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ABSTRACT: Light-driven proton transport in bacteriorhodopsin (BR) is achieved by dynamic rearrangement
of the hydrogen-bonding network inside the membrane protein. Arg82 is located between the Schiff base
region and proton release group, and has a major influence on the pKa values of these groups. It is believed
that Arg82 changes its hydrogen-bonding acceptors during the pump cycle of BR, stages of which are
correlated with proton movement along the transport pathway. In this study, we compare low-temperature
polarized FTIR spectra of [η1,2-15N]arginine-labeled BR in the 2750-2000 cm-1 region with those of
unlabeled BR for the K, L, M, and N intermediates. In the K-minus-BR difference spectra,15N-shifted
modes were found at 2292 (-)/2266 (+) cm-1 and at 2579 (-)/2567 (+) cm-1. The former corresponds
to strong hydrogen bonding, while the latter corresponds to very weak hydrogen bonding. Both N-D
stretches probably originate from Arg82, the former oriented toward water 406 and the latter toward the
extracellular side, and both hydrogen bonds are somewhat strengthened upon retinal photoisomerization.
This perturbation of arginine hydrogen bonding is entirely relaxed in the L intermediate where no15N-
isotope shifts are observed in the difference spectrum. In the M intermediate, the frequency is not
significantly altered from that in BR. However, the polarized FTIR spectra strongly suggest that the dipolar
orientation of the strongly hydrogen bonded N-D group of Arg82 is changed from perpendicular to
parallel to the membrane plane. Such a change is presumably related to the motion of the Arg82 side
chain from the Schiff base region to the extracellular proton release group. Additional bands corresponding
to weak hydrogen bonding were observed in both the M-minus-BR and N-minus-BR spectra. Changes in
hydrogen-bonding structures involving Arg82 are discussed on the basis of these FTIR observations.

Bacteriorhodopsin (BR),1 a membrane protein found in
Halobacterium salinarum, functions as a light-driven proton
pump with a retinylidene chromophore (1, 2). Absorption
of light by the all-trans form of the chromophore triggers a
cyclic reaction that comprises a series of intermediates,
designated as the J, K, L, M, N, and O states. From the
cytoplasmic side to the extracellular side, the proton transport
pathway includes Asp96, the Schiff base between retinal and
Lys216, Asp85, and the Glu204-Glu194 region. Active
transport is achieved by a sequence of proton transfers which
must be well-controlled spatially and temporally.

The protonated Schiff base has a diffuse counterion (3),
the most proximal part of which comprises a roughly planar
pentagonal hydrogen-bonded cluster of three water molecules
and one oxygen each of Asp85 and Asp212 (4, 5). Changes
in the hydrogen bonds of the pentagonal cluster must be
related to the primary proton transfer from the Schiff base

to Asp85, as well as the subsequent switch in Schiff base
connectivity that enforces the vectoriality of the pump (i.e.,
prevents backflow). On the basis of low-temperature FTIR
spectroscopy, we have recently proposed that a hydration
switch of a water molecule from Asp85 to Asp212 drives
the proton transfer from the Schiff base to Asp85 (6). Arg82
forms a hydrogen bond to one of the water molecules in the
pentagonal cluster (Figure 1a). Although it is 8 Å away from
the Schiff base, the positive charge at Arg82 is probably
important in stabilizing the active site in BR by completing
an electric quadrupole in this region (7, 8). In fact, Arg82
also plays a crucial role in the correlated pKa values of Asp85
and Glu204 (8-11).

After light absorption, photoisomerization of the retinal
chromophore leads to formation of the K intermediate. Is
this change strictly local, or does it influence the hydrogen
bond of Arg82? The subsequent K-L transition involves
relaxation of the structure around the retinal chromophore.
How does this affect Arg82? Various X-ray structures of
the L intermediate differ in this respect, showing either no
structural change for Arg82 (12, 13) or movement of the
Arg82 side chain toward the proton release group (14, 15).
On the other hand, in the M state it is established that the
interactions of Arg82 have shifted from the Schiff base region
to the extracellular proton release group (Figure 1b) (16-
21). This change is a consequence of the primary proton
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transfer from the Schiff base that neutralizes Asp85 and also
drives proton release by lowering the pKa of the surface
glutamate complex. Solid-state NMR of [η1,2-15N]Arg-labeled
BR revealed that the environments of the twoη-nitrogens
of Arg82 are highly asymmetric in the M state (22).
Perturbation of Arg82 in M has also been reported by FTIR
spectroscopy (23, 24). How are these observations related
to the structure of the M intermediate? And how does the
M-N transition affect the hydrogen bonding of Arg82? In
short, our goal is to understand the hydrogen bonding of
Arg82 throughout the pump cycle of BR.

