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ABSTRACT: The L intermediate in the proton-motive photocycle of bacteriorhodopsin is the starting state
for the first proton transfer, from the Schiff base to Asp85, in the formation of the M intermediate. Previous
FTIR studies of L have identified unique vibration bands caused by the perturbation of several polar
amino acid side chains and several internal water molecules located on the cytoplasmic side of the
retinylidene chromophore. In the present FTIR study we describe spectral features of the L intermediate
in D2O in the frequency region which includes the N-D stretching vibrations of the backbone amides.
We show that a broad band in the 2220-2080 cm-1 region appears in L. By use of appropriate15N
labeling and mutants, the lower frequency side of this band in L is assigned to the amides of Lys216 and
Gly220. These amides are coupled to each other, and interact with Thr46 and Val49 in helix B and Asp96
in helix C via weakly H-bonding water molecules that exhibit O-D stretching vibrations at 2621 and
2605 cm-1. These water molecules are part of a hydrogen-bonded network characteristic of L which
includes other water molecules located closer to the chromophore that exhibit an O-D stretching vibration
at 2589 cm-1. This structure, extending from the Schiff base to the internal proton donor Asp96, stabilizes
L and affects the L-to-M transition.

Bacteriorhodopsin carries out light-driven proton transport,
from the cytoplasm to the extracellular medium, across the
purple membrane. A retinylidene moiety, formed by a Schiff
base linkage between retinal and Lys216, is responsible for
the absorption of light. The pump cycle starts with the
photoinduced isomerization of the all-trans chromophore in
the light-adapted initial state (BR1) to its 13-cis form.
Subsequent changes occur through a series of intermedi-
ates: K, L, M, N, and O (1). The intermediates can be
distinguished by their visible spectra, which reflect changes
in the structure of the chromophore and the protein (2, 3).
Further characteristic changes for each transition can be
sensitively detected by difference FTIR spectroscopy, giving
specific information on the protonation states of ionizable
residues, interactions of the chromophore with the protein
(reviewed in ref4) and changes in internal water molecules
(reviewed in refs5 and6). Analyses of these spectra have
provided important insights into the mechanism of proton
pumping.

Hydrogen-bonding of the Schiff base becomes weaker after
the primary photoreaction, the BR-to-K transition (7, 8), and
stronger again in the K-to-L transition (7, 9). The first proton
transfer from the Schiff base to Asp85 occurs in the L-to-M
transition (10). The lowering of the pKa of the Schiff base
is a primary requirement for the proton transfer to Asp85.
Conceptually, before the deprotonation of the Schiff base
occurs, a proper environment of Asp85 and a pathway for
the transfer must be established. In this respect the protonated
Schiff base must be temporarily stabilized in L. The
chromophore distortions seen in L may be responsible for
the pKa decrease; they are gone upon reprotonation of the
Schiff base in N (9, 11). Though not easily distinguished
from the other M’s spectroscopically, an M subspecies called
M1 is in equilibrium with L (12, 13). Disruption of the Schiff
base-counterion interaction, upon neutralization of both by
proton transfer in the L-to-M1 transition, would allow
relaxation of the chromophore distortion of the Schiff base
in the transition from M1 to M2 and would explain the
absence of distortion seen in N. Such relaxation of the
chromophore while the Schiff base is deprotonated may be
critical in ensuring one-way proton transfer in the photocycle
(14-16).

