Biophysical Journal Volume 73 August 1897 1001-1006 1001

Localization and Orientation of Functional Water Molecules in
Bacteriorhodopsin as Revealed by Polarized Fourier Transform
Infrared Spectroscopy

Minoru Hatanaka, Hideki Kandori, and Akio Maeda
Department of Biophysics, Graduate School of Science, Kyoto University, Kyoto 606-01, Japan

ABSTRACT Linear dichroic difference Fourier transform infrared spectra upon formation of the M photointermediate were
recorded with oriented purple membranes. The purpose was to determine the angle of the directions of the dipole moments
of 1) the water molecule whose O-H stretching vibration appears at 3643 cm™" for the unphotolyzed state and 3671 cm™*
for the M intermediate, and 2) the C=0 bond of protonated Asp85 in the M intermediate. The angle of 36° we find for the
C=0 of the protonated Asp85 in the M intermediate is not markedly different from 26° for unprotonated Asp85 in the model
based on cryoelectron diffraction, indicating the absence of gross orientation changes in Asp85 upon its protonation. The O-H
band at 3671 cm™ of a water molecule in the M intermediate, although its position has not determined, is fixed almost parallel
to the membrane plane. For the unphotolyzed state the angle of the water O-H to the membrane normal was determined to
be 60°. On the basis of these data and the structural model, we place the water molecule in the unphotolyzed state at a

position where it forms hydrogen bonds with the Schiff base, Asp85, Asp212, and Trp86.

INTRODUCTION

Bacteriorhodopsin is one of the membrane proteins in
Halobacterium salinarium and functions as a proton pump.
It has a retinal chromophore covalently bound to Lys?'®
through a Schiff base linkage. Upon photoreaction, a proton
moves from the cytoplasmic to the extracellular side via the
Schiff base through the membrane. In this process bacterio-
rhodopsin forms a series of intermediates named K, L, M,
N, and O, which are distinguished by their visible absorp-
tion spectra. In the L-to-M conversion, the proton is trans-
ferred from the Schiff base to Asp®, which is also the
counterion of the Schiff base in the L intermediate as well
as the unphotolyzed state (see Lanyi, 1993; Maeda et al.,
1997; for reviews). The replacement of Asp®> by a neutral
residue abolishes this reaction. Asp®’ is also surrounded by
the charged residues Asp®'? and Arg®. These are dispens-
able, however, for proton pumping because replacement of
both Asp®'? and Arg®? does not abolish transport (Brown et
al., 1995b).

The structural model of bacteriorhodopsin by electron
diffraction at 0.35-nm resolution (Grigorieff et al., 1996) is
quite instructive, but its resolution is not sufficient for
complete clarification of the structure around the Schiff
base, especially for the location of water molecules. Fourier
transform infrared (FTIR) spectroscopy for the photointer-
mediates has contributed greatly to the detection of changes
in hydrogen bonding at this site (Maeda et al., 1994; Fischer
et al., 1994; Kandori et al., 1995; Chon et al., 1996). The
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difference spectrum upon formation of the M intermediate
exhibits a bilobed feature at 3643 (—) and 3671 (+) cm™!
(Maeda et al., 1992; Hatanaka et al., 1996). These O-H
stretching vibrations could not originate from a symmetrical
water molecule in the protein environment. The negative
band has been ascribed to the one of the two O-H bonds that
weakly H-bonds with Asp2'2, whereas the other binds
strongly with Asp85 (Maeda et al., 1994; Kandori et al.,
1995). The effect of halides in D85T in place of Asp® is
explained by a water molecule between the Schiff base and
the counterion (Chon et al., 1996). However, the relation-
ship of this water molecule to the Schiff base has not been
sufficiently elucidated. Difference FTIR spectra with a po-
larized probe beam were shown to be useful for determining
the orientation of the various parts of the retinal skeleton
and a carboxylic acid in bacteriorhodopsin (Earnest et al.,
1986; Fahmy et al., 1989).

The present study aims at determining the orientation of
the O-H bonds of water molecules, whose stretching vibra-
tion shows a bilobed shape in the FTIR spectrum upon M
formation (Maeda et al., 1992; Hatanaka et al., 1996). On
the basis of the present results and the structure model by
Grigorieff et al. (1996), a plausible geometry of the water
molecule in the active site is proposed that accounts for the
orientation angle of this water molecule and Asp®’ in the
region close to the Schiff base.