Vibrational analysis is a powerful tool for investigating
hydrogen bonds (25, 26). In particular, the O-H and N-H
stretching modes are good probes. Polarized measurements
of oriented BR have the advantage that they can characterize
not only the frequencies of vibration, but also their dipolar
orientations. In the past, we have applied low-temperature
polarized FTIR spectroscopy to oriented BR, and successfully
obtained K-minus-BR difference spectra throughout the
whole mid-infrared region (4000-700 cm-1) (27). Similar
spectra of isotope-labeled and mutant BR led to identification
of specific vibrational bands. For instance, by using [3-18O]-
threonine-labeled BR and mutating individual threonine
residues, we revealed the specific interaction of Thr89 with
Asp85 in the K, L, and M intermediates (28-30). In addition,
by using [ú-15N]lysine-labeled BR, we identified the stretch-
ing vibration of the Schiff base for BR and the K intermediate
(31). Analogously, hydration with D2O and D2

18O has
allowed the identification of strongly hydrogen bonded water
molecules (32, 33) and led to the proposal that altered
hydration is involved in the primary proton transfer (6).

In the present work, we examine changes in the hydrogen
bonding of Arg82 during the pump cycle of BR by means
of low-temperature FTIR spectroscopy. To identify the N-D
stretching vibrations of arginine in D2O, we used [η1,2-15N]-
Arg-labeled BR, in which the two terminal nitrogens of the
arginine side chains are labeled by15N (Chart 1). We found

that N-D stretches corresponding to both weak and strong
hydrogen bonds change their frequencies in the formation
of the K intermediate and both are ascribable to Arg82. In
contrast, no arginine bands were identified in the L-minus-
BR difference spectra, suggesting that the hydrogen bonds
of all the arginine residues in L are identical to those in BR.
Thus, it seems that the hydrogen bonding of Arg82 that is
altered after light absorption is restored in L. The polarized
M-minus-BR spectra indicate that the dipolar orientation of
the strongly hydrogen bonded N-D group of Arg82 reorients
from perpendicular to parallel to the membrane plane, a
change which is presumably related to the movement of the
guanidyl group of Arg82 from the Schiff base region to the
extracellular proton release group. In addition, N-D stretches
at frequencies corresponding to weak hydrogen bonding were
observed in difference spectra for both the M and N
intermediates. The structure and structural changes of the
Arg82 region are discussed in light of these results.

MATERIALS AND METHODS

Previously described methods were used to label BR with
[η1,2-15N]arginine (22) and prepare samples for FTIR spec-
troscopy (27, 31). Preparation of the R82Q mutant protein
was also described previously (23). The buffers were 2 mM
phosphate (pH 7) for the K-minus-BR and L-minus-BR
spectra and 2 mM borate (pH 10) for the M-minus-BR and
N-minus-BR spectra. A 120µL aliquot of the sample was
dried on a BaF2 window with a diameter of 18 mm. After
hydration by 1µL of D2O, the sample was placed in a cell
which was then mounted in an Oxford DN-1704 cryostat.

FIGURE 1: X-ray crystallographic structures of the Schiff base region and Arg82 environment in BR (a) and in the M intermediate (b) from
PDB entry 1CWQ (18). The membrane normal is approximately vertical, and the cytoplasmic and extracellular compartments are above
and below, respectively. The green sphere represents the water molecule that bridges Asp212 and Arg82. According to the X-ray structures,
Arg82 changes its hydrogen-bonding interaction from the Schiff base region (a) to the extracellular proton release group (b).

Chart 1
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The light-adapted state was obtained by illuminating the film
with >500 nm light for 1 min at 273 K.

The details of polarized FTIR spectroscopy are described
elsewhere (27, 34). Briefly, a BaF2 polarizer in the vertical
xy-plane is placed in front of a mercury-cadmium-
technetium (MCT) detector in a Bio-Rad FTS-40 FTIR
spectrometer. The IR probe light travels along thez-axis to
the window with the vertical and horizontal polarizations,
AV andAH, in thexz- andyz-planes, respectively. The window
in the xy-plane was tilted around the verticalx-axis by
rotating the rod holding the window. The tilt angles (φ0) were
0°, 17.8°, 35.7°, and 53.5°. The dichroic ratioR is defined
as

Increased intensity of theAV component due to the increased
effective number of BR molecules absorbing light with tilting
was corrected in eq 1.R is related to the angle of the dipole
moment to the membrane normalθ0 by the previously
discussed equation

wheren, the refractive index of the film in the IR region, is
assumed to be 1.7 andF, the degree of orientation of the
membrane, is 0.95 (27, 34). The latter value is revised from
the earlier 0.98 on the basis of the observation of an intensity
ratio of 1.02 for amide II/amide I in our unhydrated film.

