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ABSTRACT: Halorhodopsin is a light-driven chloride ion pump. Chloride ion is bound in the Schiff base
region of the retinal chromophore, and unidirectional chloride transport is probably enforced by the specific
hydrogen-bonding interaction with the protonated Schiff base and internal water molecules. In this article,
we study hydrogen-bonding alterations of the Schiff base and water molecules in halorhodopsin of
Natronobacterium pharaonis(pHR) by assigning their N-D and O-D stretching vibrations in D2O,
respectively. Highly accurate low-temperature Fourier transform infrared spectroscopy revealed that
hydrogen bonds of the Schiff base and water molecules are weak in the unphotolyzed state, whereas they
are strengthened upon retinal photoisomerization. Halide dependence of the stretching vibrations enabled
us to conclude that the Schiff base forms a direct hydrogen bond with Cl- only in the K intermediate.
Hydrogen bond of the Schiff base is further strengthened in the L1 intermediate, whereas the halide
dependence revealed that the acceptor is not Cl-, but presumably a water molecule. Thus, it is concluded
that the hydrogen-bonding interaction between the Schiff base and Cl- is not a driving force of the motion
of Cl-. Rather, the removal of its hydrogen bonds with the Schiff base and water(s) makes the environment
around Cl- less polar in the L1 intermediate, which presumably drives the motion of Cl- from its binding
site to the cytoplasmic domain.

Photosynthesis in some archaea involves two rhodopsins,
which do not utilize electron transfer reactions in the process.
Bacteriorhodopsin (BR)1 and halorhodopsin (HR) inHalo-
bacterium salinarumfunction as light-driven proton and
chloride pumps, respectively (1-4). The chromophore of
these proteins is all-trans retinal that binds to a lysine residue
through a Schiff base linkage, and the all-trans to 13-cis
photoisomerization triggers the pumping process. Extensive
studies on BR have suggested the mechanism for unidirec-
tional translocation of protons (1, 2). In contrast, the
molecular mechanism of the chloride pump insalinarumHR
(sHR) and a homologous HR fromNatronobacterium phara-
onis (pHR) is less understood.

In 2000, Kolbe et al. determined the crystal structure of
sHR, which provided a structural picture of the chloride
pump (5). Figure 1a shows the Schiff base region ofsHR,
which contains a quadrupole with positive charges located
at the protonated Schiff base and at Arg108, and counter-

balancing negative charges located at the chloride ion and
Asp238 (5). The quadrupole inside the protein is stabilized
by three water molecules (water22, -24, and -50). Similar
structure is also preserved in BR, where the chloride ion is
replaced by aspartate (Asp85) that corresponds to Thr111
in sHR. In BR, a water molecule is likely to bridge the Schiff
base and Asp85, because the distances (N-Owater, 2.9 Å;
Owater-OAsp85, 2.6 Å) and geometry of these atoms (N-
Owater-OAsp85 angle, 105.5°) are ideal for strong hydrogen
bonds (6). In contrast, Figure 1b suggests a different role
for the “bridge” water (water22) insHR, because the
N-Owater and Owater-Cl- distances are 3.3 and 3.1 Å,
respectively, and the N-Owater-Cl- angle is 70.9°. The role
of these water molecules in the chloride ion pump is
intriguing.

It is believed that the interaction between the protonated
Schiff base and Cl- plays a crucial role in the vectorial
transport of chloride ion. Therefore, it is essential to
experimentally monitor the hydrogen-bonding strength of the
Schiff base during the photocycle of HR. For this purpose,
differences in frequency between CdNH and CdND stretch-
ing vibrations were measured, the strong hydrogen bonds
yielding larger differences (7, 8). On this basis, earlier
resonance Raman spectroscopy ofsHR revealed that the
hydrogen bond of the Schiff base is weaker insHR than in
BR (9), but becomes much stronger in the L intermediate
(10). From the halide-dependent CdN stretching frequencies
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in the L intermediate ofpHR, Gerscher et al. suggested that
the Schiff base directly interacts with Cl- in the L intermedi-
ate (11). In contrast, earlier FTIR study observed similarly
halide-dependent CdN stretches forsHR and the L inter-
mediate, and proposed that the Schiff base forms a direct
hydrogen bond with Cl- both in sHR and in the L
intermediate (12). Thus, a clear picture has never been
established for the hydrogen-bonding interaction of the Schiff
base and Cl-. One reason could be that the CdN stretch is
a skeletal vibration of the retinal chromophore, and even
when the CdNH and CdND frequency difference explains
the hydrogen-bonding strength of the Schiff base well, halide
dependence on the CdN stretch does not necessarily reflect
hydrogen-bonding interaction of the Schiff base with halides.
In fact, the reported difference in frequency among three
halides (Cl-, Br-, and I-) was within 0.4 and 2.6 cm-1 for
pHR and the L intermediate, respectively (11), and within
3.1 and 3.7 cm-1 for sHR and the L intermediate, respectively
(12).

