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Nanodiscs for structural and functional studies of

membrane proteins
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Membrane proteins have long presented a challenge to
biochemical and functional studies. In the absence of a bilayer
environment, individual proteins and critical macromolecular
complexes may be insoluble and may display altered or absent
activities. Nanodisc technology provides important advantages
for the isolation, purification, structural resolution and
functional characterization of membrane proteins. In addition,
the ability to precisely control the nanodisc composition
provides a nanoscale membrane surface for investigating
molecular recognition events.

Membrane proteins (MPs) are central to life processes. They are the
key conduit for communication between cells, conduct the vital trans-
formations that produce energy, provide channels for the transport
of molecules between the inside and outside of cells and intracellular
compartments and are the workhorses for a plethora of enzyme-
catalyzed metabolic transformations. Because of their role in the
regulation of vital cellular functions, MPs are the target of the majority
of currently marketed therapeutics. Despite these crucial roles, MPs
have been notoriously difficult to work with because they often dis-
play altered or loss of activity and function outside of a phospholipid
environment. Understanding the molecular mechanisms of MP action
is impossible without detailed knowledge of their structure and how
they interact with other proteins, nucleic acids and lipids. Thus, the
structural biology of MPs occupies a central place in current biophys-
ics, biochemistry and cell biology investigations.

Ideally, an MP structural study should elucidate not only the
conformations and protein-protein interactions in supramolecular
complexes but also their topology in the lipid bilayer and the details of
the protein-lipid interface, which often are highly specific with respect
to lipid composition. For many systems and projects, a planar bilayer
model system of ~10 nm in diameter would be ideal, providing space
for one or more MPs and allowing access to both sides for the assay
of signaling events. By providing such a native membrane environ-
ment, nanodiscs have proven to be an invaluable tool for revealing
the structure and function of isolated MPs as well as their complexes
with other proteins and lipids.
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Nanodiscs are discoidal lipid bilayers of 8-16 nm in diameter,
which are stabilized and rendered soluble in aqueous solutions by
two encircling amphipathic helical protein belts, termed membrane
scaffold proteins!2. The size of nanodiscs is determined by the
length of the membrane scaffold protein and the stoichiometry of
the lipids used in the self-assembly process. The resultant discoidal
bilayers can be made homogeneous and monodisperse and can be
obtained with high yield>3.

A large body of published work has used nanodiscs as a vehicle
to incorporate recalcitrant MP targets into the bilayer to preserve
MP structure and activity. MPs of many types and topologies have
successfully been self-assembled into nanodiscs, by starting from a
detergent-solubilized mixture including all components: target, lipid
mixture of choice and membrane scaffold proteins (Fig. 1). The molar
stoichiometric ratio of lipid to scaffold protein is important for opti-
mized yield?3, whereas the size and ratio of scaffold protein to MP
may be selected to favor incorporation of predominantly monomeric
(in which there is a large excess of scaffold protein and lipid) or oligo-
meric target into nanodiscs®*. This simple approach provides control
over the composition and homogeneity of the resultant assembly and
can be optimized to maximize the yield of MP incorporation. If the
MP under investigation is unstable to purification in detergent, or a
library of all MPs in a specific tissue is desired, incorporation into
nanodiscs can be achieved through direct solubilization of cell mem-
branes by using detergents® or membrane-active polymers®” (Fig. 1,
route 2). This pathway allows the purification step to be bypassed and
accelerates the entire process of nanodisc self-assembly, which is some-
times critically important for preservation of the native and functional
form of the target MP (illustrated in Fig. 1). For successful incorpora-
tion of purified MPs (Fig. 1, route 1), the most important factor is
efficient solubilization and prevention of aggregation of the target
protein; these conditions can be realized by using excess lipid and
scaffold protein while maintaining the correct overall stoichiometry?>.
Parameters that control the branch point that leads to successful
incorporation of a target MP include the choice of detergent, the speed
of detergent removal and the identities of the lipid and target.

