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Abstract
In the photocycle of bacteriorhodopsin at pH 7, proton release from the proton releasing group
(PRG) to the extracellular medium occurs during formation of the M intermediate. This proton
release is inhibited at acidic pH, below the pKa of the PRG, ∼6 in M, and instead occurs later in
the cycle as the initial state is restored from the O intermediate. Here, structural changes related to
deprotonation of the PRG have been investigated by time-resolved FTIR spectroscopy at 25°C.
The vibrational features at 2100-1790 cm-1, 1730-1685 cm-1, 1661 cm-1, and 1130-1045 cm-1

have greater negative intensity in the pure M-minus-BR spectrum and even in the M-minus-BR
spectrum, that is present earlier together with the L-minus-BR spectrum, at pH 7, than in the
corresponding M-minus-BR spectra at pH 5 or pH 4. The D212N mutation abolishes the decreases
in the intensities of the broad feature between 1730 and 1685 cm-1 and the band at 1661 cm-1. The
1730-1685 cm-1 feature may arise from transition dipole coupling of the backbone carbonyl
groups of Glu204, Phe208, Asp212 and Lys216 interacting with Tyr57 and C15-H of the
chromophore. The 1661 cm-1 band, which is insensitive to D2O substitution, may arise by
interaction of the backbone carbonyl of Asp212 with C15-H. The 2100-1790 cm-1 feature with a
trough at 1885 cm-1 could be due to a water cluster. Depletion of these bands upon deprotonation
of the PRG is attributable to disruption of a coordinated structure, held in place by interactions of
Asp212. Deprotonation of the PRG is accompanied also by disruption of the interaction of the
water molecule near Arg82. The liberated Asp212 may stabilize the protonated state of Asp85,
and thus confer uni-directionality to the transport.

The extremely halophilic Archaeon, Halobacterium salinarum, harvests energy from
sunlight by means of the light-driven proton pump, bacteriorhodopsin. This protein is
concentrated into patches in the cell membrane known as “purple membrane” which can be
isolated as essentially pure bacteriorhodopsin and lipids (1). Light is absorbed by the retinal
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chromophore of bacteriorhodopsin, which is linked to the amino group of Lys216 through a
protonated Schiff base. Absorption of a photon by the state that contains the all-trans isomer
of the retinal (BR1) causes isomerization of the C13═C14 bond and thus initiates a catalytic
cycle involving intermediates L, M, N, and O (2, 3), and the result is the net translocation of
a proton from the cytoplasmic to the extracellular medium against an electrochemical
potential (4).

Bacteriorhodopsin is one of a very few enzymes whose precise reaction scheme has been
elucidated. All of the stepwise protonation reactions, which together result in translocation
of a proton across the membrane in this light dependent proton pumping protein, have been
clarified (reviewed in 5-11). The first proton transfer occurs in the L-to-M transition, from
the Schiff base to Asp85 (12), the counterion on the extracellular side of the Schiff base. The
release of a proton to the extracellular medium is from the proton-release group (PRG)
during formation of M (13, 14). Reprotonation of the Schiff base takes place in the M-to-N
transition, when it receives a proton from As96 on the cytoplasmic side of the Schiff base.
The N-to-O transition is accompanied by the back-isomerization of the retinal to the all-trans
form (15). After a short delay a proton is taken up from the cytoplasm by Asp96 (16). The O
intermediate prevails at acidic pH in the N-O equilibrium in which the pKa value of Asp96 is
∼7.2 (17). The PRG is refilled by a proton from Asp85 in the final O-to-BR step. On the
basis of these known facts, we can now address the problem of elucidating the sub-
molecular events that assure unidirectional proton transport across the protein.

The proton release in M is suppressed at alkaline and acidic pH, and two pKa values, one at
∼9 in BR (18, 19) and another at ∼6 in M (14) are responsible for the inhibition: The pKa of
the PRG drops from ∼9 to ∼6 upon protonation of Asp85 in M, causing release of a proton
from the PRG in M at neutral pH. It has been proposed that the unidirectionality of the re-
protonation of the Schiff base in the M-to-N transition is created by increasing the proton
affinity of Asp85 in M through coupling of the proton transfer to deprotonation of the PRG
(18, 19). Such coupling was shown in spectroscopic titration studies of BR, where
deprotonation of a group, postulated to be the PRG, increased the pKa of Asp85 from ∼2.5
to ∼7 (19, 20). The M intermediate with protonated Asp85 is present even at pH 10.5. This
has been attributed to elevation of the pKa of Asp85 above 10.5 (21). Additional structural
changes are expected to occur in M to attain such a high pKa at Asp85 and thereby prevent
the backflow of the proton to the Schiff base.

Extensive studies have been conducted to define and characterize the PRG. Mutations of
several different residues on the extracellular side of the Schiff base have been shown to
affect the normal proton release mechanism. These residues are Glu204, Glu194, Tyr57, and
Arg82 (20, 22-25). The search for the site of deprotonation has been carried out through
studies of the effects of mutating these residues on light dependent difference FTIR spectra,
and in particular on the continuum absorbance changes at frequencies between 1800 and
1900 cm-1 (26) and between 2600 and 2900 cm-1 (27) and on the broad band between 1580
and 1550 cm-1 (28, 29). The authors of the former references (26, 27) proposed that the
proton is released from a protonated water cluster surrounded by Arg82, Glu194 and
Glu204, while those of the latter reference proposed that Arg82 is the site of the release (28,
29). Neither of the two carboxylic acids, Glu204 and Glu194, which are unprotonated in the
initial state (26), can be sites for the release.