The N-H stretching mode is the direct probe of the
hydrogen-bonding strength of the Schiff base. In fact, Lussier
et al. reported that the N-H stretching frequencies of the
all-trans retinal protonated Schiff base in CDCl3 are located
at 2600, 2735, and 2957 cm-1 in the presence of Cl-, Br-,
and I-, respectively (13). In solution, halide ion is located
at the most stable position relative to the Schiff base, where
the Schiff base N-H group presumably forms a direct
hydrogen bond with halide ion. Thus, we can state that if

the Schiff base forms a hydrogen bond with halide directly,
the N-H mode of the Schiff base is upshifted as halide size
becomes larger even in a protein environment. However,
observation of the X-H stretching vibrations has been
extremely difficult for rhodopsins because the strong absorp-
tion of water masks the signal.

In 1998, we reported accurate K minus BR difference
spectra at 77 K for the entire X-H (X-D in D2O) stretching
region (4000-1800 cm-1), which was made possible by
optimization of the measuring conditions for low-temperature
FTIR spectroscopy (14). This progress allowed direct detec-
tion of the Schiff base N-D stretch and water O-D stretch
in D2O. In fact, we reported the N-D stretches of the Schiff
base in BR to be 2173 and 2123 cm-1 (15), which exhibit a
large frequency shift to 2495 and 2468 cm-1 in BRK. We
also observed very low frequency O-D stretch of the
bridging water at 2171 cm-1 (16, 17), which is considerably
weakened in BRK. Strong hydrogen-bonding interaction of
the Schiff base and the bridging water in BR is consistent
with the structure (6), and transient weakening of these
interactions must lead to proton transfer reaction in BR.
Recently, the measurements were also extended to the late
intermediates of BR (18) and other rhodopsins (19, 20). In
the case of HR, our FTIR study revealed the absence of
strongly hydrogen-bonded water molecules insHR andpHR
(21), which is consistent with the location of the “bridge”
water not in the ideal position.

In this article, we studied hydrogen-bonding alterations
of the Schiff base and internal water molecules inpHR by
means of low-temperature FTIR spectroscopy. We trapped
pHRK, pHRL1, andpHRL2 at 77, 170, and 250 K, respectively,
and difference FTIR spectra were obtained forpHR contain-
ing Cl-, Br-, and I-. N-D stretch of the Schiff base was
assigned by use of [ú-15N]Lys-labeledpHR, while O-D
stretches of water were assigned by comparing spectra in
D2O and D2

18O. We found that the hydrogen bonds of the
Schiff base and water molecules are weak in the unphoto-
lyzed state, whereas they are strengthened upon retinal
photoisomerization. Halide dependence of the stretching
vibrations enabled us to conclude that the Schiff base forms
a direct hydrogen bond with Cl- only in pHRK. The hydrogen
bond of the Schiff base is further strengthened inpHRL1,
whereas halide dependence revealed that the acceptor is not
Cl-, but presumably a water molecule. On the basis of the
present results, we propose a model of the chloride ion pump.
According to the model, removal of hydrogen bonds of Cl-

with the Schiff base and water(s) makes the environment
around Cl- less polar inpHRL1, which drives the translo-
cation of Cl- from its binding site to the cytoplasmic domain.

MATERIALS AND METHODS

pHR was expressed inEscherichia coli (22), and the
purified protein was reconstituted into phosphatidylcholine
liposomes (23). [ú-15N]Lys-labeledpHR was prepared as was
done for [ú-15N]Lys-labeledpharaonisphoborhodopsin (24).
The sample films were prepared by dryingpHR in 2 mM
phosphate buffer (pH 7.0) containing 5 mM NaCl, NaBr, or
NaI. The films were hydrated by 1µL of D2O or D2

18O,
and mounted in an Oxford DN-1704 cryostat. FTIR spectra
were recorded by a Bio-Rad FTS-40 spectrometer as
described previously (14-21).

