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ABSTRACT: Phospholipid bilayer Nanodiscs are novel model membranes derived from high-density
lipoprotein particles and have proven to be useful in studies of membrane proteins. Membrane protein
enzymology has been hampered by the inherent insolubility of membrane proteins in aqueous environments
and has necessitated the use of model membranes such as liposomes and detergent-stabilized micelles.
Current model membranes display a polydisperse particle size distribution and can suffer from problems
of inconsistency and instability. It is also unclear how well they mimic biological lipid bilayers. In contrast,
Nanodiscs, the particle size of which is constrained by a coat of scaffold proteins, are relatively
monodisperse, stable model membranes with a “nativelike” lipid bilayer. Nanodiscs have already been
used to study a variety of membrane proteins, including cytochrome P450s, seven-transmembrane proteins,
and bacterial chemoreceptors. These proteins are simultaneously monomerized, solubilized, and incorporated
into the well-defined membrane environment provided by Nanodiscs. Nanodiscs may also provide useful
insights into the thermodynamics and biophysics of biological membranes and binding of small molecules
to membranes.

Membrane proteins are involved in numerous vital bio-
logical processes, including transport, signal transduction,
and a variety of metabolic pathways. Integral membrane
proteins may account for up to 30% of the human proteome
(1) and make up approximately half of all currently marketed
therapeutic targets (2, 3). Unfortunately, membrane proteins

are inherently recalcitrant to study using the toolkit available
to modern enzymologists. The heterologous expression of
recombinant membrane proteins has proven to be difficult
and often results in low yields or fails to recapture the post-
translational modifications present in the native protein (4).
Even if sufficient quantities of the protein of interest can be
isolated for study, common biophysical techniques such as
X-ray crystallography, NMR,1 fluorescence, and circular
dichroism or absorbance spectroscopy work best with soluble
proteins. Membrane proteins are inherently insoluble or prone
to aggregation and oligomerization in solution. To circumvent
these limitations, biochemists have relied on a wide variety
of model membranes and detergent systems (see ref5 for
an excellent review), but in some cases, it is unclear how
well these systems mimic the native membrane protein
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system; they may adversely affect a membrane protein’s
structure and dynamics to poorly reflect in vivo behavior. A
method of maintaining membrane proteins monomerically
in a nativelike bilayer, while simultaneously in solution,
would greatly extend the accuracy, power, and facility of
membrane protein enzymology.

In this work, we describe phospholipid bilayer Nanodiscs
(6-8), a new class of model membranes with several
attractive properties that may help satisfy this inadequacy
in the study of membrane proteins. Nanodiscs consist of a
segment of phospholipid bilayer surrounded by a protein coat
of defined and controllable size (see the structural model in
Figure 1). They present distinct advantages over currently

used model membranes in terms of particle size monodis-
persity and consistency: the presence of the protein belt
constrains the dimensions of the bilayer and ensures that
Nanodisc particle size distributions tend to be more mono-
disperse (within a single preparation) and consistent (between
preparations) than current model membranes such as lipo-
somes and detergent-stabilized micelles. The protein coat also
makes Nanodiscs relatively stable over time. Additionally,
there is evidence that Nanodiscs better reflect the complex
phase transition behavior of biological membranes than
conventional model membranes (9, 10).

As model membranes, Nanodiscs have the potential to
greatly enhance our understanding of membrane proteins.
A membrane protein incorporated into Nanodiscs is simul-
taneously solubilized, monomerized, and incorporated into
a well-defined phospholipid bilayer. Nanodiscs therefore
provide a way to study membrane proteins in a close-to-
native membrane environment using a wide variety of
solution- and surface-based techniques. A variety of mem-
brane proteins (Figure 5) have been incorporated into
Nanodiscs, including cytochrome P450s (CYPs) (11-16),
NADPH-cytochrome P450 reductase (CPR) (17, 18), bac-
teriorhodopsin (19, 20), G protein-coupled receptors (GPCRs)
(21), and bacterial chemoreceptors (22). Nanodiscs can thus
be used to study a wide variety of interesting and biologically
significant membrane proteins.

The well-defined nature of the Nanodisc bilayer also
makes them attractive systems for studying binding of small
molecules to membranes. The energetics of binding of small
molecules to liposomes, for instance, are known to be
affected by vesicle size (23). Using a monodisperse model
membrane of known size enables a more detailed and
accurate understanding of how a given small molecule binds
to membranes. The stable and soluble nature of Nanodiscs
allows the use of a variety of steady-state and kinetic
experimental techniques (including stopped-flow spectros-
copy). A rigorous understanding of binding of ligand to
Nanodiscs is a necessary prerequisite for any studies of
binding of ligand to incorporated proteins.

Structurally, Nanodiscs strongly resemble nascent discoidal
high-density lipoprotein (HDL) particles; the scaffold proteins
that make up their protein coats are derived from apolipo-
protein A-I (apoA-I). This provides a rich pool of information
about the structure and dynamics of Nanodiscs, since the
properties of HDL particles have been extensively studied.
We will briefly review structural models of HDL particles,
experimental information regarding Nanodiscs themselves,
molecular dynamics simulations of both HDL particles and
Nanodiscs, and finally Nanodiscs’ experimental utility as
model membranes, both in terms of understanding small-
molecule binding and in terms of enhancing our knowledge
of membrane proteins.

