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Bacteriorhodopsin (bR) is a light-driven proton pump in the
cell membrane of Halobacterium salinarum1 and forms

trimers that are arranged as a two-dimensional (2D) hexagonal
lattice.2 bR is closely related to G-protein-coupled receptors,
which are main pharmaceutical targets, and widely used as a
model for understanding of sensing and signaling by the seven
transmembrane helical proteins. On the cell membrane, bR is
surrounded by 10 archaeal lipids per monomer3 and interacts
with those lipids by hydrogen bond, salt bridge, and van del
Waals contact.4 bR changes its structure with complete or
instantaneous disorder of the 2D lattice mainly at two events:
(I) ligand binding/release and (II) formation of photointer-
mediates.5 In event I, Schiff base binding of the all-trans-retinal as
a ligand to Lys216 located in the interior of the bacterioopsin
(bO) causes a large red shift of the λmax from 380 to 560 nm6 and
subtle tertiary structural change of the protein.7,8 The 2D lattice
of bR called purple membrane (PM), which is very stable up to
about 80 �C,9 is easily destroyed at room temperature when the
retinal is released.8,10 When the retinal is released from bR, the
inverse reactions occur. In event II, light-absorbed bR changes its
structure dynamically to pump a proton from the cytoplasmic
side to the extracellular side on the millisecond time scale.11,12 So
far, the tertiary structures of bR in the ground state13-16 and
some photointermediates17-24 have been obtained mainly by
X-ray and electron crystallography. These structural studies
clarified that a large-scale movement of helices E, F, and G on
the cytoplasmic side occurs in the late M (M2, MN) and N
photointermediates:20,21,25-28 the top end of helix F at the
cytoplasmic side and the EF loop are displaced by ∼3.5 and

∼3.0 Å, respectively.20,21 These movements open a water-
accessible channel in the protein, enabling a proton to be taken
up from the cytoplasm and the transfer of a proton from D96 to
the Schiff base. On this background, some researchers have
focused on the change of bR-lipid interaction accompanied
by the conformational change of bR. For instance, Bryl and
Yoshihara demonstrated that the removal of retinal from bR
causes loosening of the lipid packing around the bO by fluores-
cence measurement in the reconstituted vesicle system.29 13C
NMR measurement also showed increase in the proportion of
surrounding lipids per protein by retinal release.30 In addition,
the elimination of some native lipids from PM affects the
photocycle of bR,31 indicating the importance of the lipid-
protein interactions and those dynamic changes for a normal
photocycle. However, there is a great lack of convenient techni-
ques to confirm the protein-lipid interaction changes caused by
reagents or structural changes of the protein on the native
membrane without labeling or chemical modification.

In this study, we report here on the detection of the bR
components changed interaction strength with the lipid on PM,
by utilizing a nonionic detergent dodecyl β-D-maltoside (DDM)
with disaccharide maltose and a C12 of alkyl chain. Although the
ground state of bR on PM was resistant to DDM,32 the solubility
of bR in DDM was increased significantly by changing of the
bR-lipid interaction after addition of alcohol or retinal removal.
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ABSTRACT: A light-driven proton pump bacteriorhodopsin
(bR) forms a two-dimensional hexagonal lattice with about 10
archaeal lipids per monomer bR on purple membrane (PM) of
Halobacterium salinarum. In this study, we found that the
weakening of the bR-lipid interaction on PM by addition of
alcohol can be detected as the significant increase of protein
solubility in a nonionic detergent, dodecyl β-D-maltoside
(DDM). The protein solubility in DDM was also increased
by bR-lipid interaction change accompanied by structural change of the apoprotein after retinal removal and was about 7 times
higher in the case of completely bleached membrane than that of intact PM. Interestingly, the cyclic and milliseconds order of
structural change of bR under light irradiation also led to increasing the protein solubility and had a characteristic light intensity
dependence with a phase transition. These results indicate that there is a photointermediate in which bR-lipid interaction has been
changed by its dynamic structural change. Because partial delipidation of PM by CHAPS gave minor influence for the change of the
protein solubility compared to intact PM in both dark and light conditions, it is suggested that specific interactions of bR with some
lipids which remain on PM even after delipidation treatment have a key role for the change of solubility in DDM induced by alcohol
binding, ligand release, and photon absorption on bR.
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Calculation of the solubilized protein ratio allowed us to quantify
the dissociation constant of the lipid to bR and the protein
molecules which have the weakened interaction with lipids by the
structural change. Interestingly, the solubility of bR in DDM was
also increased by the cyclic and milliseconds order of structural
change under light irradiation and showed characteristic light
intensity dependence with a phase transition. These results
indicate there is the specific photointermediate which has chan-
ged the specific protein-lipid interaction compared to that of the
ground state. This solubilization technique utilizing the low
solubilizing ability of DDM may be applicable as a convenient
tool to detect the protein-lipid interaction change irrespective
of protein’s structural change on the native membrane.

