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Abstract Detailed characterization of protein, peptide or
drug interactions with natural membrane is still a challenge.
This review focuses on the use of nuclear magnetic reso-
nance (NMR) for the analysis of interaction of molecules
with small unilamellar vesicles (SUV). These phospholipid
vesicles are often used as model membranes for fluores-
cence or circular dichroism experiments. The various NMR
approaches for studying molecule-lipid association are
reviewed. After a brief survey of the SUV characterization,
the use of heteronuclear NMR (phosphorous, carbon, fluo-
rine) is described. Applications of proton NMR through
transferred nuclear Overhauser effect to perform structural
determination of peptide are presented. Special care is
finally given to the influence of the kinetic of the interac-
tions for the proton NMR of bound molecules in SUV,
which can constitute a good model for the study of dynami-
cal processes at the membrane surface.

Introduction

Many natural or drug-induced cellular processes involve
protein, peptide or drug interactions with the membrane lip-
ids. Because of the complexity of the native membrane,
studies on such interactions are conducted with artificial
models. Each model has its own limitations, ranging from
the simplest type, involving organic solvent mixtures that
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solubilize integral proteins, through the use of micelles or
bicelles, to more sophisticated approaches using small and
large unilamellar or multilamellar vesicles of phospholipid
mixtures (SUV, LUV and MLV, respectively). Neverthe-
less, combined with technological and methodological
improvements, these approaches have already opened up
avenues for the structural determination of peptides or pro-
teins in a medium that mimics the membrane lipidic envi-
ronment.

Two main models—organic solvents and micelles—for
studying peptides and proteins under standard liquid con-
ditions were reviewed (Henry and Sykes 1994; Sanders
and Sonnichsen 2006). Another approach, enriched by
numerous new developments, concerns the structural
analysis of integral proteins by means of high-resolution
solid state NMR. Recent reviews have discussed NMR
experiments on aligned samples of membrane proteins
(Angelis et al. 2005; Opella and Marassi 2004) and the
use of MLV with high-resolution magic angle spinning
NMR (Baldus 2006; Huster 2005; Luca et al. 2003; Watts
2005). Bicelles provide a membrane model system that
can be used in studies with either solution or solid-state
NMR (Prosser et al. 2006). Bicelles are discoid objects
formed of long- and short-chain phospholipids. Their size
and hence the tumbling time are related to the ratio of the
two kinds of lipids. In this review, we focus on the use of
small unilamellar vesicles (SUV) as a model membrane
for NMR studies of proteins, peptides or drugs interac-
tions with lipids. This system has so far been only partly
reviewed.

In the first part, we briefly describe SUV and the origin
of the visibility of the lipid signals under liquid-state
NMR conditions. Then, we present the different
approaches for NMR observation of molecules associated
with SUV.
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SUV: preparation and NMR detection of the lipids

The most usual method for making SUV is to sonicate a
multilamellar vesicle (MLV) preparation. MLV are gener-
ally obtained by evaporating a solution containing the
appropriate amount of lipids in an organic solvent, and then
rehydrating the thin film of lipids thus obtained with the
chosen buffer. Sonication must be applied beyond the phase
transition temperature of the lipids. SUV with a diameter
between 30 and 70 nm—depending on the lipidic composi-
tion and the conditions of sonication—are obtained. Centri-
fugation should then be applied to eliminate the titanium
debris from the sonicator probe. SUV suspensions gener-
ally have a high optical clarity making them compatible
with optical analysis of interactions with proteins or pep-
tides. The suspension obtained remains stable for a few
days, depending on the concentration, the pH conditions,
the buffer and the lipidic composition of the vesicles. For
further details about SUV preparation and properties (see
for example Lentz et al. 1987; Pitcher and Huestis 2002 and
references therein).

