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Solubilization steps of dark-adapted purple membrane by Triton X-100

A spectroscopic study
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Ultraviolet-visible spectroscopy has been used to follow the solubilization of the dark-adapted purple membrane of Halobacterium halobium by

Triton X-100. Turbidity of purple membrane fragments and absorbance of bacteriorhodopsin varialions during continuous addition of detergent

give solubilization profiles exhibiting several break points corresponding to different equilibrium stages of the solubilization process. The present

inethod allows the determination of the detergent to protein + lipid ratio in mixed aggregales at the corresponding break points, It was concluded

that, when performed systematically, this lechnique is a very convenient and powerful 1ol for the quantitative study of biomembrane-io-micelle
transition.,
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1. INTRODUCTION

The knowledge of structural and functional molecu-
lar characteristics of integral membrane proteins often
requires their purification from native biomembranes,
either to reconstitute them into liposomes, or for further
studies, including the delicate crystallization process.
Before any purification step, the membrane proteins
must be solubilized by the use of detergents. An optimal
strategy of reconstitution of bacteriorhodopsin (BR),
the single protein in the purple membrane (PM) of Ha-
lobacterium halobium, into large unilamellar vesicles of
phosphatidylcholine, has been developed [1]. This strat-
egy consists of rapid detergent removal from solutions
containing solubilized BR and lipid-detergent mixtures.
Apart from the development of this new strategy, these
studies have permitted the determination of distinct op-
timal conditions of reconstitution depending on the na-
ture of the detergent used. When the non-ionic deter-
gent, Triton X-100 (TX100), is used the solubilized BR
needs a certain proportion of detergent-lipid mixed
micelles to insert the liposomes bilayer. As far as other
membrane proteins are concerned, it was shown [2,3]
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that the optimal conditions for reconstitution remained
identical, indicating that detergent behavior is similar
whatever the protein chosen. However, the supramol-
ecular mechanism involved in such reconstitutions has
not yet been elucidated.

The thermodynamic reversibility of solubilization
and reconstitution processes is nowadays well accepted,
both in the case of pure lipid membranes and native
biomembranes containing proteins. Detailed knowledge
of these processes may help in monitoring the formation
of well-defined models of native membranes. Because of
its spectroscopic characteristics, easy purification and
well-known structure, PM appears to be a good candi-
date for solubilization siudies. Its chromoprotein is or-
ganized in a two-dimensional hexagonal lattice of ori-
ented trimers that are surrounded by about 30 lipid
molecules per trimer [4,51. The polypuptide chain forms
7 a-helix segments spanning the membrane. Like visual
pigments, BR contains one retinal chromophore bound
to Lys-216 as a protonated Schiff-base.

Depending on light exposition, PM may exist either
in the lighi- or dark-adapted form, with a wavelength
of the absorbance maxima (Amax) at 570 and 560 nm,
respectively. This wavelength shift is related to the pro-
portion of BR retinal isomers within each PM form.
Light-adapted PM contains only all-trans retinal as the
BR prosthetic group, while the dark-adapted form con-
tains a mixture of afl-rrans and [3-cis isomers [6). Treat-
ment with TX100 dissociates PM into monomers of BR,
shifts the absorption maximum towards lower wave-
lengths and also decreases the molar absorbance [7]. In
the case of dark-adapted PM this blue shift has been
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interpreted as being due only to chromoproteic environ-
ment changes. An additional cause of this shift, how-
ever, could be the isomerization of a/l-trans into 13-cis
retinal configuration in the case of the light-adapted
form [8,9].

TX100 is one of the rare detergents that can reversi-
bly solubilize PM without significantly affecting BR
functional properties. In this study, the controlled solu-
bilization of PM by TX100 was monitored periodically
by fast recording of UV-visible spectra. Turbidity varia~
tions provided information on the kinds of supramol-
ecular assembly, while absorbance spectrum evolution
reported on the molecular BR environment. Several
new steps were evidenced during solubilization and the
corresponding detergent to protein, or detergent to pro-
tein + endogenous lipid ratios in the aggregates were
deduced from the measurements.

2. MATERIALS AND METHOLS

Purple membrane (19 mg BR/inl) was isoluted from Halobacterium
hatobium (strain $9), according to the method of Qesterhelt and
Sioeckenius [10] and was a gift from Dr. I.L. Rigaud. Triton X-100
was purchased from Sigma. The buffer solution used for PM and
TX100 dilutions and solubilization experiments was 10 mM HEPES
(Sigma), 145 mM NaCl (pl 7.4). The optical density (OD) spectra
were recorded with a double beam spectrophotometer (Lambda 2,
Perkin Elmer) monitored by an IBM-PC computer (PCSS program).

