,
so that we did not expect any peaks in this frequency region.
Nevertheless, Figure 3a shows a broad positive peak at 1722
cm-1 as well as a negative feature at 1703 cm-1, suggesting
structural perturbation of carboxylic acids upon formation
of ASRL. It should be noted that the bands do not originate
from the contribution of ASRM, because UV–visible spec-
troscopy confirmed no formation of ASRM at 170 K (17).
The absence of a clear negative band at around 1400 cm-1,
characteristic of COO- stretching frequency of negatively
charged carboxylates, suggests that appearance of the car-
boxylic CdO stretch at 1722 cm-1 in ASRL is not due to
the newly protonated species, but rather due to the frequency
shift from 1703 cm-1 in ASR (Figure 3a).

To further examine the spectral feature in this region, we
measured ASRL minus ASR spectra at acidic (pH 5) and
alkaline (pH 9) pH in addition to pH 7 (Figure 3a). We also
measured the ASRL minus ASR spectra of D217N and E36Q
mutant proteins to identify the responsible carboxylic acid.
Figure 5 clearly shows that ASRL is formed at different pH
values (5, 7, and 9 in a, b, and c, respectively), as well as
for the D217N (d) and E36Q (e) mutants. Figure 6 highlights
the carboxylic CdO stretching region, where all spectra were
normalized by use of the negative 1196 cm-1 band (Figure
5). Although the positive peak at 1722 cm-1 was broad at
pH 7 (Figure 6b), it was enhanced at pH 5 (Figure 6a). In
contrast, the 1722 cm-1 band completely disappeared at pH
9 (Figure 6c). Spectral downshift to 1717 cm-1 in D2O
(Figure 6a) is typical for carboxylic CdO stretching vibra-
tions. Thus, we identify the positive band at 1722 cm-1 in
the ASRL minus ASR spectra as a carboxylic CdO stretch,
whose pKa was estimated between 6 and 7.

The negative band at 1703 cm-1 exhibits similar pH
dependence to that of the 1722 cm-1 band, being enhanced
at pH 5, but disappearing at pH 9 (Figure 6a-c). In addition,
the 1703 cm-1 band is downshifted in D2O (Figure 6a),
though the shifted negative band was not clearly observable
because of the strong peaks at 1695 (+)/1687 (-) cm-1

(Figure 3a). Similar pH dependence strongly suggests that
the bands at 1722 (+)/1703 (-) cm-1 originate from the same
carboxylic group. The absence of pH dependent bands at
around 1400 cm-1 (Figure 5) also supports this interpretation.

Finally, the remaining question is the location of the
carboxylic group responsible for this spectral feature. The
previous time-resolved FTIR study observed a positive
carboxylic CdO stretch at 1716 cm-1 in the ASRM minus

FIGURE 4: The ASRL minus ASR (a) and the BRL minus BR (b)
spectra in the 1030-900 cm-1 region, which correspond to
hydrogen out-of-plane (HOOP) vibrations of the retinal chro-
mophore. The sample was hydrated with H2O (solid lines) or D2O
(dotted lines). One division of the y-axis corresponds to 0.0016
absorbance unit.
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ASR spectra, and assigned the band to Asp217 located at
the cytoplasmic region, because the band disappeared for
D217N, but not for E36Q (21). Interestingly, the 1716 cm-1

band in ASRM was also pH-dependent, whose pKa was
between 6 and 7, but the pH dependence was opposite to
the present case. Namely, the positive band at 1716 cm-1

was observed at alkaline pH, but not at acidic pH, and the
authors interpreted that Asp217 is protonated at acidic pH
in the unphotolyzed state (21). They did not observe
frequency change of Asp217 at acidic pH, suggesting no
structural changes of Asp217 at acidic conditions. Thus, there
has been no information about the CdO stretching frequency
of Asp217 at acidic pH, and Asp217 is a possible candidate
for the bands at 1722 (+)/1703 (-) cm-1 in the ASRL minus
ASR spectra. Here we also measured the spectra of the E36Q
mutant, as Glu36 is located near Asp217 (Figure 1).

