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and 15NO2' (Figure 9C1D). The faster periodicity arises from 
ambient or weakly coupled protons while the slower periodicities 
arise from weakly coupled 14N.30 The differences observed between 
14NO2" and 15NO2" of 1 are not found for the hemocyanin de
rivatives. Once again, there is no evidence that nitrite is equa-
torially coordinated to divalent copper through oxygen in the 
nitrite-treated protein. 

This measurement, however, does not rule out the possibility 
that nitrite is axially coordinated to Cu(II). Axial coordination 
is expected to produce a smaller electron-nuclear coupling by 
roughly a factor of 30-50, by analogy with other Cu(II) com
plexes.2030'31 Therefore, nitrite that is axially coordinated to Cu(II) 
through oxygen would likely give rise to extremely shallow 
modulations because A150 would be so much smaller than the 
electron-nuclear coupling and its spectral contribution would then 
not be distinguishable. Were nitrite to bind axially through 
nitrogen, its spectral contribution would be overwhelmed by those 
from coordinated imidazole nitrogens, and once again, not be 
recognized. 

Conclusion. Nitrite binding in the model 1 is through oxygen, 
both in the crystalline state and in solution. The electron-nuclear 
coupling of 14N and the unpaired electron of Cu(II) is comparable 

to the 14N nuclear Zeeman interaction at X-band, and thus 14NO2" 
modulations can be detected by ESEEM spectroscopy. The 
electron distribution on 14N of Cu(H)-bound nitrite in frozen 
solution is very similar to that in solid, diamagnetic nitrite salts, 
as indicated from the quadrupole parameters (e2qQ = 5.66 MHz, 
7) = 0.31), suggesting similarities in metal-nitrite binding. This 
ESEEM investigation also suggests that in frozen solution the 
conformation of nitrite in 1 is the same as that in the crystal. The 
ESEEM study of nitrite-treated hemocyanin shows that nitrite 
does not coordinate to Cu(II) through oxygen as an equatorial 
ligand, as it does in the model. 

Acknowledgment. This work was supported by NIH Grants 
RR-02583 and GM-40168 to J.P. and GM-45971 to K.D.K. We 
thank J. Zubieta and Q. Chen for a preliminary structural study 
of 1. 

Supplementary Material Available: Complete structure infor
mation including anisotropic thermal parameters for non-hydrogen 
atoms, atomic coordinates, and intramolecular distances and angles 
(12 pages); observed and calculated structure factors (29 pages). 
Ordering information is given on any current masthead page. 

Lipidic Cubic Phases as Transparent, Rigid Matrices for the 
Direct Spectroscopic Study of Immobilized Membrane Proteins 

Ehud M. Landau* and Pier Luigi Luisi 

Contribution from the Institutfiir Polymere, ETH Zentrum, Universitatstrasse 6, 
CH-8092 Zurich, Switzerland. Received September 9, 1992 

Abstract: Lipidic cubic phases composed of l-paImitoyl-jn-glycero-3-phosphocholine and water were used as structured, transparent, 
rigid matrices in an attempt to develop novel media for simultaneous structural and functional investigations of membrane 
proteins. Bacteriorhodopsin and melittin, immobilized in the cubic phase, resulted in very stable materials, whose circular 
dichroism (CD) spectra exhibit contents of a-helicity akin to those expected from the crystal structures. As judged from CD, 
the native conformations were temperature independent in the range of existence of the cubic phase (0-50 0C). Addition 
of NaCl to the bacteriorhodopsin-containing cubic phase stabilized the binding of retinal to the immobilized protein. Without 
added salt, a slow (i.e., days long) dissociation of retinal at ambient conditions was observed, which however takes place without 
impairing the native protein's conformation. 

Introduction 
Compared to soluble proteins, our understanding of the 

structure-function relationship of membrane proteins is still quite 
rudimentary, due to the fact that membrane proteins carry out 
their specific functions when immobilized in their native 
environment—the membranes—and often undergo denaturation 
when extracted out of the membrane and solubilized. Moreover, 
very little structural information is available on membrane proteins, 
mainly due to the great technical difficulty in obtaining well 
diffracting crystals. An alternative approach—the use of electron 
microscopy for obtaining high-resolution structures—has only 
recently been successfully applied to bacteriorhodopsin.' In order 
to gain a better understanding of the structure-function relationship 
of membrane proteins, it would be necessary to perform both 
structural and functional studies in the immobilized state of the 
protein under conditions which mimic the native ones. We wish 
to report here on a class of materials—lipidic cubic phases—which 
exhibit a combination of useful properties, which render them very 
suitable for such studies. 