Infrared absorption is sensitive to polarity changes in chemical bonds. Hence, FTIR
spectroscopy is a powerful tool to detect chemical changes related to deprotonation of the
PRG and the process that increases the proton affinity of Asp85. Since the pKa of the PRG

1Abbreviations: BR, initial unphotolyzed state of bacteriorhodopsin with all-trans retinal chromophore; PRG, proton release group.
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in BR is ∼9 (20), the PRG will have already largely deprotonated in BR at pH 10, as in M.
In comparing FTIR spectra at pH 7 and pH 10 (30), the contribution from the deprotonation
of the PRG in M appeared with larger negative amplitudes in the spectrum at pH 7 than pH
10 in the 1730-1685 cm-1 region and the 1130-1045 cm-1 region, in addition to the
2120-1790 cm-1 region.

Below pH ∼6, the pKa of PRG, release of the proton is not observed in M (14, 31). At this
lower pH, the PRG remains protonated in the M intermediate, as it is in BR, and thus
differences between the FTIR spectra of the M intermediate at pH 7 and pH 5 can be
ascribed to deprotonation of the PRG. There are no known pH dependent changes in the
initial state between pH 7 and pH 4 (6), meaning that the photocycles at pH 7 and pH 5 start
from the same initial state. Structural changes which are accompanied by deprotonation of
the PRG could be revealed in a comparison of the spectral changes in M at pH 7 with those
at pH 5 as the reference.

The spectral change in the region between 1725 and 1685 cm-1 has been proposed to be due
to release of Asp212 from the constraints exerted by helix G, Arg82, and C15—H of the
chromophore (30). Asp212 is located in a unique position: it interacts with Arg82 through a
water molecule in the initial BR state. In D212N/R82Q, the proton affinity of Asp85 is
lowered (32). The R82Q mutation increases the pKa of Asp85 in BR up to ∼7 and
accelerates M formation (19, 20), suggesting that the role of Asp212 is to stabilize the
protonated state of Asp85. In support of this notion, the photocycle of the D212N mutant
does not include M (33, 34). M formation is partially restored in the presence of chloride
(35).

In this article, FTIR spectral changes in the M intermediate at pH 7 are compared with those
at pH 5 and pH 4 in order to reveal structural changes which may cause stabilization of the
protonated Asp85 in M. The effects of the D212N mutation and D2O substitution on
vibrational bands were investigated to reveal features near Asp85 specific to this issue.

Materials and Methods
Sample Preparation

Purple membrane containing wild-type bacteriorhodopsin was isolated according to a
standard procedure (36). The D212N mutant was described previously (33). The sample of
wild-type bacteriorhodopsin at pH 5 for FTIR measurements was prepared as follows:
purple membranes were suspended in 1.4 mL of 0.1 M phosphate buffer (pH 5.0),
centrifuged, resuspended in water and centrifuged again. The same cycle was repeated once
more. To a 100 μL aliquot of the washed sample, the same buffer at pH 5 (2 μL) was added.
About 60 μL of the suspension was applied to the center of a 25 mm diameter BaF2 window,
and dried under gentle aspiration. The remaining part of the suspension (∼40 μL) was then
overlaid on the dried film and dried again. The resulting film was hydrated with ∼0.5 μL of
water (or D2O). The sample cell was sealed and installed in the spectrophotometer as
described previously (37). The samples at pH 4 and pH 6.5 were made in the same way
except for the use of 0.1 M citrate buffer at pH 4, and 0.1 M phosphate buffer at pH 6.5,
respectively. In the case of D212N, the sample was supplemented with 0.1 M NaCl (10 μL)
before it was applied to the window. The ratio of the absorbance at 1658 cm-1 to that at 1548
cm-1 in the absolute spectra is 1.3-1.5. The absorbance at 3350 cm-1 is >1.4. These figures
correspond to a water content of 65-70% as defined in (38).
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Data Acquisition and Processing
Details of the laser and data acquisition are described in Morgan et al. (37). Spectra were
measured using a Varian FTS-6000 spectrophotometer in step-scan mode at 25°C. A data
file was typically obtained by summing 96 scans (about 3 hours). Samples were replaced
after being used to acquire two files. A global multi-exponential fit was applied to the data
in the 2500-900 cm-1 region of the complete data set using SplMod (39: http://s-
provencher.com/). The rate constants thus obtained were used to calculate the consecutive
spectra di using a Gaussian elimination method. The resulting rate constants and spectra
were processed by the method of Chizhov et al. (40) to calculate a difference spectrum with
respect to the initial unphotolyzed state (BR) for each intermediate in terms of a kinetic
model consisting of a linear irreversible sequence of intermediates. In this scheme, di
denotes the spectrum of the kinetic intermediate that is formed at the rate of ki and decays at
the rate of ki+1. The spectrum d0 corresponds to the component immediately after the flash
within in the time resolution (5 μs), unless otherwise stated.