’MATERIALS AND METHODS

Sample Preparation. PM of H. salinarum strain R1M1 was
prepared according to themethod of Oesterhelt and Stoeknius.33

The purified samples were suspended in 5 mM Tris-HCl buffer
(pH 7.0). The concentration of PM was determined from absor-
ption maximum at 568 nm using an extinction coefficient of
62700 M-1 cm-1.34 Halorhodopsin from Natronomonas phar-
aonis was prepared as the histidine-tagged protein by expression
using Escherichia coli BL21 (DE3) cell. Purification procedure of
the NpHR was essentially the same as described previously.43

The bleached membrane was obtained by illumination of the
suspension of 10 μM PM with yellow light in the presence of
300 mM hydroxylamine (Wako, Osaka, Japan). Bleaching ratio
was checked by the relative absorbance of the bleached mem-
brane at the peak around 568 nm against to the intact PM. The
suspension of bleached membrane was centrifuged with poly-
allomer centrifuge tube at 46500g for 40 min at 4 �C, and the
supernatant was removed. The precipitation was washed by
repeating three times of dilution by 5 mM Tris-HCl buffer (pH
7.0) and centrifugation to completely remove the hydroxylamine.
Regeneration of bleached membrane to retinal bound mem-

brane was performed by addition of 1 mM (final concentration)
all-trans-retinal (Sigma-Aldrich Corp., St. Louis, MO, USA) and
incubation at 25 �C for 12 h. After regeneration, excess all-trans.
retinal was removed by centrifugation and washing by 5 mM
Tris-HCl buffer.
Delipidated PM was prepared by the method desctribed in ref

32. Briefly, 40 μMPMwas incubated in 10 mMMES buffer (pH
5.0) containing 5% (w/v) CHAPS (Dojindo Lab, Kumamoto,
Japan) at room temperature for 48 h. Seigneuret et al. report that
up to 75% of phospholipids can be removed by incubation with
CHAPS.32 The delipidated PM was washed twice with 5 mM
Tris HCl buffer, followed by incubation with 1 mg/nmol PM of
Bio-Beads SM-2 Adsorbent (Bio-Rad, Hercules, CA) at room
temperature for 2 h. After removal of the Bio-Beads, the delipidated
PM was concentrated by centrifugation and stored at 4 �C.
The final concentration of PM and delipidated and bleached

membrane used for solubilization experiments was 10 μM,
respectively.
Solubilization of PM by Dodecyl β-D-Maltoside. Solubiliza-

tion experiments of PM and modified membranes were per-
formed with 0.3-30 mM dodecyl β-D-maltoside (DDM)
(Dojindo Lab, Kumamoto, Japan) in 5 mM Tris-HCl buffer as
a total volume of 1.5 mL. After solibilization treatment at 25 �C
for 1-24 h in the dark condition, the sample solution was
centrifuged at 142000g for 30 min at 4 �C, and the supernatant
was regarded as the solubilized bR. The absorption spectra of the

solubilized bR and PM were measured by a U-0080D spectro-
meter (Hitachi, Ibaraki, Japan). The solubilization ratio of the
protein was estimated by comparing the absorption maximum of
the supernatant at around 280 nm with that of 10 μM bR which
was completely solubilized by octyl β-D-glucoside (Dojindo Lab,
Kumamoto, Japan), because of minimalization of the light
scattering effect.
PM was also solubilized by DDM in the presence of 0.25-