FIGURE 1: (a) Structure of the Schiff base region insHR (PDB
entry 1E12 (5)). The membrane normal is approximately in the
vertical direction of this figure, and upper and lower regions
correspond to the cytoplasmic and extracellular sides, respectively.
Chloride ions are translocated upward in the figure. Green spheres
represent water molecules in the Schiff base region. Dotted lines
represent putative hydrogen bonds, whose distances are shown in
Å. (b) The same structure viewed from a different angle. Van der
Waals radii of the chloride ion, water22, and the nitrogen atom of
the Schiff base are also shown.
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ThepHRK minuspHR spectra were obtained by illumina-
tion with a 500 nm light (through an interference filter) for
2 min at 77 K as described elsewhere (21). The accumulation
of the photoproduct of the 13-cis form at 77 K was observed
in I- to a greater extent than in Cl- and Br-. Since amplitude
of this photoproduct was reduced at 130 K, we measured
thepHRK minuspHR spectra in I- at 130 K. The difference
IR spectra in Cl- in the 1800-800 cm-1 region are similar
to those reported previously (25). The pHRL1 minus pHR
spectra were obtained by illumination with a>600 nm light
at 170 K. Difference FTIR spectra at 230-250 K were
obtained by subtracting the spectra taken before illumination
from the spectra taken during illumination as described
previously (26). Five to seven independent measurements
with 128 interferograms were averaged.

RESULTS

Hydrogen-Bonding Alterations of the Schiff Base and
Water Molecules in the K Photointermediate of pHR.The
pHRK minus pHR spectra were first measured for various
halides. All spectra showed the appearance of a positive band
at 1198 cm-1, which is characteristic of the formation of
the 13-cis form (data not shown). This indicates the formation
of the K-like products for all halides as suggested for the
Cl- form previously (25). Figure 2 compares the X-D
stretching frequency region of thepHRK minuspHR spectra
between unlabeled (solid traces) and [ú-15N]Lys-labeled
(dotted traces)pHR containing various halides. In the
presence of Cl- (Figure 2a), both spectra coincide well except

at∼2480 and∼2330 cm-1, indicating that the negative 2488
cm-1 and positive 2338 cm-1 bands originate from the N-D
stretching vibrations of the Schiff base inpHR andpHRK,
respectively. It is noted that the isotope-induced downshift
of the negative band at 2488 cm-1 is not clearly observed
because of the presence of some positive bands in this region.
However, if we subtract the15N labeled spectrum from the
unlabeled one, the isotope effect of the negative 2488 cm-1

for pHR is clearly seen (data not shown). The high frequency
of the N-D stretch (2488 cm-1) is in clear contrast to those
of BR (2173 and 2123 cm-1) (15) andppR (2140 and 2091
cm-1) (24), which pump protons. In BR andppR, the
hydrogen-bonding acceptor is a water bridging the Schiff
base and the counterion, Asp85 and Asp75, respectively, and
photoisomerization weakens the hydrogen bond as shown
by the upshifts of the N-D stretch to 2495 and 2468 cm-1

in BR (15) and to 2474 cm-1 in ppR (24). A weakened
hydrogen bond is the consequence of the motion of the Schiff
base, which is consistent with the X-ray crystallographic
structures of BRK (27-29) andppRK (30), and theoretical
calculations for BRK (31). Interestingly, photoisomerization
in pHR yields a stronger hydrogen bond of the Schiff base,
as follows from the N-D stretch downshift to 2338 cm-1 in
pHRK.

In the presence of Br- (Figure 2b), only the bands at 2480
(-)/2375 (+) cm-1 exhibit an isotope shift of [ú-15N]Lys.
Amplitudes of the spectral changes were 2-3 times smaller
in the case of I- (Figure 2c), so that spectral artifacts due to
fluctuations of CO2 concentration could not be entirely
canceled in the 2380-2310 cm-1 region. However, a clear
isotope shift was observed for the positive 2427 cm-1 band.
Although the isotope shift was small, we assigned the
negative band at 2458 cm-1 as the N-D stretch of the Schiff
base inpHR. An isotope shift of the 2458 cm-1 band is
observed in thepHRL1 minuspHR spectra more clearly (see
below). Thus, we assigned the Schiff base N-D stretches
in pHR as 2488 (in Cl-), 2480 (Br-), and 2458 (I-) cm-1,
and those inpHRK as 2338 (Cl-), 2375 (Br-), and 2427 (I-)
cm-1.