FTIR studies have shown that many of the structural
perturbations characteristic of L occur on the cytoplasmic
side of the chromophore (see Figure 1 for BR) (17). These
include the perturbation of Asp96 (10), Asp115 (10), and
Trp182 (18), which are relatively far from the Schiff base
(more than 7 Å), as well as Val49 (19) and Thr89 (20), which
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are close to the Schiff base. Other changes involve several
internal water molecules whose O-H stretching bands appear
in the 3650-3450 cm-1 region with much larger amplitudes
in L than in BR. These frequencies indicate that these water
molecules have relatively weak H-bonds. They have been
proposed to be involved in shifting the L-to-M equilibrium
toward L (21, 22). Location of the waters on the cytoplasmic
side is suggested by depletion of these water bands in the
T46V mutant (21). Further FTIR studies have shown that at
least one of these water molecules is close to the Schiff base
(22) and probably close to the 13-methyl group of the
retinylidene chromophore (23). In L′, the all-trans photo-
product of L (24, 25), an intense water band at 3589 cm-1

in L is preserved with a slight frequency shift to 3549 cm-1

(26). Also preserved are the perturbations of Asp96, Val49,
Lys216, and the methyl group of the retinal that occur in
forming L. On the other hand, perturbations of Trp182 and
Asp115 which occur in forming L are largely relaxed in L′.
These results suggest that the structure from the Schiff base
to Asp96, along helices B (including Thr46, which interacts
with Asp96 and Val49), C (Asp96), and G (Lys216), is
perturbed as a coordinated unit in L.

Following photoisomerization and deprotonation of the
Schiff base, the movement of the side chain of Lys216 causes
changes in the position of its backbone atoms (27). This
movement is relatively large in some X-ray structures of M,
and the H-bonding between the carbonyl of Lys216 and the
amide of Gly220 in helix G is disrupted (see Protein Data
Bank entries 1f4z (28), 1cwq (29), and 1kg9 (30)). In these
structures a water molecule (Water503) hydrates the amide
of Gly220. In two of the structures (1f4z and 1cwq) this

water is further connected to Thr46 and Asp96 through
another water molecule (Water504). In the third structure
(30), a cavity with the capacity for one water molecule at
the position of Water504 was found. However, in an early
M produced by irradiation at 210 K (16) and in L (27) the
movement of backbone atoms is smaller, and water mol-
ecules were not detected in these positions. Between the
carbonyls of Thr46 and Lys216 the only water molecule
present is Water502 as in the initial BR state.

Atomic level structures of bacteriorhodopsin (31-36)
show a rather nonpolar region among Thr46, Asp96, and
the Schiff base in the cytoplasmic domain. Side chains of
Val49, Leu93, Trp182, and Phe219 constitute the core of
this region. It should be noted that, even in a highly nonpolar
environment, the amide and carbonyl groups of the peptide
backbone provide some polar character, along with H-
bonding water molecules. A nonpolar environment will
strengthen the interactions of these groups. Difference FTIR
spectroscopy is a sensitive technique to detect weakly
H-bonding water molecules because the polarization of
chemical bonds by electrostatic interactions intensifies the
infrared absorption bands. Our recent FTIR studies of the
interaction of the Schiff base with water in L (22) indicated
that the hydrogen out-of-plane (HOOP) vibrations of the
Schiff base are intensified by interaction with water. This
could also be true for the stretching vibrations of the amide
N-D. FTIR spectroscopy would also reveal the amide N-D
as a binding site for other water molecules that are involved
in stabilization of L.

The K-minus-BR spectrum of bacteriorhodopsin exhibits
a broad negative set of bands in the 2800-2500 cm-1 region
(37). In D2O some of these bands shift and appear as a
corresponding broad band in the 2220-2080 cm-1 region.
In this paper we observe broad difference bands for L in
this spectral region and show by the use of mutant pigments
and appropriate isotope labeling that they contain a contribu-
tion from N-D stretching vibrations of the two amides of
Gly220 and Lys216, which are interacting with water
molecules and nearby residues, Thr46 and Asp96. We
propose that the interaction of water molecules with these
amides occurs upon formation of L. This structural change
involves several residues extending from the chromophore
to Asp96. It plays a role in stabilizing the L state and affects
the L-to-M transition.