Data were acquired for 20 ms (4000 data points) of which 2 ms was prior to the laser flash,
unless otherwise noted. The data set (24 files) from a time-resolved study on wild type at pH
5 was fitted by six exponentials with the rate constants (in ms-1) of 22 (k1), 3.4 (k2), 1.3 (k3),
0.38 (k4), 0.16 (k5), and 0.01 (k6). The data set (14 files) obtained from the photocycle at pH
4 was fitted by 5 exponentials with the rate constants (in ms-1) of 20 (k1), 3.4 (k2), 0.39 (k3),
0.37 (k4), and 0.10 (k5). The stored processed data set of wild type in H2O at pH 7 (37) was
used in the current studies. A data set of 24 files, with 18 ms of post-trigger recording, was
acquired at pH 7, but we have chosen to show data from an earlier set consisting of 44 files,
but with only 8 ms of post-trigger data, which had less noise. However, the results in both
data sets are consistent with the conclusions in this paper. The fitted results for pH 7
included a fast component (rate of formation 416 ms-1) that was not detected in our study at
pH 5, consistent with a previous paper (41). In the current paper, to simplify comparison of
the pH 7 results to those at other pH values, this fastest step has been omitted from the
description of the reaction, which is thus presented as a five-step process. The spectrum of
the product of the 416 ms-1 phase is thus designated d0, and time constants at pH 7 (in ms-1)
are 23 (k1), 8.1 (k2), 1.9 (k3), 0.67 (k4), and 0.16 (k5). The spectrum d3 in our earlier paper
(37), which was assigned to the M-minus-BR transition, is thus d2 in the description used
here.

The results for wild-type bacteriorhodopsin hydrated with D2O (14 files), which included 8
ms of post-trigger data, was fitted by five-exponentials. As in the case of the H2O data
above, the first step (k = 416 ms-1) of this five-step process has been omitted. The rate
constants (in ms-1) in this four-step description of the reaction are: 7.8 (k1), 1.3 (k2), 0.39
(k3), and 0.025 (k4). The ratios of these rates to those in H2O are nearly coincident with
those recorded in solution in a previous visible spectroscopic study (16).

The data set of D212N in the presence of chloride at pH 6.5 was fitted by 6 exponentials. As
in the case of wild type at pH 7, to simplify comparison with other data in this paper, the
first step (k=309 ms-1) has been omitted. The rate constants (in ms-1) in this five-step
description of the reaction are: 18 (k1), 7.0 (k2), 1.5 (k3), 0.43 (k4), and 0.017 (k5). All the
calculated M-minus-BR spectra were adjusted on the basis of the intensity at 1168 cm-1 to
match the M-minus-BR spectrum of wild type at pH 7.
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Results
M-minus-BR spectrum at pH 7 vs. at pH 4 or 5

The residence times of the kinetic intermediates d1 (time constant for the decay of 0.29 ms)
and d2 (0.77 ms) at pH 5 largely overlap with those of d1 (0.12 ms) and d2 (0.53 ms) at pH
7. The spectra of d1 and d2 are almost the same in shape. In Figure 1 the spectrum of d2 at
pH 5 (green line) is superimposed on the spectrum of d2 at pH 7 (blue line), which has been
shown to be the M-minus-BR spectrum (37). The presence of the hydrogen out-of-plane
band at 987 cm-1 and the larger positive intensity of the 1188 cm-1 band in the spectrum of
d2 at pH 5 (green line) than in d2 at pH 7 (blue line) indicate the presence of a considerable
fraction of long-lived L intermediate at the lower pH, as was previously suggested (41, 42).

Subtraction of 40% of the spectrum of d0, which is largely due to the L-minus-BR spectrum,
from the spectrum of d2 at pH 5 (green line) reduces the amplitude at 1188 cm-1 to the level
of the M-minus-BR spectrum at pH 7 (blue line), resulting in the M-minus-BR spectrum at
pH 5 (red line). A broad band between 1130 and 1045 cm-1 in the M-minus-BR spectrum at
pH 7 is absent at pH 5. This band, which is also absent from the spectrum at pH 10, has been
attributed to the vibrations of the side chain of Lys216 coupled with the vibration of C15—H
of the retinal (30). Also, the M-minus-BR spectrum of wild type at pH 4, obtained by
subtracting 35% of the spectrum of d0 from the spectrum of d2 at pH 4 (not shown), is
identical in shape in the 1650-900 cm-1 region to the M-minus-BR spectrum at pH 5 (red
line).

Spectral Changes Associated with Deprotonation of the PRG in M
In Figure 2a, vibrational bands in the 1800-1650 cm-1 region, mostly due to the protein, in
the spectrum of the calculated M-minus-BR component from d2 at pH 5 (solid line), are
compared with those in the M-minus-BR spectrum at pH 7 (dotted line). The calculated
spectrum at pH 4 (not shown) is almost same as that at pH 5. A similar frequency shift of the
C=O stretching band of Asp85 at 1761 cm-1 upon lowering the pH has previously been
noted (29, 43). Throughout the region between 1730 and 1685 cm-1, the spectrum at pH 5
appears above the spectrum at pH 7. The decrease in negative intensity at pH 5 in this
frequency region shows that a broad feature, present in the initial BR state, disappears upon
deprotonation of the PRG, presumably because the PRG deprotonates at pH 7 but not at pH
5 and pH 4, which are below the pKa of PRG, ∼6 in M (14). Decreases observed in the M-
minus-BR spectrum at pH 10 (broken line in Figure 2a, adapted from 30), where the PRG
had already deprotonated in the unphotolyzed state, since this is above the pKa value of the
PRG, ∼9 in BR (20), are similar to those at pH 5 in this frequency region, except for the
presence of an overlapping positive broad band between 1732 and 1706 cm-1. This is
probably due to protonation of Glu194/Glu204 by a proton released from the PRG, as
claimed by Wolf et al. (44). This band, however, is much smaller in intensity than another
C=O stretching vibrational band at 1761 cm-1 due to Asp85 (Figure 2a), suggesting that the
release in M at pH 5 occurs in only a minor population. The 1694 cm-1 band itself does not
decrease at pH 5. The sharp negative band at 1661 cm-1 at pH 7 loses its intensity at pH 5,
leaving a twin band between 1675 and 1660 cm-1. The same differences had been noted in a
previous time-resolved attenuated total reflectance FTIR spectroscopic study (43), in which
films immersed in solution at pH 7 and pH 4 were compared, though this was not described
explicitly in the text.

