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ABSTRACT: Bicelles are an attractive membrane mimetic system because of their planar
surface and lipid composition, which resemble biological membranes. In addition, their
orientation and morphologic properties make them amenable to solid- and solution-state
NMR. This article reviews the physical properties of bicelles, such as magnetic alignment
and viscosity as well as the different models proposed in the literature to explain the
bicelle morphology. The utility of bicelles for studying the interaction and structure of
membrane peptides and proteins by solid- and solution-state NMR is also presented, along
with the advantages and limitations of bicelles. © 2005 Wiley Periodicals, Inc. Concepts
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INTRODUCTION

One of today’s greatest scientific challenges is to
determine the structure of membrane proteins, which
constitute about one third of all the proteins encoded

in the human genome (1). Of great interest is also the
interaction between extrinsic or transmembrane pep-
tides and proteins and cell membranes. Several mem-
brane protein structures have been determined by
X-ray crystallography (1), but the difficult purification
and crystallization of membrane proteins are a limi-
tation of this technique (2, 3). Most importantly, the
function of membrane proteins is strongly dependent
on their environment; therefore the protein structure
investigation should be done in a membrane milieu
(4 ). This can be performed by nuclear magnetic res-
onance (NMR), which can render the membrane in-
visible by appropriate isotopic labeling of either the
protein or the lipids. However, because biological
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membranes are highly complex mixtures, this task
requires the elaboration of membrane model systems
in which proteins can be reconstituted. As discussed
by Mouritsen and Jorgensen (5 ), a good model system
has to match the extrinsic and transmembrane protein
requirement in terms of surface properties and mem-
brane thickness, respectively.

The quest for a suitable membrane model has
begun with the use of unilamellar phospholipid vesi-
cles, whose morphology is similar to that of biomem-
branes. However, their tedious preparation and lack of
stability (6 ) has favored the use of liposomes (or
multilamellar vesicles, MLVs), which are more easily
made. Unfortunately, both uni- or multilamellar phos-
pholipid vesicles have shown to be inadequate for
high-resolution NMR studies of membrane-associated
peptides and proteins as their reorientation time is too
long on the NMR timescale, giving rise to large
bandwidths (7 ). Therefore, the rapidly reorienting
phospholipid micelles were more suitable for high-
resolution NMR studies (1). However, micelles are
not ideal membrane mimicking systems as they have
a monolayer structure with a high curvature, a loose
packing of the lipid headgroups, and tighter chain
entanglement in the center. These features therefore
differ significantly from the biological membrane
morphology. In addition, the activity of proteins and
enzymes embedded in micelles is not readily pre-
served (8–10), and the reconstitution of transmem-
brane proteins in these systems can be complicated as
they might require a bilayer in order to adopt a con-
formation similar to that of the native state (11, 12).

It was thus of great interest to conceive bilayered
model membranes that could easily form in aqueous
solution. This was first performed by Gabriel and
Roberts (13) who showed, in 1984, that unilamellar
vesicles (ULVs) could form spontaneously by mixing
aqueous suspensions of long-chain lecithins (�14 car-
bons) with small quantities of synthetic short-chain
lecithins (acyl chain length of 6–8 carbon atoms),
which have the propensity to form micelles. This
novel lipid arrangement was called short-chain/long-
chain unilamellar vesicles, or SLUVs. Later, elec-
tronic microscopy images published in 1986 (14)
showed that SLUVs had a rather ellipsoidal shape,
and these structures are, somehow, the bicelle ances-
tors.

On the basis of X-ray diffraction studies suggest-
ing that certain mixtures of bile salts and phosphati-
dylcholines could form discoid bilayers of rather uni-
form size, Prestegard’s research group investigated
this type of system (15–17). They were the first to
show the orientation, in the magnetic field, of discoid
micelles made of phospholipids and detergents. These

micelles were composed of the bile salt 3-(cholami-
dopropyl) dimethylammonio-2-hydroxyl-1-propane
sulfate (CHAPSO) and dimyristoylphosphatidylcho-
line (DMPC), which has two acyl chains with 14
carbon atoms. The use of CHAPSO was motivated by
its zwitterionic nature and ability to solubilize pro-
teins without denaturation (16).

The development of SLUVs and of the DMPC/
CHAPSO model was followed by the design of a
system composed of DMPC and dihexanoyl- (or di-
caproyl-) phosphatidylcholine (DHPC or DCPC),
which is a short-chain phospholipid (acyl chain length
of six carbon atoms). These “binary bilayered mixed
micelles” or so-called bicelles were developed by
Sanders et al. (18, 19) and were thought to have a
discoid shape. The DMPC/DHPC bicelles have
quickly replaced the DMPC/CHAPSO system in the
study of peptides and proteins because, unlike phos-
phatidylcholines, CHAPSO is not a natural constitu-
ent of biological membranes. Although these bicelles
are the most commonly used, other research groups
have proposed new bicellar systems composed of
phosphatidylcholines with longer acyl chains, such as
palmitoylstearoyl-, 1-palmitoyl-2-oleoyl-, dilauroyl-
and dipalmitoylphosphatidylcholine (20–24) in order
to accommodate the hydrophobic length of transmem-
brane proteins. It is important to point out that in this
article, unless specified, the term “bicelle” refers to
the DMPC/DHPC system.

With the aim of better mimicking the diversity of
biological membranes, the bicelle composition was
also modified by incorporating phospholipids with
different polar headgroups. Vold’s and Macdonald’s
research groups (25–27) have shown that negatively
charged bicelles could be formed by substituting up to
25 mol% of DMPC by dimyristoylphosphatidylglyc-
erol (DMPG) or dimyristoylphosphatidylserine
(DMPS). PS is found in the membrane of eukaryote
cells, whereas PG exists only in those of prokaryotes
(28). It is also possible to replace up to 10 mol% of
DMPC by dimyristoylphosphatidylethanolamine
(DMPE) (29) to imitate myelin and erythrocyte mem-
branes, which naturally contain 15–18% of PE (28).
Cardiolipin-doped bicelles have also been prepared to
better resemble mitochondrial membranes (30).
Dimyristoylphosphatidic acid (DMPA) can also be
incorporated into bicelles (11, 31), as can cholesterol
(32–34), the effects of which have been described
extensively (33, 34 ). Positively charged bicelles can
also be made with the addition of 1,2-dimyristoyl-3-
trimethylammonium-propane (DMTAP) (26). Fi-
nally, the bicelle composition can also be changed to
improve their stability. This effect was observed with
the pegylation of the bicelles (35) and the addition of
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charged amphiphiles (36, 37). The use of phospho-
lipids containing ether links has also shown a greater
stability of these model membranes over a wider
range of pH (38).

Bicelles have also been used extensively in the past
few years as an alignment medium for proteins in
solution with the aim of measuring chemical shift
anisotropy and, more importantly, residual dipolar
couplings, which provide a measure of the angle, thus
orientation, between two atoms. This idea was first
introduced by Tjandra and Bax in 1997 (39) who used
diluted solutions of aligned bicelles (volume fraction
of �5%) to measure the residual dipolar interaction
and obtain additional information for structure deter-
mination. The use of residual dipolar couplings in the
study of protein structure has been recently reviewed
by Brunner (40) and Bax (41) and therefore, a detailed
description of this technique, which has been mainly
applied to the study of proteins in solution, is beyond
the scope of this review.

This article describes the physical properties of
bicelles, such as magnetic alignment and viscosity
and discusses the different models proposed in the
literature to explain bicelle morphology. The main
focus of this review, however, concerns the utility of
bicelles for studying the interaction and structure of
membrane peptides and proteins by solid- and solu-
tion-state NMR. The advantages and limitations of
bicelles are discussed in the conclusion, along with
their current and potential applications to other tech-
niques.