MATERIALS AND METHODS

Bacteriorhodopsin Samples. Isotopically enriched bacte-
riorhodopsins were prepared biosynthetically using a growth
medium similar to that of Gochnauer and Kushner (38) with
labeled amino acids replacing their natural counterparts. The
concentrations were 0.085 g/L for [R-15N]-labeledL-lysine
and 0.06 g/L for [15N]-labeled glycine. The15N labels are
not significantly scrambled to other sites because any
nitrogen from degraded amino acids is diluted by a large
unlabeled ammonia pool.

Purple membranes of wild-type and mutant pigments were
isolated by the standard procedure (39). The mutant strains
T46V/F219L and G220P were obtained by the procedure of
Needleman et al. (40). The mutant pigments T46V, T46V/
D96N, V49A, D96N, and F219L were kindly donated by J.
K. Lanyi and L. S. Brown and described previously (21-
23, 26, 41, 42).

FIGURE 1: View from the cytoplasm of amino acid residues
discussed in the present study. All the residues are depicted
according to the structure of wild-type BR (1c3w in the Protein
Data Bank (33)). The picture is tilted so as to avoid overlap of the
amides of Gly220 and Lys216. The retinal is shown in pale gray.
In helix G, Gly220 and Phe219 are located one turn in the
cytoplasmic direction from Lys216 and Ala215, respectively. In
helix B, Thr46 is located one turn to the cytoplasmic side from
Val49. In helix C, Asp96 is closer to the cytoplasmic surface than
Leu93 and Thr89. SB stands for the Schiff base. Two water
molecules (Water501 and Water502) are depicted by pink balls
connected by dotted lines to H-bonding partners within 3 Å.
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The photoproducts of V49A at 80 K contained about 15%
L, as judged from the L-specific band of Trp182 at 3486
cm-1 (43). Subtraction of 15% of L leaves a K-like spectrum
with an intense 1194 cm-1 band, though the K-specific
intense HOOP band at 951 cm-1 is missing. Although the
K-minus-BR difference spectrum of G220P had a normal
shape, only a small percent of L was formed (∼10%), which
made the difference spectra quite noisy. Other mutants
exhibited nearly normal K-minus-BR and L-minus-BR
spectra in the 1800-800 cm-1 region. As before (23) we
used the bands of the chromophore at 1168 and 1009 cm-1

to scale the spectral amplitudes for the isotope-labeled
samples and mutant pigments.

FTIR Measurements.Preparation of the dried films on
BaF2 windows, hydration, and mounting into the cryostat
(Oxford Optistat) were described previously (22). In this
study, almost all the experiments were done with the films
hydrated by D2O or D2

18O (ICON, 85.5%18O, 80% D).
Although the membranes were not washed in D2O, the
exchangeable protons were nearly completely replaced with
deuterons, as judged by the intensity of the 3642 cm-1 O-H
stretching vibration of an internal water molecule.

The hydrated films were illuminated in the cryostat, which
had been installed in the FTIR spectrometer (BioRad
FTS6000). After light-adapting for 5 min at 273 K with
yellow light (wavelength>450 nm) obtained from a projector
lamp with a Corning 3-72 filter, the sample was cooled to
80 K. Absolute spectra (average of eight spectra, each of
which comprised 256 scans at 2 cm-1 resolution) were
recorded at 80 K before (A) and after (B) illumination with
blue light (Corning 4-96 filter, 350-500 nm) for 1 min to
form K. The sample was then warmed to 170 K (in∼7 min),
held for 10 min to convert K to L, and then recooled to 80
K (in ∼14 min) to record further absolute spectra (C). The
warming procedure for the hydrated films in the present
FTIR study, in contrast to the previous visible spectroscopic
studies for the water-glycerol suspensions (3), gave complete
conversion of K to L, as judged by the elimination of
the K-specific bands at 1296 and 951 cm-1 and the
preservation of the BR bands at 1168 and 1009 cm-1 as
described previously for the wild-type and other mutant
pigments (23). The L-minus-BR spectrum thus obtained is
also free from M as judged from the lack of the M-specific
bands at 1750, 1565, and 1554 cm-1 (see the review in ref
4). The K-minus-BR and L-minus-BR difference spectra at
80 K are given by (B)- (A) and (C)- (A), respectively.
In this way we can compare L as the thermal product of K
in the same hydrated film at the same temperature.

