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Abstract: The choice of a suitable membrane mimicking
environment is of fundamental importance for the char-
acterization of structure and function of membrane pro-
teins. In this respect, usage of the lipid bilayer nanodisc
technology provides a unique potential for nuclear mag-
netic resonance (NMR)-based studies. This review sum-
marizes the recent advances in this field, focusing on (i)
the strengths of the system, (ii) the bottlenecks that may
be faced, and (iii) promising capabilities that may be
explored in future studies.
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Introduction

The usage of the lipid bilayer nanodiscs (ND) system for
nuclear magnetic resonance (NMR)-based studies has led
to both enthusiasm and frustration in many labs in the
recent years. In this review we will give an overview of the
power as well as the pitfalls of this intriguing system and
will discuss its potential for future applications.

In general, structural studies can be strongly depend-
ent on the target protein’s environment. As such, the
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influence of the environment on the protein structure as
well as on the used experimental technique has to be con-
sidered. This is particularly true for the NMR-based inves-
tigation of membrane proteins, which require a suitable
membrane mimicking environment to promote a protein
conformation that is, on the one hand, representative for
its native behavior and, on the other, compatible with the
requirements of NMR spectroscopy. While a variety of dif-
ferent membrane mimetics for solution and/or solid-state
NMR have been established (Popot, 2010; Raschle et al.,
2010; Ding et al., 2013; Catoire et al., 2014; Liang and
Tamm, 2016), the lipid bilayer nanodisc system distinc-
tively combines various potentially advantageous proper-
ties including a native-like lipid surrounding, the absence
of detergents, sample homogeneity, isolation of defined
oligomeric states, and good accessibility of extra membra-
nous domains. Noteworthy, these properties also make the
ND system attractive as a tool for structural studies using
non-NMR techniques [see e.g. Denisov and Sligar (2016)
for a recent review and Gao et al. (2016) for a recent break-
through in cryo EM studies of membrane proteins in NDs].

History and background

The nanodisc technology was first described by Sligar
and co-workers (Bayburt et al., 1998, 2002) to support the
study of the hepatic microsomal NADPH-cytochrome P450
reductase. The introduction of NDs as membrane mimet-
ics provided a solution for studying membrane proteins
in a native-like environment and some of the problems
encountered in other mimetics. In particular, the absence
of detergent molecules is one of the great advantages of
this technology (Borch and Hamann, 2009; Bayburt and
Sligar, 2010; Hiller and Wagner, 2012; Hagn et al., 2013).
Nanodiscs usually consist of an assembly of phospho-
lipids held together by amphipathic apolipoproteins, nor-
mally called membrane scaffold proteins (MSPs), arranged
in a discoidal bilayer (Figure 1) (Borch and Hamann, 2009).
The MSPs are based on the sequence of the human serum
apolipoprotein A-I (ApoA1), although other alternatives
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Figure 1: Schematic representation of the nanodisc system (top)
and the different MSP constructs that have so far been used for
NMR-based studies (bottom).

The gray H4*, H5* and H6" helices are repeats in the MSP1D1E3 con-
struct. The references for the different MSP construct can be found
in Section, ‘Choosing the MSP construct’ (below).

exist (Chromy et al., 2007), and provide a hydrophobic
surface facing the lipids, and a hydrophilic surface at the
outside. This setup makes NDs highly soluble in aqueous
solutions enabling the solubilization of embedded mem-
brane proteins in the absence of detergents (Bayburt et al.,
1998; Bayburt and Sligar, 2010). Depending on the used
variant of MSP, the size of the nanodisc particles normally
span between 6 and 17 nm in diameter (Grinkova et al.,
2010; Wang et al., 2015). For NMR-related studies the most
commonly used versions are the MSP1D1 and MSP1D1AH5
(Hagn et al., 2013; Kucharska et al., 2015), which can
result in soluble NDs with an overall particle mass below
200 kDa that are in general applicable for modern NMR
techniques (Shenkarev et al., 2010a; Klammt et al., 2012;
Opella 2013).

Structure of nanodiscs

Nanodiscs are thought to closely resemble the natural
early stage high density lipoproteins (HDL) involved in
the reverse transport mechanism of cholesterol (Thomas
et al., 2008; Shih et al., 2009). These discoidal HDLs have
been shown to contain two apolipoproteins and roughly
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160 phospholipids. However, no high-resolution struc-
ture of nanodiscs has been reported so far. Nevertheless,
several models exist (Segrest 1977; Brouillette and Anan-
tharamaiah, 1995; Brouillette et al., 2001; Phillips et al.,
1997; Wu et al., 2007, 2009) with the most accepted one
being the so-called ‘double-belt’ model (Segrest et al.,
1999). This model is supported by the available crystal
structures of lipid-free apolipoprotein A-I (Borhani et al.,
1997; Ajees et al., 2006) as well as geometrical considera-
tions (Segrest et al., 1999) and experimental data, such as
cross-linking and mass-spectrometry (Bhat et al., 2007),
small angle X-ray scattering (Skar-Gislinge et al., 2010),
molecular dynamics (MD) simulations (Shih et al., 2005)
and solid-state NMR data on the scaffold (Li et al., 2006)
as well as on the lipid-protein correlations (Kijac et al.,
2010) using PEG precipitated NDs. It seems plausible
that the structure of the NDs is largely determined in the
assembly process, which is driven mainly by hydrophobic
interactions and protein-protein interactions, minimizing
the hydrophobic exposure and maximizing the number of
salt-bridges between the two MSPs (Shih et al., 2007a,b).