Structure and Function of ApoA-I and HDL Particles

The primary role of HDL particles and apoA-I in vivo is
in reverse cholesterol transport (RCT) (24, 25), a process
by which accumulated cholesterol is transported from tissues
all over the body to the liver for excretion. Two apoA-I
monomers bind to serum phospholipids to form nascent
discoidal HDL (ndHDL) particles, which interact with ATP-
binding cassette transporter A1 (ABCA1); cholesterol is then

1 Abbreviations: CYP, cytochrome P450; CPR, NADPH-cytochrome
P450 reductase; GPCR, G protein-coupled receptor; HDL, high-density
lipoprotein; apo, apolipoprotein; RCT, reverse cholesterol transport;
ndHDL, nascent discoidal HDL; ABCA1, ATP-binding cassette
transporter A1; LCAT, lecithin:cholesterol acyltransferase; EPR, elec-
tron paramagnetic resonance; FRET, fluorescence resonance energy
transfer; NMR, nuclear magnetic resonance; MSP, membrane scaffold
protein; SEC, size-exclusion chromatography; AFM, atomic force
microscopy; SAXS, small-angle X-ray scattering; DPPC, dipalmi-
toylphosphatidylcholine; DMPC, dimyristoylphosphatidylcholine; POPC,
palmitoyloleoylphosphatidylcholine; MLV, multilamellar vesicle; LUV,
large unilamellar vesicle; SUV, small unilamellar vesicle; PEG,
polyethylene glycol; DSC, differential scanning calorimetry; 7-TM,
seven-transmembrane; bR, bacteriorhodopsin; CD, circular dichroism;
â2AR, â2-adrenergic receptor; HEK, human embryonic kidney;t-CA,
tert-cinnamic acid.

FIGURE 1: Model of Nanodisc structure viewed (a) perpendicular
to the bilayer and (b) in the plane of the bilayer, based on the
molecular belt model of discoidal HDL (47). Two monomers of
the membrane scaffold protein (blue and cyan) form an amphipathic
helical belt around a segment of phospholipid bilayer (in white)
∼10 nm in diameter. The model is courtesy of S. C. Harvey.
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transported from the cell membrane into the ndHDL particles
in an ATP-dependent process. Cholesterol is incorporated
in the HDL particles via esterification by lecithin:cholesterol
acyltransferase (LCAT). As they absorb increasing quantities
of cholesteryl esters, ndHDL particles are transformed into
mature spheroidal HDL particles, which can incorporate up
to four apoA-I molecules, as well as apoA-II (see the
overview in Figure 2).

ApoA-I is a 243-residue protein, with a largelyR-helical
N-terminal globular domain∼43 residues in length; the rest
of the protein displays considerable conformational hetero-
geneity in solution (26). HDL particles can be reconstituted
in vitro by mixing apoA-I with a detergent-solubilized
phospholipid; discoidal HDL particles are formed at lipid:
apoA-I ratios in the range of 100:1, whereas spheroidal
particles form at higher lipid:apoA-I ratios. Particle size can
vary from 7.8 to∼13 nm, depending of the precise ratio of
apoA-I to phospholipid used in the reconstitution mixture
(27-29). A similar range of particle sizes is found in
discoidal HDL isolated from human plasma (30).

Two naturally occurring apoA-I mutants have interesting
properties: apoA-IMilano (R173C) and apoA-IParis (R151C)
(31). Both result in decreased levels of HDL in vivo but
appear to protect heterozygotic individuals from atheroscle-
rosis. The protective effect of these mutations may be due
to some combination of more stable HDL particles and a
decreased efficiency of interaction with LCAT. Both mutants
are capable of forming reconstituted HDL particles, albeit
as disulfide-linked homodimers.

Published values for theR-helical content of lipid-free
apoA-I measured by circular dichroism vary from 50 (32)
to 68% (33), depending on the experimental conditions;
discoidal HDL particles show an increase inR-helical content
to ∼80% (34). Two crystal structures of apoA-I exist, one
(PDB entry 2A01, Figure 3a) of the full-length protein at
2.4 Å resolution (35) and the other (PDB entry 1AV1, Figure
3b) of the N-terminal truncation apoA-I(∆[1-43]) at 4.0 Å
resolution (36). Both crystal structures exhibit extensive
amphipathicR-helix formation: ∼80% for the full-length

structure and∼85% for the N-terminal truncation. However,
the overall folds are quite dissimilar. The full-length crystal
structure displays an extensive N-terminal four-helix bundle
and two shorter C-terminal helices, with most contact
between hydrophobic residues occurring within the same
monomer; in contrast, the N-terminal truncation crystal
structure shows four apoA-I monomers in a cylindrical belt
composed of 10 amphipathicR-helices, with substantial
intermonomer hydrophobic contact. Interestingly, in solution,
apoA-I(∆[1-43]) more closely resembles lipid-bound apoA-I
than the lipid-free form in terms ofR-helical content (33,
34, 37) and proteolytic cleavage patterns (37, 38). Taken
together, these data suggest that lipid-free apoA-I dynami-
cally samples multiple conformations in solution (some of
which may be represented by the full-length crystal structure,
while others display much less helical structure) but that the
conformation of lipid-bound apoA-I (i.e., discoidal HDL
particles) qualitatively resembles the truncated crystal struc-
ture.