After these recordings, the sample was warmed to 273 K
before the next cycle of measurements at low temperatures.
The measurements were repeated at least three times, and
the data were averaged. The reproducibility of all the
presented data was confirmed by two independent sets of
experiments.

RESULTS

The L Intermediate Exhibits a Set of Bands in the 2200-
2080 cm-1 Region in D2O. Figure 2 shows K-minus-BR,
L-minus-BR, and L-minus-K spectra in the 2230-1770 cm-1

region at 80 K for a film hydrated with D2O. The negative
portion of the difference spectrum, due to BR, exhibits

minima at 2173 and 2123 cm-1, as described by Kandori et
al. (37). To make an accurate comparison between the
K-minus-BR and L-minus-BR difference spectra, the spectra
should be measured at the same temperature for the same
hydrated film. The L-minus-BR spectrum was obtained at
80 K by subtracting the absolute spectrum at 80 K before
illumination from the absolute spectrum of the sample that
was illuminated at 80 K, warmed to 170 K, and then held
for 10 min before recooling to 80 K (see the Materials and
Methods). The L-minus-BR spectrum in the 2230-1770
cm-1 region (thin line) recorded at 80 K exhibited a smaller
negative amplitude than the K-minus-BR spectrum (dotted
line). This result indicates that L has a new positive band
overlapping the negative bands of BR at 2173 and 2123
cm-1, and reducing their amplitude. In the L-minus-K
spectrum (thick line), obtained by subtracting the K-minus-
BR spectrum from the L-minus-BR spectrum, this band can
be clearly seen as a broad positive band ranging from 2220
to 2080 cm-1 with a number of subbands. Frequencies above
2230 cm-1 will not be discussed because of strong absorption
by D2O.

A comparison of the L-minus-BR and K-minus-BR spectra
in this region was reported recently by Tanimoto et al. (44).
In their study, the negative bands in the L-minus-BR
spectrum were less intense than in the K-minus-BR spectrum,
and did not shift in [18O]water, although [18O]water did cause
a shift to lower frequency of the 2173 cm-1 band of BR in
the K-minus-BR spectrum (45). From these results, Tanimoto
et al. (44) argued that the water O-D stretching vibration
band at 2173 cm-1 in BR returned in L to the frequency it
was initially at in BR. However, the shift of the 2173 cm-1

band in the K-minus-BR spectrum by D2
18O was much

smaller than the expected shift for an O-D vibration (∼13
cm-1) in this spectral range. Moreover, the L-minus-BR

FIGURE 2: Spectra for wild-type bacteriorhodopsin in D2O: K-
minus-BR (dotted line) and L-minus-BR (thin line) spectra recorded
at 80 K and L-minus-K spectrum obtained by subtracting these
two spectra (thick line). The full length of the ordinate corresponds
to 0.0069 absorbance unit for unlabeled bacteriorhodopsin.
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spectrum was obtained at a different temperature from that
for the K-minus-BR spectrum. In our study, L was produced
thermally from K and the L-minus-BR spectrum was
recorded at the same temperature as that for the K-minus-
BR spectrum. We observed no effect of D2

18O water
substitution on the spectrum of L in this region (see the
positive side of the L-minus-K spectrum (Figure 3a).