Figures 6d and 6e show the carboxylic CdO stretching
region in the ASRL minus ASR spectra of D217N and E36Q,
respectively. Similar difference spectra in other frequency
regions ensure the normal formation of ASRL for these
mutants (Figure 5). The bands at 1722 (+)/1703 (-) cm-1

were reproduced in Figure 6d, indicating that they do not
originate from Asp217. On the other hand, the bands at 1722
(+)/1703 (-) cm-1 completely disappeared for E36Q (Figure
6e). Thus, we assigned the bands to Glu36. It is generally
accepted that the CdO stretching vibrations appear at lower
frequency for Glu than for Asp, but the frequency of Glu36

at 1703 cm-1 in ASR is particularly unusual. The frequency
is very low, indicating that Glu36 forms a strong hydrogen
bond in the unphotolyzed state, which is weakened by
structural changes upon formation of ASRL as shown by the
upshift to 1722 cm-1.

Comparison of the Difference Infrared Spectra of the L
Intermediate inWaterO-DStretchingFrequency(2750-2500
cm-1) Region. The ASRL minus ASR spectra clearly show
hydrogen-bonding alteration of Glu36. Since there is a water
cluster in the cytoplasmic region near Glu36 (Figure 1),
detecting water signals in the ASRL minus ASR spectrum is
important. It was not easy, because ASRL decays to the 13-
cis form, not to the original all-trans form, and the sample
was dark-adapted again before the next measurement.
Nevertheless, we successfully measured the spectra in the
frequency region of water O-D stretching vibrations in D2O.
Figures 7a, 7b, and 7c show the ASRL minus ASR spectra
of the wild type at pH 5, 7, and 9, respectively. The spectra
show a negative peak at 2693 cm-1 and a positive peak at
2582 cm-1 at all pH. Since the peaks are downshifted upon
hydration with D2

18O, they originate from O-D stretching
vibrations of water. The negative peaks at 2642 and 2628
cm-1 in Figure 7b similarly show the isotope shift of water,
indicating that they originate from water O-D stretches.
Interestingly, a single peak only exists at 2642 and 2628 cm-1

FIGURE 5: The ASRL minus ASR infrared spectra of the wild
type at pH 5 (a), pH 7 (b), and pH 9 (c), D217N at pH 5 (d) and
E36Q at pH 5 (e) in the 1800-900 cm-1 region. The spectra
are measured at 170 K upon hydration with H2O. One division
of the y-axis corresponds to 0.009 absorbance unit.

FIGURE 6: The ASRL minus ASR infrared spectra of the wild type
at pH 5 (a), pH 7 (b), and pH 9 (c), D217N at pH 5 (d) and E36Q
at pH 5 (e) in the 1740-1700 cm-1 region. The sample was
hydrated with H2O (solid lines) or D2O (dotted lines). One division
of the y-axis corresponds to 0.0008 absorbance unit.
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for the spectra at pH 5 (Figure 7a) and pH 9 (Figure 7c),
respectively. This observation implies that the frequency of
the water O-D stretch is pH-dependent, being downshifted
at higher pH. The pKa is located at about 7, which is
coincident with that of Glu36 (Figure 6).

Similar pKa of the water O-D stretch at 2650-2620 cm-1

to that of Glu36 suggests that the water molecule is located
near Glu36. This is indeed the case, because the pH-
dependence of the water O-D stretch is abolished in E36Q.
Figure 7d shows identical spectra between the wild type
(dotted line) and E36Q (solid line) at pH 5. However, the
frequency shift of the negative band from 2642 cm-1 to 2628
cm-1 in the wild type at pH 9 was absent in E36Q (solid
line in Figure 7e). This observation suggests that deproto-
nation of Glu36 at pH > 7 is correlated with the frequency
shift of the water O-D stretch from 2642 cm-1 to 2628 cm-1.
The straightforward interpretation is that the water directly
interacts with Glu36. It should be noted that the water O-D
stretch at 2650-2620 cm-1 represents a weak hydrogen
bond, and we presumably monitor the free O-D stretch of
a water molecule interacting with Glu36.

