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Kinetic investigations of irreversible photobleaching of bacteriorhodopsin (bR) in
purple membrane (PM) at high temperature have previously shown two kinds of bR
species upon light illumination. The bR species consist of kinetically fast- and slow-
denatured components, whose proportions were dependent upon structural changes
in dark, as shown by CD. In order to elucidate electrostatic contribution on the
heterogeneous stability and the bR structure in PM, photobleaching behaviour and
structural changes over a wide pH range were investigated by kinetics as well as
various spectroscopic techniques. Kinetics revealed that photobleaching below pH 9
obeyed double-exponential functions, whereas measurements above pH 10 were
characterized by a single-decay component. FT-IR deconvoluted spectra showed a
aII-to-aI transition in the transmembrane helices around pH 10. Near-IR Raman
scattering spectra demonstrated the equilibrium shift of retinal isomers from all
trans to 13-cis form. Near-UV CD spectra suggested configurational changes in the
aromatic residues around the retinal pocket. An exciton-to-positive transition
in visible CD spectrum was observed. This indicates disorganization in the
2D-crystalline lattice of PM, which occurred concomitantly with the changes above
pH 10. A model for the changes in kinetic behaviour and molecular structure around
pH 10 is discussed, focusing on changes in charge distribution upon alkalinization.

Key words: denaturation kinetics, intermolecular interaction, irreversible
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Abbreviations: bR, bacteriorhodopsin; PM, purple membrane; PRG, proton release group;
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Bacteriorhodopsin (bR), a light-driven proton pump of
Halobacterium salinarum, (1) is known to spontaneously
form a 2D-crystalline array of hexagonally oriented bR
trimers in the plasma membrane. The membrane patch
comprised of this array is referred to as purple
membrane (PM) (2). It is well known that proton
translocation across the membrane is achieved through
the photocycle, which consists of several spectrally
distinguishable photo-intermediates (3). The intermedi-
ates are formed upon absorption of visible light by a
retinal chromophore covalently bound to the protein via
a Schiff base linkage (3). The molecular structure of the
ground state of bR resolved at atomic resolution (4–6)
shows that a number of charged amino acid residues,
which act as proton donors or acceptors (7–10), are
oriented toward each other. These amino acids form a
proton channel, which involves a network of hydrogen
bonds formed by water molecules inside a bundle of
transmembrane helices. These charged amino acid
residues contribute to function as well as structural

stability because of the polar interactions inside the helix
bundle (11, 12). Recently, the molecular structures of
several photo-intermediate (13–15) have been resolved,
suggesting a mechanism of vectorial proton
translocation.

Although the photo-intermediates of bR can return to
the ground state without relaxing into denatured states
under physiological conditions, irreversible photobleach-
ing has been reported for bRs in PM at high temperature
(16–19) and alkaline pH, (17, 20) as well as in detergent
micelles (21, 22). The dependency of the light intensity
on the photobleaching was reported for the bR in PM
at high temperature (17). This is thought to be a result of
a photoreaction of bR. Interestingly, the kinetics of
the irreversible photobleaching of bR in PM at neutral
pH (19) shows two types of bR species with respect
to structural stability. This heterogeneous stability to
photobleaching is influenced by structural changes in
the dark, (19) involving secondary structure, (23) retinal
isomerization, (24) disorganization of the 2D crystal
(18, 19) and an increase of water accessibility to the
Schiff base (25). On the other hand, bRs solubilized by
the mild non-ionic detergents, such as octyl-b-glucoside
and Triton X-100, undergo irreversible photobleaching,
even at around room temperature with a single-decay
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component (21, 22). The photobleaching kinetics under
these conditions differ significantly, despite the simila-
rities in the structural properties described earlier (23,
24, 26). The photocycle is maintained by the force
balance between the intra- and inter-molecular interac-
tions in bR; therefore, these structural changes are
thought to be associated with the mechanisms of
irreversible photobleaching. However, the specific part
of the molecule essential to restoring the ground state,
and what factors relate to its heterogeneous stability
during the photocycle remain unknown.