Interaction of the Amides of Gly220 and Lys216 with Each
Other in L. The 2220-2080 cm-1 band of the L-minus-K
spectrum probably has contributions from the N-D stretch-
ing vibrations of backbone amides and the Schiff base N-D.
These are the most likely candidates for bands in this spectral
region. Moreover, the N-D stretching vibration of the Schiff
base of BR has been assigned to bands right in this region
(2173 and 2123 cm-1 bands in the K-minus-BR spectrum)
(8). The 2230-1780 cm-1 region of the L-minus-K spectra
of [15N]Gly-labeled bacteriorhodopsin (Figure 3b) and
[R-15N]Lys-labeled bacteriorhodopsin (Figure 3c) are com-
pared with that of unlabeled bacteriorhodopsin (dotted lines).
These isotope substitutions consistently lowered the intensity
in the 2150-2080 cm-1 region. To see the isotope effect
more clearly, the difference between the spectra of the
unlabeled bacteriorhodopsin and each15N-labeled bacterio-
rhodopsin was calculated (thin lines). Though noisy, distinct
depletion bands with similar amplitudes were seen at around
2145 and 2097 cm-1 for isotopic substitution at the two
different N positions. Heavy isotope substitution in the group
responsible for a vibration generally causes a shift to lower
frequencies and often decreases the intensity of the band.
These bands could arise from transition dipole coupling if

the dipoles of two Gly/Lys amides with similar vibrational
frequencies are located near each other and are nearly parallel
(46, 47). The shift in frequency due to15N substitution in
one of these amides should weaken the vibration coupling
and cause attenuation in the intensity of the coupled bands.

An obvious Gly-Lys pair is on helix G. The N-D of
Gly220 is located at about oneR-helical turn from the N-D
of Lys216 (see Figure 1). Thus, the two bands of L that were
depleted at 2145 and 2097 cm-1 are likely at least partly
due to the amides of Lys216 and Gly220. No clear changes
in intensity in [ú-15N]Lys-labeled bacteriorhodopsin were
detected in any part of this band (data not shown), though
greater noise for this sample hampered the detection of
possible smaller changes.

Effects of Mutations of Thr46, Val49, Asp96, Phe219, and
Gly220 on the Broad Band at 2220-2080 cm-1 in L. It is
known that several residues around these amides affect the
water O-H stretching bands in the 3550-3450 cm-1 region
of L. These bands are depleted in T46V, partially restored
in T46V/D96N, and increased in V49A (19, 21). In D2O,
F219L exhibited a larger water O-D stretching band at 2589
cm-1 in L (ref 23; see also Figure 6).

The F219L mutation also affects the water O-H band at
3671 cm-1 of M (42). Among the residues which affect the
water vibrations in BR, Thr46, Asp96, and Phe219 are close
to the amide of Gly220, and Val49 is close to that of Lys216
(Figure 1), but not directly in contact with the amides. These
relations probably will also hold for L since the structures
of BR and L are fairly similar (27, 48). To know the
relationship of these residues to the 2220-2080 cm-1 band,
we examined the L-minus-K spectra of the mutants T46V,
T46V/D96N, V49A, D96N, F219L, T46V/F219L, and
G220P.

The spectra of mutants in Figure 4 (T46V (a), F219L (b),
T46V/F219L (c), and G220P (d)) show decreased intensities
in the 2200-2080 cm-1 region. At the same time, a broad
band appears in the 2030-1780 cm-1 region for T46V and
F219L. This suggests that the broad band at 2200-2080
cm-1 shifts to the 2030-1780 cm-1 region in F219L (b).
The latter band becomes less intense with an additional
mutation of T46V in T46V/F219L (c), as in T46V (a).
Abolition of the broad band in G220P (d), which does not
have an N-D group at position 220, is consistent with the
interpretation that this band arises from the Gly220 amide.
The results in Figure 5 for mutants, V49A (a), D96N (b),
and T46V/D96N (c), also show decreased intensities in the
2200-2080 cm-1 region, but to a lesser extent than in Figure
4, except for the region of 2097 cm-1. It should be noted
that the band intensity that was lost in T46V (broken line in
Figure 5b,c) is partially restored by the additional mutation
of D96N in T46V/D96N (solid line in Figure 5c), exhibiting
the same level as in D96N (solid line in Figure 5b). Taken
together, the results indicate that the coupled vibration mode
of the peptide N-D’s of Lys216 and Gly220 are perturbed
by mutations of Thr46, Phe219, Gly220, Val49, and Asp96.
The first three depleted the bands more extensively than the
latter two.

