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ABSTRACT: In previous Fourier transform infrared (FTIR) studies of the photocycle intermediates of
bacteriorhodopsin at cryogenic temperatures, water molecules were observed in the L intermediate, in the
region surrounded by protein residues between the Schiff base and Asp96. In the M intermediate, the
water molecules had moved away toward the Phe219-Thr46 region. To evaluate the relevance of this
scheme at room temperature, time-resolved FTIR difference spectra of bacteriorhodopsin, including the
water O-H stretching vibration frequency regions, were recorded in the micro- and millisecond time
ranges. Vibrational changes of weakly hydrogen-bonded water molecules were observed in L, M, and N.
In each of these intermediates, the depletion of a water O-H stretching vibration at 3645 cm-1, originating
from the initial unphotolyzed bacteriorhodopsin, was observed as a trough in the difference spectrum.
This vibration is due to the dangling O-H group of a water molecule, which interacts with Asp85, and
its absence in each of these intermediates indicates that there is perturbation of this O-H group. The
formation of M is accompanied by the appearance of water O-H stretching vibrations at 3670 and 3657
cm-1, the latter of which persists to N. The 3670 cm-1 band of M is due to water molecules present in
the region surrounded by Thr46, Asp96, and Phe219. The formation of L at 298 K is accompanied by the
perturbations of Asp96 and the Schiff base, although in different ways from what is observed at 170 K.
Changes in a broad water vibrational feature, centered around 3610 cm-1, are kinetically correlated with
the L-M transition. These results imply that, even at room temperature, water molecules interact with
Asp96 and the Schiff base in L, although with a less rigid structure than at cryogenic temperatures.

Bacteriorhodopsin is a light-driven proton pump. It
undergoes a photocycle initiated by the absorption of light
by a retinal chromophore, which is covalently linked to
Lys216, forming a protonated Schiff base. The initial
consequence of light absorption is the trans-cis isomeriza-
tion of the C13dC14 bond of the retinal. Proton pumping takes
place as the protein undergoes conformational changes from
the initial unphotolyzed state with an all-trans retinal
chromophore (BR),1 through a sequence of intermediates,
and back to the BR state. Spectroscopic and kinetic studies,
including Fourier transform infrared (FTIR) studies have
distinguished a sequence of intermediates: BRf K f KL

f L f M1 f M2 f N f O f BR (1-4). These
intermediates have different protonation states of Asp85,
the Schiff base, and Asp96. In the L intermediate, the initial

state of the protein is maintained: unprotonated Asp85,
protonated Schiff base, and protonated Asp96. In the L-M
transition, the Schiff base deprotonates and Asp85 becomes
protonated (5, 6). After a slight delay, a proton is released
to the extracellular medium from the proton-release complex
(PRC) (7, 8). The M-N transition is accompanied by the
reprotonation of the Schiff base and deprotonation of Asp96
(9, 10). During the N-O transition, the cis-trans re-
isomerization of the C13dC14 bond (11) is accompanied by
the uptake of a proton from the cytoplasmic medium to
reprotonate Asp96 (12). Finally, the transfer of a proton from
Asp85 to the PRC occurs as the O intermediate is converted
back to the initial state (BR) (13).

Each proton-transfer step must be induced by changes in
the proton affinities of the residues involved. These changes
in proton affinity are brought about by changes in the protein
conformation, the orientation of the retinal Schiff base, and
relocation of internal water molecules. These structural
changes are, in turn, the result of the isomerization of the
retinal chromophore. Changes in the interaction with internal
waters are expected to modulate the stability of the pro-
tonated and deprotonated states of protein residues, in
particular, Asp85, Asp96, and the Schiff base. Although there
are remarkable crystallographic data revealing structural
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changes by means of trapped, static intermediate states (14-
23), much remains unknown about the dynamics of the
changes in molecular interactions that take place during the
photocycle. FTIR spectroscopic studies have revealed changes
in internal water molecules and key protein residues, Asp96
and the Schiff base, which occur during the photocycle.
These changing interactions between internal water molecules
and the protein play a major role in determining the pathways
for proton transfers as well as the proton affinities of the
groups within the protein.

Studies performed at cryogenic temperatures on the water
O-H stretching vibration bands in the 3750-3450 cm-1

region in the L-minus-BR, M-minus-BR, and N-minus-BR
difference spectra have shown that internal water molecules
undergo specific changes in location within the protein during
the photocycle (for a review, see ref24). Water molecules
stabilize the L intermediate by filling a cavity surrounded
by protein residues between the Schiff base and Asp96. In
the M intermediate, these water molecules move to the
Phe219-Thr46 region but return to the Schiff base region
in N. A FTIR result shows that one of the O-H bonds of
water molecules around Asp85 forms a hydrogen bond in L
(25) and in M (26). These studies suggested that internal
water molecules play a critical functional role as a mobile
structural element, filling cavities in specific conformations,
which may regulate proton affinity of the Schiff base, Asp85,
and Asp96 in the light-driven proton pump. However, some
of these interactions may be different at room temperature
than at cryogenic temperatures, where these observations
were originally made. This possibility is suggested by the
observation that the hydrogen out-of-plane bending vibration
(HOOP) of the Schiff base in L at 170 K (27) is different
from the ones detected in L at room temperature (28).
Furthermore, the L intermediate produced by the photore-
action at 170 K forms little or no M intermediate upon
warming of the sample at least at neutral pH and, instead,
returns to the unphotolyzed BR state (29, 30).