Lipoprotein particle structure has been the subject of study
for 30 years (39-43). A number of structural models of
discoidal HDL have been proposed (26, 41, 43), varying in
the conformation adopted by apoA-I. In the “picket fence”
model (44, 45) (Figure 4a), the two monomers of apoA-I
are arranged on opposite sides of the phospholipid bilayer,
with short antiparallel helices arranged perpendicular to the
plane of the bilayer. In the “molecular belt” model (31, 46,
47) (Figure 4b), two monomers of apoA-I are arranged head
to tail with their helices parallel to the plane of the membrane
(and their hydrophobic residues in contact with the lipid tail
groups), extended all the way around the bilayer. A variant
of the molecular belt model is the “hairpin” (48) (Figure
4c), where the two apoA-I monomers are on opposite sides
of the bilayer. Lately, a consensus has emerged in the
literature, with results from polarized internal reflection

FIGURE 2: Physiological role of apoA-I and discoidal HDL in
reverse cholesterol transport. Lipid-free apoA-I, which dynamically
samples an ensemble of conformations, binds to serum phospho-
lipids to form nascent discoidal HDL particles. Cholesterol effluxed
from cells by passive diffusion, ABC1A and other transporters, is
taken up by discoidal HDL and esterified by LCAT. This causes
the conversion of discoidal HDL particles to spheroidal particles,
which transport cholesteryl esters to the liver.

FIGURE 3: Crystal structures of apoA-I. (a) The full-length protein
(35), PDB entry 2A01, displays a compactR-helical structure with
an N-terminal four-helix bundle and two C-terminal helices. Lipid-
free apoA-I displays a lowerR-helical content in solution (32, 33)
than that observed in this crystal structure, suggesting that the
protein dynamically samples multiple conformations. (b) The
N-terminal truncation apoA-I(∆[1-43]) has four monomers (in four
different colors) in the asymmetric unit, arranged in a cylindrical
belt of amphipathic helices. In solution, this truncated protein
resembles discoidal HDL in terms ofR-helical content and
proteolytic cleavage patterns (34, 37, 38), suggesting it is a good
qualitative model for discoidal HDL particles.
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infrared spectroscopy (46), cross-linking/mass spectrometry
(49-52), mutagenesis (53), EPR (54), fluorescence spec-
troscopy (55), FRET (54, 56), and solid-state NMR (57)
strongly supporting the molecular belt model.

Detailed molecular models of discoidal HDL particles (31,
47, 58) (Figure 1) have been published. These have been
determined by arranging apoA-I in a toroid amphipathic helix
to orient the hydrophobic face inward. (This structure is an
idealized amphipathic 11/3-helix, with an average pitch of
3.67 residues/turn, as compared to the pitch of 3.6 residues/
turn for the canonicalR-helix.) Two apoA-I monomers were
arranged head to tail, and their register was adjusted to
maximize the number of intermonomer salt bridges; a

segment of phospholipid bilayer from a molecular dynamics
simulation (59) was inserted into the resulting ring. These
HDL particle models provide a good schematic of the overall
size and topology of Nanodiscs.

Nanodisc Structure

Nanodiscs consist of a membrane scaffold protein (MSP),
a derivative of apoA-I, surrounding a bilayer of phospholipid
molecules. Initial MSP constructs (6) were MSP1 [the apoA-
I(∆[1-43]) sequence] and MSP2 [two copies of apoA-I(∆-
[1-43]) attached head to tail with a short linker]. All
subsequent MSP constructs (7) also lack the N-terminal
globular domain of apoA-I, which is not thought to interact
directly with the lipid bilayer at the lipid ratios used in
Nanodisc assembly.

Nanodiscs are assembled by adding MSP to a detergent-
stabilized phospholipid in a suitable molar ratio and then
removing the detergent from the mixed micelles. In practice,
the detergent is cholic acid (used in a 2-fold molar excess
to the phospholipid), and its removal is achieved either by
dialysis into buffer or by using hydrophobic adsorbents such
as Bio-Beads SM-2 (Bio-Rad, Hercules, CA). This is
essentially the same procedure that was used to create
reconstituted discoidal HDL particles.