MATERIALS AND METHODS

Purple membranes were prepared by the method described by Oesterhelt
and Stoeckenius (1974). The membranes were suspended in 5 mM borate
buffer (pH 10), and its 80-ul aliquot was dried in room air on a BaF,
window with a diameter of 18 mm. After hydration by 1 ul of water, the
sample was placed in a cell and then mounted in an Oxford DN-1704
cryostat. The film was illuminated with >500-nm light for 1 min at 273 K
to obtain the light-adapted state of bacteriorhodopsin (BR), and cooled
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after 10 min for complete decay of the N intermediate that was produced
under these conditions.

The illumination with >500-nm light at 230 K for 1 min converted BR
to the M intermediate. It was quite stable, and no traces of the L interme-
diate were formed under these conditions. Spectral changes in the visible
region under these conditions show the typical spectral changes from 570
nm to 412 nm for the formation of the M intermediate. Any contributions
of Psoo and Psg, species at alkaline pH (Balashov et al., 1991) were not
detected (not shown). Because the M intermediate completely reverted to
BR upon illumination with 420-nm light for 3 min, as envisaged by the
same spectral shape, these cycles of alternative illuminations with
>500-nm light and 420-nm light were repeated three times. The difference
spectrum was calculated from the spectra constructed with 128 interfero-
grams before and after the illumination. The six spectra thus obtained were
averaged for the M minus BR spectrum. Linear dichroism was measured by
mounting a BaF, polarizer in the vertical xy plane in front of a mercury-
cadmium-technetium detector in a Bio-Rad FT'S40 FTIR spectrometer. The
IR probe light travels along the z axis to the window with the vertical and
horizontal polarizations, A, and A, in the xz and yz planes, respectively.
The probe light focused on the sample in this instrument can be regarded
as an essentially parallel beam. The window in the xy plane can be tilted
around the vertical x axis by rotation of the rod holding the window. The
tilt angles (¢,) were 0°, 10.7°, 21.4°, 32.1°, 42.8°, and 53.5°.

The dichroic ratio R is defined as

R= [AH(¢0)/AH(0°)]/ [Av(<§b0)/Av(0°)] 1

Increases in the effective number of the BR molecules absorbing light with
tilting were corrected by increasing the intensity of the A, component. R is
related to the angle of the dipole moment to the membrane normal 6, by the
equation described by Rothschild and Clark (1979),

R =1+ sin’¢y/n?
(2
X [p (9cos?8, — 3)Y[2 — p (3cos6, — 1)]

where n, the refractive index of the film in the IR region, was assumed to
be 1.7, as used previously (Earnest et al., 1986), and p, the degree of
orientation of the membrane, was assumed to be 0.95, as reported by
Earnest et al. (1986). The assumption for the latter is rational, as judged
from the intensity ratio of amide II/amide I in our unhydrated film of 1.02,
in comparison with their value of 0.98.

RESULTS

Fig. 1 shows a series of Ay, (a) and A (b) components of the
M minus BR spectra in the 1800-1670 cm™' region. The
changes were most prominent in the amide I bands in
1700-1670 cm™'. These bands have not yet been assigned
to any specific modes, and change in a complex way be-
cause of cancellation of positive and negative bands. Hence
they were not analyzed further. The positive peak at 1761
cm ™! has been assigned to the C=-O0 stretching vibration of
protonated Asp®> (Braiman et al., 1988), and is almost free
from other spectral components. The Ay component of the
1761 cm™ " band increases in intensity when the window is
tilted. Slight increases in the intensity of the Ay, component
were used for correction by the tilting, as described in
Materials and Methods. The 1761-cm™" band was fitted by
a Gaussian function with a constant full width at half-
maximum (FWHM), and the R value was calculated for
each ¢,. The R versus ¢, plot for this band can be best fitted
with a curve of Eq. 2 with 6, = 36° (Fig. 2, closed circles
and the bold line through them). The results of three inde-
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FIGURE 1 Changes of the M minus BR spectra in the 18001670 cm ™'

region with the tilting of the sample window for the Ay (a2) and Ay (b)
components. The thick solid lines are the spectra at ¢, = 0°; the dotted
lines are those at ¢, = 10.7, 21.4, 32.1, and 42.8°; and the solid thin lines
are those at ¢, = 53.5°. Arrows indicate the direction for the spectral
changes with the tilting.