DISCUSSION

In this study, we report the ASRL minus ASR spectra
measured by low-temperature FTIR spectroscopy. Although
photoinduced current measurements of ASRL and ASRM

reported the different direction of charge signal between
C-terminally truncated and full-length ASR (25), the present
FTIR study showed almost identical ASRL and ASR spectra
for them (Figure 2). While the spectral features were
essentially similar to those for BR, a unique feature was
obtained for the carboxylic CdO stretching frequency region
for ASR. The pH-dependent bands were observed at 1722
(+)/1703 (-) cm-1 in the ASRL minus ASR spectra, which
were assigned to Glu36. pH-dependent water O-D stretching
vibrations in D2O were also observed at 2642 and 2628 cm-1

for the unphotolyzed state of ASR at pH 5 and pH 9,
respectively. These pKa were estimated to be between 6 and
7. According to the X-ray structure of ASR, Glu36 is located
near the cytoplasmic surface (Figure 1), and the distances
from the Schiff base nitrogen of the retinal chromophore to
the side-chain oxygens of Glu36 are 19.3 and 20.2 Å (16).
The present study clearly shows that formation of ASRL

accompanies hydrogen-bonding alteration of Glu36. Since
ASRL is formed at 170 K, this fact demonstrates structural
alteration propagating over 20 Å at such low temperatures.

Spectral feature of the water signal in the ASRL minus
ASR spectrum resembles that in the BRL minus BR spectrum
at 2700-2500 cm-1 (37). In particular, an intense positive
broadband at 2630-2550 cm-1 (O-H stretch at 3550-3450
cm-1) has been regarded as a characteristic for the L state
of BR (37). However, our recent time-resolved FTIR
spectroscopy clearly showed the absence of the band for BRL

at room temperature, and we concluded that such water signal
is a low-temperature artifact, or a feature peculiar at low
temperature (170 K) where L is stable (38). This may be
also true for ASR. However, it should be noted that the
cryotrapped L state is considerably relaxed to the original
state in BR (39, 40), but decays to the subsequent intermedi-
ates in ASR by warming (17). This suggests different protein
dynamics between ASR and BR, but room-temperature FTIR
study of ASR is required for further understanding.

Hydrogen-Bonding Structures in the Cytoplasmic Domain
of ASR and ASRL. The present study showed that the pKa of
Glu36 is between 6 and 7 in ASR, and its hydrogen bonding
is significantly altered upon formation of ASRL. Previous
FTIR study reported the pKa of Asp217 being also between
6 and 7 in ASR (21). According to these observations, Glu36
and Asp217 are both protonated at low pH, while being both
deprotonated at high pH. However, the latter may be unlikely,
because Glu36 and Asp217 are located close to each other
(Figure 1). Below we discuss a possible model for activation
of ASR based on these observations and X-ray structure (16).

At low pH, Glu36 and Asp217 are both protonated in the
unphotolyzed state. The hydrogen bond of Glu36 is remark-
ably strong (CdO stretch at 1703 cm-1), whose hydrogen-
bonding donor may be Gln93 or a water molecule (Figure
1). Upon ASRL formation, the hydrogen bond of Glu36 is
weakened (CdO stretch at 1722 cm-1). The absence of the
bands for Asp217 in the ASRL minus ASR spectra (Figure
5) implies that no hydrogen-bonding alteration of this residue
occurs. The hydrogen bond of a water molecule nearby

FIGURE 7: The ASRL minus ASR infrared spectra of the wild type
at pH 5 (a), pH 7 (b), and pH 9 (c), E36Q at pH 5 (d) and pH 9 (e)
in the 2750-2500 cm-1 region. The dotted lines represent the
spectra of the wild type at pH 5 (d) and pH 9 (e). The spectra are
measured at 170 K upon hydration with D2O (red lines) or D2

18O
(blue line). One division of the y-axis corresponds to 0.0009
absorbance unit.
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Glu36 is strengthened upon formation of ASRL as shown
by the spectral shift from 2642 cm-1 to 2582 cm-1 (Figure
7a).