The 1761 cm-1 band of M is undetectable in the spectrum of d0 (Figure 2c), but appears in
the M-minus-BR spectrum of d1 at pH 7 (dotted line in Figure 2b) that was obtained by
subtraction of 40% of the spectrum of d0 at pH 7. The shape in the 1650-900 cm-1 region,
including the band at 1130-1045 cm-1 (not shown), is completely coincident with the M-
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minus-BR spectrum at pH 7 of the spectrum d2 (blue line in Figure 1). The spectrum of the
M-minus-BR component from d1 at pH 5 was obtained by subtracting the contribution of the
L-minus-BR spectrum of d0 in the same way. Decreases in negative intensity of the broad
feature at 1730-1685 cm-1 and of the band at 1661 cm-1 at pH 5 (solid line in Figure 2b)
relative to those at pH 7 (dotted line) can also be observed in the parallel pH dependent
differences in the calculated spectra of the M-minus-BR components from d1, as they are in
the M-minus-BR spectra of d2. However, the broad positive band between 1732 and 1706
cm-1, which could have been revealed by comparison with the M-minus-BR spectrum at pH
10 (broken line), was not detected, in contrast to the case of the spectra of d2. The
coincidence of the spectra of d0 at pH 7 (solid line in Figure 2c) and pH 5 (dotted line), both
of which show the same typical 1740 cm-1 band of the L-minus-BR spectrum, is consistent
with the fact that deprotonation of the PRG does not occur in L. The results show that
deprotonation of the PRG causes the depletion of the broad feature at 1730-1685 cm-1 and
the band at 1661 cm-1 in M formation, but not at all in L.

Besides these pH dependent changes, the positive broad feature between 1580 and 1550
cm-1 in the M-minus-BR spectrum at pH 7 (blue line in Figure 1) has been shown to be less
intense in the early M spectrum (41). This band decreases intensity in the M-minus-BR
spectra from spectra d2 (red line) and d1 (not shown) at pH 5, and at pH 4 (data not shown,
also 29).

Absorbance Change with a Trough at 1885 cm-1 Associated with M Formation
The broad negative feature in the M-minus-BR spectrum above 1800 cm-1 has been called
the continuum absorbance change. It was explained as arising from deprotonation of the
PRG, through studies comparing the spectrum of the wild-type protein with that of E204Q
and other mutants, as well as the wild type at low pH (26, 44-46). The analysis of this
feature is biased by the overlapping broad positive band, which had been attributed to
heating (46). This latter feature appears in the spectrum of d0 at pH 7 with a maximum at
∼1960 cm-1 (cyan solid line in Figure 3a). The amplitude of this band decreases
significantly in the ensuing spectrum of d1 (brown solid line). This putative heating effect
has disappeared entirely in the spectra of d2 (red solid line) and d3 (blue solid line) at pH 7,
as judged from their coincident shapes, at least in the 2000-1790 cm-1 region. This is
consistent with the reported dissipation time of the heating effect of 0.3 ms (46). In a similar
way, the spectrum of d2 at pH 5 (red dotted line), which is coincident with the spectrum of
d3 (blue dotted line), can be regarded as being free from the heating effect.

Comparison of these spectra, whose main contribution is the M-minus-BR spectrum,
indicates that the negative amplitudes at pH 5 are smaller than at pH 7 in the broad region
between 2100 and 1790 cm-1 for the spectra of d2, d3 and d4. A similar pH effect on the
absorbance changes in the frequency region of 1900-1800 cm-1 was recently reported (44).
The calculated difference between the spectra of d3 at pH 7 and pH 5 (blue line in Figure
3b), each of which is composed of 80% of the M-minus-BR spectrum and 20% of the N-
minus-BR spectrum, shows a broad feature ranging from 2200 to 1800 cm-1 with a trough at
∼1885 cm-1. A similar spectral shape was observed in the difference between the spectra of
d2 at pH 7 and pH 5 (red line), and even in the spectra of d1 (brown line), which still retain
the heating effect. The amplitude at 1885 cm-1 of this broad band in the difference spectrum
is about -0.05 milli-absorbance unit (Figure 3b). This value is comparable to the
approximately -0.08 milli-absorbance unit change of the sharp negative band at 3645 cm-1

(26, 37), which is due to the stretching vibration of non-hydrogen bonding water O—H,
suggesting that the changes originate from a stoichiometric quantity of water molecules.

Even though each of these spectra at pH 7 and at pH 5 (Figure 3a) increases in negative
amplitude progressively with decreasing frequency toward 1790 cm-1, as has been shown
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previously for the spectrum at pH 7 (26, 45, 46), the difference between pH 7 and pH 5
(Figure 3b) becomes smaller beyond 1885 cm-1. Hence, the broad band induced by
deprotonation of the PRG is distinct in shape from the residual band at pH 5, which must be
due to something other than pH dependent deprotonation of the PRG.