Initially, Nanodiscs were assembled using two molecules
of MSP1, or one molecule of MSP2, with dipalmitoylphos-
phatidylcholine (DPPC) and palmitoyloleoylphosphatidyl-
choline (POPC) (6). POPC has a larger surface area in a
bilayer than DPPC, so the molar ratios of lipids used in
reconstitution varied: 150 POPC molecules per disc (i.e., a
1:75 molar ratio with MSP1 and a 1:150 molar ratio with
MSP2) or 200 DPPC molecules per disc (i.e., 1:100 MSP1:
DPPC and 1:200 MSP2:DPPC molar ratios). Experiments
with tritiated lipids indicated that∼160 DPPC or∼130
POPC molecules were actually incorporated into Nanodiscs.
Size-exclusion chromatography (SEC) and atomic force
microscopy (AFM) showed that Nanodisc diameter was not
significantly affected by which scaffold protein or lipid was
used.

Nanodisc size can be precisely controlled by changing the
sequence of the MSP construct. Denisov et al. (7) prepared
a library of MSP constructs of varying length, used them to
create Nanodiscs of different sizes, and measured their
dimensions by fitting small-angle X-ray scattering (SAXS)
data to cylindrical core-shell models. Starting from the
MSP1 sequence (which gives Nanodiscs 9.8 nm in diameter),
the authors inserted one (MSP1E1), two (E2), and three (E3)
22-mer amphipathic helices to give Nanodiscs 10.6, 11.9,
and 12.9 nm in diameter, respectively. In contrast, 11- and
22-residue deletions (MSP1D1 and -D2, respectively) at the
N-terminus had little effect on Nanodisc diameter, suggesting
that these N-terminal residues do not interact with the bilayer
at the lipid ratios used and are not necessary for Nanodisc
formation. Size-exclusion chromatography confirmed the
particle sizes obtained from SAXS and indicated that the
Nanodisc variants were each relatively homogeneous. SAXS
also showed that the thickness of the lipid bilayer was∼5.6
nm for DPPC Nanodiscs and 4.6 nm for POPC Nanodiscs
under the experimental conditions (293 K). Linear dichroism
experiments (19) have also verified that the orientation of
the bilayer in Nanodiscs on a surface is similar to that
observed for glass-supported lipid bilayers.

FIGURE 4: Proposed structural models of discoidal HDL. (a) The
picket fence model (44, 45) features two apoA-I monomers on
opposite sides of the particle, with short antiparallel helices arranged
perpendicular to the plane of the bilayer. (b) The molecular belt
model (31, 46, 47) has two monomers extended head to tail around
the bilayer. See Figure 1 for a more detailed view of this model.
The molecular belt model is most strongly supported by experi-
mental evidence (46, 49-56, 93). (c) The hairpin model (48) still
has the monomers on opposite sides, but with amphipathic helices
parallel to the plane of the membrane.
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Nanodisc structure has also been investigated using solid-
state NMR techniques (57). MSP1 was uniformly labeled
with 13C and15N and used to prepare dimyristoylphosphati-
dylcholine (DMPC) Nanodiscs. These were then precipitated
in 40% PEG 3350 and studied using magic-angle spinning
solid-state NMR. Chemical shifts of unambiguously identi-
fied amino acid residues (Ala, Val, Gly, Pro, Ser, Thr, and
Glu) indicated that these residues were predominantly in
R-helical conformations. Additionally, analysis indicated that
proline chemical shifts were more consistent with the double-
belt model than the picket fence model.

Computational Studies

Discoidal HDL particles and Nanodiscs have been the
targets of several molecular dynamics studies (45, 60-63).
These simulations provide some support for the structural
models discussed earlier and provide interesting information
about the dynamics of these particles that may explain how
their structure changes in response to different amounts of
free phospholipids in the environment. However, due to
computational limitations, it has not been possible to use
molecular dynamics to study the necessary timescales (in
the microsecond to millisecond range) with the necessary
atomic resolution to arrive at firm conclusions.

In general, the starting models are constructed by taking
lipid molecules from simulations of bilayers (59, 64, 65).
ApoA-I monomers are then arranged around the resulting
segment of bilayer in accordance with the model being
investigated, and steric clashes with lipids are eliminated.
The system is then solvated and energy-minimized, and a
molecular dynamics trajectory of the desired length is run.
In early work, Phillips et al. (45) used a combination of
simulated annealing and molecular dynamics to compare
head-to-head and head-to-tail variants of the HDL picket
fence model. Given the short time course of the combined
simulations (<100 ps), the final models did not differ
significantly from the initial models, and neither variant was
markedly more stable than the other. Subsequently, Klon et
al. (60) performed 1 ns molecular dynamics simulations on
double-belt HDL models with wild-type apoA-I (47) and
apoA-IMilano (31). Klon et al. also created a “rotamer” model
using wild-type apoA-I, where the register of the two apoA-I
monomers was changed by four residues, to abolish the
intermonomer salt bridges in the original model. The authors
observed that all three models were stable and that the altered
rotamer model recovered many intermonomer salt bridges.
This suggests that the register of apoA-I in HDL particles is
dynamic on a fairly rapid (∼10 ns) time scale. It was also
observed that apoA-I proline residues tended to align with
each other, suggesting that they also influence the apoA-I
register. Catte et al. (63) simulated HDL particles with lipid:
protein ratios lower than those of the discoidal particles, in
an effort to study the process of discoidal HDL formation.
Lipid-poor HDL particles rapidly converged on structures
similar to the lipid-free crystal structure of apoA-I(∆[1-
43]) (36), suggesting that this structure is indeed a good
model for intermediates in formation of discoidal HDL. Most
recently, Shih et al. (61) presented longer (g4.5 ns) simula-
tions of Nanodiscs made with MSP1, MSP1D1 (∆[1-11]),
and MSP1D2 (∆[1-22]) and found that MSP1 Nanodiscs
were less stable and tended to “buckle” or deform out of
the plane of the disc, presumably due to underpacking with