PART 1: PHYSICAL CHARACTERISTICS
OF BICELLES

Bicelles can display different orientation properties
and morphologies depending on the sample prepara-
tion and experimental conditions (Fig. 1), which make
them amenable to solid- and solution-state NMR. This
is an important advantage of bicelles as not only can
they orient in the magnetic field but (isotropic), but
fast-tumbling bicelles can also be prepared. This sec-
tion describes the physical properties of bicelle sam-
ples, such as magnetic orientation and viscosity, and
the different bicelle morphologies.

Orientation and Viscosity

Bicelles spontaneously orient in magnetic fields (B0)
greater than 1 Tesla (42) in a nematic (threadlike)
order with the bilayer normal perpendicular to the B0

direction. This orientation occurs above the DMPC
gel-to-fluid transition temperature (43), typically be-

tween 30° and 50°C for DMPC/DHPC molar ratios
(often referred to as q) above 2.3:1 and lipid concen-
trations of 3–40% w/v in aqueous solution (17, 38,
44, 45 ). At small q ratios, isotropic bicelles are
formed with a small diameter and rapidly tumble in
solution. Typically, bicelles have a thickness of �40
Å (46), which corresponds to that of a bilayer. These
model membranes are easily prepared and stable over
a wide range of ionic strengths and pH values (18,
43). However, this is not the case for acidic bicelles,
which orient on shorter intervals of pH, ionic strength,
and temperature, and which are more sensitive to
hydrolysis (25, 27). The temperature range of stability
for Bic/PE is also reduced (29). Interestingly, the
presence of salts such as KCl, NaCl, CaCl2, and
MgC2, in a concentration range of 50–200 mM, has
been shown to improve the magnetic orientation (45,
47). Bicelles are also stabilized by dehydration, which

Figure 1 Applications of bicelles in nuclear magnetic
resonance, assuming a discoid model. Isotropic bicelles can
be used for the structure determination of membrane-asso-
ciated proteins by solution-state NMR. Oriented bicelles
provide information on protein interaction and conforma-
tion by solid-state NMR. Dilute oriented bicelles are used as
an alignment medium for protein structure determination
(solution-state NMR). The addition of lanthanides flips the
bicelle orientation and allows the investigation of the inter-
action and structure of membrane-bound proteins. Slow-
spinning bicelles at various angles are also useful to obtain
structural information on membrane-associated peptides
(58 ).
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induces a tighter packing of these systems and thus, a
greater cooperative alignment (vide infra) (47).

The orientation of bicelles in a magnetic field is
explained by the anisotropy of the magnetic suscep-
tibility tensor, �, of the phospholipids acyl chains (48,
49) and, to a lesser extent, the contribution of the ester
groups (48, 50). The anisotropy of the magnetic sus-
ceptibility is the difference between the magnetic
susceptibilities parallel (��) and perpendicular (��) to
the axis of a molecule:

�� � �� � �� [1]

If �� � 0, there is an energetically favorable orien-
tation of the molecules perpendicular to the direction
of B0, and this is the case for phospholipids and egg
lecithins (48, 49, 51). Values of �0.28 � 10�8 erg �
cm�3 � G�2 (23°C) and �9 � 10�8 erg � cm�3 � G�2

(22°C) are found in the literature for egg lecithins and
dipalmitoylphosphatidylcholine (DPPC), respectively
(49, 51, 52).

As described previously (31, 51), the orientation-
dependent component of the average Helmoltz free
energy of the membrane is given by:

F��ln	 �
�1

2
N���n� � B� 	2 �

�1

2
N��cos2 �ln [2]

where �ln is the angle between the molecular axis
director (normal, n�) and the magnetic field direction
B� , and N is the number of molecules per unit of
volume. In cooperative systems such as bicelles, in
which an important number of acyl chains are packed
parallel in an ordered structure, the energy F(�ln) is
sufficient to overcome the thermal energy responsible
for Brownian motion (53), which occurs inside or
outside a magnetic field. Therefore, the bicelle normal
orients perpendicular to the B0 direction. However,
the system should be mobile enough to allow the
alignment. Viscosity is thus an important parameter.

There are few reports on the viscosity of bicellar
systems in water. A temperature dependence of the
viscosity has been published by Struppe et al. (54) for
bicelles with q 
 2.9 at different lipid concentrations
ranging from 3% to 15% w/v. An increase in the
viscosity by up to three orders of magnitude is ob-
served when the temperature increases. Once the so-
lutions are macroscopically aligned, the viscosity
drops monotonically. The viscosity maximum is
found to decrease with decreasing lipid concentration.
More recently, Hwang and Oweimreen (55) studied
the viscosity of bicelles at five different q ratios and
temperatures ranging from 20°C to 60°C, and their

results corroborate those of Struppe et al. (54). The
temperature dependence of the viscosity is explained
by the formation of larger lipid aggregates (55, 56).

It is noteworthy that the orientation of fluid bicelles
can be modified under slow sample spinning speed.
As demonstrated by Zandomeneghi et al. (57, 58), the
bicelle director can be changed to perpendicular or
parallel to the rotation axis if the spinning angle is
respectively smaller or larger than the magic angle, as
illustrated in Fig. 1. Interestingly, the nematic order is
preserved. This tunable alignment of bicelles is of
great interest in the structural study of membrane
peptides and proteins because it allows, for example,
the scaling of dipolar interactions (59).

Parallel-Oriented Bicelles

As shown above, the negative sign of the magnetic
susceptibility anisotropy of phospholipid bilayers dic-
tates that the bicelles align themselves with the bilayer
normal perpendicular to the magnetic field. For bi-
layer constituents undergoing rapid axially symmetric
reorientation with respect to the bilayer normal, which
is the case for small peptides and drug molecules, as
well as the phospholipid molecules themselves, the
only disadvantage of the orientation of bicelles is that
the anisotropic shifts and the dipolar and quadrupolar
splittings are scaled by a factor of �1/2 (60) since
these interactions are proportional to 3(cos2 � � 1)/2,
where � is the angle between the axis of motional
averaging (the bilayer normal in this case) and the
magnetic field direction (see also sections 2 and 3).
However, the spectra of larger and slowly reorienting
membrane proteins result in cylindrical powder pat-
terns due to the absence of rapid unixial averaging of
the anisotropic interactions (60, 61).

The bicelle alignment can be flipped from perpen-
dicular to parallel with respect to the magnetic field
when sufficient proportions of compounds with posi-
tive anisotropy are added to the sample. This was first
observed when an aromatic amphiphile, 1-naphtol,
was added to DMPC/CHAPSO bicelles (53). High
concentration of the ion channel gramicidin A was
also found to flip the bicelle alignment (62, 63).
Moreover, since the magnetic susceptibility anisot-
ropy of phospholipids and �-helical protein segments
have opposite signs, the addition of proteins contain-
ing membrane-spanning �-helices may cancel the ten-
dency for the bilayers to align (64).

In 1996 Prosser et al. (60) discovered that the
addition of certain trivalent paramagnetic ions,
namely Eu3
, Er3
, Tm3
, and Yb3
, to a bicellar
system results in a stable liquid crystalline phase with
the bilayer normal aligned along the magnetic field
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direction. These ions, which are known to bind pref-
erentially to the lipid phosphodiester groups, confer a
large positive �� to the membrane. For Tm3
, which
has the largest �� amongst the lanthanides mentioned
above, alignment can be obtained with only one Tm3


ion per 155 DMPC lipid molecules (31, 64 ). Such
parallel-aligned bicelles were developed as an alter-
native to mechanically aligned bilayers on glass
plates, for which preparation is tedious, sample vol-
ume low, and control of hydration difficult (65, 66).
These systems could be particularly useful to deter-
mine the orientation and structure of 15N-labeled pro-
teins in lipid bilayers (65, 67, 68).