Water O—H Stretching Vibrations at pH 5
The water vibration band at 3657 cm-1 in the M-minus-BR spectrum at pH 7 (Figure 4,
dotted line), which persists in the N-minus-BR spectrum, was shown to be less intense at pH
10 (30). The calculated M-minus-BR spectrum at pH 5 (solid line, see also Figure 2) shows
a recognizable negative band at 3645 cm-1 superimposed on the tilted baseline produced by
subtraction of an intense feature in the spectrum of d0. However, it does not exhibit any
trace of the peak at 3657 cm-1 that is present at pH 7. Thus, the 3657 cm-1 band is due to a
water O—H vibration that arises in M at pH 7 by loss of hydrogen bonding upon
deprotonation of the PRG.

Effects of D2O-Substitution
No pure M-minus-BR spectrum for bacteriorhodopsin hydrated by D2O was separated in the
global fit. The spectrum of d2, which has the largest fraction of the M-minus-BR spectrum,
has the same place in the progression of kinetic model intermediates as the spectrum d2 of
bacteriorhodopsin in H2O at pH 7, though it arises much more slowly (1.3 vs. 8.1 ms-1 in
k2). Subtraction of 30% of the spectrum of d3, which is mainly due to the N-minus-BR
spectrum, from the spectrum of d2 yielded a pure M-minus-BR spectrum, as judged by the
complete elimination of the 1670 cm-1 band due to the N-minus-BR spectrum (47, 48). This
calculated spectrum of the M-minus-BR component for bacteriorhodopsin hydrated with
D2O (Figure 5a, solid line) is compared with the corresponding spectrum from a sample
hydrated with H2O (dotted line) by normalizing at the 1168 cm-1 band, which is due to the
chromophore and is not affected by either solvent D2O or by C15-deuteration (49).

The 1761 cm-1 band of Asp85 has shifted to 1751 cm-1 as expected for D2O substitution.
The C=N stretching band of the Schiff base in BR at 1640 cm-1 has shifted to 1633 cm-1.
Also the N—H bending vibration bands at 1348 and 1254 cm-1 undergo the same changes in
D2O as those observed in the M-minus-BR spectra at 230 K (50). A positive band of M at
1556 cm-1 splits into two bands at 1569 and 1555 cm-1. Strikingly, the negative band at
1661 cm-1 is retained in D2O.

In assessing the D2O sensitivity of the 1661 cm-1 band it is important to take into account
the possibility that the larger absorbance at this frequency in the absolute spectrum in H2O
(∼1 absorbance unit), due to the O—H bending vibration of water and the correspondingly
smaller transmitted intensity, could potentially lead to a less linear spectrophotometric
response, so that the intensity of the peak at 1661 cm-1 could be artificially decreased in the
H2O data compared to the D2O data. However, it is unlikely that our data are significantly
distorted by this effect. If the 1661 cm-1 band were sensitive to D2O substitution, its
intensity in D2O would be expected to decrease to the level seen in the pH 5 sample (see
Figure 2a). This is not observed. This conclusion is supported also by the data shown in
Figure 5b, in which the time course of absorbance changes at 1661 cm-1 in H2O (in pink)
and D2O (in red) are compared with data at 1188 cm-1 (in cyan for H2O and in blue for
D2O), which show the time courses of the L-to-M transition in H2O and D2O. The 1661
cm-1 data have not been re-scaled; the two 1188 cm-1 curves have been shifted so that the
initial amplitudes match the corresponding 1661 cm-1 data, and then scaled by the same
multiplication factor (0.7). In both cases, this brings the maximum absorbance change
(initial amplitude to point of maximum depletion) into line with the 1661 cm-1 data. The fact
that the initial amplitudes of the 1661 cm-1 traces in H2O and D2O are almost identical,
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shows that there is no significant spectrophotometric artifact due to the underlying H2O
absorbance. The L-minus-BR contribution at 1661 cm-1 does not include any contribution
from deprotonation of the PRG (Figure 2c), and therefore is expected to be the same in H2O
and D2O. Given the time-resolution of these measurements, extrapolation to zero time point
should reflect the sample in the L state, and the amplitudes should correspond to the L-
minus-BR spectrum. The extrapolated initial amplitudes at 1661 cm-1 in H2O and D2O are
essentially identical. Furthermore, for both H2O and D2O, the subsequent changes at 1661
cm-1 follow almost exactly the same time course as those at 1188 cm-1 which are due to the
L-to-M transition and are insensitive to D2O substitution. Both of these observations show
that there is no significant artificial lowering of the intensity at 1661 cm-1 in H2O, and
confirm our conclusion that the 1661 cm-1 feature is retained in D2O. The differences in
amplitude between the H2O and D2O data at 1661 cm-1 (Figure 5b) presumably reflect
differences in the kinetics of the reaction consistent with the fact that the d3 spectrum is not
pure M (above). The traces at 1188 cm-1 (pink and brown) both exhibit a plateau in the
millisecond time range corresponding to the formation of the N and O intermediates where
the negative intensity of the 1661 cm-1 band (cyan and blue) decreases. The structural
changes associated with the depletion of the 1661 cm-1 band are restored in the N and O
intermediates.