phospholipids. Nanodiscs made using the truncated MSP
constructs stably retained their discoidal structure. This
supports the observation based on SAXS data (7) that the
11 or 22 N-terminal residues of MSP1 do not contact the
bilayer. A subsequent work (62) used coarse-grained mo-
lecular dynamics to study Nanodisc formation on the
microsecond time scale. Nanodisc self-assembly was simu-
lated starting from an intact lipid bilayer, randomly dispersed
lipid molecules, and a lipid micelle. The resultant particles
(after 1 or 1.5µs) resembled Nanodiscs in terms of overall
particle size but in some cases were qualitatively closer to
the picket fence model than the double-belt model. It is
unclear whether these structures resemble actual intermedi-
ates in Nanodisc self-assembly or are artifacts of the
simulation process.

Utility of Nanodiscs as Model Membranes

Before we describe the properties of Nanodiscs that make
them attractive and powerful model membranes, it is worth
considering some of the model membranes currently in use
(5). Liposomes (66), first prepared by Bangham (67, 68),
are vesicles of amphiphilic lipid bilayers. Liposomes may
occur as multilamellar vesicles (MLVs), with several con-
centric lipid bilayers, or as large (LUVs) or small unilamellar
vesicles (SUVs). Numerous methods of liposome preparation
have been described (69); the best known, and least demand-
ing in terms of specialized equipment, is the so-called
Bangham method (hydration of dry lipid films). Here, the
lipid of interest is dissolved in a volatile organic solvent and
then dried under a stream of inert gas. Liposomes are
prepared simply by shaking or vortexing the resulting thin
lipid films with an aqueous buffer. This results in a
population of MLVs that are heterogeneous in terms of size.

MLVs can be converted to unilamellar vesicles by a variety
of processes such as sonication, homogenization, freeze-
thaw cycles, reverse phase evaporation, and extrusion through
a filter of a known size. All these procedures result in a
heterogeneous population of unilamellar vesicles whose final
size distribution is sensitive to slight changes in experimental
conditions and which generally have some residual MLV
content. These experimental considerations cause unavoid-
able variability between liposome preparations in different
laboratories, between different preparations in the same
laboratory, and between individual liposomes in the same
preparation. Although procedures for preparing more ho-
mogeneous, stable, and reproducible liposome populations
exist (70, 71), these require unusual equipment and exotic
solvents and are not widely used.

The other class of commonly used model membrane is
the detergent-stabilized micelle (72). Mixed micelles self-
assemble when a lipid is mixed with a detergent (when the
detergent is above its critical micellar concentration). Mi-
celles are roughly spherical particles with the polar moieties
of the detergent and phospholipids forming the outer layer,
and hydrophobic moieties forming the core. As model
membranes, micelles have the inherent and considerable
disadvantage of not being lipid bilayers. It is therefore unclear
how well micelles mimic biological membranes, especially
with regard to their effect on incorporated membrane
proteins. As the ratio of lipid to detergent increases, spherical
micelles are converted to vesicles (i.e., liposomes) via a set
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of poorly defined intermediates (73). Depending on the
combination of detergent and lipid, and their relative
concentrations, the micelle-to-vesicle intermediates may be
some mixture of detergent-bound bilayer disks, flexible
threadlike micelles, and other undetermined forms (74).
While micelle preparations are more reproducible than
liposomes, they suffer from the same problems of polydis-
persity and instability.

Finally, polyethylene glycol (PEG)-stabilized lipid bilayer
disks (75-78) are a promising new class of model mem-
branes. These bilayer disks are discoidal micelles prepared
by mixing PEGylated lipids with phospholipids and choles-
terol in specific molar ratios. Like liposomes, they possess
well-defined lipid bilayers; like micelles, their preparations
are relatively reproducible. The average particle size can be
tuned by changing the ratios and concentrations of the various
constituents. Unfortunately, PEG-stabilized bilayer disks also
appear to exhibit a polydisperse particle size distribution.

This then gives us a sense of the ways in which
phospholipid bilayer Nanodiscs improve upon other model
membranes. (1) Nanodiscs present a biologically relevant,
well-defined phospholipid bilayer. (2) Nanodisc particle size
distributions are effectively monodisperse and reproducible.
(3) The particle size can be tuned with a high degree of
precision by altering the MSP sequence. (4) Nanodiscs are
relatively robust and stable in solution over a wide range of
temperatures. We will now discuss specific examples of
Nanodiscs being used as model membranes.