The K-minus-BR spectra were obtained as described
previously (27). Sixteen independent measurements were
averaged with 128 scans for each window tilting angle. The
L-minus-BR spectra were obtained according to the method
of Maeda et al. (35) by which spectra can be accumulated
without changing the hydration. Briefly, after the L-minus-
BR spectrum was obtained at 170 K, the mixture of BR and
L was cooled to 77 K and illuminated sequentially with 501
and>660 nm light before being rewarmed to 170 K. These
procedures below 170 K preserve the hydration of the
sample, while the photoproducts are reverted to the original
BR. Eight independent measurements were averaged with
128 scans for each window tilting angle. The M-minus-BR
and N-minus-BR spectra were obtained at 230 and 273 K,
respectively, as described previously (6). Sixteen independent
measurements were averaged with 128 scans for each
window tilting angle of the M-minus-BR spectra. Twenty-
five independent measurements were averaged with 32 scans
for each window tilting angle of the N-minus-BR spectra.
From the analysis of the positive 1186 cm-1 band that probes
the C-C stretch of the protonated 13-cis-retinal, present in
the N intermediate but not the M intermediate, we estimated
the content of the M intermediate to be 30% in the N-minus-
BR spectra. The spectral resolution was 2 cm-1 for all
measurements.

RESULTS

Frequencies and Orientations of the N-D Stretching
Vibrations of Arginine in the K-Minus-BR Spectra.Solid and
dotted lines in Figure 2 show the K-minus-BR difference
spectra in D2O of the unlabeled and [η1,2-15N]Arg-labeled

BR, respectively, in the N-D stretching region. Positive and
negative bands in the two spectra coincide at all window
tilting angles except for two peak pairs. The bands at 2579
(-)/2567 (+) cm-1 in Figure 2a exhibit a downshift to 2561
(-)/2551 (+) cm-1 in the [η1,2-15N]Arg-labeled BR, indicat-
ing that these bands originate from N-D stretches of an
arginine side chain. Similarly, the bands at 2292 (-)/2266
(+) cm-1 in Figure 2d are assignable to N-D stretches of
arginine because of their downward isotope shift. The
corresponding N-H stretches of the 2579 (-)/2567 (+) cm-1

bands are about 3490 and 3460 cm-1, respectively, while
those of the 2292 (-)/2266 (+) cm-1 bands are about 3100
and 3000 cm-1, respectively (27). Therefore, the 2579 cm-1

band in BR corresponds to the N-D stretch for a weak
hydrogen bond. On the other hand, the 2292 cm-1 band in
BR corresponds to the N-D stretch under strongly hydrogen
bonding conditions.

It is striking that the dichroic properties of these bands
are very different. The shifted 2579 (-)/2567 (+) cm-1 bands
are clear without the sample being tilted (Figure 2a), while
they become less evident as the sample window is tilted
(Figure 2b-d). This indicates that the dipole moments of
the 2579 (-)/2567 (+) cm-1 bands orient along the
membrane. We estimated the angleθ of the band at 2579
cm-1 to be 80° relative to the membrane normal. Since the
positive 2567 cm-1 band contains a highly dichroic non-
arginine vibration (Figure 2), it was not easy to determine
the orientation of this band. By use of the shifted positive
band at 2552 cm-1 (dotted line in Figure 2), we estimate
that the orientation relative to the membrane normal is close

R ) [AH(φ0)/AH(0°)]/[AV(φ0)/AV(0°)] (1)

R ) 1 + [(sin2
φ0)/n

2][F〈9 cos2 θ0 - 3〉]/
[2 - F〈3 cos2 θ0 - 1〉] (2)

FIGURE 2: K-minus-BR difference infrared spectra of unlabeled
(s) and [η1,2-15N]Arg-labeled (‚‚‚) BR in the 2750-2000 cm-1

region. The sample was hydrated with D2O, and spectra were
measured at 77 K. The window tilting angles are 0° (a), 17.8° (b),
35.7° (c), and 53.5° (d). One division of they-axis corresponds to
0.0015 absorbance unit, and the horizontal straight lines represent
zero lines.
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to the magic angle (54.7°). In contrast to the 2579 (-)/2567
(+) cm-1 bands, the isotope-shifted 2292 (-)/2266 (+) cm-1

bands are more clearly observed when the sample window
is tilted, indicating that the corresponding dipole moments
are not in the plane of the membrane. The orientations of
these dipole moments are discussed further below.

Our observation is that two N-D stretches of arginine side
chains are perturbed upon retinal photoisomerization. Which
ones might these be? BR has seven arginine residues, each
of which has four N-D stretches at the Nη positions in D2O.
However, only Arg82 is embedded inside the membrane.
All the other arginines are located at the membrane surface,
and even the nearest side chain atoms are>16 Å from the
Schiff base nitrogen. Since K formation takes place at 77 K
and the absence of global structural change is confirmed by
its X-ray structure (36-38), we consider it safe to assume
that differences in the N-D stretches of arginine originate
from Arg82. Indeed, Figure 3 shows that the K-minus-BR
spectrum of the R82Q mutant protein lacks these bands.