The electrostatic interaction between Eu3
 and bi-
celles has been investigated by Crowell and Mac-
donald (69) using solid-state deuterium NMR of cho-
line-deuterated DMPC. Their results indicate that by
manipulating the initial membrane surface charge, it
is possible to establish conditions under which both
perpendicular-aligned and parallel-aligned bicelles
exist. On the other hand, solid-state deuterium NMR
has been used to study the structural and dynamical
properties of perdeuterated stearic acid in bicelles
aligned with Yb3
 in the absence and presence of
cholesterol (70). The results clearly demonstrate that
well-resolved 2H NMR spectra can be obtained for
stearic acid in the magnetically aligned bilayers.

Another type of bicelles with a positive anisotropy
of the magnetic susceptibility has been described by
Cho et al. (71) using a phospholipid containing a
biphenyl group. The 31P NMR spectra obtained for
this system indicate that parallel alignment was
achieved but that the conformation of the polar head-
group in this type of bicelles is different than that
obtained in DMPC/DHPC bicelles.

Morphology

It was long accepted that the phospholipids compos-
ing isotropic and oriented bicelles were organized into
a discoid bilayer (15, 44, 72), as illustrated in Fig.
2(a). The presence of two well-defined resonances in
31P NMR spectra, 2H NMR experiments on deuter-
ated DMPC and DHPC, and the absence of NOEs
between DMPC and DHPC in two-dimensional 1H
NMR spectra (18, 46, 62, 72, 73), suggest that DMPC
molecules compose the planar surface of the disk
while the short-chain lipids reside on the edges. Be-
cause both phospholipids have the same polar head-
group, the ratio between the areas of the planar sur-
face and the rim would be equivalent to that of the
long- and short-chain lipid proportion. Therefore, in
this discoid model (62, 72), the bicelle size is directly
proportional to the molar ratio (q) of DMPC to

DHPC. Electron microscopy images (47) also support
this bicelle model, along with geometrical models and
spectral NMR simulations (9, 47, 62).

However, the disk-shape model has been ques-
tioned by many research groups. As summarized by
Rowe and Neal (74), this model is not consistent with
the mechanism of bicelle alignment as a function of
temperature in the magnetic field. A disk fusion
would be necessary to reach an appropriate size for
cooperative alignment (43). Moreover, this model
does not reconcile with the increase of viscosity (vide
supra) occurring at the temperature at which orienta-
tion begins and which suggests the formation of large
aggregates (74). According to the results published by
several research groups using diverse techniques such
as small angle X-ray scattering (SAXS), 31P (73, 75),
2H (73, 76), and 23Na NMR (77), small-angle neutron
scattering (SANS) (56, 78–80), and fluorescence
probe and resonance transfer (FRET) (74), it appears
that different oriented and isotropic lipid organiza-
tions exist depending on the temperature, lipid con-
centration, and DMPC/DHPC (q) ratio. In addition,
FRET (74) and SANS experiments (56, 78), along
with tracer diffusion measurements performed by
NMR (37), have suggested that oriented bicelles
would not adopt a discoidal shape, but undergo edge-
to-edge contacts, and this is equivalent to DMPC
lamellae perforated by DHPC-stabilized pores (37).
This model, also known as the Swiss cheese model
(31), is presented in Fig. 2(b).

Figure 2 (a) Schematic drawing of a bilayered micelle or
so-called bicelle composed of DMPC and DHPC lipid mol-
ecules. The short-chain DHPC lipid molecules (in green)
occupy the rim of the bicelle, while the long-chain DMPC
and DMPG lipids (in blue) are found on the major faces of
the micelle. When the bicelles coalesce, the resultant struc-
tures are perforated extended lamellae (b) with DHPC mol-
ecules coating the pores. Reproduced from Nieh et al. (80)
with permission. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Structural diagrams have been proposed in the
literature to illustrate the dependence of the bicelle
morphology on the sample conditions. The diagrams
proposed by Raffard et al. (45) based on 31P NMR
spectra are presented in Fig. 3. They show the changes
in the DMPC/DHPC organization as a function of
temperature and DMPC/DHPC ratio and at a fixed
lipid concentration of 20% w/w in the presence of 100
mM KCl [see Fig. 3(a)] and in the absence of salts
[see Fig. 3(b)]. These diagrams define the domain of
existence of isotropic and oriented bicelles that can be
used in solution- and solid-state NMR studies of

membrane polypeptides, respectively, at a commonly
used hydration level of 80%. They lack, however,
details in the structures adopted by the lipids, and
oriented bicelles are assumed as discoid objects in this
work. Yet Fig. 3(a) and 3(b) clearly demonstrate that
the presence of salt increases the zone in which bi-
celles orient. The lipid orientation is observed for
proportions of DMPC greater than 70% of total lipids
(q 
 2.3), which compares well with a study per-
formed by Sanders and Schwonek (18) who observed
that alignment started near q 
 2.5 for similar hydra-
tion conditions.

From SANS results, Nieh et al. (78) have proposed
structural phase diagrams for DMPC/DHPC bicelles
(q 
 3.2), bicelles with 6 mol% of DMPG (Bic/PG,
q 
 3.4, with q representing the molar ratio of both
long-chain phospholipids to that of DHPC) and Bic/
PG6%/Tm3
 [see Fig. 4(a–c)] at different lipid con-
centrations and as a function of temperature. How-
ever, this work was done at only one q ratio. The
different structures adopted by the long- and short-
chain lipid mixtures are well illustrated. For the
DMPC/DHPC mixture [see Fig. 4(a)], randomly ori-
ented disks are observed at high lipid concentration
and low temperature, whereas oriented lamellae are
formed between 25–45°C and high lipid concentra-
tion. It is noteworthy that for the same q ratio (3.2)
and lipid concentration (20% w/v), oriented DMPC/
DHPC “aggregates” are found in the same tempera-
ture range in both Nieh’s and Raffard’s diagrams. The
formation of MLVs is observed at low lipid concen-
tration or elevated temperature. This structural dia-
gram is consistent with previous studies performed at
similar q ratios and sample conditions (37, 56, 77).
Figure 4(b) highlights the effect of negatively charged
DMPG in bicelles. In particular, it suggests that high
charge density induces a more regular lamellae repeat
spacing as a result of interlamellar repulsion. It also
shows the presence of only two morphologies, al-
though the Bic/PG system at temperatures above 45°C
was not investigated. Interestingly, the addition of
Tm3
 (�1 mol%) to the Bic/PG system shows a
diagram similar to that of the system without lan-
thanide ions, except for the formation of ULVs, as
seen in Fig. 4(c). The bicelle-to-lamellae transition
has been investigated (79, 80) using SANS and Bic/
DMPG at q � 5. It is explained by a coalescence of
the disks into perforated stacks. A metastable phase in
which discoid bicelles or small lamellae are trapped
into pores is observed at this high q ratio (80).

Because the bicelle morphology has been investi-
gated at various sample conditions, it is thus currently
not possible to draw a definitive phase diagram cov-
ering a wide range of temperature, q ratios, and lipid

Figure 3 Temperature-composition diagrams of DMPC/
DHPC in (a) 80% (w/w) D2O, 100 mM KCl and (b) 80%
w/w D2O, as determined by 31P NMR: (Œ) single phase of
bicelles self-orienting into the magnetic field; (�) self-
orienting bicelles coexisting with isotropic or unoriented
phases; (E) unoriented plus isotropic phases; (�) isotropic
phase (micelles); (�) lamellar phase. Mole fractions X 

[DMPC] / ([DMPC] 
 [DHPC] are expressed in percent.
One-phase regions are denoted I, B, and L for isotropic,
bicellar, and lamellar phases. Solid and dashed lines are
tentatively drawn to help viewing phase boundaries.
Adapted from Raffard et al. (45 ) and reproduced with
permission.
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concentrations. Recently, a bicelle model based on a
cubic phase has been considered by Rowe and Neal
(74) from their FRET results. These authors have
pointed out that such a model has not been thought of
in the interpretation of experimental results and 31P
NMR spectral simulations. Complementary studies
are therefore necessary to complete our current
knowledge of the bicelle orientation and phase dia-
grams as a function of all the parameters listed above
and explore the different morphology models in sim-
ulating the 31P and 2H NMR spectra.