0.75 M 1-propanol (Wako, Osaka, Japan). After addition of the
designated concentrations of DDM (0-30 mM) and 1-propanol
to the 5 mM Tris-HCl buffer, PM was added to the solution.
Centrifugation and absorbance determination after solubilization
treatment at 25 �C for 24 h were performed as described above.
For solubilization experiment under illumination, the 150 W

halogen lamp illuminator equipped with a sharp cut filter Y-52
and a light control was used. Relative light intensities were
calculated from the measurement values by a light meter. After
incubation at 25 �C for 5-24 h under illumination, the solubi-
lization ratio was estimated as described above.
Circular Dichroism Measurement. Circular dichroic (CD)

spectra in the 300-700 nm region were recorded at 25 �C for
PM and solubilized bR using a J-820 spectropolarimeter (Jasco,
Tokyo, Japan) with a thermostat-controlled cell holder. The path
length of the optical cuvette was 10 mm. The speed and number
of scans were 200 nm/min and 10 times, respectively.
Gel Filtration Chromatography of the Solubilized bR. Gel

filtration chromatography of the DDM-solubilized bR and N.
pharaonis halorhodopsin (NpHR) was performed by

::
AKTA

purifier chromatography system (GE Healthcare, Uppsala,
Sweden). The DDM-bR complex (10 μM, 250 μL) was applied
to a Superdex 200 10/300 GL size exclusion column [total bed
volume (Vt) = 24 mL] (GE Healthcare, Uppsala, Sweden) that
had been equilibrated previously with 50 mM NaPi (pH 7.0),
150 mM NaCl, and 0.1% DDM. The column was run at a flow
rate of 500 μL/min, and proteins eluted were monitored at 280,
380, and 560 nm, respectively. Standard proteins for calibration
of the molecular mass were thyroglobulin (669 kDa), ferritin
(440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and
ovalbumin (44 kDa). The excluded volumes (Vo) were deter-
mined using blue dextran. All samples were chromatographed at
25 �C. Elution of bR and NpHR was detected by the absorbance
at 560 and 580 nm, respectively. To prepare a calibration curve of
Kav values versus log molecular weight, the Kav of each protein
was calcuated according to the equation:

Kav ¼ ðV e - V oÞ=ðV t - V oÞ
where Ve is the elution volume for the protein.

’RESULTS

Change of bR Solubility in DDMbyAddition of Alcohol.At
first, we focused on a correlation between the strength of bR-
lipid interaction on PM and the solubility of ground state bR in
DDM. Alcohol molecules can penetrate primarily within the
water/lipid interface, breaking the hydrogen bonds between the
lipid headgroup and protein, or the lipid headgroups.35-39 The
alcohol located in the membrane also has a disordering effect on
lipid hydrocarbon chains. So we examined the effect of 1-propa-
nol addition to the solubility of intact PM in DDM. Figure 1A
and the insertion show UV and CD spectra of 10 μM PM in the
absence or presence of 0.25 and 0.5 M 1-propanol, respectively.
λmax, maximum absorbance, and the pattern of CD spectra which
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reflects the trimeric arrangement40-43 were not changed at all in
this 1-propanol concentration range, respectively, indicating that
the local retinal environment and quaternary structure of bR on
PM have been hardly affected by alcohol. Nevertheless, solubi-
lization ratio of bR in the condition of 20 mM DDM for 24 h at
25 �C was remarkably increased with increasing 1-propanol con-
centration and reached from 20% to almost 100% by increasing
1-propanol from 0 to 0.5 M (Figure 1B, circles). Solubilized bR
by DDM showed an absorption maximum at 551 nm in the dark,
blue shifted about 9 nm from that of intact PM (data not shown).
These results indicate that breaking of the bR-lipid interaction
by the reagent can be detected as increasing the protein solubility
in DDM even though the tertiary structure and 2D arrangement
of bR have not been changed.
We further investigated DDM concentration dependencies for