It should be noted that the N-H stretching frequencies of
the all-trans retinal Schiff base in solution are located at 2600,
2735, and 2957 cm-1 in the presence of Cl-, Br-, and I-,
respectively (13). Corresponding N-D stretching frequencies
are located at 1900-2150 cm-1. In solution, where the Schiff
base N-H group forms a hydrogen bond with halides
directly, the stretching frequency of the Schiff base is
upshifted as halide size becomes larger. Halide dependence
of the Schiff base N-D stretch forpHRK is similar to that
in solution, whereas it has an opposite direction for the
unphotolyzed state ofpHR. These results suggest that the
Schiff base does not form a direct hydrogen bond with halide
ion in pHR, but photoisomerization leads to a direct hydrogen
bond between the Schiff base and halide ion inpHRK. This
view for pHR is consistent with the structure ofsHR, where
the N-H group does not point toward chloride (Figure 1b).
A water molecule (water22 insHR) can be a hydrogen-
bonding acceptor of the Schiff base, as the hydrogen bond
is weak inpHR.

Figure 3 shows O-D stretching vibrations of water in the
pHRK minuspHR spectra, where isotope shifts were observed
for many bands in contrast to Figure 2. In the Cl- bound
form, four negative and positive bands exhibit18O water-

FIGURE 2: The pHRK minus pHR difference infrared spectra of
unlabeled (solid traces) and [ú-15N]Lys-labeled (dotted traces)pHR
in the 2720-2170 cm-1 region. The sample containing Cl- (a),
Br- (b), or I- (c) was hydrated with D2O, and spectra were
measured at 77 K (130 K for I-). One division of they axis
corresponds to 0.0013 absorbance unit. The spectra in (a) are shown
without changing the amplitude, while those in (b) and (c) are
multiplied by the factors 0.7 and 2.5, respectively, for the sake of
comparison. Spectral artifacts due to fluctuation in CO2 concentra-
tion could not be canceled only in Figure 2c (2380-2310 cm-1)
because of the small amplitude of the signal.
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induced isotope shifts at 2683, 2535, 2501, and 2445 cm-1,
and at 2583, 2473, 2384, and 2263 cm-1, respectively (Figure
3a). Three negative and positive bands were observed at
2685, 2535, and 2436 cm-1, and at 2628, 2580, and 2375
cm-1, respectively, in the Br- bound form (Figure 3b). While
there were three negative bands at 2687, 2535, and 2492
cm-1 in the I- bound form, only two positive bands were
observed at 2582 and 2510 cm-1 (Figure 3c). These facts
imply that at least two water molecules are present near the
chromophore, and they change their hydrogen bonds upon
retinal photoisomerization.

Among the four water bands ofpHR(Cl-), the O-D
stretch at 2683 cm-1 corresponds to a water with no hydrogen
bonds, while those at 2535, 2501, and 2445 cm-1 correspond
to waters under hydrogen-bonding conditions (Figure 3a).
No hydrogen-bonded O-D stretch of water at 2683 cm-1

implies the other O-D group of this water molecule being
hydrogen bonded. The frequency of the 2683 cm-1 band was
slightly influenced by different halides, suggesting that the
water is present in the halide-binding domain. The frequency
of the 2535 cm-1 band was insensitive to different halides.
Therefore, the hydrogen-bonding acceptor of this water
molecule is not a halide. In contrast, the frequencies of the
2501 and 2445 cm-1 bands significantly vary in other halides,
implying that these water molecules hydrate a halide. It
should be however noted that the frequencies are much
higher than that for BR (2171 cm-1), indicating that
hydrogen-bonding interaction of these waters with halide is
much weaker than that of the water with Asp85 in BR.

Upon formation ofpHRK, the water band at about 2583
cm-1 seems to be insensitive to different halides. This band

may thereby correspond to the O-D stretch ofpHR at 2535
cm-1. Other water bands ofpHRK were highly dependent
on halides. The water O-D stretch at 2263 cm-1 (Figure
3a) is particularly interesting. The low frequency observed
in the Cl- form implies that the retinal isomerization induces
formation of a strong hydrogen bond of water. In the Br-

form, the corresponding water band is probably at 2375 cm-1

(Figure 3b), which appears in the same frequency region as
the N-D stretch of the Schiff base (Figure 2b). No such
band was observed in the I- form (Figure 3c). Strong halide
dependence of the water band suggests that the hydrogen-
bonding acceptor is the halide. Rotational motion of water
presumably leads to a strong hydrogen bond with Cl- or
Br-, where the water O-D group points toward the halide.
On the other hand, larger size may prohibit strong interaction
of the water with I-.