The aim of the current work is to examine the changes in
the O-H stretching vibrations of internal water molecules
at room temperature in the micro- to millisecond time range
of the photocycle. Until recently, time-resolved FTIR
spectroscopic studies focused on changes in the 1800-800
cm-1 frequency region (9, 28, 31-34), which includes
information about protein residues and the chromophore
during the photocycle, but did not deal with the vibration
bands of water molecules. Gerwert and his colleagues have
successfully obtained time-resolved FTIR difference spectra
at room temperature for two broad vibrational features, one
in the 2200-1700 cm-1 region (35, 36) and the other in the
2900-2500 cm-1 region (35, 37). The former has been
assigned as a continuum band due to a proton delocalized
in a hydrogen-bonding water network as proposed by Zundel
(38) or to H5O2

+ (33, 36, 39, 40). Mutagenesis studies have
shown that this protonated water network is located in the
region between Glu204 and Glu194 and helps to form the
PRC. The broad vibration bands in the 2900-2500 cm-1

region have been inferred to be due to strongly hydrogen-
bonded water molecules from two different internal clusters,
largely based on mutagenesis studies (35). There are also
contributions in the initial state (BR) from a water cluster
near the Schiff base that is disrupted in the early part of the
photocycle (K and L) and from a second water cluster that

develops strong hydrogen bonds after the loss of the proton
from the PRC (37). In in situ H2

16O/H2
18O exchange

experiments, Garczarek and Gerwert (37) also detected a
water vibrational band at 3642 cm-1 in the initial state, which
has been identified as arising from a water molecule that is
hydrogen-bonded to deprotonated Asp85 but whose second
hydrogen has no interactions.

There is also the possibility that internal water molecules
play a role in long-range proton transfer from Asp96 to the
Schiff base in the M-N transition (41). Such a water cluster
between Asp96 and the Schiff base was detected by Schobert
et al. (18) in the crystallographic structure of N of V49A, in
which Asp96 is protonated (described as N′). A FTIR
spectrum obtained for a quasi-photosteady state at 260 K
showed vibration bands of water, probably due to such a
structure in wild-type bacteriorhodopsin (42). Actual proton
transfer, however, presumably takes place in the transition
state between M and N and thus cannot be observed directly,
even by time-resolved spectroscopy.

The current systematic studies provide additional informa-
tion about the dynamics of internal water molecules during
the bacteriorhodopsin photocycle at room temperature. Time-
resolved step-scan FTIR spectra reveal light-induced changes
in O-H stretching vibrational bands of water in the 3750-
3500 cm-1 region. The results are discussed by a comparison
with those from static FTIR difference spectra obtained at
cryogenic temperatures.

MATERIALS AND METHODS

Sample Preparation. Bacteriorhodopsin in the form of
purple membranes fromHalobactrium salinarumS9 was
kindly provided by Sergei Balashov. A 100µL aliquot of
bacteriorhodopsin in the purple membrane (70µM) supple-
mented with 2µL of phosphate buffer (0.1 M, pH 7.0) was
dried under vacuum to create a spot about 12 mm in diameter
in the center of a 25 mm diameter BaF2 window. The sample
was then hydrated with 0.5µL of water (H2O or H2

18O).
The space above the sample was sealed by means of a
silicone rubber ring (1/32 in. thick), coated with vacuum
grease, and a second 25 mm window. This stack of windows
and spacer was clamped together in a flow-jacketed cell
holder (Harrick, TFC-3-M25), and the temperature was
maintained by the circulation of water at 25°C (298 K).
The sample was allowed to sit in the compartment of the
spectrometer for at least 3 h before measurement. The
compartment was purged continuously with nitrogen gas. The
light-adapted state of bacteriorhodopsin (BR) was obtained
by exposing the sample to∼2000 laser shots (equivalent to
a single cycle of data acquisition; see below) immediately
before the start of data acquisition. Typical samples had an
absorbance of∼0.4 at 568 nm, 1.3-1.7 at 3380 cm-1, and
0.8-1.1 at 1658 cm-1.

Data Acquisition. Time-resolved step-scan FTIR spectra
were recorded with a Varian FTS-6000 spectrometer. A
photoconductive MCT detector with a dc-coupled pream-
plifier was used. Data were acquired for either 10 or 20 ms
in each repetition (10 Hz) with a time resolution of 5µs per
point. The photocycle was initiated using a frequency-
doubled Nd:YAG laser (Coherent Surelite I, 532 nm, duration
of 5 ns). The laser was fired 2 ms after the start of acquisition.
Laser pulse energy at the sample was measured to be∼2.8
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mJ/cm2. Spectra were collected in the 3800-800 cm-1 region
(8 cm-1 resolution, with a UDR-4 filter, Varian). The data
were typically summed for 96 scans (about 3 h) at a time.
For each type of sample, several such data sets were acquired
and processed together (see below).