At high pH, Asp217 is probably deprotonated according
to the previous results (21). ASRL formation does not change
the hydrogen bond of Asp217, because there is no pH-
dependent signal at around 1400 cm-1 (Figure 5). Then,
protonated state of Glu36 may be more likely, because
negatively charged Asp217 and Glu36 are energetically
unfavorable. However, the two negative charges at carboxy-
lates could be stabilized by a positively charged water cluster
(H3O+ or H7O3

+). The water structure in Figure 1 may
resemble the proton release group of BR, where water cluster
stabilizes Glu194 and Glu204. Experimental evidence of
protonated water cluster was first reported by the group of
Dr. Gerwert as a continuum band at 2200-1800 cm-1 in
the room-temperature BRM minus BR spectra (41, 42), and
we recently identified that the continuum band contains a
water signal (38). We did not observe such a continuum band
in the ASRL minus ASR spectra at 170 K (data not shown),
but this does not exclude the presence of a protonated water
cluster, because the continuum band of BR is observed only
at room temperature (38). Water-containing hydrogen-
bonding network in the cytoplasmic domain (Figure 1) must
play important roles in the activation of the transducer protein
by ASR.

Characteristic Features of Photoreaction in ASR. By use
of low-temperature UV-visible spectroscopy, we recently
revealed that the stable photoproduct of the all-trans form
is 100% 13-cis, and that of the 13-cis form is 100% all-
trans (17). This was entirely unique for archaeal-type
rhodopsins, because functionally important states known so
far were only derived from the all-trans form, and the
photocycle of the all-trans form without branching into
the 13-cis stable states has been the common mechanism.
The complete photocycling for the proton pump in BR
and the complete photochromism for the chromatic sensor
of ASR are highly advantageous for their functions. Although
the protein structures are similar between ASR and BR (16),
the present study suggests that the migration of protons to the
cytoplasmic side is correlated with the unique photoreactions
of ASR.

ASR has Asp75 as a counterion of the retinal chro-
mophore, which corresponds to Asp85 in BR. Nevertheless,
the Schiff base proton is transferred not to Asp75 (21, 22),
but to Asp217 in the cytoplasmic region. What is the
mechanism of proton transfer in the opposite direction? The
present FTIR spectroscopy of the L intermediate revealed
similar structural changes for the chromophores of ASR and
BR, suggesting the importance of the surrounding protein
moiety. It should be noted that Asp212 in BR is replaced by
proline (Pro206) in ASR. Previous studies reported the
important role of Asp212 during the M formation, and
we proposed a hydration switch mechanism as the primary
cause of proton transfer reaction in BR. In this mechanism,
the bridged water molecule between the Schiff base and
Asp85 forms a strong hydrogen bond transiently, which leads
to the proton transfer to Asp85 (37). Lack of aspartate at
position 206 would be significant for ASR. In this regard,
we found the absence of strongly hydrogen-bonded water
molecules in ASR (18). Since there is a positive correlation
between the strongly hydrogen-bonded water molecules and

the proton pumping activity, weakly hydrogen-bonded water
molecules in the Schiff base region may be the key element.
Interestingly, the replacement of Pro206 to Asp was not
sufficient for ASR to function as a BR-like proton pump
(27). Since the Schiff base proton is transferred to the
cytoplasmic side, ASR is a very good model system to study
the general mechanism of proton pumps in archaeal-type
rhodopsins.
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