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We have performed small angle x-ray scattering experiments on a ternary system made of a nonionic
surfactant, dodecane, and water, in the absence and upon insertion of a transmembrane protein. In
contrast to other proteins or polymers studied, its incorporation reduces the Bragg spacing from 200 Å
to 80 Å, which scales as c20.5 , where c is the protein surface density. The macromolecule incorporated
into the hydrophobic part of the lamellar phase appears on freeze-fracture electron micrographs as
intramembranous particles. The data are fitted by a simple model of thermally undulating lamellae
decorated with protein molecules. [S0031-9007(96)01387-7]
PACS numbers: 87.22.Bt

Fluid membranes are observed when surfactants aggregate into extended bilayers, as in dilute La phases.
The structure of these lyotropic liquid crystals has been
described using neutron, light, and small angle x-ray
scattering studies [1,2]. Among the various aspects of
these biomimetic self-assemblies, their interaction with
synthetic polymers has been documented [3,4]. In this
respect peptides and furthermore proteins seem a more
adequate experimental material since they are monodisperse, their size, sequence, and structure are also known.
In the area of integral membrane proteins penetrating bilayers, data are scarce and especially information concerning protein-surfactant interactions remains crucial for the
understanding of fundamental processes leading to the incorporation, the stability, and the active conformation of
these macromolecules in liquid crystals. We report here
the insertion of the Folch-Pi proteolipid, a water-insoluble
transmembrane protein, into a smectic liquid crystalline
phase sLa d. The protein has a molecular weight of 30 000
and constitutes the major protein of a highly specialized, multilamellar membrane: myelin of the central nervous system [5,6]. Recent two-dimensional models of
the integral protein display four hydrophobic, membranespanning a-helices and several charged domains located
in the interlamellar aqueous spaces [7,8]. The biological
function of the proteolipid is not known, although a role
in the preservation of the myelin sheath compaction has
been proposed [9].
Nonionic surfactant systems constitute appropriate
models for the study of membrane proteins in liquid
crystal phases in the absence of long-range electrostatic
interactions, held often responsible for protein destabilization [10]. Associations between the highly hydrophobic
protein and the surfactant take place, provided hydrogen
bonding or hydrophobic interactions are operative [11].
0031-9007y96y77(16)y3485(4)$10.00

These forces play a crucial role in both the insertion
mechanism and conformational stability of the membrane
protein [12]. The ternary system, tetraethylene glycol
monododecyl ether (C 12E 4)-water-dodecane, displaying
a stable La phase at ambient temperature [13], has been
selected to prevent a possible temperature denaturation of
the protein. In such a system the multilayer membrane is
composed of two surfactant monolayers surrounding the
water layer and separated by the swelling dodecane (i.e.,
reverse lamellar phase) [14]. This Letter reports in what
manner the incorporation of a transmembrane protein
affects the La phase properties.
An excellent protein solubilization is achieved in the
isotropic, homogeneous, optically clear reverse micellar
solution at 30 ±C [13], as attested by the ultraviolet
absorption spectrum. The system transits to the La phase
by simply lowering the temperature below the transition
phase boundary. After a lag period (five days around
20 ±C), an upper oil phase forms above the La proteincontaining phase. Analysis confirms that oil is completely
devoid of protein and contains the surfactant in an amount
(determined by dry weight) corresponding to the free
monomer concentration.
Freeze-fracture electron micrographs of La phase obtained as described elsewhere [15], depict a well-defined
lamellar structure (Fig. 1). The surfaces visible on images are midsections through the hydrophobic part of the
sample. In the absence of the protein, it displays the
classical texture of dodecane [16]. When the protein is
incorporated into the system, additional intramembrane
particles appear. The concentration of these objects, calculated from images of the replicas, is in agreement with
the number of protein monomers inserted into the samples, providing good evidence for the protein incorporation into the hydrophobic part of the lamellar phase.
© 1996 The American Physical Society
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FIG. 1. Freeze-fracture electron micrographs of the La phases
before (A) and after proteolipid incorporation (B). The volume
fractions of the different system components are respectively
Fsurf  0.49, Fwater  0.18, Foil  0.33. The bar represents
a length of 500 nm. Interlayer distance measured on the
micrographs is in good agreement with SAXS data. The
protein concentration of the sample is 2.35 3 1024 M and C,
the protein-to-surfactant molar ratio, is 1.85 3 1024 . Protein
preparation as a precipitate in oil and its incorporation into the
various phases are described in detail in Ref. [6].