(1) Henderson, R.; Baldwin, J. M.; Ceska, T. A.; Zemlin, F.; Beckmann, 
E.; Downing, K. H. J. MoI. Biol. 1990, 213, 899. 

Lipidic cubic phases, first described by Luzzati et al.,2 are highly 
viscous, isotropic, and thermodynamically stable rigid materials 
composed of (phospho)lipids and water. Moreover, these materials 
are transparent, which makes them perfect matrices for spec
troscopic investigations. Depending on the particular conditions 
and choice of lipids, different cubic structures can be formed. 
These are divided into two groups—bicontinuous and closed ag
gregates.3 The bicontinuous group is based on a three-dimen
sional, curved bilayer structure of lipids surrounded by water, in 
which both components diffuse freely. The bilayer can be de
scribed by infinite periodic minimal surfaces, which have at each 
point a mean curvature of zero. The closed-aggregate group is 
built up of an ordered array of micelles, made up of diffusionally 
restricted lipids, surrounded by water. These remarkable properties 
should enable the immobilization and spectroscopic investigation 
of membrane species. Moreover, based on the fact that these 
materials are composed of crystallographically well-defined polar, 
nonpolar, and interfacial regions, we have anticipated that they 

(2) Luzzati, V.; Mustacchi, H.; Skoulios, A. Disc. Faraday Soc. 1958, 25, 
43. 

(3) (a) Lindblom, G.; Rilfors, L. Biochim. Biophys. Acta 1989, 988, 221. 
(b) Fontell, K. Colloid Polym. Sci. 1990, 268, 264. 
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Figure 1. UV-vis spectra of 1.7-10"5 M bacteriorhodopsin in a 44% 
(w/w) PLPC cubic phase (10 mM p-buffer, pH 8.0): A = with 1 M 
NaCl, 3-day old sample, A' = with 1 M NaCl, 6-day old sample, B = 
without NaCl, 3-day old sample, and B' = without NaCl, 6-day old 
sample. 
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should function as a general type of structured, "solid solvents", 
which in principle should be able to solubilize compounds with 
nearly any chemical composition. 

Ericsson et al.4 have reported the incorporation of lysozyme 
and other globular proteins into a monoolein-based cubic phase, 
and cubic phases containing casein and gliadin were also de
scribed.56 However, no detailed structural or functional studies 
have been described. We have recently reported on the immo
bilization, spectroscopic, rheological, and enzymatic studies of 
a-chymotrypsin, a water soluble enzyme, in a lipidic cubic phase 
composed of l-palmitoyl-jn-glycero-3-phosphocholine (PLPC) and 
water.7 It was shown that the enzyme retains its native con
formation and exhibits enzymatic activity, and that the viscoelastic 
properties of the cubic phase remain unchanged upon incorporation 
of the protein. In this paper we will present evidence demon
strating that this type of membranous material is indeed capable 
of incorporating membrane proteins such as bacteriorhodopsin 
and melittin. Bacteriorhodopsin (bR), a light driven proton pump, 
is a 248 amino acid integral membrane protein found in the purple 
membrane of the halophilic bacterium Halobacterium halobium? 
consisting of seven a-helices that span the membrane. Melittin, 
the main component of the honey bee venom, is a water soluble, 
26 residue polypeptide which is a strong membrane lytic agent 
known to bind spontaneously to membranes.9 Moreover, we will 
show that the cubic phase remains stable and transparent so that 
the protein's properties can be conveniently studied and controlled 
in the immobilized form. 
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Figure 2. Temperature dependent circular dichroism spectra of 1.7-10"5 M bacteriorhodopsin in a 44% (w/w) PLPC cubic phase (IO mM p-buffer, 
pH 8.0): (a) spectra taken during the heating cycle and (b) spectra taken during the cooling cycle, A = 5 0C, B = 15 0C, C = 25 0C, D = 35 0C, 
E = 45 "C. [6] is the mean residue ellipticity in [deg-cm^dmol1]. 
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Figure 3. Temperature dependent circular dichroism spectra of 1.2-10"4 M melittin in a 10 mM tris-HCl buffer, pH 7.4: (a) spectra taken during 
the heating cycle and (b) spectra taken during the cooling cycle, A = 5 0 C, B = 15 8C, C = 25 0C, D = 35 0 C, E = 45 0C. [S] is the mean residue 
ellipticity in [deg-cm2-dmol"']. 