the solubilization ratio of 10 μM PM in the absence or presence
of 0.25 and 0.5 M 1-propanol, respectively. In the absence of
1-propanol, although the percentage of solubilized bR was
increased by increasing DDM concentration, that reached pla-
teau of about 20% at around 15-20 mM DDM (Figure 2, circ-
les). These results allow us to define that intact PM is resistant to
DDM.44 Because almost constant solubilization ratios (20-
30%) were obtained even when the recovered PM by centrifuga-
tion after 20 mMDDM treatment for 24 h was resolubilized, it is

suggested that solubilized bR and PM exist as a two-state system
in the DDM solution, and there is no preferential solubilization
by DDM against the different size of membrane or heteroge-
neous bR component (data not shown). On the other hand,
addition of 1-propanol reduced the resistance of PM to DDM
and showed strong DDM concentration dependency for the
solubilized bR ratio (Figure 2, triangles and squares). Assuming
that the solubilized bR is created as a product by the binding and
reaction between PM and DDMwith specific affinity, these plots
were best fitted with the Michaelis-Menten-type equation:

A ¼ Am½D�
KD þ ½D� ð1Þ

where KD is the dissociation constant of DDM, [D] is the DDM
concentration, Am is the maximum solubilization ratio, and A is
the solubilization ratio. Although Am values were increased from
22.0% to about 100% with increasing 1-propanol concentration,
the KD values were minor changed to be 4.9, 11.3, and 8.2 mM in
the presence of 0, 0.25, and 0.5M 1-propanol, respectively. These
results suggest that the bR-lipid interaction on PMhardly affects
the binding step of DDM molecules to the membrane but
significantly affects the solubilization step of bR in DDMmicelle.
We examined whether solubilized bR by DDM exists as a

monomer as previously reported,32,45 and there is no trimer
component. Figure 3 shows the result of gel filtration chroma-
tography of the supernatant (dashed line) and the precipitate
(solid line) of bR after DDM solubilization and centrifugation,
respectively. The chromatogram of the bR-DDM complex
(supernatant) showed a single peak estimated to be 109.4 kDa
by the calibration curve with globular protein standards (data not
shown). Assuming that bR is solubilized as the monomer, theMw

and number of DDM molecules bound to the bR are calculated
to be 82.6 kDa and 161 molecules, respectively (the Mw of one
bR and DDM is 26800 and 511, respectively). This calculated
number of DDM molecules well corresponds to the reported
value of 171 by Møller and le Maire.46 For comparison, the
chromatography for N. pharaonis halorhodopsin (NpHR) in a
DDMmicelle was also performed (dotted line). NpHR is one of
the archaeal rhodopsins with about 32000 of the Mw when

Figure 1. (A) Absorption spectra and CD spectra (insertion) of 10 μM
PM in the presence of 0 M (solid line), 0.25 M (dotted line), and 0.5 M
(dash-dotted line) 1-propanol. (B) 1-Propanol concentration depen-
dencies for solubilization ratios of bR after incubation in the presence of
20 mM DDM (circles) and absence of DDM (triangles) at 25 �C for 24
h, respectively. Average values ( SD (n = 3).