Effects of the D212N Mutation on the M-minus-BR Spectrum
D212N undergoes a blue-to-purple transition upon lowering of the pH (with a pKa ∼7) (33),
but no M is observed in the photocycle at pH values either above or below the pKa. When
chloride is added, in the pH range of 3.8 to 7.3 about one-third of the population of D212N
undergoes an active photocycle which, as in the wild-type protein, includes the M
intermediate (35). The hierarchy of time constants in the kinetics of the photocycle of
D212N in the presence of chloride is similar to that of wild type (see Materials and
Methods). In the spectrum of d2, the Asp85 band at 1761 cm-1 has about 30% of the
intensity it exhibits in the M-minus-BR spectrum of wild type at pH 7. Subtraction of 70%
of the spectrum of d0, mainly due to the L-minus-BR spectrum, from the spectrum of d2
revealed a spectrum in which the 1188 cm-1 band is below the baseline (not shown) typical
for M. The calculated spectrum of the M-minus-BR component from d2 of D212N (solid
line in Figure 6) shows smaller intensities in the band at 2100-1790 cm-1 and the feature at
1730-1685 cm-1 than those in wild type (dotted line), while the 1761 cm-1 band of Asp85
appeared with identical shape. Long-range effects of the D212N mutation seem to be
suppressed by chloride that replaces the negative charge of Asp212. The sharp negative
band at 1661 cm-1 of the M-minus-BR spectrum of wild type (dotted line) is missing in
D212N (solid line), and is replaced by a large negative band at 1673 cm-1. This band makes
comparison around 1685 cm-1 ambiguous, but it is certain that the broad band at 1725-1685
cm-1 loses intensity, at least above 1692 cm-1.

Discussion
Depletion of Spectral Features Which Do Not Occur in M at pH 5

Comparison of the M-minus-BR spectrum at pH 7 with that at pH 5 in the sub-millisecond
time range reveals that the negative amplitudes (depletion) for the features at 1130-1045
cm-1 (Figure 1), 1661 cm-1, 1730-1685 cm-1 (Figure 2), and 2100-1790 cm-1 (Figure 3) and
the positive amplitude (appearance) for the feature at 1580-1550 cm-1 (Figure 1) are larger
at pH 7 than pH 5. The decrease in intensity of these features at pH 5 is correlated with
deprotonation of the PRG in M (pKa ∼6) (14). This is consistent with the observation that
these negative bands were also abolished in the M-minus-BR spectrum at pH 10 (30), where
the PRG is in a deprotonated state in both BR and M (20). Comparison of the spectra at
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neutral and acidic pH is based on idea that the reactions start from the same initial BR state,
because the PRG is protonated at both pH 7 and 5.

These pH dependent spectral changes are detected in the M-minus-BR spectrum of d1 at pH
7, which is present together with L, but not in the spectrum d0, which contains only L. In
other words, the depletion induced by deprotonation of the PRG can be observed even in an
early phase of M, where a sub-population of L still remains. This means that, in the wild-
type protein, deprotonation of the PRG occurs as soon as M is formed, and the delay in the
externally observed proton release is due to barriers and diffusion within the protein (13).
This conclusion is qualified by the possibility that a small delay of the depletion in the early
phase of the spectrum of d1 might not be detected by a failure to isolate such a component in
the global fit, even if present. Earlier results (51) have shown that the depletion of the 1661
cm-1 band in M does not take place earlier than 0.05 ms after the initiation of the photocycle.
The rise time constant of our spectrum of d1 is ∼0.04 ms.

The component of d2 at pH 7 is almost exclusively composed of M, and is virtually free
from L. By contrast, the component of d2 at pH 5 or at pH 4 arises with a slower rate
(k2=1.8 ms-1 vs. 3.4 ms-1 at pH 7) and retains the nearly same fraction of L as the
component of d1. The equilibration of the proton between Asp85 and the Schiff base has
completely shifted toward Asp85 in d2 at pH 7 but not at acidic pH values below the pKa of
∼6 of the PRG in M, indicating that the protonated Asp85 in M is stabilized by
deprotonation of the PRG. This is consistent with the proposed coupling between the
deprotonation of Asp85 and the PRG (6, 14, 19, 20).

Changes in Water Molecules and Arg82
The broad continuum band between 1900 and 1800 cm-1 has been proposed to arise from the
water molecules responsible for proton release (26, 45). The current study separates this
band into two parts. One feature that is apparent in the spectrum at pH 5 shows
progressively larger negative amplitude toward lower frequency (dotted lines in Figure 3a).
This is not related to deprotonation of the PRG. The other feature, which is related to
deprotonation of the PRG, spans between 2100 and 1790 cm-1 with a trough at 1885 cm-1

(Figure 3b). The trough is present in a frequency region where protonated water clusters
would be expected to appear: specifically the protonated water dimer has a peak at 1770
cm-1, the trimer at 1880 cm-1, and the tetramer at 2665 cm-1 (52) along with a combination
of the bending and librational modes of water at ∼2140 cm-1 (46), although these
frequencies and the band widths could be altered by the protein environment, which might
stabilize the possible protonated clusters. Although a discernible shift in H2

18O could not be
detected in our data, the possibility that the broad band at 2100-1790 cm-1 is due to
depletion of the bending vibration of a protonated water cluster (52, 53) cannot be excluded.

The broad feature between 1580 and 1550 cm-1 has been previously referred to as the 1556
cm-1 band, and attributed to deprotonation of Arg82 by use of a bacteriorhodopsin sample in
which the two η-nitrogens of arginine were labeled with 15N (29). The highly asymmetric
character of the two η-nitrogen atoms of Arg82 in M in solid-state NMR spectra (54)
suggests that one of the guanidyl C–N bonds of Arg82 acquires a high degree of double
bond character with a localized positive charge in M, but seems not to be in a completely
deprotonated state when compared with the authentic deprotonated arginine. However, a
subsequent NMR result with a model system suggests that deprotonation of Arg82 is likely
when it is present in the kind of apolar environment expected to be in M (55).