Experimental Section 
Reagents were as fallows: L-a-PLPC (Avanti Polar); melittin (Sigma); 

NaCl (Merck). All were of highest purity grade and were used as 
received. Bacteriorhodopsin (purple membrane) was a gift from Prof. 
D. Oesterhelt, Max Planck Institute fur Biochemie, Martinsried. 

Cubic Phases. PLPC based samples were prepared by adding buffer 
solutions of melittin or suspensions of bacteriorhodopsin to PLPC in 1 
cm, 1 mL UV-cuvettes (114-QS, Hellma) and centrifuging for 1-2 days 
(2900 g) at 25 0C. Complete formation of cubic phases was determined 
by appearance of highly stiff and transparent gels. The concentration 
in the solid system is given in moles per total volume. 

Aqueous Stock Solutions. Bacteriorhodopsin suspensions were pre
pared in 18 mM p-buffer, pH 8.0. Melittin solutions were prepared in 
20 mM Tris-HCl buffer, pH 7.4. The concentration of melittin solutions 
was determined spectrophotometrically,10 using e2so

 = 5570 M"'-cm"'. 
Spectroscopic Measurements. For UV measurements, the cubic phase 

samples were prepared directly in the spectroscopic cuvettes. For CD 
measurements, the samples were prepared in 1-mL vials and transferred 

(4) Ericsson, B.; Larsson, K.; Fontell, K. Biochim. Biophys. Acta 1983, 
729, 23. 

(5) Buchheim, W.; Larsson, K. J. Colloid Interface Set. 1987, 117, 582. 
(6) Larsson, K.; Lindblom, G. J. Disp. Sci. Technol. 1982, 3, 61. 
(7) Portmann, M.; Landau, E. M.; Luisi, P. L. J. Phys. Chem. 1991, 95, 

8437. 
(8) Oesterhelt, D.; Stoeckenius, W. Nature New Biol. 1971, 233, 149. 
(9) Knoppel, E.; Eisenberg, D.; Wickner, W. Biochemistry 1979, 18, AMI. 
(10) Quay, S. C; Condie, C. C. Biochemistry 1983, 22, 695. 

to the measurement plates just prior to measurement. Bacteriorhodopsin 
containing cubic phases were kept at ambient conditions and without light 
protection at all times. 

UV. All measurements of stock solutions and cubic phases were 
carried out in a Beckman DU-68 spectrophotometer. 

CD. CD measurements were carried out in a Jasco J-600 instrument. 
The samples were measured as Alms pressed between quartz plates, 
thickness 0.01 and 0.05 cm (124-QS Hellma). The temperature of the 
samples was controlled to ±0.5 0C. The samples were allowed to 
equilibrate for 20 min at each temperature. [<l] represents the mean 
ellipticity per residue in deg-cm2-dmol_l. 

Results and Discussion 

PLPC/water form a cubic phase at a PLPC concentration range 
of 39-45% (w/w). Its proposed structure, based on X-ray studies" 
and N M R pulsed-field gradient measurements,12 consists of a 
cubic array of closed, rod-like micelles with an axial ratio of 
approximately 2, surrounded by water. In this structure, each 
corner of the unit cell is occupied by a micelle, each surface has 
two micelles, and one micelle is in the center. The phospholipid 

(11) Tardieu, A.; Luzzati, V. Biochim. Biophys. Acta 1970, 219, W. 
(12) (a) Eriksson, P.-O.; Lindblom, G.; Arvidson, G. J. Phys. Chem. 1985, 

89, 1050. (b) Eriksson, P.-O.; Lindblom, G.; Arvidson, G. J. Phys. Chem. 
1987, 91, 846. (c) Fontell, K.; Fox, K. K.; Hansson, E. MoI. Cryst. Uq. Cryst. 
1985, /, 9. 
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Figure 4. Temperature dependent circular dichroism spectra of t.2-10 4 M melittin in a 43% (w/w) PLPC cubic phase (10 mM tris-HCl buffer, pH 
7.4): (a) spectra taken during the heating cycle and (b) spectra taken during the cooling cycle, A = 5 0C, B = 15 0C, C = 25 0C, D = 35 0C, E 
= 45 0C. [6] is the mean residue ellipticity in [deg-cmMmol"1]. 

diffusion coefficient (0.06-10"12 m2 s~') was found to be 2 orders 
of magnitude smaller than the corresponding one in the lamellar 
phase (6-10-12 m2 s~'),l2b defining this phase as belonging to the 
class of closed aggregate cubic phases. 