To further characterize the system, small angle x-ray
scattering (SAXS) [17] measurements were first performed
in the absence of the protein at a constant (Fwater yFsurf )
ratio of 0.58 6 0.01, used throughout the experiments (F
is the volume fraction). The linear plot of the Bragg spacing dB versus the inverse of the membrane volume fraction
Fmemb  Fsurf 1 Fwater in the 0.5–0.3 range, leads to a
value of 50 6 3 Å for the membrane thickness d, according to the dilution law dB  dyFmemb , consistent with
a simple geometric model of the lamellar phase (Nallet
et al. [2]).
Figure 2 shows typical x-ray intensity scans of various
La phases as a function of the scattering vector q. The
solubilization of the proteolipid at a protein-to-surfactant
molar ratio C  3.7 3 1024 induces, after the lag period,
a large shift of the position of the wave vector peak q0 ,
indicating clearly a decrease of the Bragg spacing dB ,
in comparison with the peak measured for the proteinfree mixture. This result indicates that the protein has
squeezed the lamellar phase. No such shift was detected
after solubilization of water-soluble statistical polymers
[4] or proteins, as shown for myelin basic protein on
Fig. 2. The dramatic impact of the transmembrane protein
incorporation on the liquid crystal phase is depicted in
Fig. 3, showing that the decrease in the Bragg spacing
dB is dependent on the protein-to-surfactant molar ratio
C since all the experimental points obtained at several F
values gather on one single curve.
In the inset of Fig. 2, the spectrum of an La phase has
been fitted to the Caillé model combining the membrane
form factor and layer displacement thermal fluctuations
[2,18]. We have used the line shape formula derived
by Nallet, Laversanne, and Roux [2], which results from
convolution of the thermally broadened peak for the finite
size of well-oriented domains, with a Gaussian which
3486
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FIG. 2. Typical x-ray intensity scans of protein-free (m)
and proteolipid-containing (,) La phases at a surfactant
volume fraction Fsurf  0.18 and at a protein-to-surfactant
molar ratio C of 3.7 3 1024 . Myelin basic protein (s) is
at C  3.3 3 1024 . From the peak position q0 the Bragg
distance dB  2pyq0 is deduced. The x-ray small angle
scattering experimental set-up has been described previously
[17]. SAXS experiments have been performed on unoriented
(“powder”) samples. For these samples the tails of scattered
peaks decay, according to the power law behavior Ssqd 
jq 2 q0 jp with p close to 1-h. The inset shows a fit of the
spectrum of the proteolipid-containing La phase at Fsurf 
0.18 and at the protein-to-surfactant molar ratio C  3.3 3
1024 . The fitted values are h  0.63, q0  0.07 Å21 , and
Dq  0.005 Å21 [2].

represents the experimental resolution and an additional
line broadening due to the deformation of individual
lamellae Dq. For values of C , 3 3 1024 the small
angle scattering is prevalent and the model is no more