Laser Arrangement.Timing of the laser was controlled
using a pulse generator based on a CTM-50A counter time
card (Metrabyte). The laser beam was expanded appropriately
by a combination of concave and convex lenses, passed into
the sample compartment, through a window, and then
directed to the sample at an angle of about 25° to the IR
probe beam, using a laser mirror in a zero-overhang mirror
mount (Thorlabs, KG1), mounted backward. Germanium
windows (25 mm in diameter and 1 mm thick) with a
broadband antireflection coating (Kolmar Technologies) were
used to exclude scattered laser light from the detector
compartment and to exclude the internal HeNe laser from
the sample compartment.

Data Processing. After acquisition of the time-resolved
data, Fourier transformation was carried out using the Varian
Resolution software (using NB medium apodization), and
the results were saved as a single file. Subsequent processing
was carried out in MATLAB (The Mathworks, Natick, MA).
The effect of the cyclic 16 kHz oscillation of the stationary
mirror was corrected for each repeating position of the
oscillation by using average background spectra calculated
from the first 2 ms (400 points) of pretrigger data. These
spectra were then used to convert the time-resolved data to
absorbance difference spectra (with respect to the prepho-
tolysis state). For bacteriorhodopsin in H2

16O and H2
18O, 44

and 27 files, respectively, were averaged. Finally, corrections
were made for baseline drift (and for a background signal
introduced when a short step-data acquisition delay was
used with some of the older data).

A global multiexponential fit was then applied to the data
using SplMod (Provincer and Vogel ; see also http://www.s-
provencher.com/). Three different spectral regions were used
for this. First, a fit was carried out using a matrix made up
of the 2000-900, 2900-2600, and 3750-3600 cm-1 regions
(fit A). Subsequently, fitting was carried out using only the
1800-900 cm-1 region (fit B) and then the 3750-3630 cm-1

region (fit C). The number of time points (from the point of
initiation by the laser flash) was reduced below 1000, with
an algorithm that averages adjacent data points, using a
window that begins with a width of one point and increases
in width as it moves up the time axis. SplMod was
dimensioned to accept a matrix 512× 1024 (frequencies×
time) and was configured to try to fit functions of 1-7
exponentials, i.e.,

wheren is the number of exponential components,ν is the
frequency,t is the time,ki is the rate constant of theith
component,ci is the corresponding spectrum, andc0 is the
spectrum of the constant component. The rate constants
obtained from SplMod were used to calculate the component
spectraci(ν) across all frequencies in the full data set using
a Gaussian elimination method (the mldivide “backslash”
function of MATLAB).

Global Fitting with Six Exponentials.The appropriate
number of exponentials for a global fit can be judged from
the size of the residuals. Figure 1 shows the average absolute
value of residuals, the differences between the measured
absorbance values and the fit results, calculated for the entire
time range (Figure 1a) and for the first 250µs (Figure 1b)
for the data obtained in H216O. The residuals for the first
250µs (Figure 1b), which are larger than those for the whole
time range (Figure 1a), decreased significantly at several
frequencies in going from the five- (black) to the six- (red)
exponential fit. However, the residuals for the seven- (green)
exponential fit are nearly coincident with those of the
six-exponential fit (Figure 1b). There are very small differ-
ences in the residuals for the complete time range (Fig-
ure 1a) between the five- (black) and six- (red) expo-
nential fits, the latter of which is coincident with the
seven- (green) exponential fit (Figure 1a). Also the six-
exponential fit gave results in agreement with previous
published papers (see below). Thus, a six exponential
function is the most reasonable choice for the global fitting
of our current data.

Spectra of Model Intermediates (b Spectra). The spectra
obtained in this way, together with the rate constants, were
then used to calculate the spectra for a reaction consisting
of a linear sequence of intermediates, using the method of
Chizhov et al. (43)

BR is the preflash state. The transition of BRf 0
corresponds to the unresolved rapid change that accompanies
the laser flash. This step is not included in the kinetic model,
which begins with intermediate 0. We will refer to 0, I, II,
etc. as “model” intermediates to distinguish them from the
canonical intermediates of the bacteriorhodopsin photo-
cycle: K, L, M, etc.

The result was a difference spectrum for each transition
in the reaction sequence (plus a constant spectrum). Because

FIGURE 1: Averaged absolute value of residuals for the spectra
obtained by the fitting of five (black), six (red), and seven (green)
exponentials. (a) Residuals averaged for the whole time range to 8
ms (1600 data points). (b) Residuals averaged for the first 250µs
(50 data points) after the start of the photoreaction. The full length
of the ordinate corresponds to an absorbance of 0.000 07.
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the original absorbance data were calculated using the
unphotolyzed initial state as the baseline, the spectra associ-
ated with the transitions between the model intermediates
(I-minus-0, II-minus-I, etc.) could be summed to obtain the
spectrum of each model intermediate with respect to the un-
photolyzed initial state (BR). The spectra of model inter-
mediates obtained in this way will be referred to as b spectra;
b1 is the spectrum of I (the model intermediate formed in
the kinetic phase with ratek1), b2 is the spectrum of II (the
model intermediate formed in the kinetic phase with ratek2),
and so on. The rates of the sequential processes can also be
expressed as time constants (τi), the reciprocals of the rate
constants (ki). Thus,τi is the lifetime (i.e., time constants of
decay) of the preceding intermediate with spectrum bi-1.