There seems to be, nevertheless, a general agree-
ment on the discoid morphology for fast-tumbling
bicelles, which are characterized by a low q ratio
(typically between 1 and 0.5). SANS experiments and
1H NMR measurements on fast-tumbling bicelles in
the presence of paramagnetic agents (46) have vali-
dated the disk model in which DHPC is primarily
sequestered to the bicelle rims. 31P NMR has also
been used to further confirm that DMPC and DHPC
are highly segregated over a wide range of DMPC/
DHPC ratios and temperatures (81). Additional re-
sults obtained by dynamic light scattering support the
hypothesis that the isotropic bicellar phospholipid ag-
gregates are disk shaped (81). In the case of dilute
bicelles, which are generally used to align proteins in
solution, results obtained by Gaemers and Bax (37)
are consistent with a disk-like structure below the
DMPC phase transition temperature (25°C), and a
perforated bilayer morphology at higher temperatures.

Although the term “bicelles” originates from the
belief of disk-shaped micelle formation, it now gen-
erally designates in the literature the model mem-
branes composed of long- and short-chain phosphati-
dylcholines, regardless of their morphology. The term
“bicelles” will thus be used in the current review. For
the bicelles organized as disks or perforated lamellae,
the planar DMPC section composing these structures
is interesting for the study of peptides and proteins as
it is similar to that of the biomembranes. Importantly,
it has been shown that the biological activity of the
enzyme diacylglycerolkinase (DAGK) is preserved in
bicelles (11, 21, 82). In addition, these model mem-
branes orient at physiological temperatures and, just
like biomembranes, are in the fluid phase and contain
phosphatidylcholines (28).

PART 2: BICELLES IN THE SOLID-
STATE NMR STUDY OF MEMBRANE
PEPTIDES AND PROTEINS

One of the most important advantages of bicelles is
their possible use in solid- and solution-state NMR

Figure 4 Temperature-lipid concentration diagrams in
D2O for (a) DMPC/DHPC, q 
 3.2, (b) Bic/PG6%, q 
 3.4,
and (c) Bic/PG6%/Tm3
(�1%), q 
 3.4. The ratio q is
expressed as the molar ratio of the long-chain lipids to that
of the short-chain DHPC such as q 
 [DMPC 
 DMPG]/
[DHPC]. The grey regions indicate where some degree of
macroscopic phase separation was visually observed.
Adapted from Nieh et al. (78 ) and reproduced with permis-
sion.
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investigations of membrane peptides and proteins to
obtain information on their conformation, location,
and interaction with a unique membrane model sys-
tem. As evidenced by the temperature-composition
diagrams presented in Figs. 3 and 4, this can be
achieved by selecting the appropriate long-to-short
chain lipid ratio and/or lipid concentration to prepare
either oriented or isotropic fast-tumbling bicelles.
This section will focus on the solid-state NMR study
of bicelle-bound polypeptides.

Sanders and Landis (44) were the first to demon-
strate the utility of bicelles for this purpose by pub-
lishing well-resolved 13C NMR spectra of cytochrome
C and the pentapeptide leucine-enkephalin. Some pro-
teins or peptides are not easily reconstituted into bi-
celles without disrupting the bicelle orientation and/or
organization, as reported by Sanders and Landis (11).
As discussed previously, the presence of proteins with
positive magnetic anisotropy can alter the bicelle ori-
entation. Phase changes or separation and bicelle fu-
sion can also occur. These perturbations can often be
detected by a loss of the sample optical clarity and are
also observed on the 31P and 2H NMR spectra (vide
infra).

Investigation of Protein- or Peptide-
Membrane Interactions

In general, the study of polypeptide-membrane inter-
actions is performed by observing the effect of the
peptide or protein on the phospholipids using oriented
bicelles. Because of the presence of a phosphorus spin
in the phospholipid headgroups, 31P NMR can be used
to probe the effects occurring in the bilayer polar
region. The hydrophobic portion of lipid bilayers can
be studied by 2H NMR using deuterated phospholip-
ids.

31P NMR

Phosphorus-31 has a spin 1
2

and a 100% natural abun-
dance, and, with its good sensitivity, is thus extremely
useful to investigate the effects of proteins on the
polar region of bicelles. The chemical shift anisotropy
(CSA) and phosphorus-proton dipolar interactions are
dominant in 31P NMR, but the latter are generally
removed by high-power irradiation of the protons
(decoupling). As described by Seelig (83), the reso-
nance frequency (�) of the 31P spin depends on the
orientation (�) of the principal axis of motion, n�, with
respect to the magnetic field such as:

� �
2

3
��

�3cos2 � � 1	

2
� �iso [3]

where �iso is the isotropic chemical shift and �� is the
chemical shift anisotropy. In the case of bilayers in
the fluid state, like the commonly used bicelles, the
phospholipids rapidly rotate along their longitudinal
(z) axis (the bilayer normal), and this axially symmet-
ric motion averages out the x and y contributions of
the CSA tensor. Therefore, �� 
 �� � ��, the
difference between the chemical shifts obtained when
the magnetic field direction is, respectively, parallel
and perpendicular to the lipid long axis. The “pow-
der” spectrum represents the proportion of lipids at
each possible orientation with respect to B0, from
parallel (0°) to perpendicular (90°).

In the case of bicelles aligned with their normal
perpendicular to B0 direction, the long axis of most of
the lipids is oriented at 90°. This, therefore, does not
lead to a powder pattern but to a characteristic spec-
trum showing two well-resolved resonances, as dis-
played in Fig. 5(a). As determined in previous studies
(18, 62, 78), the high field resonance corresponds to
the DMPC molecules localized on the planar surface
of the disk (or perforated lamellae) whereas the sec-
ond peak is attributed to DHPC constituting the bi-
celle torus (or lamellae pores). The nearly isotropic
position of the DHPC resonance can be explained by
the toroidal (porelike) distribution of the lipids par-
tially averaged by their lateral diffusion (18, 62). In
the case of bicelles doped with another phospholipid,
such as DMPE, DMPG, DMPS, or cardiolipin (26, 29,
30), a third resonance is seen on the spectrum whose
position, relative to the DMPC resonance, is consis-
tent with that of their 90° orientation observed on the
lipid powder spectra.

In the study of membrane-bound peptides, the
shape of the 31P NMR spectra of bicelles can be used,
as a first step, as a diagnostic of the orientation quality
before and after the addition of peptides, lipids, or
membrane-binding molecules (11, 17, 24, 26, 29, 30,
32, 34, 45, 47, 54, 64, 67, 73, 84–87). A method has
been proposed by Picard et al. (62) to determine the
degree of alignment of bicelles from their 31P NMR
spectra. This method is based on the determination of
the first spectral moment from which an order param-
eter S1 (defined below) allows a quantitative analysis
of partially oriented spectra.

S1 �
M1 � �iso

�
[4]

In this equation, M1 is the first spectral moment, �iso

is the isotropic chemical shift, and � can be defined as:

� � �� � �iso � �2�� � �iso [5]
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where �� and �� are respectively the chemical shifts
measured for the phospholipids oriented parallel and
perpendicular to the magnetic field direction. This
order parameter S1 is a measure of the orientation
level in the studied system. A system with a value of
S1 close to 1 indicates that the main axis of all the
molecules are along the magnetic field direction,
whereas a system with a value of S1 close to �0.5
indicates that all the molecules are oriented with their
main axis perpendicular to B0. Arnold et al. (47) have
expressed the degree of alignment of bicelles in terms
of the mosaicity (mosaic spread) of the Gaussian
distribution of orientation. The quality of the bicelle
orientation, as determined by 31P NMR, can be used
to define, by titration, the appropriate amount of pep-
tide to be added to the sample. The appearance of an

isotropic resonance also brings valuable information
about the bicelle organization. It is generally indica-
tive of membrane disruption and subsequent forma-
tion of fast-tumbling lipid structures. This is often
observed with lytic peptides such as antibiotics (67)
and melittin (32, 88).