Each sample of PM was sonicated at 4°C for 5 s using a Vibracell
Sonics Sonifier (0.5 probe, 10% of full scale power) to homogenize
the membrane fragments. The sonicated suspension was then illumi-
nated with a 150 W lamp at 4°C through an anti-caloric filter made
of a water-circulating glass jacket (1 ¢m thick) to get the light-adapied
form of the BR. A quartz cuvette containing 1.4 ml of the above-
treated PM suspension was then placed in the spectrophotometer at
25°C and the suspension continuously stirred during all the experi-
ments.

The absorbance specira were measured from 400 to 700 nim with a
| nm step and recorded every $ min over 3 h before any detergent
addition, in order to allow the PM to return to its dark-adapted form
(Fig. 2).

The TX100 solution was continuously added at a constani rale to
each PM suspension through a thin tube connected to a glass precision
syringe (Hamilton), which was pushed by a syringe pump (Perfuser VI,
Braun). The TX100 concentrations in the syringe were adapted to
those of the initial PM concentrations to obtain comparable time-
courses [or solubilizations. These latler were monitored overnight for
12 h and OD spectra were recorded under the same conditions as used
for the light-to-dark adaptation phase. All the spectra, taken at con-
stant time intervals, were stored. These data were then analysed using
appropriate software in order to deduce the evolutions of OD a1 both
700 and 560 nm (OD; and ODs,) and of the Amax during solubiliza-
tion. The latter was determined for each spectrum by quadratie regres-
sion analysis in the 530~700 nm range.

Since at low detergent concentrations there was some lack of accu-
racy in Amax determinations, due to the poor signal to noise ratios,
all spectra were smoothed using the Savitzky-Golay method {11].
TX 100 concentrations values at break points were determined graphi-
cally from ODy, ODyy and Amax solubilization profiles, as previ-
ously described using tangent intersections [12],

3. RESULTS AND DISCUSSION
OD spectra of both light- and dark-adapted forms of
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Fig. 1. Effects of light-dark conditions and Triton X-100 addition on

the visible absorplion band of purple membrane (0.9 mg BR/ml). OD

spectrum of light-adapted PM (1), dark-adapted PM (2) and dark-
adapied solubilized BR (3).

a 0.9 mg BR/ml PM suspension are shown in Fig. 1.
They correspond to the first and last spectrum recorded
during the light-to-dark adaptation phase, respectively.
The OD spectrum of the PM results from two contribu-
tions: the turbidity due to the light scattering from mem-
brane fragments, and the absorption of retinal molecule
bound to the protein. The absorption spectrum of the
dark-adapted PM presents a blue shift, compared to the
light-adapted PM, and a slight decrease of the maximal
OD intensity related to a decrease of the melar extinc-
tion ceefficient, as shown previously [7). The evolution
of Amax during the light-dark adaptation phase is
shown in Fig. 2. Amax determined for the light- and
dark-adapted forms of the protein (573 and 565 nm,
respectively) are a little higher than those expected for
the two forms according to the literature. This could be
linked to the slit widths used in our measurements. Fur-
thermore, in the conditions used in the spectrophotom-
eter, after 3 h, the dark adaptation of the BR is not
complete since a slight but continuous decrease is still
recorded.

0 30 60 0 120 180 180

TIME (min)

Fig. 2. Kinetics of PM light—dark adapiation. Amax (nm) is plotied as
a function of time.
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Fig. 3. Solubilization of dark-adapted PM by Triton X-100. (A) OD,y,

(), ODyq (A) and (B) Amax variations of dark-adapted PM (0.9 mg

BR/m!) during the continuous addition (0.011 mM/min) of Trilon
X-100 (7.7 mM).

At the end of solubilization of the dark-adapted form
{spectrum 3, Fig. 1), disappearance of turbidity and a
blue shift of the absorption band were observed, as
previcusly reported [8]. The changes of both ODys, and
0D,y and Amax vs. TX100 concentration are plotted
in Fig. 3A and B, respectively. Like the spectra shown
in Fig. | these profiles were obtained from the same PM
sample (0.9 mg BR/ml). The profiles in Fig. 3A show

Table |
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four break points (denoted a,b,¢c,d). The corresponding
detergent concentrations are similar for both curves,
except for d’, which is significantly shifted towards
higher detergent concentrations. The Amax variations
exhibit very similar profiles to those obtained from op-
tical density plots (Fig. 3B), except that one supplemen-
tary break point, designated e" is also observed.