Despite the high curvature constraints, due to the small
size of the vesicles, SUV have been widely used in a large
number of biophysical studies and now constitute a stan-
dard model for the analysis of various biological processes
involving membranes. However, only a few NMR studies
have been performed using SUV, especially when com-
pared with the large number of solid-state NMR develop-
ments over the last 20 years, to analyse the interactions of
peptides or proteins with phospholipids.

The small dimensions of the SUV allow a fast tumbling
motion of the entire vesicles, which coupled with the indi-
vidual movements of the phospholipids, permits a good
detection of the lipid NMR signals under standard liquid
conditions. The origin of the sharp 'H NMR signals
observed in SUV (Fig. 1) was an important matter of debate
in the first SUV NMR studies (Bloom et al. 1978; Sheetz
and Chan 1972). It appeared that individual motions of the
phospholipids remained nearly of the same order in SUV,
LUV and MLV (Bloom et al. 1978). A very strong homo-
nuclear dipolar coupling is involved in 'H detection. The
fast tumbling of the small-sized vesicles, combined with
the phospholipid motions, isomerization of hydrocarbon
chains, molecular rotation and wobble, lateral diffusion
(Feller et al. 1999), enables the detection of the lipid sig-
nals. These two kinds of motion are required to efficiently
average out the anisotropic interactions and act conjointly
to give sharp lipid 'H resonances in SUV. Two-dimen-
sional cross relaxation experiments have been successfully
performed on SUV demonstrating the limited spin diffusion
in these systems and allowing the complete assignment of
the phospholipid resonances (Ellena et al. 1985, 1987; Gab-
riel and Roberts 1987). Broadening of the 'H resonances is
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produced either by slowing down the lipid motions or
increasing the vesicle size. This must be carefully taken
into consideration since a large number of parameters can
modify the motional properties of the lipids and give rise to
signal broadening, sometimes below the detection limits.

For example, when studying SUV containing choles-
terol, a broadening of the acyl chains and the terminal
methyl 'H is observed (Fig. 1, Bhattacharya and Haldar
1996; Forbes et al. 1988; Haran and Shporer 1977). This
has been interpreted as a consequence of cholesterol being
able to slow down phospholipid motions and rigidify the
membrane, thus yielding a poorer averaging of the dipolar
coupling. No clear relation is defined between proton detec-
tion and the lipid composition or the incorporation of sterol
into the vesicle, due to the complex phase behaviour of the
lipids that can induce drastic variations of their individual
movements.

The second important aspect when studying cholesterol-
bearing vesicles is that no cholesterol resonances are
detected due to insufficient averaging of dipolar coupling.
Accordingly, some 'H cholesterol resonances have only
been observed with SUV made up of perdeuterated lipids
(Kingsley and Feigenson 1979), in which deuteration pre-
vents the dipolar coupling between cholesterol and acyl
chains protons. The severe broadening of the 'H signals has
often been reported for cholesterol either in SUV or MLV
under magic angle spinning conditions (Epand et al. 2003;
Forbes et al. 1988). Similar behavior was encountered for
intrinsic proteins strongly inserted into the membrane
(Brown and Wuthrich 1977). SUV are often thought to rep-
resent an inappropriate model for studying molecules asso-
ciated with phospholipids by NMR because the signals of
the molecules inserted into the membrane are considered to
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Fig.1 'H NMR spectra recorded at 323K of SUV; rop DiM-
yristoylPhosphatidylCholine (DMPC), bottom (70/30) DMPC/choles-
terol. Acyl chains are labelled (a) methylene groups and (b) terminal
methyl




Eur Biophys J (2007) 36:933-942

935

be invisible owing to the excessive contribution from aniso-
tropic interactions that SUV tumbling motion is not suffi-
cient to average out (Strandberg and Ulrich 2004), thus
explaining why there have been rather few NMR develop-
ments involving SUV. However, only relatively limited
additional movement is required for good proton detection.
For example, when studying cholesterol incorporation into
the membrane, changing the sterol structure to different
cholesterol precursors such as desmosterol, which show an
increased mobility inside the phospholipidic environment
(see for example Magic Angle Spinning study of Scheidt
etal. 2005), enables detection of most sterol protons
(unpublished works).