Due to the characteristic 31P NMR spectra of bi-
celles, the kinetics of enzymatic degradation of phos-
pholipids can be followed. This was demonstrated by
Whiles et al. (89) who calculated the rate of lipid
degradation by phospholipase A2 in bicelles and
DPPC and DMPC bicelles. Resonances of hydrolyzed
lipids gradually appeared on the spectra, and the area
ratio between the lipid peaks and those of their hy-
drolyzed counterparts were monitored as a function of
time.

Finally, as the 31P chemical shift anisotropy is
affected by lipid dynamics (83), it is possible to detect
perturbations in the phospholipid headgroup motion
induced by the presence of a membrane protein or
peptide by observing changes in the chemical shift.
For example, shifts in the lipid resonances were ob-
served by Marcotte et al. (29) upon binding of Met-
enkephalin to zwitterionic and anionic bicelles, and
were correlated to changes in the lipid headgroup
motions (29). Similar results were obtained for anti-
biotic frog peptides in bicelles (67). However, it is
possible that shifts can be attributed to deshielding
peptide moieties such as aromatic residues in the
vicinity of the phosphorus atom.

Another way to determine the effect of a protein on
the chemical shift anisotropy is to evaluate a relative
order parameter S2 of the form (18, 62):

S2 �
�

�ref
[6]

where �ref is the chemical shift anisotropy of a refer-
ence system. This order parameter is governed by the
dynamics of the lipids in the system and is therefore
related to the averaging of the chemical shift anisot-
ropy.

2H NMR

Deuterium NMR is of great interest in the study of
polypeptide-membrane interactions as it allows the
determination of effects at different parts of the mem-
brane by using lipids that are deuterated on the acyl
chains or the headgroup. This atomic substitution
does not affect the lipid organization (90), and the
weak natural abundance of deuterium (0.016%) does
not contribute to the spectra. However, the gel-to-fluid

Figure 5 Characteristic spectra of bicelles, 20% w/w,
37°C. (a) 31P NMR spectrum, q 
 2.70. (b) 2H NMR
spectrum, DMPC-d27, q 
 3.55. (c) 2H NMR spectrum,
DMPC-d4, q 
 3.55.
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phase transition of DMPC is slightly decreased
(�2°C) by the deuteration of the molecule (85).

Deuterium is a spin-1 nucleus with a quadrupole
moment that interacts with the electric field gradient
at the nucleus, giving rise to the quadrupolar interac-
tion. Two spin transitions are possible, and a doublet
of resonances is observed on a 2H NMR spectrum,
separated by the quadrupolar splitting ��Q (90). For a
system with axially symmetric motions, the quadru-
polar splitting is given by:

�vQ � �3/4	�e2qQ/h	�3cos2� � 1	SCD [7]

where (e2qQ/h) is the quadrupole coupling constant
(�170 kHz for aliphatic C–D) (91), � is the angle
between the bilayer normal and B0, and SCD is the
order parameter of a deuterium bond vector. As
described extensively (31, 72, 85 ), this order pa-
rameter is the product of several contributions,
including bicelle wobbling, intramolecular motions
such as trans-gauche isomerizations, and anisotro-
pic reorientation of the whole phospholipid mole-
cules. Hence it is possible to determine variations
in lipid chain order by monitoring changes in ��Q

values. The description of the different order pa-
rameters is however not in the scope of this review
and the reader should refer to the references men-
tioned above for more details.

Because bicelles are oriented with the lipid bilayer
normal at 90° with respect to B0, a doublet can be
attributed to most of the deuteron positions on the
lipid chain. A characteristic spectrum is shown in Fig.
5(b), where the innermost doublet is attributed to the
CD3 at the end of the lipid chain, and the largest
quadrupolar splitting is that of the CD2 attached to the
glycerol backbone at the polar-apolar interface.
Hence, as in 31P NMR, the quality of the sample
orientation can also be evaluated from the 2H NMR
spectrum (17, 25–27, 72, 92), in addition to variations
in the dynamics at different parts of the acyl chains.

It is most likely that bicelles in aqueous samples
will undergo a wobbling motion, the dynamical effect
of which can reduce the measured quadrupolar split-
ting values. As previously described, it is possible to
assess the bicelle wobbling (Sbw) by comparing the
quadrupolar splitting of a phospholipid deuteron in
bicelles (�Bic

L ) to that in vesicles (�MLV
L ) (31, 86 ) such

as:

Sbw � �Bic
L /�MLV

L [8]

For bicelles with q 
 3.5, an order parameter value of
0.84 has been calculated, indicating a high ordering

that compares well to DMPC bilayers aligned on glass
plates (86). Bicelle wobbling has been shown to be
important at small q values (q � �3.0), therefore it is
preferable to investigate dynamical effects in 2H
NMR spectra of bicelles at higher q values (29, 72,
85).

2H NMR has been used extensively to investigate
the binding and penetration depth of diverse peptides
to bicelles and/or anionic bicelles such as the myris-
toylated N-terminal 14-residue peptides of cat-14
(catalytic subunit of protein kinase A) (25 ) and
pp60�-src (27), a series of antibiotic peptides extracted
from frog skin (67), and the 35-residue fragment of a
tyrosine kinase receptor NeuTM35 (93). By using ei-
ther deuterated DMPC or DMPS in bicelles and Bic/
PS, Whiles et al. (86) found a preferential interaction
of mastoparan X with the negatively charged lipids at
the planar region. This was also done to compare the
position and verify the preferential interaction of Met-
enkephalin in zwitterionic and negatively charged bi-
celles (29). The insertion of the helicoidal transmem-
brane peptide P16 was also investigated using 2H
NMR (23).

As mentioned previously, it is also possible to
determine the effects of peptides or protein at the
bicelle surface using phospholipids with deuterated
cholines. In this case, the spectrum [as shown in Fig.
5(c)] is composed of two doublets attributed to the �-
and �-methylene close to the phosphate (outer dou-
blet) and trimethylamine groups (inner doublet), re-
spectively. The headgroup average orientation and
order can thus be probed. More specifically, the effect
of charges on the choline tilt angle can be assessed as
the �- and �-splittings change inversely as a function
of the negative and positive charges present (24, 26,
94). It is noteworthy that recently the effects of bi-
layer surface charge on the phosphatidylcholine head-
groups in bicelles was investigated using a torsion
angle analysis of quadrupolar splittings (2H NMR)
and dipolar couplings (13C NMR) (24).

The combined use of choline- and chain-deuterated
DMPC is useful when investigating the interaction of
peptides (or drugs) with bicelles as information is
obtained at the polar and apolar regions. Such work
was done by Parker et al. (30) who found an interac-
tion of doxorubicin with surface and buried sites of
negatively charged cardiolipin-doped bicelles. Simi-
larly, Marcotte et al. (29) showed that the penetration
of the neuropeptide Met-enkephalin into zwitterionic
bicelles and negatively charged bicelles was modu-
lated by the balance between the hydrophobic and
electrostatic interactions.
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Determination of the Structure and
Orientation of Membrane-Bound Peptides

Sanders and Landis (44) were the first to show the
possibility of scaling the dipolar couplings for use in
structure determination by tuning the bicelle orienta-
tion via changes in the q ratio. This method allows the
assignment of the 13C resonances by following peaks
to their isotropic position, and the calculation of the
CSA (11, 53).