Working with nanodiscs

The usage of the nanodiscs system requires a number
of steps that should be carefully considered to obtain
optimal NMR insights into the desired target protein.
While Figure 2 gives a schematic overview, selected steps
will be discussed in more detail in the following.

Choosing the MSP construct

The geometry and size of NDs is defined by the scaffold
protein MSP. Therefore, the choice of the MSP should be
carefully and specifically evaluated for each application.
Different MSP constructs have been engineered over the
past 15 years, ranging from a length of 101 to 376 amino
acid residues (Figure 1), and leading to diameters between
6 and 17 nm. Originally two constructs were produced
(Bayburt et al., 2002), MSP1 and MSP2, both forming discs
with diameters around 9.5 nm. The difference being that
assembly requires either one MSP2 or two MSP1 for each
nanodisc (MSP2 being a fusion of two MSP1 proteins,
but leading to significantly lower yields). It is notewor-
thy that, albeit with lower yields and so far not explored
properties for NMR structural studies, MSP2-based nano-
disc carry an interesting potential due to their intrinsic
architecture that features a closed circle of the scaffold
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Figure 2: Schematic overview of the process to obtain NMR samples of ND-embedded membrane proteins.
Black arrows indicate the normal process, dashed black arrows indicate optional/alternative options and green dashed arrows indicate
optimization possibilities. *More details are given in the respective sections of the review.

protein potentially increasing stability and homogeneity.
For MSP1 the first 12 amino acids were shown to not be
involved in lipid binding and were thus removed, result-
ing in the so-called MSP1D1, which became the reference
construct for production of NDs. Bigger constructs, called
MSP1E1 to MSP1E3, were then introduced by extending
the MSP1 by one to three helices, respectively (leading to

diameters from 10.5 to 13 nm) (Denisov et al., 2004). Even
bigger NDs were designed using MSP2N2 and MSP2N3
with diameters around 17 nm (Grinkova et al., 2010).
More recently, smaller NDs were developed with dele-
tions of (parts) of the amphipathic helices in the center
of MSP, e.g. MSP1D1AH5 and MSP1D1AH4-6 (Hagn et al.,
2013), or deletions of C-terminal helices (Puthenveetil and
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Vinogradova, 2013; Wang et al., 2015). Both were shown to
form discs of 6-8 nm in diameter.

Most of the MSP constructs include an N-terminal
polyhistidine tag for MSP purification and a TEV or Factor
X cleavage site. Normally one would cleave the His-tag
prior to assembly to allow separation of empty NDs from
discs that have His-tagged membrane proteins embedded
as well as to increase stability and NMR behavior (Kuchar-
ska et al., 2015). Nevertheless, in some cases it may be
useful to not cleave the His-tag from the MSP, e.g. when
purifying from native microsomal membrane (Civjan
et al., 2003; Duan et al., 2004) or for immobilization of
NDs for use of surface plasmon resonance (SPR) or other
techniques using Nickel-NTA or anti-His antibody cou-
pling (Shaw et al., 2007; Borch et al., 2008; Kawai et al.,
2011). Other tags can be used as well for the same purpose,
like C9 (Bocquet et al., 2015) or FLAG (Borch et al., 2008).

The size of the nanodiscs has to be chosen wisely
according to the protein of interest. For instance, in the
case of large integral membrane proteins, MSP1D1E3 is
often preferred (Ritchie et al., 2009). Interestingly, varying
the size of the NDs can also determine/influence the oli-
gomeric state of the studied protein. For instance, it was
shown that a minimal diameter of 12 nm was necessary for
incorporating bacteriorhodopsin trimers, whereas smaller
NDs could either result in heterogeneous or monomeric
populations (Bayburt et al., 2006).

While most biochemical and biophysical techniques
will not be influenced by the available range of ND sizes,
solution NMR applications will strongly favor smaller
NDs in order to reduce the rotational correlation time and
thus increase spectral resolution and sensitivity. In this
respect, the MSP1D1A5 construct has been shown to be
very effective (Hagn et al., 2013; Kucharska et al., 2015).
On the contrary, for solid-state NMR applications, larger
discs may be of interest (Kijac et al., 2007; Park et al., 2011;
Ding et al., 2015a) making use of their magnetic alignment
properties.