Figure 2 shows the series of b spectra obtained by the
six-exponential fit. In this spectral region (1900-900 cm-1),
all of the spectra from films hydrated with H2

18O (not shown)
coincided with the spectra from films hydrated with H2

16O
shown in Figure 2. The spectral shapes of a series of our b
spectra are also similar to those of Ro¨dig et al. (28). In Figure
2i, the residuals (average of the absolute value of the
difference between the fit and data) are depicted as a pair of
curves, showing the positive value of the residuals and its
negative value at each frequency. These residuals are almost
negligible as compared to the appreciable bands in spectra
b0-b6.

A large number of our time-resolved data sets were
recorded with a time base extending to only 8 ms after the
flash (2000 data points). In this time range, the photocycle
is apparently still incomplete. Nevertheless, the first five
component spectra (b-f of Figure 2) were almost identical
in shape and amplitude to the corresponding b spectra from
data extending to 18 ms after the flash (4000 data points).
By 18 ms, the photocycle is almost complete. In what
follows, we will focus on the 8 ms data because our present
concern is the reaction intermediates represented in spectra
b1-b5 and because we have a significantly larger quantity
of data for this time scale.

Contribution of L, M, N, and O to the b Spectra.The
global fitting procedure described above produced component
spectra (b spectra) for a reaction model consisting of a linear
sequence of irreversible steps. These “model intermediates”
are each linear combinations of the canonical bacterior-
hodopsin photocycle intermediates. The contributions of the
photocycle intermediates to the b spectra in Figure 2 were
estimated from the vibrational bands characteristic of the L,
M, N, and O intermediates (reviewed in ref44). To scale
the subtraction factors between different b spectra, the 1739
cm-1 band arising from Asp96 in the L intermediate and
the 1761 cm-1 band arising from Asp85 in M were used
with the assumption that these bands maintain a consistent
shape. First of all, spectrum b3 (Figure 2d) is due to pure
M. The top of the 1185 cm-1 band in spectrum b3 is located
below the baseline, which is a defining feature of M (12),
and bands characteristic of L at 983 cm-1 and N at 1671
cm-1 are absent.

Spectra b0 (Figure 2a), b1 (Figure 2b), and b2 (Figure 2c)
show a negative band at 1739 cm-1, which is due to the
perturbations of Asp96 and Asp115 typical of L. Spectrum
b1 (Figure 2b) contains KL as indicated by the presence of a
positive feature at 1508 cm-1 (45). The amplitude of this
feature in b1 is about 30% of what it is in b0 (Figure 2a),
and the amplitude of the 1739 cm-1 band in b0 is about 85%
of that in b1. From these results, the contribution of KL to b1

was estimated to be about 5%. The contribution of KL in b1

can be removed by subtracting 50% of b0. The main
contribution to spectrum b1 is from L. Spectrum b1 exhibits
some intensity around 1761 cm-1, which was estimated to
be about 20% of the 1761 cm-1 band of b3 (Figure 2d) due
to Asp85 of M. Subtraction of 20% of b3 from b1 leads to a
positive band at 1752 cm-1 (see below, Figure 5a). The
positive band at 1761 cm-1 due to M is pronounced in b2

(Figure 2c). The intensity of this feature is about 70% of
what it is in the pure M spectrum b3. Spectrum b2 shows a
negative band at 1739 cm-1, which is characteristic of L.
Subtraction of 30% of b1 (L) from b2 gave the same spectral
shape as b3 (M).

In b4 (Figure 2e), several features due to N appear, namely,
a slight extension of the 1761 cm-1 band toward lower
frequencies, with a peak at 1759 cm-1, the appearance of a
negative band at 1671 cm-1, and an increase of positive
bands at 1557 and 1185 cm-1. Removal of the contribution
of M from b4 (by subtraction of 60% of b3) results in the
complete depletion of the negative band at 1661 cm-1 due
to M and a shift of the 1761 cm-1 band due to Asp85 toward
1756 cm-1 (see below, Figure 5c). Thus, spectrum b4 is
composed of 60% of M and 40% of N. Spectrum b5 (Figure
2f) exhibits a positive band at 1504 cm-1 due to O (32). A
smaller negative band at 1167 cm-1 arises from the cancel-
lation by the positive band at 1172 cm-1 of O. This spectrum
also contains a contribution from M as judged from the
presence of the band at 1761 cm-1. This M would be present
together with N as in b4. The composition of b5 was estimated
as 45% M, 47.5% N, and 7.5% O. A spectrum without the
contribution from M can be obtained from b5 by subtracting
75% of b4 from b5. The resulting spectrum (Figure 2g) shows
the characteristics of O more clearly, especially positive
bands at 1507 and 1172 cm-1, with the latter as a shoulder
(Figure 2g). The content of O in this spectrum is estimated
to be about 30% by a comparison of the amplitude ratio of