The number of laboratories using nanodiscs is growing rapidly, as
evidenced by the published literature. Nanodiscs are robust and can be
frozen or lyophilized with or without an incorporated MP3, and they
allow for precise control over the lipid composition. Scaffold proteins
are available with a wide range of specific tags for isolation, in vivo
targeting, imaging and reversible or irreversible surface immobiliza-
tion. Nanodiscs are increasingly being used as ‘cassettes that allow an
MP to be assayed without denaturation through a variety of analytical
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Figure 1 Assembling MPs into nanodiscs. The standard method for
self-assembling an MP into a nanodisc is shown in route 1 (left): after
detergent solubilization and purification, the target MP (green) is mixed
with the membrane scaffold protein (MSP, blue) and lipids at the correct
stoichiometry, followed by detergent removal though incubation with
hydrophobic beads. Often, however, the MP is not stable in detergent
for the extended times needed for purification. Alternatively (route 2,
right), the starting membrane or tissue can be directly solubilized with
excess lipid and scaffold protein and rapid detergent removal, resulting
in placement of the target MP (green), together with other MPs (gray)

in the tissue, into the nanodisc. Subsequent purification, often with an
affinity tag, is performed, and the target is stabilized in the nanodisc
environment. This latter route can also be used to generate a soluble MP
library that faithfully represents the MPs in the starting tissue.

methods, including surface plasmon resonance®~!1, electrochemistry
and optical waveguides. A partial compendium of nanodisc uses in
the study of MP is presented in Table 1, with a focus on structural
investigation. Successful approaches include X-ray crystallography,
EM, various spectroscopic methods, single-molecule studies, small-
angle X-ray scattering (SAXS) and small-angle neutron scattering
(SANS). The processes illustrated often take advantage of the ability
of nanodiscs to provide a homogeneous sample with a desired target
oligomerization state or supramolecular complex topology. Many
studies have utilized nanodiscs to control lipid, fatty acid or cholesterol
composition; to investigate protein-membrane interaction specific-
ity; or to achieve surface immobilization for sensing and detection,
through the use of affinity tags on nanodiscs.

Nanodiscs offer substantial advantages over more classical
approaches. For example, MP solubilization in proteoliposomes
often results in turbid and viscous samples, which may be especially
troublesome in cell-free expression systems!? and in many bio-
physical methods. Nanodisc preparations remain fluid and intact,
even at the high concentrations needed for NMR experiments!3-18.
Nanodiscs do not suffer from the well-documented perturbation of
MP native structure under non-native conditions, i.e., when present

Route 1 Route 2

Solubilization

Purify *

Assembly
+ phospholipids

Phospholipids
+ assembly

in detergent micelles!®, and they offer the advantage of maintaining
higher structural stability and much longer lifetime than do bicelles.
The high kinetic stability of nanodiscs assembled on transmem-
brane fragments of large MPs and their complexes has proven very
useful in the prevention of aggregation during sample preparation
for EM studies?%2! (Fig. 2). Recently, various amphipathic polymers,
for example, SMALPs® or amphipols’, have been successful in
solubilizing MPs from tissue and forming soluble particles on a
nanoscale. Although these polymers are useful for MP extraction,
in general, they do not provide the same control over size and
composition as do nanodiscs.

Structural biology with nanodiscs

Several recent studies have provided examples of the expanding use of
nanodisc technology in structural biology. Nanodiscs are often used for
the isolation and purification of MPs for structural studies, including
X-ray crystallography?>23 and EM2%2L. Tt is often challenging to collect

Table 1 Methods and tools used with MPs incorporated into nanodiscs

Features and applications Experimental methods Membrane proteins References
Solubilization and stabilization X-ray crystallography GPCR 23
NMR Various MPs 8,14-18
Resonance Raman Cytochrome P450 56
Optical absorption Cytochrome P450 and rhodopsins 53-57
EPR Transporters and rhodopsin 36,37
Cell-free expression Various 12,42
Surface immobilization using affinity tags Single-molecule studies, SPR, LSPR and Cytochrome P450, GPCR and Factor VII 9-11,47-50
on scaffold protein or lipids sensing and detection
Isolation of monomers, oligomers and Structural and functional studies Receptors and rhodopsins 4,53-55,59,60
functional complexes of multiple proteins Cytochrome P450 with CPR and ATPase 57,58,61,67
Structurally homogeneous preparations SAXS and SANS Cytochrome P450 and reductase 4,42,43,45
EM Receptors and channels 20,21,26-31
Fractionation by size, charge or density Chromatography, electrophoresis and Various 3,4,15,59,60
ultracentrifugation
Protein-membrane binding SPR K-Ras protein, TF-Vlla and PgP transporter 9-11
Membrane effects on protein properties Redox potential Cytochrome P450 reductase 39
Kinetics Factor VIII 29
Respiratory complex 40