The use of oriented bicelles and INADEQUATE
experiments have allowed the 13C resonance attribu-
tion of the peptide Myr15, the N-terminal fragment of
human ADP-ribosylation factor 1 (95). In addition,
the orientation of several amide planes in the peptide
was determined from the study of residual dipolar
couplings and chemical shift anisotropy effects. It is
also possible to calculate the helix tilt angle (86, 92,
93) of the deuterated moieties of peptides inserted into
oriented bicelles by recording the 2H NMR spectrum.
In the case of 2H-myristoylated peptides, it was pos-
sible to verify if the myristoylated segment was fully
inserted by monitoring the degree of ordering along
the chain and assess the presence of kinks (25, 27).
Similarly, Dave et al. (70) have studied the dynamics
of deuterated stearic acid in bicelles and cholesterol-
doped bicelles.

The orientation of peptide planes can also be stud-
ied by 15N NMR because the 15N chemical shift can
identify 15N–H bonds of residues that are perpendic-
ular or parallel to the magnetic field direction, as was
shown with the labeled fd coat protein reconstituted in
bicelles (65). However, the use of perpendicularly
aligned bicelles can complicate the interpretation of
the data, in particular for extrinsic peptides that bind
to the membrane surface. In such a case, these pep-
tides can have a random distribution on the bilayer
with respect to the magnetic field direction, and lead
to a powder spectrum spanning �11 to �33 (96). Rap-
idly reorienting peptides, such as Met-enkephalin, can
also lead to an isotropic resonance (97). Therefore the
study of transmembrane peptides should sometimes
by paralleled by other techniques, such as circular
dichroism (CD)—for example, in the case of mem-
brane-spanning peptides, which can have a chemical
shift close to the isotropic value when inserted with an
orientation close to the magic angle. This was ob-
served by Marcotte et al. (67) with the antibiotic
aurein 1.2 for which CD experiments confirmed such
an orientation rather than a rapid reorientation of the
peptide.

The future prospects in the use of oriented bicelles
for gleaning information on membrane-associated
peptides appear to lie on the use of sample spinning,

which leads to high-resolution spectra. As suggested
by preliminary results published by Sizun et al. (93)
on NeuTM35, it would be possible to use magic angle
spinning and 1H NMR to perform the structure deter-
mination of peptides bound to oriented deuterated
bicelles. This group also showed, using Met-enkepha-
lin, that the localization of peptides into the bilayer
could be assessed by monitoring intermolecular pep-
tide-lipid NOEs. In addition, Zandomeneghi and
Meier (59) extracted the 1H–1H dipole coupling from
the observed scalar/dipolar coupling values using
slow spinning of oriented bicelles at variable angles in
1H NMR by fitting the peak splitting as a function of
the angle between the rotor axis and B0 direction.
Recently, the amide bond dipolar couplings for Leu-
enkephalin were measured using the variable angle
spinning technique, offering a measure of the amide
bond orientation with respect to the membrane surface
(98).

Study of Peptides in Lanthanide-Doped
Bicelles

The first attempt to incorporate peptides or proteins in
lanthanide-doped bicelles was published in 1996 by
Howard and Opella (65). They compared spectra of a
uniformly 15N-labeled membrane protein reconsti-
tuted into phospholipid bilayers oriented parallel and
perpendicular relative to the magnetic field direction.
Their results clearly indicate that the 15N NMR spec-
trum of the protein in the lanthanide-doped bicelles
has its effective frequency range increased by a factor
of �2.0 � 0.2� compared to that obtained for the
perpendicular-oriented bicelles. This doubling is in-
dicative of a change in the ordering of the bilayer
director from Szz 
 �1/2 to Szz 
 1. The order
parameter Szz is defined as 3(cos2 � � 1)/2, where �
is the angle between the bilayer normal and the ap-
plied magnetic field. The frequency breadth obtained
in the parallel-oriented bicelles is however slightly
less than that obtained for the same protein oriented
between glass plates due to the wobbling of the mag-
netically oriented bicelles about their average orien-
tation.

Providing that the orientation of bicelles is good, it
is of interest to study the interaction of peptides,
proteins, or other molecules (70) with parallel deuter-
ated bicelles because the quadrupolar splittings values
are doubled, as can be deduced from Eq. [7] with � 

0° (60). It is thus easier to monitor, for example,
changes occurring at different positions on the lipid
chains. The orientation of the sample can also be
better assessed by 2H NMR as the 31P NMR spectra
are complicated by the presence of paramagnetic shift
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agents, generally located in the vicinity of the phos-
phorus atoms (64), as they are known to shift and
broaden NMR resonances.

Lanthanides might bind to negatively charged sites
in membrane protein or peptide of interest, resulting
in a change of conformation of the peptide or protein,
and the addition of peptide also often necessitates
higher lanthanide concentrations to maintain align-
ment (vide infra). To overcome these limitations,
Prosser et al. (99) suggested incorporating into the
bicellar system a phospholipid molecule that strongly
binds or chelates the lanthanides. This has been
shown to significantly reduce paramagnetic broaden-
ing and prevent direct association of peptides with the
lanthanide ions. More specifically, a phospholipid
chelate complexed with ytterbium (DMPE-DTPA:
Yb3
) has been shown to be readily incorporated into
bicelles (99). This has been demonstrated with gram-
icidin A for which the 2H NMR spectra of 2H ex-
change-labeled peptide indicate that the chelate se-
questers the lanthanides away from the peptide
binding sites (99). The use of the DMPE-DTPA che-
late in positively aligned Yb3
-doped bilayers has
also been tested for two membrane-associated pep-
tides (99), and the spectra appeared to be well aligned
and stable. A positively ordered smectic (layered)
phase has been obtained with as little as 1% DMPE-
DTPA:Yb3
. Another amphilic chelate, DTPA-18,
has also been proposed by Prosser et al. (87) and has
been shown by deuterium NMR to be useful in align-
ing bicelles with the average bilayer normal along the
magnetic field direction. This study also showed that
the conformational change induced by Tm3
 in the
surface-associated Leu-enkephalin is reversed by the
addition of the chelate. The use of lanthanide chelates
therefore appears to be a promising avenue in the
study of the structure of peptides in parallel-aligned
bicelles.

PART 3: BICELLES IN THE SOLUTION-
STATE NMR STUDY OF MEMBRANE
PEPTIDES AND PROTEINS

Introduction

Detergent micelles, composed of either the anionic
surfactant sodium dodecylsulfate or the zwitterionic
surfactant dodecylphosphocholine, have been exten-
sively used as a membrane mimetic since the early
days of peptide and protein structure determination
(100). Recent examples of the structure determination
of small �-helical membrane proteins in micelles in-
clude the coat proteins from the filamentous bacterio-

phages M13 (50 residues) (101) and fd (50 residues)
(102), and the 81-residue human immunodeficiency
virus (HIV) membrane-associated protein Vpu (103).
In addition, the use of the TROSY (transverse relax-
ation-optimized spectroscopy) technique, combined
with refined isotope labeling strategies, has extended
significantly the size of the proteins that can be in-
vestigated in micelles (104). Recent examples include
the study of the outer membrane proteins OmpX (148
residues) (105, 106), OmpA (177 residues) (105), and
PagP (164 residues) (107) from Escherichia coli in
micelles with size of 50–60 kDa. All of these proteins
consist of an eight-stranded antiparallel �-barrel
structure, and the TROSY approach has not yet been
applied to �-helical transmembrane proteins.

However, the high surface curvature of micelles
has been shown to induce strain in proteins interacting
with the membrane surface (9, 12). To circumvent this
problem, the use of mixed micelles or bicelles has
been proposed. Because the bicelle interior consists of
a true lipid bilayer, this system presents a more nat-
ural environment for membrane proteins. It has been
shown that the activity of some proteins and enzymes
incorporated into micelles is not readily preserved
(8–10) but that the biological activity of the enzyme
diacylglycerolkinase (DAGK) is preserved in bicelles
(11, 21, 82). In addition, it has been shown that the
position of a peptide in a micelle can be significantly
different from its position in a phospholipid bilayer
(108, 109). Finally, the lipid composition of bicelles
can be varied to better mimic biological membranes.