In order to address these issues, the photobleaching
behaviours and the structural changes of bR at high
pH were investigated and compared with other photo-
bleaching conditions. A calorimetric study for bR in PM
(27) strongly suggested that the balance between the
intra- and inter-molecular interactions in bR are effec-
tively altered by changing the pH of the surrounding
medium. Herein, two types of experiments were con-
ducted in order to elucidate more information on the
irreversible photobleaching of bR in PM at alkaline pH:
(i) kinetics investigations of the irreversible photobleach-
ing and (ii) spectroscopic measurements of bR in the dark
by vibrational and circular dichroism (CD) spectrosco-
pies. A model for the structural changes at high pH is
discussed on the basis of the pKas of the charged amino
acid residues.

MATERIALS AND METHODS

Sample Preparation—PM of H. salinarum, strain
R1M1, was purified according to standard methods (28).
The concentration of the purified PM suspension was
determined from the absorption maximum at 568 nm using
an extinction coefficient of 62700� 700 M�1 cm�1 (29). PM
suspensions of known-bR concentrations were resus-
pended in the following buffers for spectroscopic measure-
ments at room temperature: 20 mM MES-NaOH (pH 6.0),
20 mM Tris-HCl (pH 7.0), 20 mM Tricine-NaOH (pH 8.0),
20 mM CHES-NaOH (pH 9.0), 20 mM CAPSO-NaOH (pH
10.0), 20 mM CAPS-NaOH (pH 11.0) and 20 mM phos-
phate-NaOH (pH 12.0). The pH values of the buffers were
adjusted at room temperature by titrating with 1 N HCl or
1 N NaOH solutions. PM suspensions for temperature-
jump experiments were also resuspended in buffers
with pHs adjusted at high temperature. PM suspensions
at each pH were stored in the refrigerator in the dark
in order to prevent light adaptation of the samples.
Kinetics Measurements of Photobleaching—The

kinetics measurements of the photobleaching of bR in
PM were conducted using temperature-jump experiments
under illumination with visible light during high tem-
peratures (40–708C) and alkaline pH (pH 7–11). The
experimental setup for the temperature-jump experi-
ments was previously described (18, 19). In these
experiments, absorption spectra before the temperature
jump and after quenching following high-temperature
incubation (10 min to 4 h) were used in order to
determine reversible and irreversible components. The
net kinetics curves of the photobleaching were obtained
by plotting the reversible components as a function of
incubation time.

Spectroscopic Measurements—Infrared (IR) spectra of
the dark-adapted bR were recorded using an FTS-6000
FT-IR spectrometer (Varian Inc. Scientific Instruments,
USA) equipped with an MCT detector at room tempera-
ture. PM suspensions at a bR concentration of about
1 mM were placed between two BaF2 windows with
a 6mm PET spacer film. The spectral resolution was
2 cm�1 and 2,048 scans were averaged for each spectrum.
IR spectra of the buffer solution, recorded under the
same conditions as the PM suspension, were used to
subtract the spectral background using the water band
at 2,130 cm�1 as the criterion for the subtraction.
Fourier self-deconvolution of the IR spectra was con-
ducted according to the method established by
Kauppinen et al. (30) A narrowing factor (k factor) of
2.5 and a bandwidth of 14 cm�1 were used for the
calculations, as previously reported (31).

Non-resonant near-IR Raman scattering spectra of
the dark-adapted bR were collected by a NicoletTM

6700 FT-IR equipped with a FT-Raman module
(Scientific Instruments Division, Thermo Fisher
Scientific Inc.) at room temperature. A diode laser
(excitation wavelength: 1,064 nm) with an averaged
power of about 400 mW was used as the excitation light
source. PM suspensions with bR concentrations of about
1 mM were incorporated into a glass sample tube (5 mm
in diameter) and 1808 backscattered Raman light was
collected using an InGaAs detector operating at room
temperature. The spectral resolution was 4 cm�1 and four
sets of 1,024 scans were recorded and averaged for each
spectrum. Curve fitting of the C¼C stretching region in
the Raman spectra was carried out on GRAMS/AITM

software (Informatics Division, Thermo Fisher Scientific
Inc.) using the previously reported fitting parameters
(32, 33) as the initial values, after interpolating the
spectral data with a spectral resolution of 2 cm�1.