Fig. 4A shows the relationship between suspension
turbidity and the total detergent concentration for dif-
ferent initial PM concentrations. Increasing the PM
concentration shifts OD curves towards higher
[TX100]. In Fig. 4B the detergent concentrations needed
to reach the different break points are plotted vs. PM
concentration. As the [PM] may be expressed either by
the BR content (in mg/ml) or by the sum of BR and lipid
([BR]+[LIP]) content (in mM) of the sample, assuming
lipid/BR=10 (mol/mol) in the native PM, both scales are
expressed in the figure, The same analysis has been
undertaken to relate [TX100] to BR content using Amax
dependence on [TX100] (Fig. 4C). In all cases, interest-
ingly, for each break point, linear relationships are ob-
served between [TX100] and [BR] (or [BR]+[lipid]). The
slopes deduced from linear regression analysis corre-
spond to the [detergent)/([protein]+[lipid}) in mixed ag-
gregates found at the corresponding break points. By
analogy with solubilization of phosphatidylcheline ves-
icles by detergents [13,14] each break point seems to
correspond to limit steady-state conditions between two
steps accuring in each selubilization process. The values
of the effective ratios (R ;) determined from each linear
relation slope are reported in Table 1.

A comparison of the four slopes calculated (Fig. 4B)
from turbidity measurements during solubilization of
dark-adapted PM at different concentrations to the five
deduced from the variation of their Amax (Fig. 4C)
shows that both break points, b and ¢, occur at the same
[TX100] as break points noted b" and c" respectively,
indicating that the same transition is seen from turbidity
and Amax curves. Therefore, at these break points,
changes of aggregate size and protein microenviron-
ment appear simultancously. It should be noted that
good agreement between the two sets of linear regres-
sion plots of Fig. 4 (B and C) was obtained. On the viii
hand, it was not possible to establish similar relations

Effective ratios at break points from ODgyg, ODs, and Amax

Break points
al/a/ a b/ b/ b e/ e/ ¢ e’ d/d/ o
TX100/BR+LIP 0.94/0.98/ 0.44 1.42/ 1,39/ 1.49 3.69/3.68/ 3.55 5.90 6.6 7.31/ 8.25
(mol/moi)
TX100/BR" 0.38/0.42/ 0.19 0.61/0.5% 0.63 1.57/ 1.56/ 1.51 2.53 2,80/ 3.09/ 3.48

(mM/mg + ml™")

“The BR concentrations in mixed aggregates are expressed in mg/ml as usually used in the literature
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for break poin a and a" or d and d", points a" being
observed at lower TX100 concentrations than those
measured for break points a. This observation suggests
that when TX100 is continuously added to PM frag-
ments, the change in BR environment caused by this
addition takes place before any decrease of the mem-
brane fragment size. This can be explained by the fact
that even at very low [TXI[00], detergent monomers
partition between aqueous and membrane phases, the
interaction being detected first in the BR environment,
The solubilization of PM by TX100 appears to be a
step by step de-lipidation of the PM causing membrane
fragments to break up from point a to d, above which
all PM components are kept in micellar structures.
Break points noted b(b") and ¢(c") cannot yet be attri-
buted to any precise events, but it is reasonable to think
that they could be related to the destructuration of the
two-dimensional lattice and the monomerisation of BR
steps, respectively. The break point denoted e" repre-
sents an equilibrium state where a change of environ-
ment occurs whithout any further medification of the
aggregate size. It is known that PM lipids are solubilized
by TX100 more easily than protein, so that hardly any
protein is solubilized at detergent concentrations at
which about 75% of lipids are kept in detergent- mixed
micelles [9]. Thus, this step may correspond to a change
in the BR solubilization process which does not affect
the progressive average size decrease of the mixed pro-
tein-lipid aggregates, where TX100 starts to solubilize
BR rather than further solubilizing PM lipids.
Finally, the values of the [TX100] measured at break
point d" is significatively higher than those required to
reach break point d and even d’. Thus, the BR environ-
ment is still being modified when no further decrease of
aggregate size can be detected. From break point d,
either there are further changes in the unique mixed
ternary micelles (protein-lipid-detergent), or the solu-
bilized PM samples contain at least two mixed micelles
populations, one composed of detergent-lipid micelles,
and another composed of binary (detergent—protein)
and/or ternary (detergent-protein-lipid) micelles. In
both cases, within the TX100 concentration range be-
tween break points d and d", the detergent molecules
would probably be more and more able to attain hydro-
phobic regions of BR and better surround each protein
helix, causing further modifications of retinal environ-
ment. Either increasing or decreasing protein-lipid in-