Hydrogen-Bonding Alterations of the Schiff Base and
Water Molecules in the L1 Photointermediate of pHR.The
decay of the K intermediate accompanies formation of the
L intermediate. UV-visible spectroscopy showed formation
of the L intermediate at 170 and 250 K. Figure 4 shows the
pHRL minus pHR spectra (D2O) in the presence of Cl-.
Identical fingerprint vibrations at 1211 (-), 1192 (+), and
1169 (-) cm-1 between 170 and 250 K indicate formation
of the L intermediate inpHR. Nevertheless, we found that
the amide-I and -II regions of the FTIR spectra are different
among temperatures. In fact, a positive peak at 1550 cm-1

(Figure 4a) is shifted to 1555 cm-1 as temperature is
increased (Figure 4c,d). Similar visible absorption implies
that the spectral change originates from amide-II vibration
of the peptide backbone. Similarly, a clear spectral difference

FIGURE 3: The pHRK minus pHR difference infrared spectra of
the Cl- (a), Br- (b), or I- (c) bound form in the 2720-2170 cm-1

region. The sample was hydrated with D2O (red curves) or D218O
(blue curves), and spectra were measured at 77 K (130 K for I-).
Green-labeled and underlined frequencies correspond to those
identified as stretching vibrations of water O-D and the Schiff
base N-D, respectively. One division of they axis corresponds to
0.0013 absorbance unit. Scaling and CO2 artifacts were the same
as in Figure 2.

FIGURE 4: The difference infrared spectra ofpHR in the 1800-
900 cm-1 region. The sample containing Cl- was hydrated with
D2O, and spectra were measured at 170 K (a), 230 K (b), 240 K
(c), and 250 K (d). One division of they axis corresponds to 0.025
absorbance unit.
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was observed in the amide-I region. The negative 1626 cm-1

band at 170 K is diminished at 250 K, where the strongest
negative peak is located at 1609 cm-1. The positive 1668
cm-1 band at 170 K is shifted to 1665 cm-1 at 250 K. In
addition, a new peak appears at 1665 cm-1 (Figure 4c,d).
Spectral change of the carboxylic CdO stretch region is also
different: 1733 (+)/1727 (-) cm-1 and 1732 (-)/1727 (+)
cm-1 at 170 and 250 K, respectively. These results indicate
the presence of the two L intermediate states forpHR. Two
such temperature-dependent forms of the L intermediate were
also observed forsHR (26). Accordingly, we define the
photointermediates at 170 and 250 K as L1 and L2,
respectively.

Figure 5 compares the X-D stretching frequency region
of thepHRL1 minuspHR spectra of unlabeled (solid traces)
and [ú-15N]Lys-labeled (dotted traces)pHR containing vari-
ous halides. In the presence of Cl- (Figure 5a), no clear
isotope effect was observed for the negative side except for
the 2500-2480 cm-1 region, where the negative band shows
reduced the intensity in the15N labeled spectrum. Figure 2a
showed the presence of the N-D stretch ofpHR (Cl-) at
2488 cm-1, which strongly suggests the presence of the same
negative band in Figure 5a. No clear isotope-induced
downshift for the 2488 cm-1 band may originate from strong
O-D absorption of hydrated D2O in the same frequency
region, by which the baseline is considerably fluctuated. In
contrast, the spectra in Figure 5b and Figure 5c exhibit
isotope shifts for the negative features at 2480 and 2458
cm-1, respectively. Thus, the N-D stretch of the Schiff base
in pHR was assigned as 2488 (Cl-), 2480 (Br-), and 2458
(I-) cm-1 from Figure 5, as is the case in thepHRK minus
pHR spectra. In contrast, a single positive band at 2191 cm-1

exhibits an isotope shift of [ú-15N]Lys in all cases (Figure
5a-c). The spectra possess broad positive absorption in the
2300-2100 cm-1 region, but isotope shifts of [ú-15N]Lys
were only observed at 2200-2180 cm-1 (Figure 5). Other
bands may originate from amide-A vibrations of peptide
backbone.

In this way, we assigned the Schiff base N-D stretch in
pHRL1 as 2191 cm-1. It should be noted that the frequency
of the N-D stretch of the Schiff base is much lower inpHRL1

than in pHR andpHRK for all halides, indicating that the
hydrogen bond of the Schiff base is strong inpHRL1. On
the other hand, lack of halide dependence strongly suggests
that the Schiff base does not form a hydrogen bond with
halide inpHRL1.