CD spectra of the dark-adapted bR at the near-UV and
visible regions were recorded on a J-820 spectropolari-
meter (Jasco Corporation, Japan) with a cylindrical
quartz cell (path length of 5 mm) at room temperature.
Scan speeds were 50 and 100 nm min�1 and data
acquisition times were 2 and 1 s for the near-UV and
visible regions, respectively. The protein concentration
for CD measurements was about 10 mM, and 8 scans
were averaged for each spectrum. Smoothing of the
visible CD spectra was performed by using a fast Fourier
transform (FFT) algorithm.

RESULTS

Photobleaching Kinetics of bR in PM at Alkaline
pH—In order to elucidate the photobleaching behaviours
of bR in PM at high pH, the net kinetics curves of
the irreversible photobleaching were measured under
illumination with visible light in temperature-jump
experiments. Figure 1 shows the decay curves due to
irreversible photobleaching incubated at 508C and at
pHs ranging from 7.0 to 11.0. In Fig. 1, the fractions of
native bR, that were recovered upon quenching following
high-temperature incubation under illumination, were
plotted as a function of incubation time. The decay
curves for photobleaching below pH 9 exhibited two
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decay constants, similar to those for bR in PM at pH 7,
(19) suggesting heterogeneous stability of bR in
PM against illumination. The decay curves above
pH 10, on the other hand, were in good agreement
with a single-exponential function, suggesting homoge-
neous stability. Moreover, the irreversible photobleach-
ing of bR with a single-decay component occurred even at
around room temperature above pH 11, demonstrating a
significant decrease of structural stability at high pH
(data not shown). These findings strongly suggest that
the distribution of bR molecules with different stabilities
in PM change around pH 10. The photobleaching kinetics
were biphasic at neutral pH, and monophasic at alkaline
pH at temperatures in the range between 40 and 808C.
Structural Changes of Dark-adapted bR in PM at

Alkaline pH—We previously reported (18, 19, 26)
that heterogeneity during photobleaching is related to
the structural changes of bR in the dark. Therefore, the
structural changes of dark-adapted bR in PM were
investigated upon alkalinization using a variety of
spectroscopic techniques. Changes in the secondary
structure were investigated using IR spectroscopy.
Figure 2(A) shows the amide I and II regions of the
FT-IR spectra of PMs at pHs ranging from 6.0 to 12.0.
The IR spectra of the PM suspension at netural pH
showed little variation from previous results (26, 31, 34,
35). Figure 2(A) shows that the amide I band starts to
undergo a downshift from 1,663 to 1,660 cm�1 at pH 10,
whereas little bandshift is observed for the amide II
region, even at extremely high pHs. In order to elucidate
information about the secondary structure, spectral
deconvolution of the amide I band was carried out
(Fig. 2B). Two major maxima in the amide I region
were observed at 1,658 and 1,665 cm�1. The centre
position of the shoulder peak at 1,658 cm�1 was read by
using the second derivative analysis for the original
IR spectra. The band observed at 1,658 cm�1 is in good
agreement with the position of the standard a-helix
(referred to as aI) (36–40). Krimm and Dwivedi (36)

proposed that the higher frequency band at 1,665 cm�1

could be attributed to a helical structure in which
hydrogen bonds in the peptide backbone are slightly
elongated and tilted toward the helix axis (referred to
as aII), thus resulting in a slight weakening of the
hydrogen bond. Figure 2B shows that the peak intensity
of the 1,665 cm�1 band began to decrease at pH 10. This
decrease was observed concomitant with an increase of
the band at 1,658 cm�1. Figure 2(C) shows the pH
dependence of the peak intensity ratio of 1,658 cm�1 to
1,665 cm�1 from the deconvoluted spectra shown in
Fig. 2(B). The peak intensity ratio of the two bands
was almost identical up to pH 9, and then increased
abruptly above pH 10. This result indicates that a
change in the secondary structure, from aII to aI in bR
in PM, occurred in this pH range.