pendent experiments were averaged. The 1527, 1202, and
1169 cm™! bands of the retinal polyene chain show 72 *
0.7°, 75 = 2.3°, and 66 * 1.3°, respectively (open circles,
closed squares, and closed triangles, respectively, and the
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FIGURE 2 R versus ¢, plots for the bands at 1761 cm™ ' (@), 1527 cm™'
(©), 1202 cm™' (M), and 1169 cm™' (A). The bands at 1527, 1202, and
1169 cm™ ' are not included in Fig. 1. The points were fitted with Eq. 2 by
the least-squares method. The fitted curves are shown by thick lines.
Dotted lines show the theoretical lines according to Eq. 2 from 6, =
10-90°. The line at 6, = 10° has the largest slope. The slope decreases
with the increment of the angle of 6, and becomes negative above 54.7°
(magic angle).
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bold lines through them), which are quite consistent with the
corresponding values determined by Earnest et al. (1986),
who used the p value of 0.95. If we had used lower p values,
our data would show considerable deviations with increas-
ing tilt angles from the theoretical curves. The present value
of 8, = 36 = 1.0° for the C=0 of Asp® is different from
43° (Earnest et al., 1986), which was measured during the
decay of the M intermediate at 250 K in films made from
aqueous suspensions. Our value is rather close to 35 = 5°,
the value reported by Nabedryk and Breton (1986).

The M minus BR spectrum exhibits a bilobe of water
O-H stretching vibrational bands at 3671 and 3643 cm™'.
The previous analysis of the L minus BR spectrum by use of
D85N and D212N proteins has shown that the 3643-cm '
band is due to a water molecule weakly H-bonding with
Asp?'? (Maeda et al.,, 1994; Kandori et al., 1995). This
frequency is affected by substitution of amino acid residues
in the extracellular domain, Tyr57, Asp212, Glu®™, Arggz,
and Asp85 in the presence of chloride (Fischer et al., 1994;
Kandori et al., 1995; Brown et al., 1995a; Hatanaka et al.,
1996; Chon et al., 1996). On the other hand, the 3671-cm ™!
band in the M intermediate is not affected by these muta-
tions, indicating that it refers to an O-H bond that is not near
these residues. With increasing tilt angle of the window,
intensities of the 3671- and 3643-cm ™' bands both decrease
(Fig. 3), but the angle dependence of the decrease is larger
for the 3671-cm ™" band than that of the 3643-cm™" band.
This indicates that the O-H bond in the M intermediate is
oriented more perpendicularly to the membrane normal than
in BR. The asymmetrical shapes of these bands suggest that
there is a contribution from other bands located at lower
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FIGURE 3 Changes of the M minus BR spectra in the 3700-3600 cm ™'
region with the tilting of the sample window for the Ay (a) and Ay, (b)
components. The thick solid lines are the spectra at ¢, = 0°; the dotted
lines are those at ¢, = 10.7, 21.4, 32.1 and 42.8°; the thin solid line is that
at ¢, = 53.5°. Arrows indicate the direction for the spectral changes with
the tilting.
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frequencies. Increase in the tilt angle caused the shifts of the
negative band from 3643 cm™' to higher frequencies,
whereas the peak of the band at 3671 cm ' remained
unchanged. This could result from the presence of a nega-
tive band at lower frequencies with responses to the tilt
angle different from that of the main negative band. The
differential of the M minus BR spectrum at ¢, = 0° gave
the peak position of the main bands at 3643 and 3671 cm™".
The same spectrum was then fitted by convoluted bands of
Gaussian and Lorentzian functions of these two bands to-
gether with an additional three bands with peaks at 3660
(+), 3632 (—), and 3621 (=) cm ™! (Fig. 4). The bilobe of
3660- and 3632-cm ' bands is more intense in E204D at pH
7 but absent at pH 10 (Hatanaka et al., unpublished results).
By keeping the same peak frequencies and the FWHM at 26
and 32 cm™! for the 3671- and 3643-cm ™' bands, respec-
tively, a series of the spectra recorded with different ¢, was
divided in a similar procedure. The area under the peak was
calculated for each 3671- and 3643-cm™ ' band, and the
plots of R versus ¢, were fitted to Eq. 2. The best fits with
the least-squares deviations were obtained with 60 = 0.4°
for the 3643-cm ™! band of the unphotolyzed state, and 87 =
4.9° for the 3671-cm ™' band of the M intermediate (Fig. 5).