Of the two difference bands, the peak pair at 2292 and
2266 cm-1 is of particular interest because previous com-
parison of spectra in D2O and D2

18O indicated that bands in
this region originate from water O-D stretching vibrations
(32). Figure 4 compares the K-minus-BR difference spectrum
of unlabeled BR in D2O with those of [η1,2-15N]Arg-labeled
BR in D2O (upper trace) and unlabeled BR in D2

18O (lower
trace). In D2

18O, all vibrational bands in this frequency region
are shifted. Thus, we previously concluded that the peaks at
2354 (+), 2324 (-), 2292 (-), and 2266 (+) cm-1 originate
from O-D stretches of water molecules (32, 33). In contrast,
only the peaks at 2292 (-) and 2266 (+) cm-1 exhibit the
15N-induced shifts of arginine. This strongly suggests that
the 2292 (-)/2266 (+) cm-1 bands include the N-D stretch
of arginine, in addition to water vibrations.

Since the spectral components are highly mixed, it is not
easy to estimate the dipolar orientations of the N-D stretches
at 2292 (-)/2266 (+) cm-1. Therefore, we attempted to
divide the difference spectra into spectral components of
arginine and water by Gaussian curve fitting. As shown in

Figure 5b, we used four curves for BR and three curves for
the K intermediate in the case of the window tilting angle
of 53.5°. The 2292 (-)/2264 (+) cm-1 bands (black traces)
originate from N-D stretches of arginine, and the others
(gray traces) are from water O-D stretches. The solid trace
of Figure 5a, composed of the seven traces of Figure 5b,
exhibits a reasonable fit to the K-minus-BR difference
spectrum of the unlabeled BR in D2O (dotted trace in Figure
5a). For fitting the K-minus-BR difference spectrum of the
[η1,2-15N]Arg-labeled BR in D2O or unlabeled BR in D218O
(dotted traces in part c or d, respectively, of Figure 5), the
arginine or water bands in Figure 5b (black or gray traces,
respectively) were downshifted by 13 and 16 cm-1 or 10-
15 cm-1, respectively. The reasonable coincidence of the
fitting curves with the spectra for the [η1,2-15N]Arg-labeled
BR in D2O (Figure 5c) and unlabeled BR in D2

18O (Figure
5d), as well as for the unlabeled BR in D2O (Figure 5a),
shows that the complex spectra in this frequency region can
be attributed to the bands shown in Figure 5b.

Similar spectral reconstructions were carried out for the
other window tilting angles,φ ) 0°, 17.8°, and 35.7° (data
not shown). In the procedure, we did not change the peak
frequencies, half widths, or isotope shifts of the Gaussian
curve; only the peak height was adjusted for the best fit. By
these means, theAH component in eq 1 was obtained for
each window tilting angle, and the dichroic ratio,R, was
calculated by taking theAV component into account.

Figure 6 plots theRvalues versus sin2 φ for the vibrational
bands in the 2300-2250 cm-1 region. The filled triangles
and circles represent the N-D stretches of arginine for BR
and K, respectively, while the open triangles and circles
represent the O-D stretches of water for BR and K,
respectively. Whereas we previously reported that the highly

FIGURE 3: K-minus-BR difference infrared spectra of the wild-
type (s) and R82Q mutant (‚‚‚) proteins in the 2620-2530 cm-1

(a) and 2365-2210 cm-1 (b) regions. The spectra for wild-type
BR in (a) and (b) are reproduced from part a and b, respectively,
of Figure 2 (solid lines). One division of they-axis corresponds to
0.0002 absorbance unit, and the horizontal straight lines represent
zero lines.

FIGURE 4: K-minus-BR difference infrared spectra in the 2365-
2210 cm-1 region with the window tilted at 53.5°. The solid traces
represent the spectrum of unlabeled BR in D2O. The upper dotted
trace is the spectrum of [η1,2-15N]Arg-labeled BR in D2O, while
the lower dotted trace is that of unlabeled BR in D2

18O. One division
of the y-axis corresponds to 0.0012 absorbance unit, and the
horizontal straight lines represent zero lines.
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dichroic positive 2266 cm-1 band originates from a water
O-D stretch (32), the present spectra of [η1,2-15N]Arg-labeled
BR clearly show that an arginine N-D stretch also contrib-
utes to the band and that both the O-D and N-D stretches
are highly dichroic.

All the R values increase as the window tilting angle
increases, indicating that the angles between the dipole
moments and membrane normal are all smaller than the
magic angle (54.7°). According to eq 2, the angles of the
dipole moments of the arginine N-D stretches in BR (2292
cm-1) and K (2264 cm-1) are determined to be tilted 32°
and 25° from the membrane normal, respectively. The former
agrees well with the crystallographic values shown in Table
1 (26-34°) for the tilt of the N-O vector between the
nitrogen of Arg82 and the oxygen of water 406 relative to
the membrane normal in the BR structures (4, 5, 18, 19, 36-
39). The corresponding N-O distances, being between 2.4
and 2.8 Å (Table 1), are fully consistent with a strong

hydrogen bond. Although there are two other water mol-
ecules (water 403 and 407) within hydrogen-bonding distance
of the η-nitrogens of Arg82, all the corresponding N-O
vectors are tilted by more than the magic angle (54.7°) from
the membrane normal. Therefore, the 2292 cm-1 N-D
stretch can be assigned uniquely to the N-D group of Arg82
that is hydrogen-bonded to water 406, as shown in Figure
1a.