Bacteriorhodopsin and melittin, two membrane-affine species 
having otherwise quite different properties, were chosen in order 
to study their specific interaction with the cubic phase—the ar
tificial membrane—and to explore the feasibility of using these 
materials as general matrices for membrane species. 

Incorporation of bR into the PLPC cubic phase at concentra
tions around 2-10"5 M, pH 8.0, resulted in homogeneous, trans
parent purple materials. The purple form of bR (Xn̂ x = 561 nm) 
is the one in which the retinal is bound via a protonated Schiff 
base to the e-amino group of lysine 216. Under these pH con
ditions, at room temperature and exposed to light, this form is 
unstable in the cubic phase and undergoes bleaching within 6 days 
(Figure 1). The retinal dissociates from the bR, forming bac-
terioopsin and free retinal (Xmax = 376 nm). Thus the color of 
the material changes from purple to yellow. Upon addition of 
1 M NaCl to the preparation, leaving all other conditions un
changed, a marked stabilization of the native bR is observed: 
Under these conditions, almost no dissociation of bound retinal 
was detected within 6 days. In fact, at higher bR concentrations 
(1.6-10"4 M) cubic phases containing 1 M NaCl were found to 
be stable for at least 9 months at ambient conditions. Since bR 
is found in bacteria that exist in highly concentrated salt water, 

this stabilization can be rationalized in terms of creating conditions 
native to the protein. These observations are in accord with the 
reported restoration of the purple color of bR suspensions13 as well 
as decrease in the rate of deprotonation of the protonated Schiff 
base14 upon addition of salt. 

Circular dichroism (CD) studies were performed on immobi
lized bR concomitant to the UV measurements. Based thereon, 
the conformation of bR in both the NaCl-containing and 
NaCl-free cubic phases was typically a-helical. The CD spectra 
of the immobilized proteins were unchanged as a function of time 
in both cases. This finding is especially interesting in the case 
of the NaCl-free cubic phase, as it suggests that the process of 
dissociation of retinal from the protein into the cubic phase me
dium, i.e., gradual formation of the apoprotein, takes place without 
affecting the protein's conformation. 

The content of a-helicity of the immobilized protein, determined 
from measurements of three independent preparations at different 
temperatures using empirical formulas,15 was 72.1 ± 10.7%, which 
is in excellent agreement with the value of around 75% determined 
from electron microscopy and electron diffraction on bR in the 

(13) Kimura, Y.; Ikegami, A.; Stoeckenius, W. Photochem. Photobiol. 
1984, 40,641. 

(14) Dupuis, P.; El-Sayed, M. A. Can. J. Chem. 198S, 63, 1699. 
(15) Chen, Y. H.; Yang, J. T.; Martinez, H. M. Biochemistry 1972, / / , 

4120. 
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purple membrane.' •'6 Thus it is concluded that bR is immobilized 
in the PLPC cubic phase without impairment of its native con
formation. 

The conformational stability of bR in the cubic phase is further 
demonstrated by investigations of the temperature dependence 
of the immobilized protein, which were carried out in the existence 
range of the PLPC cubic phase (0-50 0C). CD spectra taken 
at intervals of 10 0C, starting from 5 0C, up to 45 0C in the 
heating cycle (Figure 2a), and returning to 5 0C on cooling (Figure 
2b), are shown. With the exception of the spectrum at 45 0C, 
the spectra at all other temperatures are virtually identical, in
dicating a temperature independent conformation of the immo
bilized protein. The thermal stability of bR's conformation in 
this temperature range has been reported for other media as well." 
The observed shift in the spectrum at 45 0C is most probably due 
to changes in the cubic phase upon melting at 45 0C. 