In fact, as discussed further below, SUV remains an
advantageous system to study the interactions of molecule
with membrane, as far as the motions of the molecules are
high enough to average out the anisotropic interactions. The
same applies for membrane inserted molecules with a suffi-
cient high mobility inside the bilayer and molecules that are
involved in fast exchange dynamics with the membrane on
the chemical shift NMR timescale. In such cases, the fast
tumbling of the vesicles coupled with the interacting mole-
cules mobility make the detection of sharp resonances
under liquid NMR conditions possible.

Heteronuclear detection

Because of the relatively low lipid concentrations required
for the preparation of SUV, only a few studies have been
reported using nuclei with low abundance or low NMR sen-
sitivity. Nevertheless, the advantage of using direct detec-
tion of such nuclei is related to the much smaller dipolar
coupling when compared with proton detection. In this con-
text, several approaches have been developed. In a first
approach, the characterization of SUV association has been
obtained by *'P NMR observation of the lipid resonance
modifications. Experiments with '°F or 3C NMR have also
been performed with labelled or enriched phospholipids.
The second approach is to directly observe the interacting
molecule signals. This was performed by '°F experiments,
this time using labelled molecules or by '*C studies with
enriched molecules and more recently at natural abundance.

Phosphorous NMR

Concerning 3'P NMR studies, modification of the phospho-
rus lipid resonances was used to characterize and control
the vesicle size (Hauser 1989; Jung et al. 1996; Traikia
et al. 2000), the phospholipid distribution into the bilayer
(Moreau et al. 2001; Nordlund et al. 1981) or the vesicle
fusion process (Eum etal. 1989; Schmidt etal. 1981;
Schullery et al. 1980). These properties were used to follow

the addition of drugs upon the vesicles. For example, adria-
mycin ability to modify the lipid phases in SUV made of
different lipidic composition (Nicolay et al. 1985) or the
effect of different charge amphiphilic drug addition, some-
times conducing to SUV destruction have been evaluated
(Eriksson 1987).

Phosphorus NMR experiments are often coupled with
other techniques when studying molecule-membrane inter-
actions. An example is the study of the interaction of four
different amphiphilic polypeptides with SUV by 3'P NMR
as well as '"H NMR and compared to circular dichroism,
turbidimetry, electron microscopy, and fluorescence tech-
niques (Reynaud et al. 1993). When studying interactions
of different molecules with the lipids, observation of the
line width modifications as well as the 3'P chemical shift
deviation are often used as a first control for association of
the lipids with the molecule of interest. Phosphorus NMR
was used in this way when studying a tridecapeptide phero-
mone, the a-factor of Saccharomyces cerevisiae. This pep-
tide was shown to interact with the phosphorus headgroups
of SUV (Jelicks et al. 1989). Another example is the study
of two peptidic vector analogues to the third helix of anten-
napedia homeodomain interacting with SUV, phosphorus
chemical shift deviation showed the association whereas
the observation of only small linewidth modifications con-
firms that no vesicle fusion has occurred (Berlose et al.
1996). Different studies of glycophorin A—a major glyco-
protein of the erythrocyte membrane—with small unilamel-
lar vesicles were performed by 3!P associated with '°F or
3C NMR experiments (Ong 1984; Prestegard and Ong
1982). This will be developed in more details in the next
parts concerning '°F and '*C NMR. One can also mention
the study of the selective binding of annexin V with phos-
phatidic acid contained in phosphatidic acid and phosphati-
dylcholine SUV (Swairjo et al. 1994).