A crystallographic structure of the initial unphotolyzed state (see Figure 7, based on protein
databank entry, 1c3w from Ref. 56) shows that Arg82 interacts with two water molecules,
each of which further interacts with one of the oxygen atoms of the carboxyl group of
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Asp212 and the phenolic oxygen atom of Tyr57. Liberation of a water molecule interacting
with Arg82 was shown by the appearance of the non-hydrogen bonding water O—H at 3657
cm-1 (Figure 4), which decreases in intensity in mutants of Arg82 (58). These lines of
evidence are compatible with the idea that deprotonation of the PRG is accompanied by
disruption of the interaction of the water molecule near Arg82. This disruption could further
affect Asp212.

Disruption of the Interactions of Asp212
The unstructured broad feature at 1730-1685 cm-1 was suggested to be due to backbone
carbonyl groups interacting with C15-H of the retinal (30) and with the ring of Tyr57
(discussed in 30 based on Ref. 59). The crystallographic structure of BR (Figure 7) shows
that the nearest backbone carbonyl groups are those of Asp212 and Phe208. Involvement of
the vibrations due to the backbone carbonyl of Lys216 and Glu204 has also been suggested
(discussed in 30). The S193A mutation abolishes this feature in M at pH 7 (44). The side
chain O—H group of Ser193 forms a hydrogen bond with one of the carboxyl oxygen atoms
of Glu204 (Figure 7). The backbone carbonyl groups of Lys216, Asp212, Phe208, and
Glu204 align in parallel along the distorted helix G, which is further disrupted at one end by
the π-bulge at Ala215 and at the other by the extended structure at Val199 (56). The broad
feature between 1730 and 1685 cm-1 probably arises from transition dipole coupling
between these vibrational modes in the short helical segment (60, 61). Interactions with
Tyr57 and the C15-H of the chromophore may be further included, as suggested in (30). The
current study has shown that in D212N this broad feature is absent in the BR state or
remains unchanged upon M formation (Figure 6), suggesting the disruption of interactions
of Asp212 in the formation of M at neutral pH.

Previous study has shown that 15N-arginine substitution substantially reduces the intensity
of the 1661 cm-1 band, though a fraction of the intensity is retained (29). The 1661 cm-1

band in the M-minus-BR spectrum is composed of two contributions; one of which is
dependent on the deprotonated PRG, while the other remains at pH 5 (Figure 2). The C=N
stretching vibration of Arg82, that should be coupled with the N—H bending vibrations, is
expected to be sensitive to D2O substitution, because the N—D stretching vibration bands of
Arg82 were recorded using a similar procedure for hydration by D2O (62). However, both
of the bands contributing to the 1661 cm-1 trough in the M-minus-BR spectrum are retained
in D2O (Figure 5). The intensity at 1661 cm-1, which was sensitive to 15N-substitution in the
previous spectrum obtained at 0°C (29), is nearly two times larger (∼40% relative to the
1528 cm-1 band) than those in the current spectrum (∼25%). In other published spectra, the
size of this band is also ∼25% of the 1528 cm-1 band (41, 45, 63). It should be noted that the
photocycle in our measurement system at 25°C is very similar to that previously obtained at
the same temperature by visible spectroscopy in solution (40) with respect to the time
constants and composition of the kinetic intermediates, as discussed previously (37).
Together, this suggests that the contribution to negative intensity at 1661 cm-1, which was
reported in (29) to be lost in 15N-arginine bacteriorhodopsin, is not present in the spectra in
our current study, and is thus distinct from either of the D2O insensitive contributions
described above. Our results show that the 1661 cm-1 band, which is located in the
frequency region for backbone carbonyl groups, is completely absent in D212N (Figure 6)
and decreases in intensity in C15-D bacteriorhodopsin (30). Its depletion in M could be
interpreted to be the result of loss of interaction between the C15-H of the retinal and the
nearby backbone carbonyl group of Asp212. A detailed mechanism of the complex coupling
will require further work beyond the scope of this paper.
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Possible Structure Changes Associated with Deprotonation of PRG
It is interesting that the oxygen atoms (Figure 7, red sticks) of Tyr57, Phe208 and Asp212
form a cluster over a layer of four water molecules (spheres, in magenta). The guanidyl
group of Arg82 is embedded in this water cluster. Another water cluster is present further
below (spheres in yellow). Depletion of the features at 1730-1685 cm-1, the band at 1661
cm-1 and also the feature at 2100-1790 cm-1 together with the appearance of the feature at
1580-1550 cm-1 may be due to deprotonation and the ensuing disruption in this coordinated
structure.

Effects of Asp212 on the Protonated Asp85
The M state is not formed in the photocycle of D212N (33) and D212N/R82Q (32),
suggesting that the role of the anionic Asp212 is to stabilize the protonated form of Asp85.
Formation of M in D212N can be partially restored by supplying chloride as a replacement
of the missing negative charge (35), and in D212N/R82Q by decreasing the pKa of the
Schiff base through the replacement with of C14-fluoro retinal (32). This could be
interpreted to mean that Asp212 is involved in stabilizing the protonated form of Asp85 in
M. The rationale would be to avoid reverse flow of the proton from Asp85 to the Schiff
base, ensuring unidirectional proton transfer from the Schiff base to Asp85. Asp212 would
take part in this stabilization when released from its constraints in the coordinated structure.