The isomerization of the retinal chromophore of the
dark-adapted bR was investigated with non-resonant
near-IR Raman spectroscopy. In this work, ‘in situ’
Raman spectroscopic measurement was operated in
order to avoid the unanticipated changes in the chromo-
phore due to the extraction for the HPLC analysis in
the extremely high pH condition. Figure 3(A) shows
FT-Raman spectra of bR in PM over the same pH range.
The spectra measured at neutral pH were in good
agreement with those previous reported, containing
C¼C stretching at 1,526 cm�1 with a shoulder at
1,534 cm�1, C-C stretching at 1,199, 1,181, 1,166 cm�1,
CH3 rocking band at 1,007 cm�1, and the 14-hydrogen-
out-of-plane (14-HOOP) mode at 798 cm�1 (26, 32, 33,
41). The double peaked structure of the C¼C stretching
band, with maxima at 1,526 and 1,534 cm�1, was
assigned to the all trans and the 13-cis isomers,
respectively (42–45). Figure 3(B) shows expanded spectra
of the C¼C stretching region. These spectra demonstrate
that the Raman intensity of the 1,526 cm�1 band started
to decrease, concomitant with an increase in the band at
1,534 cm�1 at pH 10. For quantitative determination of
the retinal isomeric ratio under each condition, curve
fitting against the double-peaked band with two Voigtian
functions was carried out according to the method
established by Schulte et al. (32) and Schulte and
Bradley (33). The curve fitting produced very good
results (dotted traces), showing the pH dependence of
the retinal isomerization from the all trans to the 13-cis
form. Supposing that the isomeric ratio of the two
isomers in the dark-adapted bR at neutral pH was
almost one (46), the ratio of the scattering cross-section
�all trans to �13-cis was calculated by fitting the two peak
areas. The isomeric ratios at higher pHs were subse-
quently estimated using this scattering cross-section
ratio. Assuming that these cross-sections do not change
considerably at high pH, the pH dependence of the ratio
of the two isomers in the dark-adapted state was
calculated from the curve fitting results (Fig. 3C).
Figure 3(C) indicates that the population of the 13-cis
form increased drastically above pH 10, and that the 13-
cis form was the dominant isomer in the dark-adapted
bR in PM at pH 12.

In order to investigate the changes in bR molecular
structures in PM upon alkalinization, CD spectra of the
dark-adapted bR were taken over the same pH range.
Figure 4(A) shows the near-UV CD spectra of bR at

Fig. 1. Denaturation curves of irreversible photobleach-
ing of bR in PM incubated at 508C at pH 7.0 (open circle),
pH 8.0 (open square), pH 9.0 (open diamond), pH 10.0
(open triangle) and pH 11.0 (open-inverted triangle).
The inset is re-drawn with a wider scale of a vertical axis to
show all the data at pH 11.0.
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each pH (upper column) and the difference spectra
from the spectrum measured at pH 7.0 (lower column).
Three major CD bands at 265, 290 and 320 nm were
obtained at neutral pH. A decrease of the 265 and
320 nm bands and a slight increase around 280 nm were
observed with an increase in pH, as previously reported
(47). Previous works (47, 48) revealed that the positive
and negative bands at 265 and 320 nm were derived
from the retinal chromophore, whereas a positive
band around 290 nm was attributed to the side chain of

the aromatic amino acid. The difference spectra clearly
show that the new CD band around 280 nm appeared
at pH 10, indicating a structural change around
the aromatic amino acid residues of bR at high pH.
The pH dependence of the change in the molar ellipticity
at 280 nm is shown in Fig. 4(B). The changes in the CD
at 280 nm were clearly seen above pH 10, whereas bR in
PM remained in its native configuration up to pH 9.

CD spectra of the visible region were also taken to
elucidate the molecular assembly in the membrane.

Fig. 2. (A) FT-IR spectra of the dark-adapted bR in PM at
indicated pH conditions. (B) Deconvoluted spectra (amide I
region), obtained using a narrowing factor (k factor) of 2.5 and

a bandwidth of 14 cm�1. (C) pH dependence of peak intensity
ratio of 1658 cm�1 to 1665 cm�1 from the deconvoluted spectra.
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Figure 5(A) shows the visible CD spectra of the dark-
adapted bR over the same pH range. The exciton-type
CD band at neutral pH was transformed to the positive-
type band with increasing pH, as previously reported (47).
The peak intensity of both positive and negative lobes of the
exciton-type CD band became weaker with increasing pH.
The diminutions of these lobes of the exciton CD band were
attributed to a weakening of the exciton coupling between

the retinal chromophores on PM, due to disorganization of
the crystalline lattice (48–50). Hiraki et al. (49) reported
that a bilobed spectrum of the exciton-type CD band
indicated a 2D-crystalline structure in PM with a trimeric
bR state, whereas spectral changes to a positive-type CD
band corresponded to a melting of the crystalline array.
The CD intensity of the negative lobe at 600 nm was used to
analyse the exciton-to-positive transition in the visible CD