DISCUSSION

The O-H stretching frequency at 3643 cm™' of the water
molecule in the BR state shifts by several cm™ ' toward
lower frequencies when Tyr>’ (Fischer et al., 1994), Asp®'?
(Kandori et al., 1995), Glu>® (Brown et al., 1995a), Arg®?
(Hatanaka et al., 1996), and Asp®> (Chon et al., 1996),
residues in the extracellular domain, are replaced. On the
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FIGURE 4 The decomposition of the difference spectrum of A, at ¢, =
0°. The difference spectrum was decomposed to five components (solid
lines) by assuming each band has convoluted spectral shape with Gaussian
and Lorentzian functions. The dotted line represents the difference spec-
trum obtained by the experiments.
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FIGURE 5 R versus ¢, plot for the vibrational bands of water at 3671
cm™' (@) and 3643 cm™' (A). The points were fitted with Eq. 2 by the
least-squares method. The fitted curves were shown by thick lines. Dotted
lines show the theoretical lines according to Eq. 2 from 6, = 10-90°. The
line at 6, = 10° has the largest slope, and the slope decreases with the
increment of the angle of 6.

other hand, the O-H stretching vibration at 3671 cm™ ' in the
M intermediate is not affected at all by these mutations.
Thus it is likely that the water molecule for the 3671-cm ™"
band in the M intermediate is not located in the places
influenced by these residues. The relation between these
two bands, which form a nice bilobe, is an issue for future
studies. The present results show that the O-H bond that is
the origin of the 3671-cm™ ' band in the M intermediate lies
almost parallel to the membrane plane. Even though this
functional water molecule is not covalently bound to the
protein, it is located at a fixed position relative to the other
O-H bond in the protein matrix.

The model from cryoelectron diffraction for the unpho-
tolyzed state of bacteriorhodopsin (Grigorieff et al., 1996)
shows cavities, with radii of >0.12 nm, which are able to
accommodate a water molecule, to the extracellular side of
Asp® but not in the space between Asp®® and the Schiff
base. Our FTIR spectroscopic studies, however, have shown
the presence of a water molecule H-bonded to the Schiff
base, Asp®>, Asp?'? (Kandori et al., 1995; Chon et al.,
1996), and Trp®® (Hatanaka et al., 1997). Such an internal
water molecule must be placed in this site by forming an
ice-like structure with four H-bonds. We can place the four
suggested H-bonding partners of water, the N-H of the
Schiff base, the C-Oj, of carboxylate of Asp?'?, and the
C-Oj, of carboxylate of Asp®®, along with the N_-H of the
indole of Trp®, within the coordinates by Grigorieff et al.
(1996). They form four apexes of a distorted tetrahedron
with the oxygen of water in the center (Fig. 6 b), although
the distances between them deviate from those in the au-
thentic tetrahedron of ice (Fig. 6 a). Because H-bonding
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FIGURE 6 Comparison of tetrahedral ice (a) with the distorted tetrahe-
dron with the nitrogen of the Schiff base, the N of the indole of Trp®®, the
Oj, of carboxylate of Asp®”, and the Oy, of carboxylate of Asp®'? at the
four apices (b). The oxygen of a water molecule (whose O-H bonds are
represented by thick lines) is placed at the center of the real tetrahedron in
both a and b. Dotted lines connect the center and four apexes of the real
tetrahedron. The invisible bottom plane is represented by the dark area.

with Asp85 must be strongest (Kandori et al., 1995), the
oxygen of Asp®® is placed at one of the apexes. This is the
most favorable position for forming strong H bonding
(Thanki et al., 1988). In this way, however, the other atoms
that form H bonds are not located at the apexes of the
tetrahedron. This is reasonable because skewed geometries
for all of the others will cause weaker H bonding. Weak H
bonding of the Schiff base (de Groot et al., 1989) and
Asp?'? (Kandori et al., 1995) is known to occur. Trp3¢
mainly interacts with Oz, of Asp®'? (Grigorieff et al., 1996)
and therefore only weakly interacts with the water molecule,
as shown by the abolition of the structural changes of water
in W86F (Hatanaka et al., 1997). One can plant this dis-
torted tetrahedron in the protein environment with a tilted
orientation, as in Fig. 7. The angle between the O-H bond
and the membrane normal is 60° in this alignment. This is
in very good agreement with the value calculated from the
experiments.