After retinal photoisomerization, the dipole moment of the
arginine N-D stretch changes its orientation from 32° to
25° relative to the membrane normal, while the hydrogen
bond is strengthened. Whereas the three crystallographic
structures of the K intermediate reported very small changes
in the length and orientation of the N-O vector (Table 1),
the present FTIR study clearly shows the altered hydrogen
bonding of the N-D group of Arg82, indicating that retinal
isomerization perturbs the hydrogen-bonding network in the
water-containing pentagonal cluster structure.

For the O-D stretches of water at 2289 cm-1 in BR and
2273 cm-1 in K, the dipole moments are determined from
eq 2 to be tilted 49° and 23° from the membrane normal,

FIGURE 5: Gaussian fits of the K-minus-BR difference spectra in
the 2365-2220 cm-1 region with the window tilted at 53.5°. One
division of they-axis corresponds to 0.0015 absorbance unit, and
the horizontal straight lines represent zero lines. (a) Difference
spectrum of the unlabeled BR in D2O (dotted trace) and the fitted
curve (solid trace) composed of the Gaussian functions shown in
(b). (b) The three positive and four negative bands used to fit the
spectra, where the 2292 (-)/2264 (+) cm-1 bands (black traces)
are regarded as the N-D stretch of arginine. Other bands (gray
traces) originate from O-D stretches of water. (c) Difference
spectrum of [η1,2-15N]Arg-labeled BR in D2O (dotted trace) and
the fitted curve (solid trace) using the Gaussian functions with the
2292 (-)/2264 (+) cm-1 bands (black traces in (b)) downshifted
by 16 and 13 cm-1, respectively. (d) Difference spectrum of
unlabeled BR in D218O (dotted trace) and the fitted curve (solid
trace) using the Gaussian functions with water bands (gray traces
in b) downshifted as follows: 10 cm-1 for the 2358 cm-1 band
(+), 15 cm-1 for the 2318 cm-1 band (-), 12 cm-1 for the 2289
cm-1 band (-), 15 cm-1 for the 2273 cm-1 band (+), and 12 cm-1

for the lowest frequency band at 2221 cm-1 (-).

FIGURE 6: R versus sin2 φ for the arginine N-D stretches at 2264
cm-1 (b) and 2292 cm-1 (2) and for the water O-D stretches at
2273 cm-1 (O) and 2289 cm-1 (4) from the spectral fitting in Figure
5b. The points were fitted with eq 2 by the least-squares method.

Table 1: Structural Data for the Hydrogen Bond between a
Terminal Nitrogen of Arg82 and the Oxygen of Water 406 in the
BR and K States

N-O
distance

(Å)

N-O tilt from
the membrane
normal (deg)

PDB code
(ref)

Luecke et al. (1999) BR 2.5 33 1C3W (4)
Belrhali et al. (1999) BR 2.6 27 1QHJ (5)
Sass et al. (2000) BR 2.4 28 1CWQ (18)
Facciotti et al. (2001) BR 2.8 34 1KGB (19)
Faham et al. (2002) BR 2.7 a 1KME (39)
Edman et al. (2000) BR 2.7 27 1QKP (36)

K 2.7 26 1QKP (36)
Schobert et al. (2002) BR 2.7 34 1M0L (37)

K 2.9 32 1M0K (37)
Matsui et al. (2002) BR 2.6 31 1IW6 (38)

K 2.6 31 1IXF (38)
a The membrane normal is not clear in the PDB file.
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respectively. In BR crystal structures, the O-O vector
between water 406 and Asp212 (Figure 1a) is tilted 48° (PDB
code 1CWQ) and 53° (PDB code 1C3W) from the membrane
normal. This coincidence suggests the band at 2289 cm-1 in
BR originates from water 406 bound to Asp212. Mutant
studies to further identify these water bands are in progress.

In summary, the K-minus-BR spectra of [η1,2-15N]Arg-
labeled BR show that two N-D stretches of arginine,
presumably from Arg82, are perturbed by retinal photo-
isomerization. The vibrational frequencies indicate that one
N-D group is weakly hydrogen bonded (2579 cm-1),
whereas the other N-D group is strongly hydrogen bonded
(2292 cm-1). Dichroic properties suggest that the latter
belongs to theη-nitrogen of Arg82 that is hydrogen bonded
to water 406. The shift to lower frequencies in both cases
indicates that both hydrogen bonds are strengthened upon
retinal photoisomerization.