Fluorine NMR

Fluorinated fatty acids have been used to probe the intrinsic
molecular motion and phospholipids packing in SUV (Gent
and Ho 1978; Wu et al. 1985). As just mentioned, incorpo-
ration of various partially fluorinated phospholipids has
also made the study of glycophorin A- SUV interactions
possible. °F as well as 3'P NMR has been performed that
enabled the probing of lipid-protein interactions (Ong
1984). Another approach consists of incorporating fluorine
atoms directly into the drug, the peptide or the protein, with
the aim of analysing the association with the phospholipids.
One more application of fluorine NMR concerns the deter-
mination of the partition coefficients of drugs between
phospholipid bilayer vesicles and water (Kitamura et al.
1999; Omran et al. 2002). Before the development of pro-
tein expression in artificial media through the improvements
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in molecular genetics, the introduction of fluorine was per-
formed by chemical modification of the natural proteins.
For example, trifluoroacetylation of cytochrome ¢ was car-
ried out on several lysine residues. Fluorine NMR spectra
of the cytochrome ¢ derivatives bound to phospholipid ves-
icles were obtained with reasonably narrow linewidths
(Staudenmayer et al. 1976). Conformation of the fluori-
nated analogue of gramicidin A was also studied by fluo-
rine NMR. Fluorine atoms chemically introduced at the
N- and C-terminus, combined with the use of soluble para-
magnetic agent, have allowed definition of the N-terminus
located at the interior of the bilayer, whereas the C-termi-
nus remained at the membrane surface (Weinstein et al.
1985). Incorporation of fluorophenylalanine, fluorotyro-
sine or fluorotryptophan can be performed using protein
expression in E. coli. This technique has been employed to
study the nonlytic filamentous coliphage M13. It allows the
localisation of fluorophenylalanines at the vesicle surface,
whereas the fluorotyrosine are embedded in the bilayer
(Dettman et al. 1982, 1984). Another example is the use of
fluorotryptophans to monitor the membrane-bound p-lac-
tate dehydrogenase of E. coli (Rule et al. 1987).

Carbon NMR

13C NMR has been used to monitor the association of gly-
cophorin A with SUV composed of various proportions of
selectively hydrocarbon chains labelled phosphatidylcho-
line and phosphatidylethanolamine. Although only small
perturbations of 'C linewidths and spin-lattice relaxation
times were induced by the presence of the protein, there
was some degree of lipid composition specificity. This is
consistent with relatively weak interactions (Ong and
Prestegard 1982). Glycophorin A was found to bind prefer-
entially to either phosphatidylserine or phosphatidyletha-
nolamine, in comparison with phosphatidylcholine in
mixed vesicles (Prestegard and Ong 1982).

The addition of paramagnetic ions such as Mn
and Dy>* allows discrimination between the external and
internal surfaces through modification of the exposed
nucleus resonances. The absence of any induced broaden-
ing or shift can be associated with a deeply inserted mole-
cule in the bilayer. With this objective in view, studies have
been carried out by introducing carbon labelled membrane
partner such as cholesteryl oleate (Malcolmson et al. 1996),
galactosylceramide (Mattjus et al. 2002), monoacylglyce-
rols (Boyle et al. 1996) and acyl carnitines (Ho et al. 2002).

Drug activity often requires membrane crossing and in
this context analysis of the interactions with lipids were
reported, for example, in the case of '*C enriched phenothi-
azines (Kitamura et al. 2004) or the antibiotic trimethoprim
(Painter et al. 1988). Other relevant drug-lipid interaction
studies were performed using proton NMR. Substance P

2+ 3+
, Pr
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has been studied by '*C NMR using isotopic labelling on its
glycine residues. Two states have thus been defined,
inserted into the bilayer or attached on the surface (Duplaa
et al. 1992).