Nanodiscs have provided valuable information about
membrane biophysics. Studies of phase transitions in DMPC
and DPPC Nanodiscs by differential scanning calorimetry
(DSC) and laurdan fluorescence showed that lipid phase
transitions in Nanodiscs are broadened and occur at tem-
peratures slightly higher than those of the same lipids in
liposomes (9). This indicates that fewer lipids make up the
cooperative unit for phase transitions in Nanodiscs than in
liposomes. The cooperative unit is intrinsically limited to
the number of lipids in the Nanodisc; however, it is further
limited by the presence of “boundary lipids” lipid molecules
that are in direct contact with the protein coat and, therefore,
do not participate in phase transitions. Subsequent experi-
ments with DSC, laurdan fluorescence, and SAXS showed
that phase transitions are narrower for larger MSP1E3
Nanodiscs than for smaller MSP1 Nanodiscs and that the
boundary layer is approximately two lipid molecules thick
(10). Proteoliposomes exhibit similar behavior, with phase
transitions becoming broader as the protein content increases
(79), and biological membranes contain a substantial amount
of protein. This suggests that Nanodiscs better recapture the
phase transition behavior of biological membranes than
liposomes.

Membrane Proteins Studied using Nanodiscs

The study of membrane proteins has been hampered by
the lack of a suitable well-defined, soluble model membrane.
In the absence of a model membrane, even relatively soluble
membrane proteins will tend to oligomerize and aggregate
and thereby complicate experimental results. On the other
hand, if liposomes or micelles are used to stabilize proteins,
the situation is complicated by these systems’ inherent
polydispersity, inconsistency, and instability. It has therefore

been difficult to use solution-based techniques to obtain
rigorous, unambiguous information about membrane protein
structure and function. Nanodiscs may provide a valuable
adjunct to and extension of conventional model membrane
technology.

Several integral membrane proteins (Figure 5) have been
incorporated into Nanodiscs, including cytochrome P450s
(CYPs) and seven-transmembrane segment (7-TM) proteins.
The 7-TM protein bacteriorhodopsin (bR) was incorporated
monomerically into Nanodiscs (19) by solubilizing bR-
containing purple membranes with Triton X-100 and mixing
them with MSP1, DMPC, and cholate. Detergent was then
removed from the resulting mixed micelles using Bio-Beads
SM-2, and Nanodiscs self-assembled with incorporated bR.
Molar ratios of the components were adjusted to give a 5-fold
excess of Nanodiscs to bR monomers in the final mixture,
ensuring that bR was incorporated monomerically. The
structural homogeneity and stability of bR-Nanodiscs were
verified using SEC, AFM, and electron microscopy, and
circular dichroism (CD) measurements verified that incor-
porated bR was monomeric. bR in Nanodiscs appeared to
retain its activity: it bound all-trans-retinal with an affinity
close to that observed for bR in purple membranes and also
displayed similar light-dark difference absorbance spectra.
Molecular dynamics simulations of bacteriorhodopsin in-
corporated into Nanodiscs (61) showed that the complex was
stable over 4.5 ns. Subsequently, trimeric bR was incorpo-
rated into Nanodiscs made with MSP1E2 and MSP1E3,
which have larger bilayer areas (20). The ratios of Nanodisc
components (MSP and DMPC) were chosen to yield
equimolar amounts of bR trimers and Nanodiscs in the final
mixture. The amount of lipid used in the reconstitution had
to be reduced, to account for the area of the Nanodisc bilayer
occupied by a bR trimer. CD spectra of bR-Nanodiscs
showed a bilobed pattern characteristic of bR trimers, and
SAXS measurements showed increased density close to the
center of bR-Nanodiscs, consistent with incorporation of bR
into the bilayer.

â2-Adrenergic receptor (â2AR), a GPCR, and another
7-TM protein have also been incorporated into Nanodiscs
(21). â2AR was expressed in HEK293 cells, solubilized using
dodecylâ-D-maltoside, and mixed with MSP1 and cholate-
solubilized POPC in molar ratios to yield a 75-fold excess
of Nanodiscs upon detergent removal. A C-terminal FLAG
affinity tag onâ2AR was used to separateâ2AR-Nanodiscs
from free Nanodiscs. This ensured that all incorporatedâ2-
AR was monomeric. The size and stoichiometry of theâ2-
AR-Nanodisc complex were verified by SEC and SDS-
PAGE, respectively.â2AR-Nanodiscs retained the ability to
bind â2AR agonists and antagonists and could induce the
uptake of GTP analogues by the soluble G protein GsR. This
showed thatâ2AR-Nanodiscs are fully functional, in contrast
to detergent-stabilizedâ2AR (which does not display G
protein coupling). Nanodiscs are thus a suitable model
membrane system for solubilizing and studying functional
7-TM proteins.