FIGURE 2: Model spectra obtained by a six-exponential fit for
bacteriorhodopsin in H216O. (a) b0. (b) b1. (c) b2. (d) b3. (e) b4. (f)
b5. (g) Spectrum obtained by subtracting 75% of b4 from b5,
removing the contribution of M, and resulting in enrichment of
the O intermediate. (h) b6. (i) Absolute value of the residuals
averaged for the whole time range. The full length of the ordinate
corresponds to an absorbance of 0.045.
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the 1507 cm-1 band to that of the 1556 cm-1 band in the
pure O-minus-BR spectrum (32). The rest of the content
(70%) should be due to N. This spectrum is identical to that
obtained by exchanging the order of the last two time
constants (k5 andk6, in our case), as proposed by Chizhov
et al. (43), and similar to the penultimate spectrum shown
in Figure 3A of Rödig et al. (28). Spectrum b6 (Figure 2h)
is roughly similar to b5 (Figure 2f) in shape but with only
one-sixth of the amplitude. This is probably the sum of a
b5-like spectrum and a spectrum that has a nearly mirror-
image shape (restoration of the initial BR state from the last
step of the photocycle). It is very similar to the final spectrum
shown by Ro¨dig et al. (28). We plan to discuss this spectrum
in a separate publication.

The L-minus-BR and N-minus-BR spectra calculated in
this analysis (see below, parts a and c of Figure 5) and the
M-minus-BR spectrum of b3 (Figure 2d) are nearly identical
in the 1800-1100 cm-1 region with those obtained from the
factor analysis by Hessling et al. (32).

RESULTS

Results of the Six-Component Fit.The first time constant
obtained from our data,τ1, which is the lifetime of the
unresolved zero-time component (b0), is typically 2-3 µs.
Because this is shorter than our time resolution (5µs
per point), it cannot be considered a real measured life-
time. We will therefore begin our discussion of the
kinetics of the photocycle withτ2, which is the lifetime
(decay time constant) of b1, and, following this convention,
generally refer to time constants as the lifetimes of specific
intermediates.

The lifetimes (τ2-τ6) in H2
16O for b1, b2, b3, b4, and b5,

43 µs, 130µs, 525µs, 1.5 ms, and 6.1 ms, respectively, are
almost coincident with the corresponding values in H2

18O

(48 µs, 160µs, 570µs, 1.8 ms, and 5.5 ms, respectively).
The lifetimes of these components are similar to the
corresponding values obtained with similar hydrated films
by Rödig et al. (25) of 40 µs, 134µs, 544µs, 1.6 ms, and 5
ms, respectively. The lifetimes determined by these FTIR
studies are also similar to results from visible spectroscopic
measurements on purple membranes in solution reported by
Chizhov et al. (39) of 30 µs, 100µs, 500µs, 1.5 ms, and
5 ms.

We will discuss a set of five b spectra (b1-b5) obtained
by global analysis of the time-resolved FTIR difference
spectra at pH 7 (Figure 2). A comparison with static spectra
of the canonical bacteriorhodopsin intermediates allows these
component spectra to be further analyzed. We concluded
above that b1 (Figure 2b) is 75% L with 5% KL and 20% M,
b2 (Figure 2c) is 70% M with 30% L, b3 (Figure 2d) is 100%
M, b4 (Figure 2e) is 60% of M and 40% of N, and b5 (Figure
2f) is 45% M and 47.5% N with 7.5% O (see the Materials
and Methods).

Broad Water O-H Vibrational Feature in the 3750-3500
cm-1 Region.Figure 3 compares b1 (Figure 3a), b2 (Figure
3b), b3 (Figure 3c), b4 (Figure 3d), and b5 (Figure 3e) in the
3750-3500 cm-1 region for films hydrated with H216O (s)
and H2

18O (- - -). In b1 (Figure 3a), this spectral region is
dominated by a broad positive feature centered near 3610
cm-1. The amplitude of this broad peak decreases from b1

(Figure 3a) to b2 (Figure 3b). Some intensity remains in b3

(Figure 3c), which does not contain any contribution from
L, but this feature seems to have disappeared entirely in b4

(Figure 3d) and b5 (Figure 3e) with the appearance of N and
O. In all cases, the spectra in H2

16O are more intense than
those in H2

18O at frequencies above 3610 cm-1 and less
intense at frequencies below 3610 cm-1. This indicates that
a large part of the broad feature is due to water O-H
stretching vibrations. The L-minus-BR spectrum at 170 K
(Figure 3g) exhibits a broad positive feature in the 3550-
3450 cm-1 region (25) (Figure 3 does not show the region
below 3500 cm-1). No corresponding feature is observed in
the same frequency region of spectrum b1, which is mainly
due to L at 298 K (Figure 3a). Note that the feature in the
170 K spectrum is larger in amplitude than the averaged
residuals from the time-resolved spectra (Figure 3f), indicat-
ing that, if this feature was present in the time-resolved
spectra, it would be observable.

Vibrational Bands at 3670, 3657, and 3645 cm-1. Onto
this broad feature, a number of sharp positive and negative
bands are superimposed. Among them are positive bands at
3670 and 3657 cm-1 and a negative band at 3645 cm-1.
These bands are observed in a region where the residuals
are significantly smaller. Corresponding bands are observed
in H2

18O at 3657, 3645, and 3634 cm-1, respectively,
showing that these bands arise from water O-H stretching
vibrations. As judged from their location at higher frequen-
cies, the water O-H bonds, responsible for these bands, have
no hydrogen-bonding partners.