Spectrometer improvements (high field, sensitivity of
the probeheads) enable the recording of '3C NMR spectra
of peptides at natural abundance. Further new develop-
ments linked to the availability of '*C cryoprobe can be
anticipated. Nevertheless, NMR experiments at '*C natural
abundance have already been applied to determine the
binding site of peptides and proteins in lipid bilayer. Deep
penetration in the bilayer of a transmembrane channel pep-
tide gramicidin A was determined (Okamura et al. 2001). In
the same report, the superficial binding of a model peptide
formed from amphipathic helices of the plasma A-I apoli-
poprotein was defined (Okamura etal. 2001). More
recently, Kimura reported the comparison of Met-enkepha-
lin at natural 1*C abundance associated with large unilamel-
lar vesicles (LUV), SUV or micelles (Kimura 2006).

Proton detection
NH-ND exchange

Several studies have made use of this technique, which
allows characterization of the part of peptides or proteins in
interaction with the lipids, as strong interaction prevents
isotopic exchange of the amide protons with the deuterons
of the heavy water. Such a strategy is commonly used for
the study of proteins in solution to determine the amide pro-
tons deeply buried within the structure. A recent review
describes the use of this technique with various peptides
and proteins and membrane models (Dempsey 2001). In the
case of membrane-bound protein, a perfect control of the
association and dissociation of the phospholipid vesicles is
required. Beside NMR, another approach very efficient for
such an analysis is the use of mass spectrometry, because
the proteoliposomes can be directly injected for H/D
exchange analysis of labile hydrogen atoms (Demmers
et al. 2000). Nevertheless, in the case of bovine alpha-lact-
albumin, a good control of lipid bilayer release has been
performed by varying the pH. The overall amide exchange
behaviour of the membrane-bound state corresponds to a
molten globule-like conformation, suggesting a global
destabilization of the three dimensional structure. However,
several amide protons have been shown to display signifi-
cant resistance against solvent exchange (Halskau et al.
2002). A subsequent study has determined the influence of
the liposome composition (Agasoster et al. 2003). Hydro-
gen—deuterium exchange experiments have also been per-
formed on sapecin after lyophilization and pH jump
treatments (Takeuchi et al. 2004).
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Transfer-based experiments

The principle of transfer-based experiments, namely trans-
ferred NOE (trNOE) and saturation transfer difference
(STD) consists of recording information on the lipid bound
form through detection of the lipid free resonances (Fig. 2).
Data collection requires an excess of ligand and a chemical
exchange rate, between the free and the bound forms,
higher than the free form magnetization relaxation rate R;.
Magnetization transfer occurs through cross-relaxation dur-
ing the irradiation time. Using short irradiation time, the
intensity of the dipolar interaction can be related to the
interproton distance whereas spin diffusion is present only
when using long saturation time. In the case of SUV, trNO-
ESY with mixing times up to a few hundred milliseconds
are devoid of spin diffusion (Ellena etal. 1985; Xu and
Cafiso 1986). By contrast, spin diffusion can be efficient for
STD experiments when using a long saturation time.

STD experiment does not allow precise structural char-
acterization of any bound structure and it is rather widely
used for NMR-based screening of protein ligands (Lepre
et al. 2004). A closely related experiment using one isotopi-
cally labelled partner is called transferred cross saturation
(TCS) (Takahashi et al. 2000). A first example demonstrat-
ing the efficiency of this methodology for the study of
membrane-peptide was recently reported for the mastopa-
ran interaction with bicelles (Nakamura et al. 2005).

Transferred NOE is generally abbreviated to trNOE,
although this usage might lead to confusion with transient
NOE experiments, we nevertheless use trNOE as the com-
mon abbreviation. TrNOE can be performed in one-dimen-
sional or two-dimensional experiments (Clore and
Gronenborn 1982; Forsén and Hoffman 1963). The influ-
ence of the exchange rate on the pattern of the NMR spectra
depends on the differences in chemical shift between the
free and the bound forms. Consequently, the extent of sig-
nal broadening and/or shift in the free form is variable (Ni
and Scheraga 1994). In interaction studies of molecules

Fig. 2 Schematic representa-
tion of the transferred NOE
(trNOE) and the saturation
transfer difference (STD)
experiments. Note that trNOE is
based on the irradiation of the
ligand whereas STD consistsin a
long saturation of the membrane
signals

O
o -

with phospholipid vesicles, different cases can be observed.
Narrow averaged resonances are detected with molecules in
fast exchange, whereas broad averaged resonances or even
two sets of signals can be observed with decreasing
exchange rate.