Nanodiscs have found many applications in the study of
microsomal CYPs, which are integral membrane proteins
with an N-terminal helical membrane anchor. In early
experiments, reconstituted HDL particles (using full-length
apoA-I instead of MSP) were used to study the structure of
CYP2B4 (11) and CPR (17, 18) in a lipid bilayer. The target
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proteins were incubated with apoA-I and detergent-stabilized
DPPC to yield an equimolar mixture of target and Nanodisc,
and detergent was removed by dialysis. Nanodiscs with
incorporated protein were then analyzed by contact-mode
and tapping-mode AFM, in an effort to determine the
orientation and depth of these membrane proteins in lipid
bilayers. The average height of single molecules of CYP2B4
and CPR above the lipid bilayer was found to be∼3.5 (11)
and∼5.5 nm (18), respectively. This is consistent with crystal
structures of CYP2B4 (80) and CPR (81), but the uncertain-
ties in these values prevented an unambiguous determination
of the orientation relative to the membrane.

Interestingly, Nanodiscs have been used to directly solu-
bilize recombinant CYPs from an insect cell expression
system without any intermediate purification steps (12).
CYP6B1 was expressed inSf9insect cells, and the membrane
fraction was solubilized using a high concentration of cholate
(500 mM). MSP1 was added to the solubilized membrane
fraction in an approximate MSP:lipid:detergent molar ratio
of 1:100:200. Removal of cholate by Bio-Beads caused
Nanodiscs to self-assemble while incorporating all of the
membrane proteins expressed by theSf9insect cells, includ-
ing the overexpressed CYP6B1. MSP1 bears a hexahistidine
metal affinity tag, allowing the target to be purified by Ni
affinity chromatography. CYP6B1-containing Nanodiscs
were then isolated by collecting fractions from a size-
exclusion column that displayed a heme absorbance signal
at 417 nm. SDS-PAGE of the resulting sample showed that
the isolated CYP6B1 was relatively pure, and its structural
integrity was verified by a CO-bound difference spectrum
and a substrate-induced type I shift of the heme absorbance
signal. This demonstrates that Nanodiscs can be used to
isolate heterologously expressed membrane proteins and

maintain them in a lipid bilayer throughout the purification
process. This minimizes the exposure of membrane proteins
to detergent, and any consequent structural disruption or
functional interference.

In subsequent work, the plant enzyme CYP73A5 was
coexpressed with a housefly CPR inSf9 insect cells and
isolated using Nanodiscs (14). CYP73A5 in Nanodiscs
displayed a normal CO difference spectrum and bound its
substratetert-cinnamic acid (t-CA) with an affinity compa-
rable to that of CYP73A5 in microsomes. This indicates that
the incorporated CYP73A5 is structurally intact. Crucially,
CYP73A5 alone expressed in insect cells and isolated using
Nanodiscs displayed not-CA hydroxylation activity. How-
ever, when CPR was coexpressed with CYP73A5 and the
membrane fraction was incorporated into Nanodiscs, a certain
subpopulation of Nanodiscs coincorporated CYP73A5 and
CPR. The fastest-eluting (highest-diameter) SEC fractions
that displayed absorbance signals at 417 nm (CYP73A5) and
456 nm (CPR) were collected and concentrated, and their
homogeneity and stability were verified by reinjection onto
the size-exclusion column. These fractions with co-incor-
porated CYP73A5, and CPR displayedt-CA hydroxylation
activity when NADPH was added, suggesting that at least
some Nanodiscs contained CYP73A5 and CPR on the same
side of the bilayer in a productive orientation.

Nanodiscs have been used in several studies of CYP3A4,
a major drug-metabolizing enzyme. CYP3A4 is a promiscu-
ous enzyme with a large, conformationally dynamic active
site that can accommodate multiple substrate and effector
molecules, often leading to allosteric kinetic behavior (82,
83). Detailed information about binding of ligand to CYP3A4
is important in understanding therapeutically relevant drug-
drug interactions. CYP3A4 studies are hampered by the same

FIGURE 5: Membrane proteins that have been incorporated into Nanodiscs include CYPs, CPR, 7-TM proteins, and bacterial chemoreceptors.
Models were constructed in Pymol (94) by manually docking crystal structures of CYP3A4 (95), CPR (81), rhodopsin (96), or the cytoplasmic
domain of Tsr (91) and the periplasmic domain of Tar (97) with a discoidal HDL model.
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problems of conformational heterogeneity (84-88) as other
membrane-bound CYPs. Nanodiscs provide a possible way
to solubilize CYP3A4 and maintain it monomerically at the
high concentrations needed to investigate cooperativity in
ligand binding, and consequent allosteric kinetics in catalysis.
Initial studies with CYP3A4 in Nanodiscs (13) investigated
testosterone binding and turnover by CYP3A4. As monitored
by absorbance spectroscopy, testosterone bound to CYP3A4
with apparent positive cooperativity, with at least three
possible binding modes in the CYP3A4-Nanodisc complex.
CYP3A4 in Nanodiscs retained the ability to metabolize
testosterone to 6â-hydroxytestosterone using the so-called
“peroxide shunt”. (In this modification of the CYP catalytic
pathway, the two single-electron reductions of CYP normally
carried out by CPR or cytochromeb5 are instead effected
by an added source of peroxide, such as hydrogen peroxide
or cumene peroxide.) This study showed that Nanodiscs were
suitable model membranes for studying the ligand binding
and catalytic behavior of CYP3A4. SAXS studies of the
CYP3A4-Nanodisc complex indicated that, as expected,
only a small part of the CYP3A4 molecule is embedded in
the Nanodisc bilayer.