Figure 2. DDM concentration dependencies for solubilization ratios of
bR from PM in the presence of 0 M (circles), 0.25M (triangles), and 0.5
M (squares) 1-propanol after incubation at 25 �C for 24 h, respectively.
Average values ( SD (n = 3). Correlation coefficients for the curve
fittings were >0.99, respectively.
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including the His tag and known to retain the trimer even in the
solubilized state by DDM.43,47 As a result, theMw of the trimeric
NpHR-DDM complex was estimated to be 235.3 kDa, signifi-
cantly larger than that of bR-DDM complex. These results
indicate that bR has been solubilized as a monomer. The CD
spectra of solubilized bR (Figure 3 insertion, dashed line) also
showed a broad positive peak characteristic of the monomeric
state.40,41,43 From these results, it is concluded that solubilized
bR by DDM exists as a monomer in solution and there is no
trimer component.
Solubility of Bleached bR inDDM.To investigate correlation

between the tertiary structural change and bR solubility in DDM,
we compared the solubilization ratios of intact bR with retinal-
released bR. Figure 4 shows DDM concentration dependencies
of solubilized proteins from intact PM (solid triangles) and
completely photobleached PM [i.e., bacterioopsin (bO)] by
hydroxylamine (solid circles). Solubilization ratio of the bleached
membrane was increased drastically with increasing DDM con-
centration at more than the cmc (0.17 mM) and reached almost

100% in the presence of 3 mM DDM. Contrary to this,
regenerated membrane by readdition of sufficient doses of all-
trans-retinal (open circle) recovered the resistance to DDM:
DDM concentration dependency for solubilizaion ratio of re-
generated membrane showed almost the same as that of intact
PM. These results indicate that the use of DDM enables to detect
the bR-lipid interaction change caused by tertiary structural
change of the protein.
Solubility of bR under Light Irradiation in DDM. As

described in the introduction, it is well-known that light-ab-
sorbed bR changes its tertiary structure dynamically to form
some photointermediates in photocycle and backs to the ground
state in the milliseconds order. To confirm whether formation of
the photointermediates changes the strength of the bR-lipid
interaction, the solubility of bR in DDM under continuous
irradiation with visible light was examined. As a result, the
solubilization ratio of bR under light irradiation (60 W) for 24
h was reached about 90%, significantly higher than that in the
dark condition (Figure 5A). A large population of the solubilized
bR molecules has kept an absorption maximum at around

Figure 4. DDM concentration dependencies for solubilization ratios of
bR from intact PM (solid triangles), completely bleached PM (solid
circles), and regenerated PM (open circles). Each PM (10 μM) was
solubilized at 25 �C for 24 h. The data points are the means ( SE of
duplicate points from three independent experiments.

Figure 5. (A) Solubilization ratios of bR by 20 mM DDM from intact
PM and delipidated PM (dPM) by CHAPS, respectively. Solubilization
treatments were performed in the dark and under illumination (60W) at
25 �C for 24 h, respectively. Average values ( SD (n = 3). (B) Light
intensity dependencies for solubilization ratio of bR by 20 mM DDM
after incubation for 5 h at 25 �C (solid circles, assigned to the left axis)
and for photobleaching ratio of bR on PM in the presence of 300 mM
hydroxylamine after incubation for 1 h at 25 �C (solid triangles, assigned
to the right axis). Average values ( SD (n = 3). The values of light
intensity were normalized by the maximum intensity of 150 W.
Correlation coefficients for the linear fit to the plots of photobleached
PM ratio and solubilization ratio were >0.99.

Figure 3. Gel filtration chromatogram of the supernatant (dashed line)
and the precipitate (solid line) of bR after solubilization treatment by
20 mM DDM at 25 �C for 144 h and centrifugation. The data of
solubilized trimeric NpHR by DDM is also shown (dotted line).
Insertion: CD spectra of supernatant (dashed line) and the precipitate
(solid line) of bR after solubilization by DDM and centrifugation.
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555 nm (data not shown). This result clearly indicates that there
is a photointermediate which weakens the bR-lipid interaction
by its dynamic structural change in the millisecond order of
photocycle. We further examined DDM solubilization for the
partially delipidated PM by CHAPS (Figure 5A). It is previously
reported that the total number of bound archaeal lipids per bR is
reduced from 10 to 3-4 after 48 h incubation by CHAPS.32 In
both dark and light conditions, the solubilization ratios of bR
from this predelipidated PM were almost the same as intact PM.
These results indicate that the dynamic structural change of bR
can be detected as the change of solubility in DDM, even at the
condition that the density of bR molecules on the membrane is
increased by delipidation.
Figure 5B (circles) shows the light intensity dependence on