The trNOE technique represents the most efficient use of
proton NMR, not only for investigating the interaction of
molecules with lipids but also, in several cases, to deter-
mine the structure of peptides bound to the vesicle. In the
case of small peptides, only a few positive NOE cross-
peaks are generally observed in the free form, whereas
large negative NOE can be detected in the lipid-bound
form. This allows a clear discrimination between the sig-
nals associated with both forms. The first trNOE experi-
ments were applied for the study of mastoparan-X in
association with deuterated lipids (Wakamatsu et al. 1983).
Under these experimental conditions, the proton resonances
of lipid-bound peptide were not observed due to significant
broadening. Moreover, the proton resonances of free pep-
tide molecules were broader in the presence than in the
absence of vesicles, because of the chemical exchange with
lipid-bound molecules (Nakajima et al. 1985; Wakamatsu
et al. 1983, 1992). The membrane-bound conformation was
found to be very similar to the previously reported G pro-
tein-bound conformation (Sukumar and Higashijima 1992).

Then other peptides have been successfully analysed by
trNOE. In this way, it has been possible to elucidate the
conformation of the membrane-bound N-terminal part of
alpha-mating factor. The first five residues form a compact
helical structure and the remaining residues were proposed
to form an extended structure (Wakamatsu et al. 1986), 2D
experimental evidence for a f-turn was later obtained
(Jelicks et al. 1989). The conformations of Leu-enkephalin
and its analogues have been elucidated by trNOE, with the
inactive analogue [L-Ala2]Leu-enkephalin displaying a
different conformation when bound to the lipid bilayer. This
difference in the binding mode has been correlated with the
inactivity of this peptide (Milon et al. 1990). As pointed

H RARARA
RARAAA
H
P —
——
Kon H PARAAAA
SRARRRRA
H
%{_/
Selective Sek_-,\ctive
irradiation pulse saturation pulse
TrNOE (100-300 msec) STD (up to 2 sec)
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out, efficient trNOE requires a relatively fast exchange
between the free and the bound forms, when compared to
R,. In a study of an analogue of the E. coli LamB protein,
the binding affinity of the peptide for phospholipid vesicles
was tuned by adjusting the proportion of acidic lipid in the
vesicle (Wang et al. 1993). Another technique for control-
ling the exchange rate involves mutation of the peptide, as
illustrated by the double mutation of sapecin (Takeuchi
et al. 2004). Combined with distance geometry or molecu-
lar dynamics calculations, structure determination of some
lipid bound polypeptides have been performed using NOE
derived distance constraints.

Although micelles are often described as a poor model of
complex lipid bilayers, well-defined conformation differ-
ences have not yet been documented between the micelle
bound and vesicle bound peptides. Nevertheless, one exam-
ple is melittin, the major constituent of honeybee venom,
which adopts significant conformation differences of its
C-terminal region when bound to lipid vesicles or dod-
ecylphosphocholine micelles (Okada et al. 1994). Another
example is magainin 2, a peptide, which dimerizes on bind-
ing to phospholipid vesicles, whereas it remains monomeric
in micelles (Wakamatsu et al. 2002). Also to be mentioned
is the structural difference observed between the conforma-
tion of HIV-1 Env peptide in bicelles and detergent
micelles (Chou et al. 2002).

Two-dimensional trNOESY has been used to determine
membrane-bound conformation by means of distance
geometry and energy minimization calculations in the case
of senktide, a potent analogue of neurokinin B (Bersch
etal. 1993). This approach has also been adopted for a
p-adrenoceptor-derived signal transducing peptide (Jung
et al. 1996) as well as for substance P (Auge et al. 2000).