Figure 6 shows O-D stretching vibrations of water in the
pHRL1 minus pHR spectra. In the Cl- bound form, four
negative bands exhibit an isotope shift of18O water (Figure
6a), which were also observed in thepHRK minus pHR
spectrum (Figure 3a). In contrast, only one positive peak was
observed at 2580 cm-1. In addition, there seems to be a
positive band at 2426 cm-1, though it does not appear to the
positive side. Similarly, three negative bands of water were
observed in Br- (Figure 6b) and I- (Figure 6c), which also
appeared in thepHRK minus pHR spectra. The negative
bands at 2436 cm-1 in Figure 3b and at 2451 cm-1 in Figure
6b presumably have the same origin forpHR(Br-). The
presence of the same negative water bands betweenpHRK

minuspHR (77 K) andpHRL1 minuspHR (170 K) spectra
implies that only water molecules located near the retinal
change their hydrogen bonds inpHRL1. In other words, there
are no additional water molecules altering their hydrogen
bonds inpHRL1 as compared topHRK.

FIGURE 5: The pHRL1 minus pHR difference infrared spectra of
unlabeled (solid traces) and [ú-15N]Lys-labeled (dotted traces)pHR
in the 2720-2070 cm-1 region. The sample containing Cl- (a),
Br- (b), or I- (c) was hydrated with D2O, and spectra were
measured at 170 K. One division of they axis corresponds to 0.002
absorbance unit. The spectra in (a) are shown without changing
the amplitude, while those in (b) and (c) are multiplied by the factors
0.78 and 2.0, respectively, for the sake of comparison.

FIGURE 6: The pHRL1 minus pHR difference infrared spectra of
the Cl- (a), Br- (b), or I- (c) bound form in the 2720-2070 cm-1

region. The sample was hydrated with D2O (red curves) or D218O
(blue curves), and spectra were measured at 170 K. Green-labeled
and underlined frequencies correspond to those identified as
stretching vibrations of water O-D and the Schiff base N-D,
respectively. One division of they axis corresponds to 0.002
absorbance unit. Scaling was the same as in Figure 5.

Chloride Ion Pump Mechanism in Halorhodopsin Biochemistry, Vol. 44, No. 37, 200512283



It is noted that positive bands of water in Figure 3 (for
pHRK) were highly halide-dependent, but not in Figure 6
(for pHRL1). In fact, spectra are similar among three halides
in Figure 6, while being different in Figure 3. A positive
band of water was observed at about 2580 cm-1 for all
halides. Another positive band at 2426 cm-1 is common
betweenpHRL1(Cl-) andpHRL1(Br-). Although it is absent
in pHRL1(I-), identical frequency between Cl- and Br-

strongly suggests that internal water molecules do not hydrate
halide inpHRL1, being in clear contrast topHR andpHRK.
The environment surrounding halide seems to become less
polar in pHRL1, which could provide driving force of the
translocation of halide.

Hydrogen-Bonding Alterations of the Schiff Base in the
L2 Photointermediate of pHR. Figure 7 shows the difference
FTIR spectra between unlabeled (solid traces) and [ú-15N]-
Lys-labeled (dotted traces)pHR(Cl-) in the 2350-2070 cm-1

region. The spectra at 170 and 250 K are characteristicpHRL1

minuspHR andpHRL2 minuspHR spectra, respectively. It
should be noted that the measurements at the different
temperatures produced identical spectra with the same
amplitudes for the fingerprint (1300-1100 cm-1) and HOOP
(1000-900 cm-1) vibrations of the retinal chromophore,
whereas those in the amide-I region were different (Figure
4). Figure 7 shows that strong positive absorption in the
2300-2100 cm-1 region at 170 K is reduced at higher
temperatures. At 250 K, where onlypHRL2 is formed,
positive absorption has completely disappeared, and there
are no isotope effects of [ú-15N]Lys at <2350 cm-1 (Figure
7d). These results indicate that the N-D stretch of the Schiff
base appears at>2350 cm-1 in pHRL2.

Because of baseline distortions at 250 K, we could not
observe the accurate difference absorption spectra at>2350
cm-1, so that the frequencies of the N-D stretch of the Schiff
base and O-D stretches of water molecules were not
obtained in the present study. Therefore, the N-D stretch
of the Schiff base inpHR(Cl-) appears at 2488 cm-1 in pHR,
2338 cm-1 in pHRK, 2191 cm-1 in pHRL1, and>2350 cm-1

in pHRL2.