N-D Stretching Vibrations of Arginine in the L-Minus-
BR Spectra.How do hydrogen bonds of Arg82 change in
the K-L transition? For strongly hydrogen bonded water, it
is known that the perturbations in the K intermediate are
relaxed in the L intermediate (6). A similar result was
obtained for the N-D stretches of arginine. Figure 7
compares the L-minus-BR difference spectra of unlabeled
and [η1,2-15N]Arg-labeled BR at 170 K. Unlike the K-minus-
BR spectra, no isotope shift of arginine is evident, indicating
that the N-D stretches in L are identical to those in BR. It
is particularly noted that the L-minus-BR spectra lack the
negative arginine bands at 2579 and 2292 cm-1 that are
present in the K-minus-BR spectra. Thus, perturbation of
Arg82 in the K intermediate is apparently relaxed in the L
intermediate.

Several crystallographic structures have been reported for
the L intermediate. One group finds that Arg82 moves from

the Schiff base region to the extracellular proton release
group in the L intermediate (14, 15). In contrast, others find
no structural change in the vicinity of Arg82 in the L
intermediate (12, 13). Our results strongly support the latter
conclusion, since we find no changes in either the frequencies
or the dipole orientations for arginine N-D bonds.

N-D Stretching Vibrations of Arginine in the M-Minus-
BR Spectra.Figure 8 compares the M-minus-BR difference
spectra between unlabeled and [η1,2-15N]Arg-labeled BR at
pH 10 and 230 K. A clear isotope effect is only evident at
about 2600 cm-1. The same results were obtained for the
sample at pH 7 (data not shown). The negative 2576 cm-1

band of the unlabeled BR clearly disappears in the [η1,2-
15N]Arg-labeled BR, indicating that this band contains the
N-D stretch of arginine. However, the isotope shift of this
band is not characteristic of the14N/15N shift, since the
negative band is observed at higher frequency (about 2614
cm-1) for [η1,2-15N]Arg-labeled BR (Figure 8). This may be
due to the fact that there is no peak at about 2614 cm-1 for
the unlabeled BR, while a negative peak appears for [η1,2-
15N]Arg-labeled BR in Figure 8a. This suggests the presence
of a positive arginine band at 2614 cm-1 that cancels the
negative band at the same frequency. In fact, there is a
positive peak at about 2600 cm-1 for [η1,2-15N]Arg-labeled
BR, presumably shifted from 2614 cm-1. On the other hand,
it is puzzling that [η1,2-15N]Arg-labeled BR showed no clear
negative band downshifted from 2576 cm-1. Perhaps both
the reduction of the negative band and slightly lower
frequency shift originate from the isotope effect.

The negative 2576 cm-1 band of arginine in the M-minus-
BR spectra is close in frequency to the 2579 cm-1 band in

FIGURE 7: L-minus-BR difference infrared spectra of unlabeled
(s) and [η1,2-15N]Arg-labeled (‚‚‚) BR in the 2730-2060 cm-1

region. The sample was hydrated with D2O, and spectra were
measured at 170 K. The window tilting angles are 0° (a) and 53.5°
(b). One division of they-axis corresponds to 0.0015 absorbance
unit, and the horizontal straight lines represent zero lines.

FIGURE 8: M-minus-BR difference infrared spectra of unlabeled
(s) and [η1,2-15N]Arg-labeled (‚‚‚) BR in the 2750-1900 cm-1

region. The sample was hydrated with D2O, and spectra were
measured at 230 K. The window tilting angles are 0° (a), 17.8°
(b), 35.7° (c), and 53.5° (d). One division of they-axis corresponds
to 0.0012 absorbance unit, and the horizontal straight lines represent
zero lines.
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the K-minus-BR spectra (Figure 2a), suggesting that the
N-D stretch originates from Arg82. This assignment is also
consistent with the dipolar orientation. In Figure 7, the
intensity of the negative 2576 cm-1 band is reduced when
the window is tilted, just as observed for the negative 2579
cm-1 band in Figure 2. Thus, we infer that a N-D stretch
in a weak hydrogen bond of Arg82 is located at 2576-2579
cm-1 in BR, downshifted in K (2567 cm-1), restored in L,
and upshifted in M (2614 cm-1).

Interestingly, the M-minus-BR spectrum of the untilted
sample shows no changes in the 2292 cm-1 region where
the K-minus-BR spectrum showed perturbation of the N-D
stretch of a strong Arg82 hydrogen bond. However, when
we tilt the window, reproducible spectral variation ac-
companying a lower frequency shift is observed at around
2292 cm-1 (Figure 8b-d). The deviation in Figure 8d is
larger than the present baseline distortion, indicating that the
negative band at 2292 cm-1 contains a N-D stretching
vibration of arginine. From the identity in frequency, the
N-D stretch presumably originates from Arg82.