Fig. 3. (A) FT-Raman spectra of dark-adapted bR in PM at
indicated pH conditions. (B) Curve fitting results of the C¼C
stretching region of Fig. 3(A); original spectra (solid lines), single
Voigtian curves assigned to the all trans and the 13-cis isomers

(broken lines) and the results of fitting (thick-dotted lines).
(C) pH dependence of the populations of the retinal isomers
obtained from the results of curve fitting shown in Fig. 3(B);
all trans form (open circles) and 13-cis form (filled circles).
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spectrum. The pH dependence of the CD intensity at
600 nm shown in Fig. 5(B) is similar to that of the
secondary structure, the isomeric state of the retinal
chromophore and the structures around aromatic residues
(Figs. 2C, 3C and 4B).

DISCUSSION

In this study, photobleaching experiments of bR in PM at
high temperature and high pH revealed not only that the
temperature range of the irreversible photobleaching

became lower, but also that the photobleaching kinetics
drastically changed upon alkalinization. Our previous
works (18, 19) revealed that the irreversible photobleach-
ing of bR in PM at high temperature occurred when
its structure in the dark transformed to the non-native
state and that the proportion of two decay components
of the photobleaching was also dependent on the
structural changes of bR in the dark. These results
imply that the photobleaching phenomenon should be
related with the changes in the intra- and inter-
molecular interactions of the dark state of bR in PM.
As shown in Fig. 1, the photobleaching kinetics below
pH 9 was characterized by two decay components,
whereas those above pH 10 obeyed a single-exponential
function. These findings strongly suggested that struc-
tural changes in the dark-adapted bR in PM occurred in
this pH range. Therefore, the structural changes in bR

Fig. 4. (A) Near-UV CD spectra of the dark-adapted bR in
PM at indicated pH conditions (upper column), and
difference spectra from the spectrum measured at pH
7.0 (lower column). (B) pH dependence of CD intensity change
at 280 nm.

Fig. 5. (A) Visible CD spectra of the dark-adapted bR in
PM at indicated pH conditions. Gray and solid traces
indicate the spectra before and after smoothing, respectively,
by using a FFT algorithm. (B) pH dependence of CD intensity at
600 nm from the smoothed spectra.
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were investigated in the dark under a constant tempera-
ture in an effort to elucidate the effect of pH on bR
structure. Results showed that four types of structural
changes simultaneously occurred above pH 10: the aII-to-
aI transition in the secondary structure, the local
configurational changes of the aromatic residues in the
tertiary structure, retinal isomerization from the all
trans to the 13-cis form and disorganization of the 2D-
crystalline lattice of PM. The discussion of these results
will focus on two points: (i) the cause of the structural
changes in bR above pH 10 and (ii) the relationship
between the structural changes and the irreversible
photobleaching.

The spectral changes in bR upon alkalinization
observed in this work, including retinal isomerization
and the configurational changes of the aromatic residues
(Figs 3A and 4A) were primarily attributed to structural
changes around the retinal pocket in the centre of the
transmembrane region. It is not reasonable that alter-
nation in the pH of the surrounding medium directly
influences the structures around the retinal pocket.
Thus, it is reasonable that another region propagates
the change in the medium pH to the internal region.
Therefore, we initially focused on the charged residues in
the hydrophilic regions.