DISCUSSION

Hydrogen-bonding strengths of the Schiff base in HR and
its intermediates have been discussed only on the basis of
the CdN stretching vibrations among various halides (11,
12). However, the CdN stretch is a skeletal vibration of the
retinal chromophore, and even when the CdNH and Cd
ND frequency difference explains the hydrogen-bonding
strength of the Schiff base well, halide dependence on the
CdN stretch does not necessarily reflect hydrogen-bonding
interaction of the Schiff base with halides. A more direct
probe of the hydrogen-bonding strength is the N-H (N-D)
stretch of the Schiff base. The present low-temperature FTIR
spectroscopic study successfully assigned the vibrational
frequencies of the N-D stretch of the Schiff base and O-D
stretches of internal water molecules inpHR, pHRK, and
pHRL1. The N-D stretch of the Schiff base inpHRL2 was
also found to be at>2350 cm-1. In addition, variations of
the spectra in three halides (Cl-, Br-, and I-) could provide
direct information on how halide interacts with the Schiff
base and water molecules. In solution, the stretching vibration
of the protonated Schiff base of all-trans retinal appears at
higher frequency if halide size is increased (13). A similar
tendency was observed only forpHRK. Halide dependence
for pHR was opposite to that in solution, whereas no halide
dependence was observed forpHRL1. These observations
enabled us to propose a model for the early stages of chloride
ion transport inpHR (Figure 8).

Hydrogen Bonds in the Schiff Base Region of pHR.In the
unphotolyzed state ofpHR, the N-D stretch of the Schiff
base is at 2488 cm-1, sign of a weak hydrogen-bonding. We
assigned the N-D stretches of BR andppR as 2173 and
2123 cm-1 (15), and 2140 and 2091 cm-1 (24), respectively.
N-D stretches of the Schiff base inNeurosporarhodopsin
and bovine rhodopsin are likely to be at 2173 and 2123 cm-1

(20) and at about 2000 cm-1 (19), respectively, though not
assigned by [ú-15N]Lys labeling. It is in prominent contrast
that pHR possesses weakly hydrogen-bonded Schiff base.
A weak hydrogen bond of the Schiff base was reported by

FIGURE 7: Infrared difference spectra of unlabeled (solid traces)
and [ú-15N]Lys-labeled (dotted traces)pHR in the 2350-2070 cm-1

region. The sample containing Cl- was hydrated with D2O, and
spectra were measured at 170 K (a), 230 K (b), 240 K (c), and 250
K (d). One division of they axis corresponds to 0.001 absorbance
unit. All spectra are shown without changing the amplitudes.

FIGURE 8: Schematic drawing of the hydrogen-bonding interaction
of the Schiff base and water molecule with chloride based on present
FTIR results. Blue arrows indicate the hypothetical motion of Cl-

and water in the conversion frompHRL1 to pHRL2.
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the analysis of the difference between CdNH and CdND
stretches by the earlier resonance Raman spectroscopy of
sHR (9).

In sHR, it is likely that the Schiff base does not form a
hydrogen bond with halide directly (Figure 1b). Nevertheless,
the Schiff base vibrations can be influenced by size changes
of the halide ion, because of the close distance between
chloride and the Schiff base nitrogen (3.7 Å). We assume a
similar binding site of chloride inpHR. Since the halide
dependence of the N-D stretching frequency inpHR was
opposite to that in solution, the Schiff base does not form a
direct hydrogen bond with chloride. On the other hand,
opposite halide dependence suggests that the chloride binding
site is close to the Schiff base as insHR. The presence of
halide-dependent water O-D stretching (2501 and 2445
cm-1 for Cl-; Figure 3) implies that this water hydrates with
chloride. Thus, the structure of this region insHR (Figure
1b) explains the present observation forpHR well. A recent
mutation study also supported a similar environment of the
Schiff base betweenpHR andsHR (32). It should be noted
that the N-Owater and Owater-Cl distances are 3.3 and 3.1
Å, respectively, and the N-Owater-Cl angle is 70.9° in sHR
(Figure 1b), suggesting that water22 cannot form a full
hydrogen bond both with the Schiff base and with chloride.
A weak hydrogen bond of the Schiff base implies that the
interaction between chloride and water is stronger than that
between the Schiff base and water inpHR. Previous neutron
diffraction studies of aqueous hydrochloric acid solutions
reported that water molecules around a chloride ion take the
configuration to orient the vector which bisects the D-O-D
angle on a straight line joining an oxygen atom and chloride
(33, 34). In other words, each deuterium atom is not located
on a straight line between the oxygen and chloride, suggest-
ing that the hydrogen bond of the O-D groups of water22
is not strong (Figure 1). Thus, the hydrogen-bonding structure
of the Schiff base region inpHR may be as shown in Figure
8.