Extending the application of bicelles into the iso-
tropic phase has first been suggested in 1997 by Vold
et al. (9). By using a total phospholipid concentration
of 15% (w/v) and increasing the content of short-
chain phospholipid (DHPC) until a q ratio of 0.5 was
reached, isotropic (or so-called fast-tumbling) bicelles
have been obtained. A resolution sufficient for high-
resolution NMR studies of membrane-associated pep-
tides was achieved with this system, as discussed in
the examples presented below. As mentioned previ-
ously, fast-tumbling bicelles are believed to have a
disk-shape morphology and several experiments have
indicated that DHPC is primarily sequestered to the
bicelle rims (46, 81).

It is interesting to note that the diameter estimated
for DMPC/DHPC bicelles at a q 
 0.5 is 80–100 Å.
As demonstrated by Vold et al. (9), if bicelles were
rigid object, their overall correlation time would be on
the order of 100 ns, compared to 26 ns for a spherical
micelle with a diameter of 50 Å. This would make
high-resolution NMR studies impossible, and it has
therefore been concluded that the narrow lines ob-
served for peptides associated to fast-tumbling bi-
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celles is the consequence of the high internal mobility
of membrane constituents (9, 110).

Structure, Dynamics and Association of
Peptides in Fast-Tumbling Bicelles

After their introduction in 1997, fast-tumbling bi-
celles have been used by several research groups to
investigate the structure of various peptides, as de-
tailed below. The size of the peptides investigated
varies from five amino acids for methionine-enkepha-
lin (111) to 27 amino acids for the peptide transportan
(108). Typically, the peptide structures have been
determined by the use of two-dimensional 1H NMR
techniques. Resonance assignments for the protons
are readily obtained from analysis of COSY and
TOCSY data and distance constraints are obtained
from two-dimensional NOESY data. Additional tor-
sion angle constraints can also be obtained from cou-
pling constants. Fast-tumbling bicelles have not yet
been used to investigate the structure of uniformly
15N/13C-labeled peptides by multidimensional (3D
and 4D) NMR methods.

The resolution obtained for peptides associated to
fast-tumbling bicelles was first demonstrated on the
tetradecameric peptide mastoparan from Vespula
lewisii (9). The two-dimensional 1H NMR spectra of
the peptide in fast-tumbling bicelles indicate that the
peptide adopts a well-defined conformation in associ-
ation with the bilayers, in contrast to the random coil
structure observed in water. No evidence of positive
peptides NOEs was found in the two-dimensional
NOESY spectrum at mixing times of 150 ms and 250
ms, indicating that the dominating peptide reorienta-
tion times are long. Note the absence of peptide-
phospholipid intermolecular NOEs in these systems,
due to the fast lipid and/or peptide motion relative to
a specific lipid molecule (9).

This study was further extended to the comparison
of the structure of mastoparan X in zwitterionic and
anionic bicelles (86). The results demonstrate that
MPX forms a well-structured amphiphatic helix in
these two types of bicelles. The dynamics of MPX
was also investigated in these systems, further indi-
cating that this peptide is bound to bicelles as a
well-structured helix. An interesting aspect of this
study is the demonstration that the introduction of
anionic lipids, in proportion of up to 25%, does not
alter the resolution obtained with zwitterionic fast-
tumbling bicelles. The fact that fast-tumbling bicelles
can easily be modified with anionic lipids is particu-
larly interesting considering that several membrane-
associated peptides and proteins bear a global positive
charge.

Andersson and Mäler (112, 113) recently investi-
gated the structure and location of several peptides in
fast-tumbling bicelles, including the 22 amino acid
hormone motilin, two variants of the peptide penetra-
tin (109, 114), and transportan (108). More specifi-
cally, the structure of motilin has been investigated in
zwitterionic and acidic bicelles, in which 30% of
DMPC was replaced by DMPG (112). The results of
these studies clearly demonstrate that the peptide is
less structured and more flexible in zwitterionic bi-
celles compared with anionic bicelles. The dynamical
behavior of the peptide was also probed by the anal-
ysis of relaxation data for the Leu10 13C� � 1H spin
pair. A global correlation time of tm 
 14.2 ns was
obtained with the model-free approach of Lipari and
Szabo (115, 116) for motilin in acidic bicelles, indi-
cating that the peptide is attached to a large object. A
shorter correlation time (7.0 ns) was obtained for
motilin in neutral bicelles, indicating different pep-
tide-bicelle interactions.

The translational diffusion of the motilin peptide in
association with acidic and neutral bicelles has been
investigated using pulsed field gradient NMR (113).
More specifically, if the peptide is in rapid exchange
on the NMR timescale between the free and the bound
states, it is possible to calculate the amount of bound
peptide by measuring the translational diffusion con-
stants for the different molecular species (117). The
populations of free and bicelle-bound molecules can
be estimated from:

Dcomplex � xDbound � �1 � x	Dfree�DH2O,complex

DH2O,free
� [9]

where x is the amount of molecules bound to the
bicelles, Dbound is the diffusion coefficient of the long
chain lipids, Dfree is the diffusion coefficient for the
free molecule (DHPC or motilin in this case), and
Dcomplex is the diffusion constant for the molecule in
the presence of bicelles. The diffusion coefficients for
water, DH2O

, are introduced to account for differences
in viscosity of the different solutions. The results
obtained by this technique indicate that about 90%
and 84% of motilin is bound to acid and zwitterionic
bicelles, respectively. The large difference in dynam-
ics between the peptide bound to acidic and neutral
bicelles cannot be entirely explained by the amounts
of bicelle-bound peptide but is most likely due to a
higher flexibility of the peptide in neutral bicelles
(112, 113).

A similar approach has been used to compare the
structure, dynamics, and association of two variants of
the peptide penetratin in SDS micelles and bicelles
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(109, 114). This peptide is the third helix (from res-
idues 43–58) of the Antennapedia homeodomain pro-
tein of Drosophila and has been shown to penetrate
biological membranes. The results indicate that pen-
etratin and its nontranslocating anolog (W48F,W56F)
have similar structure, with a helical structure present
in about 50% of the peptide (Lys46–Met54). In ad-
dition, diffusion measurements indicate that penetra-
tin binds almost fully to the bicelles, and relaxation
data indicate that the peptide has a more restricted
flexibility in negatively charged bicelles compared to
neutral bicelles.

Finally, the NMR solution structure of transportan
in neutral bicelles has recently been investigated
(108). Transportan is a chimeric cell-penetrating pep-
tide constructed from the peptides galanin and mas-
toparan and it has the ability to translocate through
biological membranes and to carry large hydrophilic
load through the membranes. The results of this study
demonstrate that the mastoparan part of transportan
presents a helical conformation, whereas the galanin
moiety also has a tendency, although smaller, to adopt
a helical conformation. This is in contrast to studies of
transportan in SDS, which have revealed that the
galanin section of the peptide is less structured. These
results therefore clearly illustrate the possible influ-
ence of the model membranes on the structure of
peptides.

The results obtained in the studies discussed above
have shown a unique structure for all the peptides
investigated in the different bicelle environments. Re-
cently however, Marcotte et al. (111) found distinct
conformations of the peptide methionine-enkephalin
in fast-tumbling bicelles. The effect of the membrane
composition on the peptide conformation was ex-
plored using zwitterionic and negatively charged bi-
celles (Bic/PG). Pulse field gradients experiments al-
lowed the determination of the proportion of Met-
enkephalin bound to the model membranes.
Approximately 60% of the water-soluble enkephalin
was found to associate to the bicellar systems. Struc-
ture calculations from torsion angle and NOE-based
distance constraints suggest the presence of �- and
�-selective conformers of Met-enkephalin in each sys-
tem and slightly different conformers in PC bicelles
and Bic/PG. In contrast to previous studies of en-
kephalins in membrane mimetic systems, the results
show that these opiate peptides could adopt several
conformations in a membrane environment, which is
consistent with the flexibility and poor selectivity of
enkephalins. An example of the two types of confor-
mation obtained in that study is shown in Fig. 6,
which indicates that the structure of methionine-en-
kephalin in Bic/PG divides into two groups of con-

formers, which could correspond to �- and �-selective
conformers.