The proton release group (PRG) consists of a hydrogen-
bonded network between Arg82, Glu194 and Glu204 at
the extracellular proton channel (6). PRG, for which pKa

of the deprotonated form was about 9.7, (51) has been
suggested as one of the candidates responsible for
structural changes in charged residues around pH 10.
Some structural changes have been reported to occur in
bR due to charge distribution changes in the PRG. The
mutations to the charged residues in the PRG influenced
the dark-adaptation rate of the retinal, (51–53) a local
structure around Asp85, i.e. in the vicinity of the Schiff
base (54) and the water accessibility to the Schiff base in
the dark (55). The finding that deprotonation of the
Schiff base started to be observed at pH 11.5 in the dark
also suggests easier accessibility of water molecules to
the Schiff base (56). These results strongly suggest that
alteration of the charge distribution in the PRG at the
extracellular surface influences the internal region. On
the other hand, the cytoplasmic proton channel is
covered with bulky, hydrophobic amino acid sidechains
(4–6). The charge distribution of the carboxyl groups at
the cytoplasmic surface is not considered to be affected at
high pH, because these residues are presumably ionized
at neutral pH (53). This suggests that structural changes
of bR observed in this work, were induced by the
alternation of the charge distribution at the extracellular
side. The deprotonation of the positively charged residues
at the membrane interface region should also be
considered to correlate with the structural changes of
bR in PM at high pH. A number of the positively charged
residues directly interact with the lipid molecules of PM
via electrostatic interaction (5). Probably, the melting of
the 2D-crystalline lattice was induced by the change in
the intermolecular interaction involving the lipid
molecules.

The relationship between the structural changes and
the photobleaching behaviours must also be considered.
We herein discuss this point, taking the cases of other

photobleaching conditions into account. The phase
diagram of the photobleaching of bR in PM in respect
of temperature and pH is shown in Fig. 6. In Fig. 6,
a pH dependence of the onset temperature of the
photobleaching was depicted as well as the number of
decay component of photobleaching and the heterogene-
ity of bR structure in the dark at room temperature.
The structural changes of bR in PM at alkaline
pH observed in this work were similar to those observed
at high temperatures at neutral pH for the secondary
structure, (23) the retinal isomerization, (24) the melting
of the 2D-crystalline lattice (18, 19) and the enhance-
ment of water accessibility to the Schiff base (25). These
results imply that bR molecules in PM assume a
structure described earlier in the disordered 2D-crystal-
line lattice under the photobleaching conditions indepen-
dent of temperature and pH. However, although the
characteristics of the bR structure are very similar, the
photobleaching kinetics above pH 10 appears different.

The results of the current work were also compared
with bR solubilized with octyl-b-glucoside, where irre-
versible photobleaching occurs at room temperature with
a single-decay component (21). This comparison is
expected to help clarify what other aspects of the bR
molecule are responsible for the difference in the
photobleaching kinetics. bR molecules are present as
monomer units in the detergent micelles; (57) therefore,
the intermolecular interactions between bR molecules in
the lattice are lost. Furthermore, both retinal isomeriza-
tion from the all trans to the 13-cis form and the aII-to-aI

transition were observed upon solubilization (26).

Fig. 6. A phase diagram of the photobleaching phenom-
enon of bR in PM in respect of the temperature and pH.
The diagram shows the pH dependence of the onset temperature
of photobleaching as well as the photobleaching behaviour
(biphasic or monophasic decay) and the heterogeneity in bR
species in the dark at room temperature: (A) stable photocycle,
heterogeneous bR species in the dark, (B) stable photocycle,
almost homogeneous bR species in the dark, (C) photobleaching
with two decay componentsand (D) photobleaching with a
single-decay component.
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This suggests that the intermolecular interaction
between bR molecules in the lattice significantly influ-
ences the molecular structure. The characteristics of
the molecular structure and the photobleaching kinetics
are quite similar for bR in PM at alkaline pH and
the solubilized bR. Thus, it is likely that the number
of decay components during the irreversible photo-
bleaching are affected by intermolecular interactions.
Assuming that the intermolecular interaction is
related to the distribution of the bR species in PM,
most of the bR molecules assume a relaxed structure
in which the intermolecular interactions are
weakened. Indeed, bR in PM above pH 11 underwent
irreversible photobleaching with a single-decay compo-
nent, even at around room temperature. In any case,
it is considered that the structure around the extra-
cellular proton channel including the hydrogen-bonding
network plays an important role for structural
recovery from the photo-intermediates. It is not contra-
dictory that the photo-intermediates in which the
cytoplasmic channel is open cannot return to the
ground state when the structure of the extracellular
side is perturbed.

This work was supported in part by a Grant-in-aid for
scientific research from the Ministry of Education, Culture,
Sports, Science and Technology (Monbukagakusho) of Japan
and by SENTAN, JST.
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