Beyond the scope of SUV studies, new developments of
the trNOE methodology in the field of protein-lipid interac-
tion have recently been reported with an implementation in
solid-state NMR (Soubias and Gawrisch 2005). Another
relevant use of trNOE was the analysis of molecular inter-
actions using bead-linked proteoliposomes (Yokogawa
et al. 2005).

Proton detection of the bound form

As pointed out in the introduction, the proton detection of
lipid-bound molecules represents the most confusing aspect
of studies with SUV. It has been reported that association
with lipids can induce broadening beyond detection of the
proton resonances. Nevertheless, well resolved resonances
were sometimes observed.

NMR spectroscopy is very sensitive to the chemical
exchange (Bain 2003). Some more explanations on the var-
ious dynamics involved in the broadening of the NMR sig-
nals are required. When the exchange rate between the free
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and bound forms is very low in the chemical shift time-
scale, and in the absence of fast motion of the inserted mol-
ecule (for example cholesterol), the signals are broadened
beyond detection. At moderate exchange rate, a classical
chemical exchange broadening is observed. Moreover, the
overall tumbling of the bound molecule is under control of
the SUV low tumbling. This slow motion is responsible of
an additional severe broadening of the bound form signals
when the molecule is devoid of high intrinsic mobility in
the bilayer. This has been used to determine the amount of
bound molecules by measuring the “disappearance” of their
signals (de Alba et al. 2003). In the case of relatively high
exchange rate, the broadening of the free-bound averaged
signal can be associated to both the chemical exchange rate
and the decrease of the mobility induced by the binding to
the vesicles. Nevertheless, several reports concern 'H NMR
studies characterized by narrow proton signals of molecules
fully bound to lipids, implying averaging of the anisotropic
contributions.

Reviewing those works is quite difficult as experimental
conditions and NMR data have not often been fully
reported (percentages of bound molecules, variations of the
molecule/lipid ratio, linewidth values and estimations of
association and dissociation rate constants). Without
detailed information on the studied systems the origins of
the narrow proton resonances of SUV associated molecules
are not obvious. An explanation often inferred for the visi-
bility of SUV inserted molecules is generally associated
with a strong mobility of these molecules inside the lipid
bilayer. This has been proposed in the case of lipid interac-
tions with different drugs (Debouzy et al. 1989; Enguehard-
Gueiffier et al. 2005; Kuroda etal. 1996; Panicker and
Mishra 2006) or anaesthetics (Eisenblitter et al. 2000;
Schlieper and Michaelis 1983).

However, another parameter, the dissociation rate con-
stant, could produce the same effect on the averaging of the
anisotropic interactions. We recently demonstrated the role
of this rate constant in the case of the interaction of porphy-
rin derivatives with SUV of phospholipids (Da Costa et al.
2006). At intermediate porphyrin/lipid ratio, broad reso-
nances were observed corresponding to the chemical
exchange of free and bound forms, in the chemical shift
timescale. But increasing lipid concentration then permitted
the detection of relatively narrow porphyrin resonances
(Fig. 3). When sufficient lipids are present to prevent the
occurrence of any free porphyrin, no more chemical
exchange broadening can occur, although association-dis-
sociation dynamic remains active.