SPR, surface plasmon resonance; LSPR, localized SPR; CPR, NADPH-cytochrome P450 reductase.
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Figure 2 Examples of MP structure in nanodiscs. (a) The structure

of the ryanodine receptor in a nanodisc, resolved to ~6.1 A through
cryo-EM. The nanodisc is shown as a light-gray envelope with

24 transmembrane helices forming a square structure similar to that of
the incorporated voltage-gated sodium channel Na, (reproduced with
permission from ref. 21, Nature Publishing Group). (b) The structure
of KRas4b bound to the surface of a nanodisc, as determined by NMR
spectroscopy (PDB 2MSC)38,

enough material for structure determination if an MP is unstable in
detergent or lipids are absent. Self-assembly of an MP target into nano-
discs, in which the MP is stable and remains in its native conforma-
tion, offers a way to accumulate and store material?*. Clearly, any type
of compositional diversity leads to additional complications in struc-
tural studies, often prohibiting successful analysis at high resolution.
Nanodiscs with incorporated MPs can be generated with controlled
composition and a very high degree of size homogeneity> .
Nevertheless, a complete X-ray structure of an MP in a nanodisc
bilayer has yet to be reported. A potential challenge is the translational
and azimuthal mobility of the incorporated target, which may lead
to difficulties in crystallization. Such motion could be potentially be
reduced by association with a bifunctional antibody that recognizes
both the target and membrane scaffold proteins?* or by reducing the
size of the nanodisc by shortening the scaffold-protein belt and using
less phospholipid. For an MP with large globular domains on either
side of the bilayer, crystal contacts might potentially be made between
the target MP, thus spectacularly rendering the nanodisc blurred but
revealing the structure of the MP in a bilayer.

Electron microscopy. Recent advances in EM have brought near-
atomic resolution to the structural biology tool kit. Because of their
high homogeneity, nanodiscs are being widely used in EM stud-
ies of isolated MPs and functional MP complexes?%2>-28 as well as
MP binding on the surface of the bilayer?-30. Three-dimensional
reconstructions, based on combined analysis of multiple 2D images,
have been reported?1:27:31. The incorporation of an MP or mem-
brane domain(s) into nanodiscs prevents aggregation of the MP and
significantly improves the sample quality?. Atomic-level detail is
rapidly becoming a reality, as evidenced by the recent structure of the
ryanodine receptor in nanodiscs?! (at a resolution of 6.1 A), in which
the positions of individual transmembrane helices are resolved, and
the 3.8-A-resolution structure of an Mg?* channel by Subramaniam
and colleagues!.

NMR and EPR methods. One of the most useful advantages of
nanodiscs for structural studies of MPs is that they enable work
at high concentrations without aggregation or loss of integrity,
which are often problematic in using the powerful tools of NMR
for structural determination. The first NMR spectra of a mem-
brane scaffold protein in nanodiscs was obtained by Rienstra and
colleagues, through magic-angle spinning solid-state NMR32, and was
quickly followed by acquisition of high-resolution 2D NMR signals
for alarge MP assembled in a nanodisc bilayer®33. Many laboratories
have recently reported impressive solution NMR of MPs in nano-
discs!#16:3435 The pioneering work of Wagner and colleagues has
provided the first complete atomic-resolution structures of an MP
(OmpX) in a nanodisc bilayer'4, which revealed significant differ-
ences between the structures of an MP in solution and in its native
phospholipid environment.

Nanodiscs have also been used for individual distance measure-
ments. For instance, EPR has been extensively used to monitor the
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conformational changes and dynamics of ligand binding in the mal-
tose transporter MalFGK; (ref. 36). EPR probes placed at selected
sites on the target have allowed the observation of functionally
important conformational changes in nanodiscs but not in detergent-
solubilized protein. In another study, direct distance measurements
using DEER spectroscopy have been used to monitor the conforma-
tional changes of a nanodisc-incorporated G-protein-coupled receptor
(GPCR) upon binding of its signaling partner?’.