Effects of Mutations of Thr46, Val49, Asp96, and Phe219
on the Water O-D Vibrations.We expect that the effects
of these mutations on the amide vibration bands of L are
due to their effect on the waters between the side chains of
the mutated residues and the amides of Lys216 and Gly220.

FIGURE 3: Effects of substitution of D2O by D2
18O (a) and isotope

labeling in [15N]Gly-labeled bacteriorhodopsin (b) and [R-15N]Lys-
labeled bacteriorhodopsin (c) on the L-minus-K spectrum in D2O.
The spectrum of the unlabeled bacteriorhodopsin in D2O (duplicated
from Figure 2a) is superimposed by dotted lines. The differences
between the spectrum of the unlabeled sample in D2O and D2

18O
(a) and the spectrum of the unlabeled sample and each labeled
sample (b, c) are shown by thin lines. The full length of the ordinate
corresponds to 0.0069 absorbance unit for unlabeled bacterio-
rhodopsin.
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Figure 6 shows the spectra of several mutants in the 2700-
2550 cm-1 region where the water O-D vibrations of L are
seen (23). The water O-D stretching vibrations are detected
as bands which undergo a shift of∼16 cm-1 when transferred
from D2O to D2

18O (thin lines). The spectrum of each mutant
is compared with that of the wild type (dotted lines). The
water O-H stretching vibrations of T46V, T46V/D96N, and
V49A have been reported previously (19, 21). However, in
D2O the effects on the water bands can be evaluated more
clearly without interference from an overlapping band at
3486 cm-1 (43), which was not shifted to the O-D stretching
region. The O-D stretching bands of the wild type and
F219L, reported previously (23), are duplicated here for
comparison with the other mutants.

The water O-D stretching bands of L for the wild type
(dotted lines in Figure 6) appear at 2621, 2605, and 2589
cm-1 (23). Among them the 2621 cm-1 band is virtually
absent in T46V (a), F219L (b), and T46V/F219L (c). On
the other hand, this band is almost unchanged in the other
mutants, V49A (d), D96N (e), and T46V/D96N (f), albeit
with a shift to lower frequencies in V49A and some
broadening toward lower frequencies in D96N and T46V/
D96N. The 2605 cm-1 band is also eliminated completely
by T46V (a) and T46V/F219L (c) mutations. This band is
diminished or shifted toward lower frequencies in F219L
(b) and V49A (d). These effects of the mutants on the 2621
and 2605 cm-1 bands correlate with their above-described
effects on the broad 2200-2080 cm-1 band of L. The T46V,
F219L, and T46V/F219L mutants caused larger depletion
of this band (Figure 4) with the concomitant appearance of
the 2030-1780 cm-1 band, while V49A, D96N, and T46V/
D96N mutants mainly affected the 2097 cm-1 band (Figure

5). We propose that the water molecules responsible for the
2621 and 2605 cm-1 bands are probably involved in the

FIGURE 4: Effects of mutations on the L-minus-K spectrum in D2O.
Solid lines show spectra of mutant pigments: T46V (a), F219L
(b), T46V/F219L (c), and G220P (d). Dotted lines show the
spectrum of wild-type bacteriorhodopsin (duplicated from the thick
line in Figure 2). The frequencies at 2145 and 2097 cm-1 are
marked by vertical dotted lines. The full length of the ordinate
corresponds to 0.0083 absorbance unit for unlabeled bacterio-
rhodopsin.