Furthermore, when comparing the NMR data obtained at
different pH values with the results obtained by fluores-
cence (Maman and Brault 1998), there was a clear relation
between the proton linewidths and the pH dependence of
the dissociation rate constant of the porphyrin (Da Costa
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et al. 2006). This confirms, as previously mentioned, that
broad resonance detection, at intermediate molecule/lipid
ratio, is more related to the chemical exchange than to the
tumbling of the molecule. The detection of averaged (mem-
brane-bound and free) relatively narrow resonances of pep-
tides has already been reported (Hall et al. 1998; Meers and
Feigenson 1988). A careful study comprising detailed pep-
tide/lipid ratio influence has been performed on three frag-
ments of ACTH (Roux etal. 1997). The narrow line
observation is also consistent with an averaging of the
anisotropic interactions induced by the lipid association.
This is further reinforced by the sharp resonances observed
in the recent studies of achatin I (Kimura et al. 2004) and
Met-enkephalin (Kimura 2006) with large unilamellar vesi-
cles. Tumbling of the LUV is even slower than for SUV
and phospholipid signals are quite broad. We believe that
the narrow proton resonances of the bound peptide corre-
spond to an additional process of anisotropic interaction
averaging induced by the association-dissociation dynamic.

Concerning the study of proteins, we wish to introduce
the work on o-synuclein, which compared the 'H-'>N
HSQC spectra of the protein in interaction with micelles or
SUV (Eliezer et al. 2001). The N-terminal region binds to
synthetic lipid vesicles and detergent micelles and the
C-terminal part of the protein does not associate with either
vesicles or micelles and remains free and unfolded. The
C-terminal part gives cross peaks in the HSQC obtained in
micelles and SUV, whereas the N-terminal is only visible
in micelles. It can be concluded that the additional move-
ment induced if the C-terminal by its unfolded character, is
sufficient to allow signal detection of the SUV-bound pro-
tein. Another example corresponds to our recent data on the
association of cytochrome ¢ with SUV (Da Costa et al.

Fig. 3 'H NMR spectra of

0.5 mM heme Fe™-(CN"), in
D,0, pD 7.5, at 323 K, obtained
by successive addition of

100 mM SUV (90/10) DiM-
yristoylPhosphatidylCholine/
DiMyristoylPhosphatidylSer-
ine. Some heme/SUV molar ra-
tios are indicated. Intensities are

20006). Detection of the paramagnetic methyl protons of the
heme was performed using a protein/lipid ratio of 1/100.
Again, this ratio is important in order to avoid strong broad-
ening of the signals due to fast chemical exchange if some
free form remains in solution, as already been demonstrated
on SDS micelles (Chevance et al. 2003).

To conclude on this part, we infer that in some cases,
proton resonance broadening can be due to the chemical
exchange rather than the slow tumbling time of the SUV.
Such a broadening could have also occurred in different
systems if attempts of detecting proton signals were only
performed using a low lipid concentration that prevented
the full binding of the molecule of interest to the SUV.

Summary

Several NMR approaches for studying drugs, peptides or
proteins interactions with SUV as a model membrane have
been presented. Whereas these kinds of studies have not
been well developed, we think SUV does constitute an
efficient model to mimic the membrane and to study certain
molecule-membrane interactions under standard NMR lig-
uid conditions.

The different motions: vesicle tumbling, lipid or mole-
cule rotation and translation, dynamic of insertion of the
interacting molecules, required to obtain sharp NMR reso-
nances are summarized in Fig. 4. These different motions
contribute together to yield detectable the lipid signals as
well as the associated molecule signals.

Further work will be necessary to determine the mini-
mum dissociation rate constant allowing proton NMR
detection of fully bound molecules to the phospholipids in

arbitrary. Schematic representa-

tions of the heme and the hemed-
icyano complex are displayed
above the spectra

@ Springer



940

Eur Biophys J (2007) 36:933-942

Fig. 4 Summary of the main motions responsible of the averaging of
the anisotropic interactions in SUV

SUV. Detailed information about the molecule-membrane
association-dissociation dynamic is not well documented.
Only sparse data have been reported using surface plasmon
resonance. Nevertheless, processes involving such kind of
dynamics are involved in many physiological events for
which SUV should constitute a relevant model membrane.
This is particularly true when studying membrane interac-
tions with various drugs, natural or modified peptides and
membrane-binding peripheral proteins.
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