Significantly, no positive peak is observed corresponding
to the negative 2292 cm-1 band in the tilted samples.
However, Figure 6 showed that the intensity of the 2292
cm-1 band in BR is 1.85 times larger at 53.5° than at 0°,
whereas the observed negative intensity is almost zero at 0°
but about 0.00025 absorbance at 53.5°. Thus, it seems that
the N-D stretch possesses the same frequency, but different
orientations, between BR and the M state. In particular, the
present result can best be explained if the dipole moments
of the 2292 cm-1 band are perpendicular and parallel to the
membrane in BR and M, respectively. Thus, the present
polarized FTIR spectra suggest that the N-D stretches of
Arg82 are similar in frequency (2292 cm-1), but change
dipolar orientation between BR and the M intermediate, from
32° to >54.7° relative to the membrane normal. This is
consistent with the current understanding that the side chain
of Arg82 moves from the Schiff base region to the extra-
cellular proton release group, which possesses a negative
charge after the release of a proton.

Table 2 shows the possible hydrogen bond acceptors of
Arg82 in the M intermediate according to the crystallographic
structures. Compared to those of BR and the K intermediate
(Table 1), there are greater variations in the structures of
the M intermediate. Nevertheless, other than in the M
structure of E204Q, whose proton release group is modified
(PDB code 1F4Z (17)), the hydrogen bonds between a
terminal nitrogen of Arg82 and its acceptor (the N-O vector)
are considerably tilted from the membrane normal. In
addition, other than in the M1 structures (PDB codes 1M0M

(20) and 1P8U (21)), the hydrogen bond acceptor of Arg82
appears to be the oxygen atom of Glu204 or Glu194 in the
negatively charged proton release group in the M intermedi-
ate. Thus, the observed dipolar orientation of the N-D stretch
of Arg82 corresponding to strong hydrogen bonding is
consistent with the crystallographic structures of the late M
(M2) intermediate.

N-D stretching Vibrations of Arginine in the N-Minus-
BR Spectra.Figure 9 compares the N-minus-BR difference
spectra for unlabeled and [η1,2-15N]Arg-labeled BR at 273
K. Although isotope effects are clearly observed at about
2600 cm-1, as in the M-minus-BR spectra (Figure 8), the
isotope effect seen at around 2292 cm-1 in the M-minus-
BR spectra is absent in the N-minus-BR spectra. This
suggests that the strongly hydrogen bonded N-D group of
Arg82 is somewhat altered in the M-to-N transition. How-
ever, since the baseline is much less stable for the measure-
ments of the N-minus-BR spectra, quantitative argument is
difficult.

The negative bands at 2622 and 2572 cm-1 and the positive
band at 2612 cm-1 exhibit isotope shifts of15N-labeled
arginine, indicating that these bands contain N-D stretches
of arginine. The 2572 cm-1 band is close in frequency and
dipolar orientation to the 2579 cm-1 band in the K-minus-

Table 2: Structural Data for the Hydrogen-Bonding Possibilities of a Terminal Nitrogen of Arg82 in the M Intermediate

BR
variant

hydrogen bond
acceptor

N-O
distance (Å)

N-O tilt
angle (deg)

PDB code
(ref)

Luecke et al. (1999) D96N water407 3.1 50 1C8S (16)
Luecke et al. (2000) E204Q oxygen of Glu194 2.8 30 1F4Z (17)
Sass et al. (2000) wild type oxygen of Glu204 2.9 75 1CWQ (18)
Facciotti et al. (2001) wild type oxygen of Glu204 2.7 43 1KG8 (19)

oxygen of Glu194 3.1 84 1KG8 (19)
Lanyi et al. (2002) wild type water 407a 2.7 87a 1M0M (20)
Schobert et al. (2003) wild type water 407a 2.8 66a 1P8U (21)
Takeda et al. wild type oxygen of Glu204 2.8 57 1DZEb

a These structures describe M1, where Arg82 does not move toward the extracellular side.b Yet to be published.

FIGURE 9: N-minus-BR difference infrared spectra of unlabeled
(s) and [η1,2-15N]Arg-labeled (‚‚‚) BR in the 2730-2000 cm-1

region. The sample was hydrated with D2O, and spectra were
measured at 273 K. The window tilting angles are 0° (a) and 53.5°
(b). One division of they-axis corresponds to 0.0025 absorbance
unit, and the horizontal straight lines represent zero lines.
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BR spectra (Figure 2) and the 2576 cm-1 band in the
M-minus-BR spectra (Figure 8). Thus, we concluded that
the 2572 cm-1 band originates from Arg82, which shifts to
2612 cm-1 upon N formation.

In addition to the 2572 (-)/2612 (+) cm-1 bands, a new
arginine band appears at 2622 (-) cm-1. The corresponding
positive band is probably also located at 2612 cm-1. This
arginine band may originate from Arg82. However, Arg134
may also be a candidate, since it is near the extracellular
proton release group. It is also possible that an arginine on
the cytoplasmic surface contributes to the signal, since N
formation involves structural changes in this side of the
protein.