the solubilization ratio of bR by 20 mM DDM for 5 h at 25 �C.
The solubilization ratio showed the strong light intensity depen-
dence in the low light intensity region of 0-0.3 with the high
slope (dotted line). If this slope has been kept even in the high
light intensity region, the solubilization ratio at 1.0 of the relative
light intensity is predicted to be about 66.2% (the net solubiliza-
tion ratio of photoactivated bR is about 54.6%). But in fact, the
dependence was dramatically reduced in the high light intensity
region of 0.3 -1.0 with low slope (dash-dotted line), and
observed solubilization at 1.0 of the relative light intensity was
only about 39.8% (the net solubilization ratio of photoactivated
bR was about 28.2%). It is not likely due to the limitation of the
protein solubility by DDMbecause more than 95% of the protein
can be solubilized from the completely bleached membrane by
20 mM DDM treatment for 5 h (data not shown). Next, we
measured the light intensity dependence on the photobleaching
ratio of bR in the presence of 300 mM hydroxylamine (Figure 5B
(triangles)). Interestingly, the photobleaching ratio of bR was
increased linearly with increasing light intensity (solid line),
showing the different light intensity dependence from that of
solubilization ratio. It has been reported that the hydroxylamine
can penetrate into the protein preferentially when bR forms L

intermediate in photocycle, where bR still does not change the
structure dynamically on the cytoplasmic leaflet.48 These results
suggest that the phase transition at around 0.3 of the relative light
intensity is ascribed to the limitation of the bR ratio with dynamic
structural change at a time (up to about 50% of the photoexcited
bR molecules).

’DISCUSSION

Correlation between bR Solubility in DDM and bR-Lipid
Interaction. Gel filtration chromatography and CD spectra
clarified that bR on PM is solubilized to a monomer in DDM
(Figure 3), and the solubilized ratio at 25 �Cwas low even at high
DDM concentration (Figure 2). This resistance of PM to DDM
is considered to bemainly due to two factors. One is the character
of DDM: both headgroup of DDM with disaccharide maltose and
moderate length of alkyl chain (C12) probably have less thermo-
dynamic driving force to fractionate or solubilize PM.Another is the
strong interaction of bR with some lipid molecules. We demon-
strated this factor by solubilization experiment of PM in the
presence of low concentration of 1-propanol (Figures 1 and 2).
Are there any specific lipids that contribute to the resistance to

DDM? It is known that the hexagonal lattice of PM has been still
kept by removal of about half of the normal lipids by ionic
detergent with steroid structure: this suggests that remaining
lipids after partial delipidation is essential to keep the lattice
structure.45,49 In this study, the change of resistance of PM to
DDM by partial delipidation was minor (Figure 5A). These
results indicate that specific interaction between bR and some
lipids essential to keep the lattice structure contributes to inhibit
solubilization of bR by DDM. Related to this, the significant
decrease of DDM resistance is reported on 90% delipidated PM
after CHAPS/DDM treatment at pH 5.0, 2 M NaCl,32 support-
ing the idea that the specific bR-lipid interaction inhibits
solubilization of bR by DDM. A little increase of DDM resistance
on the partial delipidated PM is probably due to closer interac-
tions between protein-lipid and proteins by reduction of the
lattice from 62.4 to 57.3 Å, or 57.9 Å.49,50 Heyes and El-Sayed
also reports that premelting transition of the delipidated PM by
CHAPS occurs at significantly higher temperature than that of
the native bR (91 �C compared with 80 �C).51 Although it needs
further investigation to identify the lipids essential to the DDM
resistance, some lipids that keep strong interaction with protein
even after partial delipidation treatment can be considered as
candidates. For example, a phosphatidylglycerol (PG) lipid located
between helices AB and DE of neighboring bR monomers15,52 and
a sulfated triglycoside lipid (S-TGA-1) in the bR trimer’s central
pore 53 remain on the membrane even after deoxycholate treat-
ment.49 It is plausible that one factor for increasing the solubility of
bRby 1-propanol addition to PM in this study (Figure 1,2) is due to
the breaking of the hydrogen bond, salt bridge, and van del Waals
contact between bR and those specific lipids.
Detection of bR-Lipid Interaction Change Accompanied