Position of Peptides in Fast-Tumbling
Bicelles

There are several methods to investigate the position
of a peptide in micelles or in fast-tumbling bicelles,
including the use of paramagnetic probes inserted at
different positions within the bicelles, the study of
amide exchange, and the observation of peptide-phos-
pholipid NOE effects (118). The first approach has

Figure 6 Stereoview of the structure of methionine-en-
kephalin in Bic/PG, divided into two groups of conformers.
The structures were generated by the program Molmol
(129). Adapted from Marcotte et al. (111) and reproduced
with permission.
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been used to investigate the position of the peptides
motilin (113), penetratin (109), and transportan (108),
as discussed in the previous section. Several paramag-
netic probes have been used to look at different loca-
tions in the bicelles, namely Mn2
, to probe the
bicelle surface (headgroup region), and phospholipids
with a doxyl group at either the fifth or twelfth posi-
tion in the fatty acid chain, to explore different depths
in the bicelle interior. The position of the peptides
with respect to the bicelles is investigated by observ-
ing the effects on HN–H� cross-peaks in TOCSY
spectra of the peptides after the addition of paramag-
netic probes.

The results obtained for motilin indicate that the
helix resides close to the surface of the bicelle, and the
N-terminus part of the peptide inserts into the bicelle
interior. For the two variants of penetratin, the results
indicate that both peptides are positioned within the
bicelle but that subtle differences exist in the posi-
tioning of the two peptides. Finally, transportan has
been shown to lie parallel to the membrane surface, in
the headgroup region. The positions of motilin and
penetratin in bicelles have been compared to those
obtained in SDS micelles, and that small differences
exist between the locations of both peptides in these
two environments. These results could therefore help
explain how these peptides interact with a real bio-
logical membrane. In addition, they illustrate that
fast-tumbling bicelles may provide a more realistic
membrane-like environment for the study of peptides.

The location of residues in transmembrane pep-
tides incorporated into fast-tumbling bicelles has been
investigated by a combination of NOE measurement
and amide-water chemical exchange (118). The use
of several band-selective 2D-NOESY spectra, ac-
quired in bicellar solutions prepared with three com-
binations of deuterated and protonated DMPC and
DHPC, has been useful to distinguish the NOEs due
to amide-peptide, amide-DHPC, and amide-DMPC
interactions. The results demonstrate that the peptide
P16 has a transmembrane orientation and that it in-
teracts primarily with the long-chain lipids of the
bicelles rather than with the rim. This study further
confirms the advantage of disk-shaped bicelles over
round-shaped micelles in the study of transmembrane
peptide, as the bilayer section of the bicelle has sev-
eral important roles—namely, shielding hydrophobic
residues from exposure to solvent molecule and aid-
ing in the formation of secondary and tertiary struc-
tures through peptide-lipid contacts.

The location of the myristoylated alanine-rich C-
kinase substrate (MARCKS) effector domain has
been investigated in negatively charged bicelles by
NOE measurements in combination with the study of

the effects of molecular oxygen on the paramagnetic
enhancements of nuclear relaxation (119). For the
NOE measurements, selective excitation of the amide
and aromatic region in �2 was used so that cross-
peaks between this region and the aliphatic region of
the spectrum are not obscured by the intense lipid
diagonal peaks (120). The NOE results indicate a
close distance between the phenylalanine aromatic
protons and the lipid acyl chain methylenes 3–14. The
aromatic proton position with respect to the bicelle
phospholipid has been determined by examining the
effect of O2 on the 1H spin-lattice relaxation of the
peptide and lipid protons. The results indicate that the
average position of the phenylalanine aromatic pro-
tons is in the bilayer hydrocarbon region, a few ang-
stroms from the aqueous-hydrocarbon interface.

By combining various techniques, including NOE
measurements, paramagnetic probes, amide-water ex-
change, and the effects of molecular oxygen on the
paramagnetic enhancements of nuclear relaxation, a
precise location of peptides in fast-tumbling bicelles
can be determined. This, in combination with struc-
tural, dynamical, and association data, can provide a
detailed picture of the interaction between peptides
and lipid membranes.

CONCLUSION

The literature of the past 10 years has shown an
increasing popularity of bicelles as model membranes
for the NMR study of extrinsic and intrinsic peptides
and proteins. This can be attributed to their phase,
composition, and planar section, which are similar to
that of eukaryote and prokaryote membranes, but also
to their easy preparation done in an aqueous environ-
ment. Moreover, the hydration, pH, and ionic strength
of bicelles can be controlled, allowing biologically
relevant conditions (93). The possibility of perform-
ing solid- and solution-state NMR investigations with
a single system by only changing the DMPC/DHPC
molar ratio and/or lipid concentration also makes bi-
celles a unique mimetic system. These model mem-
branes can be used to study the interaction of mem-
brane-associating peptides and proteins, such as their
effect on the lipids and their localization in the bi-
layer, as well as their structure and orientation.

The use of bicelles has, however, some limitations.
For example, DMPC/DHPC bicelles can hinder the
reconstitution of membrane proteins when the bilayer
thickness does not match the hydrophobic domain of
proteins. This was reported by Sanders and Landis
(11) for the �-helical P24 (K2GL24K2A), in which the
36 Å polyleucine hydrophobic stretch could not be
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incorporated into bicelles. Similarly, DAGK was
shown to have a higher enzymatic activity in the
thicker DPPC bicelles than in those containing DLPC
or DMPC (21). However, bicelles can be made using
phospholipids with longer acyl chains. It is also pos-
sible that the small size of isotropic bicelles does not
preserve the native structure of large proteins. Fanucci
et al. (121) observed that the conformation of BtuB
was conserved in oriented bicelles (q 
 4), whereas
the native fold was not maintained when q 
 0.5.
There are also reports on the instability and precipi-
tation of bicelles (36, 43, 64, 122). This problem can
be circumvented, however, by maintaining the bicelle
samples at a pH of 6–7 (38) or modifying their
composition by adding dialkyl DMPC and DHPC
analogues (38), polyethylene glycol (35) or CTAB
(36).

The use of bicelles is not limited to NMR spec-
troscopy. It has also been extended to electron para-
magnetic resonance (EPR) to study the effect of a
BtuB fragment (121), cholesterol (33), and lanthanide
ions (123, 124) on bicelles. These model membranes
have also shown a promising application in micellar
electrokinetic chromatography as they mimic physio-
logically relevant conditions. More specifically, the
bilayered structure allowed the separation of six beta
blockers that were not soluble in micelles (125), and
the membrane affinity of peptides to membranes was
also studied using this technique (126). Bicelles are
also useful in circular dichroism (CD) studies of
membrane peptides, which complement well the
structural data obtained by NMR. CD was used with
a series of antibiotic frog peptides (67), motilin (113),
penetratin (109), the N-myristoylated 15 amino acid
peptide Myr15 (95), and a membrane-associated he-
lical domain (110–136) of prion protein (92). Bicelles
have shown some potential as a starting medium for
crystallization of proteins, as was performed for bac-
teriorhodopsin in DMPC/CHAPSO membranes
(127). Finally, bicelles could be suitable biomem-
brane models for Fourier transform infrared (FTIR)
studies of membrane proteins and peptides (128 ).

Since their introduction a decade ago, bicelles have
proven to be a useful and versatile membrane-mimetic
system for solution- and solid-state NMR studies of
membrane polypeptides. It is therefore expected that
the structure and interaction of an increasing number
of membrane peptides and proteins will be investi-
gated in fast-tumbling and oriented bicelles. Ongoing
efforts in the characterization of the bicelle morphol-
ogies and properties should lead to the development
of new membrane-mimicking systems that could be
used with a variety of spectroscopic techniques.
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