A Possible Mechanism for Stabilization of the Protonated Asp85 by Asp212
In the initial state, BR, two water molecules (Water401 and Water406) are sandwiched
between Asp85 and Asp212 (56). Interaction between Asp85 and one water molecule in M
(Water401) has been suggested from spectral changes of Asp85, which occurred in parallel
with those of Water401 throughout the photoreactions of M at 80 K, 100 K and 133 K (64,
discussed in 9). The same water molecule also forms hydrogen bonding with Trp86 in M
(65; discussed in 11). Liberation of Asp212 from the constraints exerted by the complex
coordinated structure (see above) would place Asp212 in a favorable orientation to interact
with Asp85 through this water molecule. Interaction of water molecules with Asp85 in a
proper geometry, which is supported by Asp212 and Trp86, would bring about an extremely
high pKa state, similarly to Asp115 and Asp96 (66, 67), which interact with the O—H
groups of Thr90 and Thr46, respectively (see 1c3w of Ref. 56). Asp115 also interacts with
the carbonyl oxygen atom of Leu87 through a water molecule (Water511).
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Figure 1.
The chromophore region (1700-900 cm-1) of the M-minus-BR spectrum (d2) of wild type at
pH 7 (37, blue line), the spectrum of d2 of wild type at pH 5 (green line), and the calculated
spectrum of the M-minus-BR component of wild type at pH 5 (red line) obtained by
subtracting 40% of the spectrum of d0 (mainly due to the L-minus-BR spectrum) from the
spectrum of d2. The M-minus-BR spectra at pH 7 and pH 5 were normalized on the basis of
the negative band at 1168 cm-1. One division of the ordinate corresponds to 0.002
absorbance unit for bacteriorhodopsin at pH 7. The level of zero absorbance is shown by a
horizontal broken line.
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Figure 2.
The protein region (1800-1650 cm-1): (a) the M-minus-BR spectra of wild type of d2 at pH 7
(dotted line), and at pH 5 (solid line). (b) the M-minus-BR spectra of wild type of d1 at pH 7
(dotted line), and at pH 5 (solid line). (c) the spectra of d0 (mainly due to the L-minus-BR
spectra) of wild type at pH 7 (dotted line) and at pH 5 (solid line). The M-minus-BR
spectrum at pH 10 (30) was overlaid as dashed lines in (a) and (b). One division of the
ordinate corresponds to 0.0005 absorbance unit for bacteriorhodopsin at pH 7.
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Figure 3.
(a) The continuum absorbance changes of wild type at pH 7 (solid lines) and at pH 5 (dotted
lines). The first spectra (d0) are shown in cyan, the second spectra (d1) in brown, the third
spectra (d2) in red, and fourth spectra (d3) in blue. (b) The difference between the spectra at
pH 7 and pH 5 of d1 (brown), d2 (red), and d3 (blue). One division of the ordinate
corresponds to 0.00005 and 0.00002 absorbance unit for bacteriorhodopsin at pH 7 in (a)
and (b), respectively.
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Figure 4.
The O—H stretching vibrations of water in the calculated M-minus-BR spectrum at pH 5
(solid line) compared with the M-minus-BR spectrum at pH 7 (dotted line). One division of
the ordinate corresponds to 0.0001 absorbance unit for bacteriorhodopsin at pH 7.
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Figure 5.
The effect of D2O substitution on the M-minus-BR spectrum of wild type at pH 7. (a) The
calculated spectrum of the M-minus-BR component of wild type in D2O at pD 7 (red line)
was compared with the M-minus-BR spectrum in H2O at pH 7 (blue line), which is
duplicated from Figure 2 for the sake of comparison. The labels are shown in blue and red
for the bands in H2O and D2O, respectively. One division of the ordinate corresponds to
0.0005 absorbance unit for bacteriorhodopsin at pH 7. (b) Comparison of the time courses of
the intensity of the averages between 1663 and 1658 cm-1 (1661 cm-1) in H2O (cyan circles)
and D2O (blue circles) with those between 1189 and 1188 cm-1 (1188 cm-1, brown circles
for D2O and pink circles for H2O). See the details in the text. Horizontal broken line is zero
absorbance for the plots at 1661 cm-1. One division of the ordinate corresponds to 0.0002
absorbance unit for the 1661 cm-1 band of bacteriorhodopsin in H2O at pH 7. An arrow
indicates the level of the zero line for the traces at 1188 cm-1.
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Figure 6.
Comparison of the calculated spectrum of the M-minus-BR component from d2 of D212N at
pH 6.5 in the presence of chloride (solid line) with that of wild type at pH 7 (dotted line),
which is duplicated from Figure 2 for the sake of comparison. The one division of the
ordinate corresponds to 0.001 absorbance unit for wild type at pH 7.
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Figure 7.
Structural elements involved in structural changes upon deprotonation of the PRG on the
basis of the crystallographic structure of unphotolyzed bacteriorhodopsin in protein data
bank entry 1c3w (56). All the residues are shown by sticks. Water molecules are dotted
spheres in magenta (above Arg82) or yellow (below Arg82). The other oxygen, and nitrogen
atoms are shown in red, and blue, respectively. Carbonyl oxygen atoms are indicated by
black arrows, and side chains by white arrows. The molecular graphic representation was
generated with PYMOL (57).
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