—

Fig. 4. Solubilization and TX100-PM phase diagram. (A) OD,y is
plotted vs. [TX100] at several [PM]: (0) 0.9 mg BR/ml; (\7) 0.68 mg
BR/ml and (A) 0,49 mg BR/ml. (B) [TX100],, is shown as a function
of (BR] and [BR]+[LIP] a1 break points a (circles), b (triangles), ¢
(squares) and d (diamonds). Filled symbols are from turbidity and
open symbols are from ODy, measurements taken during dark-
adapted PM solubilization. (C) The same relations are plotted from
Amax measurements at break points a" (circles), b" (iriangles), c*
(squares), d" (diamonds) and ¢" (crosses).
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teractions, or a combination of both, could easily ex-
plain these last spectroscopic data.

In Fig. 3A, the ODy profile exhibits a quasi-linear
decrease of the BR molecular extinction coefficient be-
yond point d’, which is not observed at 700 nm, indicat-
ing a PM bleaching, as already described by Gonziles-
Mailas et al. [9] for the light- adapted PM and inter-
preted in terms of TX100-catalysed hydrolysis of the
Schiff-base linki.:;;y BR apoprotein to retinaldehyde.
This phenomenon is ubserved here in the case of the BR
dark-adapted state. It should be noted that although
this process is only observed beyond break point d’, it
is likely that it starts before, i.e as soon as TX100 mol-
ecules directly interact with retinal.

4. CONCLUSIONS

The relationship between detergent and BR and lipid
content is linear, confirming the analogy between
phospholipidic vesicles and biomembrane solubilization
by detergents. These linear dependencies can be de-
scribed by the equation

[TX100},,=[TX100];.. + R ([BR]+[L1P])

where [TX100],,, represents the total concentration of
TX100 added to the PM solutions, [TX100],.. the mon-
omeric detergent concentration in equilibrium with
mixed aggregates and R the effective [TX100],, (i.e the
[TX100] present in those aggregates) to [BR]+[LIP]
ratio,

Because of the imprecise determination of initial PM
concentrations and, furthermore, because of the rather
low critical micellar concentration of TX100 (0.24 mM),
the [TX100];.,. values estimated from theintercept of the
respective lines at zero [BR]}+[LIP] are not significant.
Nevertheless, the ratio values calculated from the slope
of each straight line are hardly affected by these factors
and give good and coherent data.

From this work, it is possible to estimate the quantity
of detergent in direct interaction with protein if the
concentration of detergent in interaction with lipids is
known. Studies presently in progress in our laboratory,
concerning the solubilization of small sonicated vesicles
composed of different lipid mixtures of phosphati-
dylcholine, phosphatidylethanolamine, phosphatidyl-
serine and sphingomyelin by TX100, show that, at the
end of solubilization, the detergent to lipid ratio ranges
between 2.5 and 3 whatever the lipidic vesicle composi-
tion [15]. If this were the case for PM endogenous lipids,
which are all bicatenary lipids like those studied, one
can subtract from detergent concentration in interac-
tion with both PM lipids and BR the quantity of deter-
gent necessary to solubilize the lipids alone. This new
calculated TX100 to BR ratio ranges between 60 and 68
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(mol/mol). This estimation indicates that at the end of
the solubilization process (point d"), the solutions con-
tain, at least, mixed micelles in which about 64 mole-
cules of TX100 interact with one BR monomer. This
result suggests that each BR helix would be surrounded
by about 9 detergent molecules, implying at least some
hydrophobic interactions,

We report here a very powerful spectroscopic method
which gives access to molecular aggregate composition
during solubilization of biomembranes by detergents.
Such a study is very useful for characterizing the mem-
brane-micelle transition intermediates, and thus, deter-
mining the molecular mechanisms involved in the solu-
bilization of membrane proteins. The solubilization of
other integral membrane proteins can be studied as de-
scribed here, provided that they exhibit some specific
biophysical characteristics. The present work provides
a rationale for future structural analysis of mixed aggre-
gates which coexist at each equilibrium state in the sol-
ubilization process. Additionally, it may be of interest
for membrane protein crystallographs to be able to de-
termine, using this method, the detergent to protein
ratio necessary to oblain optimal conditions in crystal
growth and quality.
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