Hydrogen Bonds in the Schiff Base Region of pHRK.
Retinal photoisomerization strengthens the hydrogen bond
of the Schiff base. The identical halide dependence between
pHRK and solution strongly suggests that the Schiff base
forms a direct hydrogen bond with chloride (Figure 8). If
Cl- binds to the same site inpHR as insHR (Figure 1a),
the present observation may indicate direction of the motion
of the Schiff base. At 77 K, Cl- is not likely to move,
suggesting that the N-H (N-D in this case) group rotates
clockwise in Figure 1a. This is the direction opposite to that
in BR, where the counterclockwise rotation reorients the
N-H group toward helix G (27, 28, 30).

It is of interest that formation ofpHRK, the red-shifted
intermediate, accompanies a stronger hydrogen bond of the
Schiff base forpHR. This may be apparently controversial,
because a stronger hydrogen bond of the Schiff base
generally yields a spectral blue-shift. In fact, formation of
the K intermediates of BR andppR accompanies a signifi-
cantly weakened hydrogen bond of the Schiff base (15, 24),
which is consistent with the above view. Thus, the present
result for pHR provides the complexity of color tuning
mechanism in rhodopsins. Another exceptional case is seen
for bovine rhodopsin. Bathorhodopsin is a red-shifted
intermediate of rhodopsin, whereas its hydrogen-bonding
strength of the Schiff base is almost identical to that of

rhodopsin (19). In the case ofpHR and rhodopsin, other
factors such as chromophore distortion may be dominant for
color tuning mechanism of the primary intermediates.

Hydrogen Bonds in the Schiff Base Region of pHRL1 and
pHRL2. One of the most important findings in the present
study is the absence of the halide dependence of the N-D
stretch of the Schiff base inpHRL1, although the hydrogen
bond in pHRL1 is much stronger than inpHR, pHRK, and
pHRL2. This observation strongly suggests that Cl- is not
the hydrogen-bonding acceptor of the Schiff base inpHRL1.
Stronger hydrogen bond inpHRL is consistent with the
previous resonance Raman study ofsHR (10). On the other
hand, the present conclusion is in contrast to Gerscher et
al., which argued that the Schiff base directly interacts with
chloride inpHRL as inferred from the halide dependence of
the CdN stretch (11). It must be however noted that the
CdN stretch itself is not a measure of the hydrogen-bonding
strength of the Schiff base, and the frequency can be affected
by various factors.

What is the hydrogen-bonding acceptor of the Schiff base
in pHRL1? Although the present study does not provide a
direct answer, an implication was obtained from Figure 6.
Unlike for pHRK (Figure 3), no halide dependence was
observed for the O-D stretches of water inpHRL1. This fact
suggests that hydrogen bonds between water and halide are
diminished inpHRL1. Thus, we propose the structural model
for pHRL1 as shown in Figure 8. The retinal chromophore is
in a relaxed 13-cis form, where the N-D group of the Schiff
base points toward the cytoplasmic side (upward in Figure
8). The hydrogen-bonding acceptor is a water molecule. In
this model, the position of Cl- is not altered throughoutpHR,
pHRK, and pHRL1, whereas hydrogen-bonding interaction
with Cl- differs significantly. The structural model in Figure
8 also suggests the mechanism of the initial translocation of
Cl- during the pump cycle. Because of the lack of hydrogen
bonds with the Schiff base and water, the environment around
Cl- becomes less polar inpHRL1. This presumably drives
the movement of Cl- in the pHRL1 to pHRL2 transition.
Electrostatic repulsion with Asp252 may also contribute to
it. It is however noted that the present study did not determine
the position of Cl- in pHRL1. Our model for chloride
transport in Figure 8 depends entirely on Cl- being on the
extracellular side of the Schiff base inpHRL1. It is probably
most straightforward from the results, but it may be possible
that the movement of Cl- takes place upon formation of
pHRL1. Thus, the question of when Cl- moves is once again
open by the present study. Further experimental efforts such
as halide dependence on protein bands will answer the
question in the future.
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