The nanodisc as a controlled membrane surface. The membrane
surface is the site for recruitment of many signaling proteins,
and it is now viewed as an important player in dictating the structure
of signaling molecules and the faithful formation of specific multi-
protein complexes that are required for activity. Notably, nanodiscs
have recently been used by investigators at the Frederick National
Laboratory for Cancer Research to document the affinity of the
oncogenic protein K-Ras4B for nanodisc surfaces’, and by Ikura and
colleagues in solution NMR to define the conformational changes of
K-Ras4B bound to nanodiscs3. Here, the NMR study of an MP in
nanodiscs has provided important information about the orienta-
tion of the protein with respect to the lipid bilayer, specific protein-
lipid membrane interactions involved in molecular recognition and
the dynamics of small-molecule-binding sites at the protein-lipid
interface. Other systems that have used nanodiscs to reveal specific
lipid compositions that are necessary to recruit proteins to the mem-
brane surface include studies of the blood coagulation cascade!® and
the activation of integrins?®. Nanodiscs have been extensively used
to reveal the role of specific phospholipid types in MP function.
Published work includes documenting the upshift of redox potential
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of redox transfer proteins due to the presence of negatively charged
lipids3? and the critical role of cardiolipin in the assembly, activity
and production of reactive oxygen species by the mitochondrial
respiratory complex 1140, The ability to precisely control the mixture
of lipids in nanodiscs has enabled determination of lipid specificity
in the binding of blood coagulation factors!?, integrin activators??
and Ras oncogenes3®.

X-ray and neutron scattering. Both the structure of, and phase tran-
sition in, lipid-bilayer nanodiscs have been characterized with SAXS,
fluorescence and calorimetry?*!. SAXS analysis of several MPs in
nanodiscs has been used to confirm faithful incorporation in the
lipid bilayer and to characterize the topology of the target protein.
Examples include bR trimers?, curdlan synthase*? and cytochrome
P450 (ref. 43). The latter reference has provided the first demonstra-
tion of the potential of ab initio reconstruction of a low-resolution MP
structure based solely on SAXS data. Such analysis can be significantly
improved and refined if SAXS data are combined with SANS data col-
lected with various contrasting methods, such as partially deuterated
solvent and lipids*4, made possible by contrast matching to render the
scaffold protein and lipid invisible.

Neutron reflectometry has been used to directly measure large
conformational changes of MPs in nanodiscs, for example, the
redox-dependent movement needed for efficient electron transfer by
NADPH cytochrome P450 reductase®>. The different conformations
of monomers and dimers of vertebrate visual rhodopsins reconstituted
in nanodiscs have been directly monitored during photoactivation,
through high-angle X-ray scattering®. Comparison with the X-ray
scattering calculated for the known structures of photocycle interme-
diates has suggested that a dimeric form of rhodopsin is present in the
membrane, and this dimerization modulates the observed function-
ally important structural changes?®.

Single-molecule measurements

Single-molecule studies are being increasingly used to avoid masking
details of protein function when only ensemble averages are measured.
Nanodiscs are ideally suited for this type of investigation because they
can be affixed to a surface without impairing subtle conformational
changes in MPs. Either scaffold proteins or lipids have been labeled
with affinity tags to immobilize nanodiscs on a surface while allow-
ing access to both sides of the bilayer for the association of substrates
or signaling partners. This label-free approach avoids suggestions
that derivatization of the target alters its function or conformation.
Single-molecule nanodisc studies have been reported for cyto-
chrome P450 reductase?’, cytochrome P450 CYP3A4 (ref. 48) and the
B2-adrenergic receptor®®. The natural affinity of lipids for atomically
flat silicon oxide or mica surfaces allows nanodiscs to sit flat, thus
enabling atomic force microscopy to directly measure the depth of
insertion of proteins in the bilayer®® and linear dichroism optical
spectroscopy to quantify the orientation of a target protein relative
to the nanodisc surface!.