by Structural Changeof the Protein.Previously, the deuterium
exchange and atomic force microscopy (AFM) experiments sho-
wed that removal of the retinal induces subtle changes of the
tertiary structure and the loops of bR to the more open confor-
mation.7,8 Related to this, the change of protein-lipid interac-
tion by retinal removal was observed in the artificial lipid vesicle
system.29 In this study, this protein-lipid interaction change on
the membrane was successfully detected as the difference of the
solubility between bR and bO in DDM (Figure 4).

Figure 6. Schematic representation for a correlation between the bR-
lipid interaction change accompanied by the reagent addition or the
structural change of the prorein and the solubility of bR in DDM. KL,
dissociation constant for the binding of the lipid to bR; KD, dissociation
constant for the binding of DDM to PM.
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Interestingly, the bR solubility was also increased by the cyclic
and milliseconds order of structural change after light absorption
(Figure 5). Almost the same solubility of the partial delipidated
PM as the intact PM under light irradiation (Figure 5A) suggests
the existence of a photointermediate that changes interaction
between the protein and the specific lipids. Most plausible
intermediate in photocycle where solubilization of bR is en-
hanced is late M (M2, MN); this intermediate is formed within 1
ms after illumination and has a lifetime with a few milliseconds
per cycle with approximately 10 ms.54-56 One reason for this is
the movement of the lipid arrangement in late M. Electron
crystallography has revealed that the movement of helices E, F,
and G in the late M and N intermediates appears to cause the
movement and disordering of nearby lipids on the cytoplasmic
leaflet.21 Moreover, the PG lipid between the AB and DE helices
of neighboring monomers has high flexibility57 and is predicted
to have a functional role in the opening and closing with
photointermediate bR.7 Another reason is the characteristic light
intensity dependence on the bR solubilization ratio observed in
this study. This light intensity dependence had a phase transition
at 0.3 of the relative light intensity (Figure 5B): the reasonable
idea to this transition is an appearance of the photointermediate
component inhibited the structural change. Experimental sup-
port for this idea comes from the electron diffraction data of
F219L mutant bR that revealed the M intermediate component
before conformational change ascribed to the photocooperativ-
ity: the movement of helix F toward neighbors in the hexagonal
lattice is so large that it would not allow all molecules to change
conformation simultaneously.21 More recently, by a high-speed
atomic force microscopy, it has been observed that the photo-
activated bR changes its structure to open form photocoopera-
tively between bRs in the neighboring trimers.58 These observa-
tions lead to the idea that the phase transition on the solubiliza-
tion ratio in Figure 5B is ascribed to the appearance of the M
intermediate before open conformation. As a result, we con-
cluded that the late M formation with open state changes the
specific bR-lipid interaction following to the increasing the
solubility in DDM.
DetectionMechanism of bR-Lipid Interaction Change by

DDM. Finally, a plausible mechanism to explain the change of bR
solubility in DDM is shown in Figure 6. Intact bR in the dark has
low solubility in DDM because of the strong and specific bR-
lipid interactions (Figure 6, left). When these interactions are
changed by the addition of reagents such as the alcohol or the
structural change of bR, cooperative interaction between DDM
molecules bound to the membrane and solubilization of the bR
into the DDMmicelle proceed (Figure 6, right). In this mechan-
ism, a low solubilizing ability of DDM is useful for sensitive
detection of the protein-lipid interaction change and may be
also applicable for other membrane proteins to confirm whether
those proteins change interaction with lipids by ligand binding/
release or environmental change conveniently.
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’NOTE ADDED AFTER ASAP PUBLICATION
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