The same model (Grigorieff et al., 1996) shows that the
C-0;, bond of Asp® forms an angle of 25.5° and the C-Oy,
bond an angle of 71.2° to the membrane normal. The C-Og,
bond is located at a position favorable for accepting a proton
from the Schiff base, and hence is assigned to the protonated
carbonyl bond in the M intermediate. It is also at the right
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FIGURE 7 The alignment of the distorted tetrahedron of Fig. 6 b in the
protein. The shaded bottom plane in Fig. 6 b faces toward the front of this
figure. Labels 1 and 2 on the C-O bonds stand for O, and Oj,. A dotted
line in the expanded figure of water was drawn to show the angle of the
O-H to the vertical line to the membrane (arrow).

position to form strong H bonding with the water O-H,
which is different from the O-H bond with a stretching
frequency at 3643 cm™'. The C-O;, forms an H bond with
the O, of Thr* in the unphotolyzed state. It will be
preserved in the unprotonated carbonyl state in the M in-
termediate. The measured angle of 36° for the C=0O
stretching vibration of the protonated Asp®’ in the M inter-
mediate is not markedly different from the value of 25.5°
for BR from the diffraction study (Grigorieff et al., 1996),
indicating only small structural changes in the BR-to-M
process.

It is necessary to ascertain the energetic feasibility of
accommodating this water molecule at this site, but this
must be an issue for the future. Many lines of evidence,
however, already strongly suggest the presence of the water
molecule in this position. The presence of a water molecule
next to the Schiff base was suggested from rapid H-D
exchange of the Schiff base proton (Deng et al., 1994),
energy transfer of the Schiff base vibration to a water
molecule (Hildebrandt and Stockburger, 1984), a neutron
diffraction study (Papadopoulos et al., 1990), and FTIR and
FT-Raman studies on the frequency shifts of water and the
Schiff base N-H (Chon et al., 1996). Molecular dynamic
simulations (Zhou et al., 1993; Humphrey et al., 1994,
Scharnagl et al.,, 1994; Roux et al., 1996) and ab initio
quantum chemical calculations (Nina et al., 1995) on the
basis of the 1990 structural model (Henderson et al., 1990)
include water molecules between the Schiff base and Asp®’.
For the new diffraction map, no refined calculations have
been applied. Furthermore, the negatively charged carboxy-

Functional Water in Bacteriorhodopsin

1005

lates of Asp®> and Asp®'? have not been well resolved
(Grigorieff et al., 1996).

Environment change that decreases the dielectric constant
around Asp®’ occurs in the M intermediate, as reflected by
a high frequency of its C==0 stretching vibration at 1761
cm™! (Dioumaev and Braiman, 1995). This is the cause of
the large increase in the pK, value of Asp®’ in the BR-to-M
conversion. Among the H-bonding partners of the water
molecule in Fig. 7, Asp®® is protonated and the Schiff base
loses the proton in the M intermediate. These changes in
structure then cause the release of the water molecule from
the site of Asp®® and abolish H bonding with Thr®. These
may suffice for the decreased dielectric environment. Mo-
lecular dynamic calculations also show that Asp®® is not
interacting with water molecules in the M intermediate (Xu
et al., 1995). In the low dielectric protein environment, the
charges of the protonated Schiff base and carboxylate would
tend to cancel each other. Dielectric coupling to stabilize the
ionic pair (Scheiner and Duan, 1991) could be achieved
only by an intervening water molecule, as shown in Fig. 7.
Once this structure collapses upon isomerization, the water
molecule cannot be kept, and the proton of the Schiff base
moves to Asp®>. In other words, the structure proposed in
Fig. 7 is a prerequisite for preventing the neutralization of
the charged pair.
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