FIGURE 5: Effects of mutations on the L-minus-K spectrum in D2O.
Solid lines show spectra of mutant pigments: V49A (a), D96N
(b), and T46V/D96N (c). Dotted lines show the spectrum of wild-
type bacteriorhodopsin (duplicated from the thick line in Figure
2), and broken lines show the spectrum of T46V (reproduced from
Figure 4a). The frequencies at 2145 and 2097 cm-1 are marked by
vertical dotted lines. The full length of the ordinate corresponds to
0.0083 absorbance unit for unlabeled bacteriorhodopsin.

FIGURE 6: Effects on the water O-D stretching bands in the
L-minus-BR spectrum in D2O of mutations T46V (a), F219L (b),
T46V/F219L (c), V49A (d), D96N (e), and T46V/D96N (f). The
corresponding spectrum in D2

18O is superimposed by thin lines.
The spectrum of wild-type bacteriorhodopsin hydrated by D2O is
superimposed by dotted lines. The full length of the ordinate
corresponds to 0.035 absorbance unit for wild-type bacteriorhodop-
sin.
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interaction of the side chains of Thr46 and Asp96 with the
amides of Lys216 and Gly220.

The intense water bands at 2589 and 2605 cm-1 of the
wild type changed to an intense band at 2629 cm-1 in the
L-to-L′ conversion and were suggested to be involved in the
stabilization of L relative to K (23). In contrast to its effect
on the 2621 and 2605 cm-1 water bands, the T46V mutation
retained the 2589 cm-1 band, though with a reduced intensity
and with a shift to lower frequencies. Other mutants, F219L
(b), V49A (d), and D96N (e), rather intensify this band on
the lower frequency side. Finally it should be noted that the
intensities of the water O-D bands that were eliminated or
reduced in T46V (a) were restored in T46V/D96N (f) to the
level that was observed in D96N (e).

DISCUSSION

A H-Bonding Network in L Is Formed around the Gly220-
Lys216 Amides. The broad band in the 2220-2080 cm-1

region of L could be due to a Fermi resonance (49), which
produces multiple bands by the coupling of similar vibra-
tional modes including the overtones and combination of
amides and water. In this case we would expect a shift upon
D2

18O substitution, but this shift is not observed (Figure 3a).
An alternative explanation is to regard the broad band as a
continuum band. The idea of a continuum band was proposed
by Zundel (50), who showed that such a band may arise by
proton delocalization in a H-bonded network between
H-bonding partners. This band should be located between
the frequencies of the partners. This mechanism might be
operative in a water-mediated H-bonding network around
the amides of Gly220 and Lys216 in L. Vibrations due to
the amides of Gly220 and Lys216 were detected on the lower
frequency side of the 2220-2080 cm-1 band (Figure 3), and
these amides are taken to be partners in forming the
H-bonded network. Water molecules responsible for the
O-D stretching vibration at 2621 and 2605 cm-1, which
were depleted together with the wide 2220-2080 cm-1 band
in T46V and F219L (Figures 4 and 6), probably provide the
bridge between the partners. At first, the effects of T46V
and D96N mutations led us to consider the O-D stretching
vibrations of Thr46 and Asp96 as candidates for the partners
that are on the higher frequency side of the band. However,
these O-D stretching vibrations are not likely to be present
in this frequency region (20). Another candidate is the N-D
stretching vibration of the Schiff base, which might be
present in this region. Though not identified by clear isotope
shifts, it is expected to be at lower frequencies than the
corresponding N-D vibrations of K, 2495 and 2468 cm-1

(8), because of stronger H-bonding. If this is so, the broad
band could arise from a H-bonding network between the
Lys216/Gly220 amides and the Schiff base. The perturbing
effects of T46V and D96N mutations could be due to
interactions of intervening water molecules with Thr46 and
Asp96. The interaction of water molecules on the cytoplasmic
side with the Schiff base has previously been suggested (22).
The present study suggests the presence of water molecules,
one with the O-D stretching vibrations at 2621 and 2605
cm-1 between Thr46-Asp96 and the backbone amides of
Lys216-Gly220, and the other with the vibrations at 2589
cm-1 close to the Schiff base. These water molecules may
interact with each other.