The negative band at 3645 cm-1 corresponds to the band
at 3642 cm-1 in the L-minus-BR spectrum at 170 K (Figure
3g). It can be recognized in all five spectra (a-e in Figure
3) as a dip with similar intensity irrespective of the
composition of the intermediates. Thus, the disappearance
of the water O-H vibration band is constant through
intermediates L, M, and N.

FIGURE 3: Water O-H stretching vibration bands in H216O (s)
and H2

18O (- - -) in the model spectra obtained by a six-exponen-
tial fit. (a) b1. (b) b2. (c) b3. (d) b4. (e) b5. (f) Absolute value of
residuals averaged for the whole time range. (g) L-minus-BR
spectrum upon illumination at 170 K (25). The amplitude of the
170 K spectrum was normalized using the amplitude of the band
at 1202 cm-1. The full length of the ordinate corresponds to an
absorbance of 0.0045.

FTIR Study on Water Changes in L and M of BR Biochemistry, Vol. 46, No. 10, 20072791



Perturbations of Water in M and N. The two positive
bands at 3670 and 3657 cm-1 are observed in spectrum b3

(Figure 3c), which is due to 100% M. Both bands are also
present in b2 (Figure 3b), which is 70% M, and b4 (Figure
3d), which is 60% M. The 3670 cm-1 band decreases in
intensity in b5 (Figure 3e), consistent with a decrease in the
contribution of M to 45% in this spectrum. These results
suggest that the 3670 cm-1 band is due to M. The 3657 cm-1

band persists in b4 (Figure 3d) and b5 (Figure 3e), suggesting
that this band may also be exhibited by the N intermediate.
We cannot judge whether these bands are present in O
because this intermediate makes only a very small contribu-
tion to b5. The same trends can be observed in the
corresponding shifted bands in H2

18O (- - -) at 3657 and 3645
cm-1.

The Broad Water Vibration Feature Changes in Concert
with the L-M Transition. The broad feature of water
vibrations is expected to be intimately correlated with L, in
the same manner as similar bands of L at 170 K (Figure
3g). It is important to distinguish whether the spectral
changes in these water vibrations take place in concert with
the L-M transition or whether this apparent linkage is the
result of the global fit being driven by the larger absorbance
bands and lower noise in the 1800-900 cm-1 region. This
was examined by comparing an independent fit to only the
3750-3630 cm-1 region (fit C) to the results of a fit to only
the 1800-900 cm-1 region (fit B). The 3750-3630 cm-1

region was selected because the residuals were smaller than
below 3630 cm-1. The spectral shapes and the time constants
for fit B are almost completely coincident with the results
that were obtained by fitting to both regions (fit A; Figure
3), indicating that the same underlying kinetics are driving
changes in the vibration bands in the 1800-900 cm-1 region
due to the chromophore and the protein and also those in
the 3750-3630 cm-1 region due to water. As shown in
Figure 4, the shapes of spectra b1 (blue) and b2 (red) in a
five-exponential fit of the fit C spectral region are almost
exactly coincident with those of spectra b1 (dashed blue line)
and b2 (dashed red line) of fit B (six-exponential fit). The
lifetime τ2 from fit C (38 µs) is also similar to that from fit
B (43 µs). Together, these results strongly indicate that the
water structural changes that give rise to the broad band are
related to the L-M transition.

Perturbations of the Schiff Base and Asp96. Previously,
Rödig et al. (28) have shown that the Schiff base HOOP
band of L at room temperature is located at 983 cm-1, while
Maeda et al. (27) have shown that the 1074, 1065, and 1057
cm-1 bands of L at 170 K are due to the HOOP bands of
the Schiff base. Figure 5 shows an L-minus-BR spectrum
(Figure 5a) that was obtained by subtracting the M-minus-
BR spectrum (20% of b3) and the contribution of KL (50%
of b0) from b1 as described above, together with the L-minus-
BR spectrum at 170 K (Figure 5b). The spectrum at 170 K
was obtained as described previously (27). The bands due
to the retinal at 1202 and 1168 cm-1 are similar in the two
spectra. The larger bandwidth of these bands at 298 K (Figure
5a) could be due to the fact that this spectrum was recorded
at a resolution of 8 cm-1, whereas the spectrum at 170 K
(Figure 5b) was recorded at 2 cm-1. The HOOP band of L
at 298 K can be observed as a wide band with a peak at 984
cm-1 (Figure 5a), but the three HOOP bands observed in
the spectra taken at 170 K around 1065 cm-1 (Figure 5b)

are not seen in the room-temperature spectrum (Figure 5a).
In the spectrum of L at 170 K (Figure 5b), there are two
bands arising from the Schiff base in-plane bending vibra-
tions, at 1312 and 1300 cm-1 (46). In the spectrum at 298 K
(Figure 5a), the former peak has disappeared, while the latter

FIGURE 4: Water O-H stretching vibration bands in H216O when
the fitting of rate constants was applied to the 3750-3630 cm-1

region (s, fit C with five exponentials) and the 1800-900 cm-1

region (- - -, fit B with six exponentials). Spectra b1 and b2 are
shown by blue and red lines, respectively. The absolute value of
residuals averaged for the first 250µs (50 data points) are shown
by black lines. The full length of the ordinate corresponds to an
absorbance of 0.0015.