FIG. 3. Plot of the Bragg spacing obtained from the position
of the maximum intensity Bragg peak q0 as a function
of protein-to-surfactant molar ratio C, measured at several
different Fsurf values 0.18 (s), 0.12 (h), and 0.08 (r). For
values of C , 3 3 1024 , small angle scattering has been taken
into account for the determination of q0 value. The drop in
the Bragg distance reaches an asymptote around 80 Å, a value
which is independent of the surfactant volume fraction. All
experimental points gather on a single curve. The solid line is
the fit by Eq. (2).
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valid. For C . 3 3 1024 the fitting parameters are the
wave vector of the peak position q0 , Dq, and h the
Landau-Peierls exponent [19,20], which is related to
the bending rigidity constant of the lamella, k, to the
layer modulus for compression, B, at constant chemical
potential and to q0 :
q2 kB T
k
.
(1)
h  0p
, K 
d
B
8p KB
The fitted q0 values were consistent with the values used
in Fig. 3.
Now we consider the possible interpretation of the data
presented in Fig. 3. Helfrich has shown that membrane
spontaneous thermal fluctuations introduce a long-range
entropic force, which stabilizes uncharged, swollen lamellar phases [20]. The mean interlamellar distance dm is
easily computed in the framework of harmonic approximation of membrane undulation. For a membrane with
vanishing surface tension, the amplitude of thermal undulations is in order of a characteristic membrane dimension j and dm  AsT , kdj. The value of the parameter
AsT , kd is model dependent [20,21].
We consider now a membrane decorated with proteins.
Let , be the mean distance between two neighboring
proteins within a same lamella. Since the number of
protein molecules incorporated within a single membrane
is proportional to the total protein-to-surfactant ratio, the
mean surface per protein is in order of ,2 ø c21 (where c
is the number of protein molecules per cm 2). As long as ,
is .j, we can expect dm to be independent of c. However,
when c increases, , becomes #j then , becomes the
pertinent length and therefore dm  AsT , kd c20.5 . This
very rough model allows us to relate the repeat distance dB
obtained from the x-ray data to the membrane thickness d
and to the interlamellar distance dm :
dB  d 1 dm  d 1 AsT , kdc20.5 .
(2)
The solid line drawn through the data of Fig. 3 results from
a fit by Eq. (2) and illustrates the predictive capability of
the model. In addition, an estimation of the membrane
bending modulus k can be extracted from the data [22]:
k ø 3kB T and d ø 42 6 5 Å, in good agreement with
the value of d as deduced previously from a plot of dB vs
Fmemb .
Figure 4 illustrates the variation of h 0.5 as a function of
1ydB . The observed decrease of the value of h with 1ydB
is due to an increase of KB for the protein-containing
bilayers. The interaction between bilayers induced by
the protein is supported by visual observation of a gellike behavior of the protein-containing La phase, not
seen in a protein-free phase at an identical interlamellar
distance dm . Independent measurements of K and B
could possibly be done on oriented samples to measure
their dependence on protein concentration. However,
presently, highly oriented La phase containing the protein
is difficult to achieve. In Fig. 4, the data are fitted by the
theoretical prediction of thermally stabilized bilayers [23]
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FIG. 4. Plot of the Landau-Peierls exponent h resulting from
fits of the data I(q) in the lamellar La phase. The straight line
represents the fit of h according to the Helfrich theory, with
h 0.5  a s1-dydB d, where dB is the Bragg distance and d the
membrane thickness [23]. From the slope d  38 6 7 Å is
deduced.

h  as1 2 dydB d2 , where a is a constant on the order of
1. From the fit one gets a  1.14 and d  38 6 7 Å, in
fair agreement with d values determined above.
Finally, the behavior of lamellar phases after adsorption
of macromolecules has been previously modeled [24,25].
Depending on concentration, the presence of attractive
forces mediated by adsorbed, but not penetrating macromolecules, has been described to overcome the repulsive
Helfrich interaction. Polymer confinement has also been
described inside the bilayer of a lamellar phase controlled
by Helfrich forces. A possible modification of the mechanical bilayer properties was observed by the investigators, but without any significative dB sCd dependence [4].
In the present report, in order to account for the observed
dB sCd variations, we have used the Helfrich approach,
where we have simply introduced a pertinent length related
to the amount of the macromolecule added to the phase.
Even if it agrees with our data, we are fully aware that the
model is oversimplified. For example, the modifications
of the membrane in the vicinity of the inclusion have
not been accounted for. One interesting finding is that
the biological macromolecule does not behave at all as
statistical polymers do, even if they are included inside the
bilayer [4]. One reason could be that these more flexible
molecules spread over the bilayer on scales much larger
than the persistence length of the membrane.
In contrast, the more rigid, spanning a-helices of the
transmembrane proteolipid may induce a more localized
membrane deformation, bringing two surfactant layers
closer to each other. The squeezing process excludes
most of the swelling oil, reduces the interlamellar distance, thus enabling the protein to establish links bridging two membranes. The final Bragg distance measured
(dB  80 Å) represents an average value between the
protein anchor points (the length of one a-helix is around
36 Å) and the maximum distance allowed for the membrane to fluctuate.
3487
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To the best of our knowledge, existing models cannot
shed light on our results because they take into account
macromolecules adsorbed on a bilayer, while in our
experiments the macromolecule penetrates the bilayer. A
more complete theoretical description is needed to define
the complex interactions between macromolecules and
membranes. In addition, our results stress the importance
of hydrophobic interactions as the driving force for
incorporation of hydrophobic helices into bilayers [12]
and may constitute a model system for further studies.
Ultimately, the squeezing of the interlamellar space may
also mirror some of the biological properties of the
proteolipid in maintaining the compact architecture of the
native myelin sheath [9].
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