A subsequent study (15) investigated the effect of CYP3A4
oligomeric heterogeneity on the kinetics of enzyme reduction
by dithionite. Stopped-flow absorbance spectroscopy was
used to measure the rates of dithionite reduction of CYP3A4
in solution, CYP3A4 monomerized by the detergent Emulgen
913, CYP3A4 in Nanodiscs, and CYP3A4 in lipid-rich and
lipid-poor proteoliposomes. CYP3A4 in solution and in lipid-
poor proteoliposomes exhibited additional kinetic phases in
its reduction by diothionite that were not observed for the
enzyme in Emulgen 913, Nanodiscs, or lipid-rich proteoli-
posomes. This suggests that CYP3A4 structure and/or
dynamics in the former two systems are affected by con-
formational heterogeneity that is absent in the latter three
systems.

CYP3A4 in Nanodiscs was also used to study the effect
of ligands on CYP autoxidation kinetics (16). This is a crucial
step in the CYP catalytic pathway, where the ferrous-oxy
complex is converted to a ferric-superoxy form. Autoxida-
tion kinetics were measured by reducing CYP3A4 incorpo-
rated in Nanodiscs and using stopped-flow absorbance
spectroscopy to monitor its mixing with oxygenated aqueous
buffer. An initial fast phase represented formation of the
ferrous-oxy complex, and a slower phase represented
conversion to the ferric-superoxy complex. Earlier experi-
ments performed without Nanodiscs resulted in multiphasic
autoxidation kinetics, but it was unclear whether this was
an artifact due to CYP3A4 conformational heterogeneity or
an accurate reflection of in vivo behavior (89). In this work,
incorporation into Nanodiscs ensured that CYP3A4 was
monomeric, which in turn resulted in monophasic kinetics
for this conversion. CYP3A4 in Nanodiscs thus provide an
excellent system for studying the effect of various ligands
on autoxidation kinetics and consequent effects on CYP
catalytic efficiency.

Depending on the relative affinities of a ligand for the
bilayer and for the CYP3A4 active site, the presence of the
lipid phase can increase or decrease the apparent binding
affinity of a ligand for CYP3A4 (90). To deconvolute these
possibly conflicting effects, it is necessary to accurately
measure the affinity of small molecules for Nanodiscs

themselves. Nanodiscs are particularly attractive model
membranes for studying small-molecule binding because of
the stable, well-defined nature of their bilayer. A variety of
analytical techniques can be employed, including environ-
ment-sensitive ligand fluorescence or absorbance, ligand-
induced changes in the intrinsic fluorescence of MSP
tryptophan residues, isothermal calorimetry, and surface
plasmon resonance. Nanodiscs also allow for the detailed
study of nonideal (cooperative) binding by small molecules,
where a ligand’s affinity for the membrane is affected by
the prior concentration of bound ligand.

The routes of substrate access to and product egress from
the CYP3A4 active site are currently unknown. Kinetic
experiments using stopped-flow spectroscopy and surface
plasmon resonance are underway to determine whether
ligands transiently occupy the Nanodisc bilayer before
binding to the CYP3A4 active site (indicating they must enter
the active site via the membrane phase) or whether they bind
directly from solution.

Other significant integral membrane proteins that have
been studied using Nanodiscs include bacterial chemorecep-
tors (22). These proteins modulate chemotaxis in bacteria
such asE. coli by sensing the chemical environment around
the cell and transducing the signal to the flagellar rotary
motor. TheE. coli aspartate chemoreceptor Tar was incor-
porated into Nanodiscs prepared with MSP1D1E3 (a deletion
of 11 N-terminal residues combined with an insertion of three
internal 22-mer helices) and detergent-stabilizedE. coli
membrane lipids. The minimal structural unit of Tar was
found to be a homodimer. In terms of function, Tar
homodimers were capable of transmembrane signaling (as
monitored by Tar methylation and deamidation in response
to ligand binding) but could not activate the downstream
kinases necessary for signal transduction to the flagellar
rotary motor. It was found that the minimal functional unit
of Tar capable of downstream signaling was a trimer of
homodimers. While this quarternary structure is supported
by crystallography (91) and cross-linking studies (92), its
functional significance could not have been obtained without
incorporation into the well-defined, isolated lipid bilayer
provided by Nanodiscs.

These examples demonstrate that phospholipid bilayer
Nanodiscs are powerful and versatile model membranes that
can simplify investigations of the structure and function of
a wide variety of biologically relevant membrane proteins,
including cytochrome P450s and GPCRs. Nanodiscs may
provide a general solution for membrane proteins that could
help extend our knowledge about them to a level com-
mensurate with their biological and pharmacological sig-
nificance. Nanodiscs are also good systems for the study of
biological membranes, in terms of small-molecule binding
and phase transition behavior, using a wide variety of
techniques. Their utility ultimately stems from their stable,
monodisperse, well-defined structure.
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