Spectroscopic assay techniques

In comparison to other membrane mimetics, nanodiscs provide
substantial advantages for optical spectroscopy because of their
low viscosity and lack of turbidity. These qualities allow the use
of rapid mixing methods, such as stopped or continuous flow, for
monitoring structural and functional changes on a millisecond time
scale, while preserving the target MP in a lipid bilayer environment®2.
Laser flash techniques have been used to study the monomer and
trimer of bacteriorhodopsin (bR)**3 and various rhodopsins®*>°.

Optical spectroscopy and rapid mixing have also been used to probe
functional intermediates in human cytochrome P450, including
stopped flow>? and resonance Raman spectroscopy?®. In all cases, bio-
physical studies have been enabled by the high stability and structural
homogeneity of monomeric proteins and their functional complexes
with redox partners in nanodiscs®”>8.

Other ligand binding events, such as the kinetics of oxygen binding
and autoxidation, have also shown clean monoexponential behavior
when measured for monomers in nanodiscs, as opposed to solution
aggregates. As with rhodopsin monomer and dimer preparations>®-¢?,
nanodiscs have helped to avoid ambiguities in the interpretation of
experimental data and to assign the observed functional properties
of the main drug-metabolizing human P450 enzyme CYP3A4 to the
intrinsic behavior of its monomeric form. Allosteric regulation in
this enzyme is determined by the properties of the peripheral high-
affinity binding site at the protein-lipid interface®!. Importantly,
this binding pocket is formed when CYP3A4 is incorporated
into nanodisc membranes and cannot be probed in detergent-
solubilized preparations.

New enzyme intermediates can be trapped with nanodiscs. For
instance, resonance Raman spectroscopy of human CYP17A1, made
possible by cryogenic methods, has revealed a previously unobserved
functional intermediate in the last step of androstenedione biosyn-
thesis, thus answering a long-standing question as to the mechanism
of this important drug target>°.

Other applications of nanodiscs

Antibodies are extensively used in the study of MPs, often as an aid
in crystallization or in the development of therapeutic agents. Raising
antibodies against MPs is inherently difficult because an aggregated
state can both occlude the antigenic site and lower the overall immune
response. In vitro phage- and yeast-display technologies provide sub-
stantial advantages yet still require an MP in its native conformation,
ideally in the absence of detergents. Pioneering work in the Kossiakoff
laboratory has used nanodiscs to develop protocols for competitive
and subtractive selection in phage-display approaches®2.

Many MPs operate in higher-order complexes, ranging from
homo- or heterodimers to large supramolecular complexes contain-
ing many subunits. Large molecular machines, such as cytochrome
oxidases®?, the photosynthetic reaction center®* and peptide translo-
cases?®, can be functionally self-assembled into nanodiscs. In the case
of signaling entities, individual monomers or oligomers of specific
composition can be prepared, thus allowing the measurement of
activity as a function of oligomerization state. For example, the first
demonstrations that a monomeric GPCR has full signaling activity
used nanodiscs containing either a rhodopsin monomer or
dimer>*0. To study complex signaling pathways, for example those
involved in chemotaxis signaling, nanodiscs have been used to sepa-
rate the roles of dimers and trimers of dimers in specific activities®.
Other examples of controlled oligomerization through the use of
nanodiscs include studies of many rhodopsins®> and the plasma
membrane H*-ATPase from Arabidopsis®’. Because nanodisc assem-
blies have high stability, these fractions can be isolated and purified
to homogeneity through size-exclusion chromatography or density
gradient ultracentrifugation?.

Conclusion and perspectives

The use of nanodiscs is rapidly spreading, as facilitated by ready access
to the genes encoding membrane scaffold proteins from AddGene
and purified proteins from Sigma or BioNanoCon. In addition to
the established applications of nanodisc technology, some recent
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developments have suggested new ideas, such as the generation of ther-
apeutic antibodies against antigens incorporated into nanodiscs®® and
various in vivo uses of nanodiscs, including drug delivery®®, imaging”°
and vaccine development. An exciting application is the ability to gener-
ate soluble MP libraries that faithfully represent a starting MP composi-
tion, with individual nanodiscs carrying a specific target®. By allowing
high-throughput screening of MPs, nanodiscs can potentially facilitate
the discovery of new approaches to therapeutic intervention.
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