FIGURE 5: Vibration bands because of the Schiff base and Asp96
in the L-minus-BR spectrum at 298 K (a), the L-minus-BR spectrum
at 170 K, obtained as described in ref27 (b), and the N-minus-BR
spectrum at 298 K (c). The full length of the ordinate corresponds
to an absorbance of 0.022.
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has intensified. Another in-plane bending vibration band of
the Schiff base has shifted but retained its shape, moving
from 1400 cm-1 at 170 K (Figure 5b) to 1395 cm-1 at 298
K (Figure 5a). These differences are clearly real despite the
different frequency resolutions. The out-of-plane and in-plane
bending vibration bands of the Schiff base at 298 K are
located at lower frequencies than those at 170 K. This
indicates weaker hydrogen bonding of the Schiff base in L
at 298 K than at 170 K.

The vibrational features of the Schiff base of L at room
temperature are rather similar to those observed in the
N-minus-BR spectrum (Figure 5c) at room temperature,
which was obtained from the current results by subtracting
the M-minus-BR spectrum (60% of b3) from b4. The intense
1300 cm-1 band of L at room temperature (Figure 5a) is
similar to that of N at 1302 cm-1 (Figure 5c). On initial
inspection, the HOOP band of N might appear to be missing.
However, the absence of the negative band at 1005 cm-1 in
the N-minus-BR spectrum must be due to cancellation by
the HOOP band of N at around 1005 cm-1. The HOOP band
at 984 cm-1 in the spectrum of L at 298 K (Figure 5a) is
much closer in frequency to this HOOP band of N (Figure
5c) than to the HOOP bands of L at 170 K (Figure 5b). Thus,
at 298 K, the environment of the Schiff base of L is similar
to that of N.

The negative band at 1739 cm-1 in the spectrum at 170 K
is actually composed of two bands due to Asp96 and Asp115
at 1743 and 1736 cm-1, respectively (Figure 5b;5, 9).
Corresponding bands can also be seen in the spectra at 298
K (Figure 5a). The CdO stretching band of Asp96 in the L
intermediate at 170 K is observed as a positive feature at
1748 cm-1 (Figure 5b). In the L-minus-BR spectrum at 298
K, only a diffuse band with a much smaller intensity than
the 1748 cm-1 band was observed at 1752 cm-1 (Figure 5a).
In the previous papers, clear bands were not observed in this
region (32, 47). Nevertheless, the possibility that Asp96 is
deprotonated is small because a band similar to the 1403
cm-1 band of N (Figure 5c) due to deprotonated Asp96 (10)
is not detected around 1400 cm-1 (Figure 5a). Thus, Asp96
undergoes a perturbation in L at 298 K but in a different
way from that at 170 K.

DISCUSSION

The time-resolved FTIR spectral changes that occur during
the bacteriorhodopsin photocycle contain a number of
features that are due to perturbations of internal water
molecules, further emphasizing the critical functional roles
of water. It is important that any absorption bands assigned
as being due to water vibrations, either individual molecules
or clusters, be verified by observing the frequency shift as a
result of the exchange of H218O for H2

16O.
Water Forms Hydrogen Bonds around Asp85 in L, M, and

N at 298 K. A water vibrational band is observed as a trough
in the L-minus-BR and M-minus-BR spectra at 3645 cm-1.
This feature, which was initially discovered in studies of L
at 170 K and M at 230 K (48), is observed as a depletion
band upon the formation of L at 298 K, and this feature
persists in M and N. This band is also the same one that
was recently detected in static difference spectra, obtained
using anin situ H2

16O/ H2
18O exchange technique with BR

at room temperature (37). In the H2
16O/ H2

18O exchange

measurements, the band was not observed in D85N (37) and
it was also not observed in the light-induced difference
spectrum of the D85N mutant at 170 K (25). As discussed
previously (37, 49), this water vibration is very likely due
to the free O-H bond of Wat401 in BR, a water whose other
hydrogen interacts with Asp85 (i.e., Asp85-COO-‚‚‚H-
O-H), as seen in the crystal structure of BR (50). The
present study shows that one O-H bond that does not form
a hydrogen bond in BR subsequently forms an hydrogen
bond in L, M, and N under physiological conditions. An
O-H vibration due to the formation of a hydrogen bond
in M has previously been detected at 3567 cm-1 in FTIR
studies at cryogenic temperatures (26). The hydrogen bond-
ing partner can be inferred to be the indole of Trp86 from
crystallographic results (10, 23).