DISCUSSION

The present polarized FTIR spectroscopy identifies the
frequencies and dipolar orientations of the N-D stretching
vibrations of Arg82 in BR and the K, L, M, and N photocycle
intermediates. From FTIR difference spectra in these states,
we found that three N-D groups of arginine change their
hydrogen bonds. Their frequencies in BR are 2292, 2579
(2576 or 2572 cm-1), and 2622 cm-1. Among the bands,
the 2292 cm-1 band corresponds to a N-D stretch under
strongly hydrogen bonding conditions, while the other bands
at 2579 and 2622 cm-1 correspond to N-D stretches under
weakly hydrogen bonding conditions.

It is noted that one arginine side chain possesses five N-D
stretches in D2O (Chart 1). Of these, only the two pairs on
the two terminal nitrogens are shifted by the15N-labeling
scheme that we have used. Under homogeneous conditions,
the two N-D stretches in each pair are highly coupled and
generate symmetric and asymmetric vibrations with similar
frequencies. In contrast, if there is a great disparity in the
hydrogen bonding of the two deuteriums on one nitrogen,
the N-D vibrations are decoupled and appear in different
frequency regions. The BR structure in Figure 1a suggests
that the latter may be the case. Arg82 and Asp212 form an
ion pair through a bridged water molecule. It is likely that
this water molecule is highly polarized, and that the hydrogen
bond of Arg82 with the water is very strong. We infer that
the 2292 cm-1 band originates from this N-D stretch of
Arg82. This assignment is strongly supported by the fact
that the dipolar orientation of the 2292 cm-1 band (32°)
coincides with the angle between the N-O vector (nitrogen
of Arg82 and oxygen of water 406) and the membrane
normal in two crystallographic BR structures (Table 1).
Previous FTIR spectroscopy revealed that the N-D stretch
of the Schiff base (31), the O-D stretch of Thr89 (28-30),
and the O-D stretches of water (6, 32, 33) are very low in
frequency, demonstrating a number of strong hydrogen bonds
in the Schiff base region. Here we add an additional structural
element, the N-D group of Arg82.

In the K intermediate, the strong hydrogen bond (2292
cm-1) is apparently further strengthened as seen from the
spectral downshift to 2266 cm-1. Thus, structural changes
caused by retinal photoisomerization are extended to Arg82,
more than 8 Å away. The strong hydrogen bond of Arg82 is
restored to its original strength in the L intermediate.
Interaction of Arg82 with a negatively charged Asp212
through water 406 (Figure 1) is likely to persist in the L
intermediate. In the M intermediate, the frequency is also

not significantly altered from that in BR, although the
polarized FTIR spectra strongly suggest that dipolar orienta-
tion of the N-D group of Arg82 under strongly hydrogen
bonding conditions is changed from perpendicular to parallel
to the membrane plane. Such a change is presumably
correlated with the molecular motion of Arg82 from the
Schiff base region to the extracellular proton release group.
The identical vibrational frequency in BR and M, despite
different hydrogen bond acceptors, suggests that hydrogen-
bonding interactions play a crucial role in stabilizing the
protein structure in intermediate states. Since motion of
Arg82 away from the Schiff base region presumably
destabilizes the negative charge of Asp212, it must be
compensated by other elements, including perhaps strong
hydration by the water molecule between the Schiff base
and Asp85 (6).

In addition to the N-D stretch at 2292 cm-1, another N-D
stretch at 2579 cm-1 that changes its frequency in the K
intermediate presumably also originates from Arg82. This
weak hydrogen bond is also strengthened upon retinal
photoisomerization and restored in the L intermediate, while
being weakened in the M and N intermediates. These changes
probably probe the local environment of Arg82. The N-
minus-BR spectra show another weakly hydrogen bonded
N-D band at 2622 (-) cm-1. Since this arginine N-D
stretch only changes in the N intermediate, it may originate
from arginine at a position other than 82.

In conclusion, we identified N-D stretching vibrations
of arginine in D2O by using [η1,2-15N]Arg-labeled BR. We
found that two N-D stretches of Arg82 change their
frequencies in the formation of the K intermediate. In
contrast, no arginine bands were identified in the L-minus-
BR difference spectra, suggesting that the changes are
reversed in L. Perturbations are once again evident in the
M-minus-BR and N-minus-BR states. Polarized measure-
ments for the M-minus-BR spectra suggest motion of Arg82
by detecting different dipolar orientations for the vibration
at 2292 cm-1. Additional bands were observed in N-minus-
BR spectra for N-D vibrations under weakly hydrogen
bonding conditions. Further experimental and theoretical
efforts including15N-arginine-labeled BR at different posi-
tions will lead to better understanding of the functional role
of arginine during the proton pump of BR.
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