The recently published X-ray structure of L (27) shows
that almost all the residues on the cytoplasmic side of the
Schiff base stay at nearly the same positions as in the initial
unphotolyzed state (see Figure 1). Water502 remains between
the carbonyl groups of Thr46 and Lys216, and Water501
stays at the same place between the CdO of Ala215 and
the indole N-H of Trp182. These sites are far from the
amides of Phe219 and Gly220 where the water with the 2621
and 2605 cm-1 bands is proposed to be and far from the
Schiff base for the water with the 2589 cm-1 band (22). Most
likely, the additional water molecules responsible for these
water vibrations of L form a H-bonding network together
with Water502. The X-ray structure did not reveal any of
these additional water molecules on the cytoplasmic side of
the Schiff base. One possible reason for the discrepancy is
that a disordered water molecule with only weak H-bonding
might not be detected by X-ray analysis even at high
resolution. An example of such a water was shown recently
for human interleukin 1â (51). These water molecules might
not be detected also because of damage to the sample by
X-rays; such damage has been shown in acquiring data for
K (52) and for M (30) structures. Alternatively, the apparent
differences could arise from an indirect effect of the mutants
on the vibration bands. However, this seems less likely. Thus,
the location of waters upon L formation inferred from the
FTIR data cannot be explained from the current X-ray results,
and should be addressed in future studies.

A H-Bonding Network of Water between Asp96 and the
Schiff Base Stabilizes L. The D96N mutation in T46V/D96N
restores the 2200-2080 cm-1 band, which was depleted in
T46V, to the level that D96N exhibits (Figure 5). This occurs
in parallel with attenuation and restoration of the water O-D
stretching vibrations at 2589, 2605, and 2621 cm-1 (Figure
6). Similar effects in L were previously observed for the
intensities of the carbonyl vibration of Val49 (19) and the
HOOP vibration of the Schiff base (22). More importantly,
the T46V mutation shifted the L-to-M equilibrium toward
M, and the additional mutation in T46V/D96N partially
reversed this (21). We proposed that the interaction of the
Schiff base with the water molecules affected by the T46V
and D96N mutations stabilizes the L state (22). The present
results suggest that the interaction of the water molecules
with the amides of helix G is also involved in the stabilization
of the L intermediate. In this context, the role of D96N in
T46V/D96N is interesting. Probably, the side chain amide
of Asn96 provides a water-binding site that substitutes for
the hydroxyl group of Thr46. Hydration of the Asn96 amide
by Water504 has been observed by X-ray crystallography
of the D96N mutant (53).

Earlier we showed that light-induced isomerization of the
chromophore, leading to L, perturbs a site which includes
the Schiff base, Leu93, and Trp182, and that this structure
is temporarily stabilized by rearranged H-bonding of water
(giving rise to the 2589 cm-1 band) (23). The isomerization
also causes a slight movement of the side chain of Lys216,
which then perturbs the backbone of helix G in the Lys216
to Gly220 region (27). This structural change may allow
water molecules to fill possible cavities between the amide
N-H’s of Gly220-Lys216 of helix G and the side chains
of Val49, Thr46, and Asp96 in helices B and C (giving rise
to the 2621 cm-1 band). The residues surrounding the water
molecules make a structure unit that may stabilize the L
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structure. The water O-D vibration at 2621 cm-1 is due to
water with relatively weak H-bonding. Such weakly H-
bonding waters are probably the best candidates for the water
molecules filling cavities in the otherwise tight protein matrix
of L. We propose that the interaction of the backbone amides
of helix G (Lys216 and Gly220) with the weak H-bonding
water molecules leads to the formation of a H-bonding
network extending from the Schiff base to the internal proton
donor Asp96 that is involved in L formation and affects the
L-to-M transition.
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