Whereas bR is a membrane spanning protein, melittin's basic 
C-terminal residues interact electrostatically with the polar head 
groups of phospholipids.18 In water, melittin is unfolded at 
micromolar concentrations, low ionic strength, and neutral pH." 
Under these conditions, electrostatic repulsion between positively 
charged residues dominate. Melittin undergoes a transition to 
a tetrameric a-helical conformation at higher melittin concen
trations, acidic or basic pH and high ionic strength,19 where anion 
binding screens the positive charges and reduces repulsion. Upon 
interacting with membranes, monomeric melittin adopts an o-
helical conformation as well.910'20 

Melittin (1.2-10-4 M) in aqueous solution, pH 7.4, exhibits a 
conformation corresponding to ca. 70% random coil, 30% a-helix 
at 5 0C (Figure 3a). Upon increasing the temperature to 45 0C, 
the absolute values of the ellipticity at ca. 200 nm, corresponding 
to the random coil conformation, decrease while shifting to ca. 
202 nm. These changes are thermally reversible (Figure 3b). In 
contrast, melittin incorporated in PLPC cubic phases at the same 
concentration and under otherwise identical conditions exhibited 
an a-helical conformation, as judged by CD, which was tem
perature independent in the existence range of the cubic phase 
(Figure 4), with a possible exception at 45 0C, the reason being 
again the melting of the cubic phase (cf. the case of bR described 
above). Moreover, the content of induced a-helicity, calculated 
to be 98.3 ± 5.2% (from measurements of three samples at dif-

(16) Henderson, R.; Unwin, P. N. T. Nature 1975, 257, 28. 
(17) (a) Brouillette, C. G.; Muccio, D. D.; Finney, T. K. Biochemistry 

1987, 26, 7431. (b) Oesterhelt, D.; Brauchle, C; Hampp, N. Quarterly Rev. 
Biophys. 1991, 24, 425. 

(18) Weaver, A. J.; Kemple, M. D.; Brauner, J. W.; Mendelsohn, R.; 
Prendergast, F. G. Biochemistry 1992, 31, 1301. 

(19) Goto, Y.; Hagihara, Y. Biochemistry 1992, 31, 732. 
(20) (a) Lauterwein, J.; Brown, L. R.; Wuthrich, K. Biochim. Biophys. 

Acta 1980, 622, 219. (b) Bello, J.; Bello, H. R. Biochemistry 1982, 21, 461. 
(c) Inagaki, F.; Shimada, I.; Kawaguchi, K.; Hirano, M.; Terasawa, I.; Ikura, 
T.; Go, N. Biochemistry 1989, 28, 5985. 

ferent concentrations and temperatures), is in good agreement 
with the value of about 90% deduced from the crystal structure.21 

The nature of melittin's interaction with membranes has been 
a subject of widespread research. Weaver et al.18 demonstrated 
recently that melittin acts biologically as a monomeric a-helical 
peptide. Generally, in the presence of micelles and liposomes, the 
induced a-helicity ranges between about 25 and 90%.918'22 In 
our case, the induced a-helicity at all temperatures certainly 
indicates a most favorable interaction between immobilized 
melittin and the host lipidic/water matrix. 

The two systems studied, bR and melittin, are significantly 
different, the former being a typical membrane spanning protein, 
the latter a peptide which binds to the membrane primarily 
through electrostatic interactions. Therefore, their interactions 
with the lipidic/water cubic phase must be governed by different 
forces. Nonetheless, they display some astonishing similarities. 
In both cases, spontaneous formation of the conformations which 
correspond to those expected from the crystal structures is ob
served. In both cases, these conformations are remarkably stable 
with respect to temperature. In both cases, incorporation of the 
guest proteins into the cubic phase results in very stable materials, 
which can be kept in sealed vials at ambient conditions for months. 
In addition, the fact that the conformation of bR remains un
changed upon dissociation of the retinal points to a most stable 
environment of the protein and concomitantly available medium 
for the release and solubilization of the latter. These observations, 
combined with our previously published results on a-chymo-
trypsin,7 which is not a membrane protein, all suggest that cubic 
phases composed of phospholipids/water are indeed a class of 
structured, rigid materials capable of incorporating diverse 
chemical species in their native stable states—a general matrix. 
This remarkable property is a direct consequence of the existence 
in these materials of microscopically well-defined polar and apolar 
regions, separated by a membranous boundary. 

We have demonstrated here a general principle of operation. 
Fine structural details of membrane-protein interactions in these 
materials are currently under investigation. We are also exploring 
the extent to which one can use these materials as matrices for 
the study of biochemical membrane processes. 
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