Changes in Water Molecules Are Coordinated with the
L-M Transitions at 298 K.Previous studies at 170 K showed
that there are water vibrational bands in the 3550-3450 cm-1

region that appear in the L state (48). Mutational studies have
suggested that the water molecules in question are present
in L at 170 K as a cluster between the Schiff base and Asp96
(27, 51). Similar vibrational bands of water were also shown
to be present in N at 260 K (42). In the time-resolved room-
temperature results, this set of features due to water bands
at 170 K is replaced by a broad water vibrational feature in
the 3750-3500 cm-1 region. A large part of this feature
disappears in the two-step L-M transition characterized by
τ2 (43 µs) andτ3 (0.13 ms), but a small part remains until
the formation of N (τ4; 0.53 ms). Garczarek et al. (35)
observed similarly decaying vibrational features in the 3000-
1800 cm-1 region by using a visible light-absorbing dye.
These features decayed with a time constant of 300µs,
roughly similar to our results. Part of the broad water
vibrational feature is ascribable to heat emitted from the
excited-state chromophore. However, the decay of this broad
water vibrational feature in spectra b1 and b2 of fit C is
kinetically coordinated with structural changes of the chro-
mophore and the protein in the L-M transition. Thus, these
changes in water molecules observed for the vibrations in
the 3750-3630 cm-1 region cannot be independent of the
L-M transition, and the waters must be accommodated
within a specific structure for L. Free energy associated with
relaxation of the light-activated chromophore in the course
of the bacteriorhodopsin photocycle may facilitate the
assembly of the water cluster, which exhibits the broad
vibrational feature of water.

In our bacteriorhodopsin samples, about 4000 water
molecules are present for each molecule of bacteriorhodopsin
(0.5 µL of water versus 180µg of bacteriorhodopsin). The
maximum absorbance change of the feature in the 3750-
3630 cm-1 region is about 0.001, which corresponds to
∼0.1% of the total number of water molecules. Hence, the
number of water molecules involved is more than 4 but not
a large number (for example,∼10), even if we assume a
relatively small molar extinction for weakly hydrogen
bonding water on the basis of the fact that the water vibration
bands that we observe are located at higher frequencies (with
weaker hydrogen bonding) than environmental water, whose
vibrations appear around 3350 cm-1. This feature could thus
arise entirely from internal water molecules. When we
observe changes in water molecules that are accommodated
in an internal cavity in the protein associated with an
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intermediate, they can arise either because of heating from
the chromophore or by reorganization of water molecules
in situ that changes the geometry and strength of hydrogen
bonds or some combination of both effects. Even if some
part of a water band is produced by heat, the important result
here is that there are water molecules that change in concert
with the L-M transition.

Thus, in the L intermediate at 298 K, there are perturba-
tions of water, although the hydrogen bonds are weaker than
in the water cluster at 170 K. Perturbations of the Schiff
base and Asp96 are also observed at 298 K, although in
different ways than at 170 K. The environment of the Schiff
base in L is rather similar to that in N, where the Schiff
base interacts with water (42). Thus, a structured water
network between the Schiff base and Asp96 may also be
present at room temperature but as a less rigidly organized
structural element.

Water Molecules in the Phe219-Thr46-Asp96 Region in
M. Previous studies at 230 K have found that the water
vibration band of M at 3671 cm-1 was affected by F219L
and T46V, while the corresponding band of N at 3654 cm-1

was affected by V49A (52). To explain these results, it was
proposed that water molecules are present in M in the region
around Thr46-Phe219 and that in N some of them have
moved to the region around Val49 and the Schiff base. The
3671 cm-1 band of M at 230 K was also detected at 298 K
(Figure 3). A crystallographic structure of M from a sample
in which the intermediate was produced at room temperature
and then cooled to 100 K for diffraction studies (23) shows
two water molecules in a cavity surrounded by Phe219,
Trp182, Leu93, Thr46, and Thr178 (Figure 6), but none on
the cytoplasmic side in the neighborhood of the Schiff base.

Water Networks between the Schiff Base and Asp96 in L
and M. The T46V mutant, which eliminates the water

vibrations associated with this water cluster in the L state at
cryogenic temperatures, results in a shift of equilibrium
between L and M to favor the M state at room temperature
(53). The T46V/D96N double mutant restores the water
vibrations at 170 K and also restores the equilibrium between
L and M back toward the L intermediate. It is reasonable to
propose that at room temperature Thr46 and Asp96 are
involved in a specific structure involving the local water
cluster and that perturbing this water network alters the
equilibrium between the L and M intermediates.

Neutron-scattering studies on the purple membrane by the
Zaccai group (54, 55) have shown that the ability of the
bacteriorhodopsin pigment to enter a functionally relaxed
state is correlated with the presence of an environment in
which large-amplitude atomic motions are possible. Such an
environment was described as “soft” and shown to occur
above 230 K for the hydrated bacteriorhodopsin in the purple
membrane. The present results show that vibrational bands
because of water molecules and the Schiff base in L at room
temperature are different from those at 170 K, where the
protein environment does not allow for the transformation
of the rigid structure of water interacting with the Schiff base
into the M state, where the structure is quite different. Water
molecules in L are present in the region surrounded by the
relatively apolar residues, Val49, Leu93, and Trp182, in
addition to the Schiff base, Thr46, and Asp96. In the L-M
transition at room temperature, water relocates, not through
changes in direct hydrogen bonding, but as a mobile spacer
with structured interactions in a relatively soft environment.
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