Choosing the lipids

The choice of lipids used to study MPs is of particular
importance to obtain/maintain the target protein in its
native conformation. In general, lipid composition of bio-
logical membranes is very diverse. It will not only change
between different cell types or membrane types of one
cell, but may also change over time, e.g. during the life
cycle of the cell. Therefore, it is often difficult to define
the exact native lipid composition for a given membrane
protein. Nevertheless, the nanodisc system is compatible
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with a broad range of lipids and, theoretically, allows to
precisely control lipid composition and generate large
amounts of homogenous particles that are stable over
time. In this respect it is a powerful tool to produce syn-
thetic membranes tailored to adequately mimic a broad
range of membrane properties including bilayer thick-
ness, charge and fluidity. While standard phospholipids,
including DMPC, DPPC or POPC are most commonly used
for ND preparation, assembly has also been successful
with phospholipid alkyl chains ranging from dilauroyl
(DL, 12 carbons) to dielaidoyl (DE, 22 carbons), includ-
ing unsaturated chains like dioleoyl (DO), and polar head
groups varying from phosphocholine (PC, zwitterionic) to
phospho-L-serine (PS, negatively charged) in different pro-
portions up to 100% negative charges (Shaw et al., 2007;
Skar-Gislinge et al., 2010; Kawai et al., 2011; Roos et al.,
2012; Shi et al., 2012; Bao et al., 2016; Rues et al., 2016).
Moreover, usage of other types of lipids were reported
including cardiolipin up to 10% (Dalal et al., 2009; Roos
et al., 2012; Hartley et al., 2013), ganglioside G,,, up to 15%
(Borch et al., 2008; Leney et al., 2014), sphingomyelin up
to 30% (Roy et al., 2015) or cholesterol up to 30% (Bayburt
et al., 1998; Proverbio et al., 2013). Although a broad range
of lipids are in general compatible with the ND system,
one should still keep in mind that when using lipid mix-
tures NDs are not necessarily formed with the statistical
distribution of the lipids present during the assembly reac-
tion. Instead, preferential interactions between lipids or
between lipids and MSP might lead to a biased assembly.
When using lipid mixtures, it is therefore advised to check
the lipid content of the assembled ND. For example, this
can be done by using radio-labeled lipids (Bayburt et al.,
2002; Shaw et al., 2007), 'H NMR and HPLC-MS (Inagaki
et al., 2012), analytical ultracentrifugation (Inagaki et al.,
2013) or ion exchange chromatography (Lee et al., 2015).

Tuning the lipid content of nanodiscs was shown
to improve MP activity (Boldog et al., 2007; Tsukamoto
et al., 2010) as well as sample quality, stability and NMR
behavior (Kucharska et al., 2015). This may be related
to the role of unsaturation, cholesterol or head groups’
negative charges that may help to stabilize the functional
conformation of the membrane protein. For instance, NDs
with a 20/80% PG/PC content provided largely increased
NMR spectral quality as 100% PC (Hagn et al., 2013; Ding
et al., 2015b) (Figure 3D, E, unpublished data). While
lipid screens should be used to optimize sample proper-
ties for NMR, they can, of course, also be used to study
the effects of the surrounding lipids on the conformation,
activity (Shaw et al., 2007; Inagaki et al., 2012) or affin-
ity (Alami et al., 2007; Borch et al., 2008) of the inserted
target protein.
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Figure 3: Role of the MSP/lipid/MP ratios and lipid composition.
(A) SEC profile for a non-optimal MSP/lipid ratio showing the
formation of two separate populations (A and B) of bR containing
NDs. (B) Negative stained EM showing that population A consists
of heterogeneously assembled ND (larger discs and clusters of
discs) whereas population B shows a very homogenous particle
distribution. (C) Corresponding *H-®*N-TROSY-HSQC spectra showing
that, while for population B the signals are very well dispersed,
for population A only the peaks corresponding to the unstructured
regions are visible. (Data in panels A-C reprinted from Etzkorn et al.,
2013, with permission from Elsevier.) (D and E) SEC profiles and cor-
responding 'H-®N-TROSY-HSQC spectra for the protein OmpXin NDs
with different lipid composition and MSP:MP ratio, i.e. 100% DMPC
and 4:1 (D) and 80/20% DMPC/DMPG and 6:1 (E).

As an alternative to synthetic lipid mixtures one can
also directly use native membranes extracts. This can
either be done by extracting lipids from the native cell
membrane and using them as precursor for assembly with

detergent purified MP (Alami et al., 2007; Boldog et al.,
2007; Frauenfeld et al., 2011; Eggensperger et al., 2014),
or by directly solubilizing protein-containing membrane
fractions with detergent and replacing the detergent
with suitable MSP. This approach has been successfully
carried out for cytochrome P450 monooxygenase (Civjan
et al., 2003) and the cytochrome P450-P450 reductase
complex from insect cell culture (Duan et al., 2004). Note
that native membrane extraction can also be carried out
with amphipathic styrene-maleic acid (SMA) copolymer
without the need for detergents (see Section ‘Alternatives
to MSP).

Choosing the MSP-to-lipid and MSP-to-MP
ratios

The size, and thus the number of lipids a nanodisc con-
tains, is largely determined by the chosen MSP (Denisov
et al., 2004). Getting monodispersed NDs in high yield
requires usage of a suitable ratio between the scaffold and
the lipids during the assembly process. If too few lipids
are present, smaller and poorly characterized particles
can appear (Bayburt et al., 2006). On the contrary if too
many lipids are present, bigger aggregated particles are
formed (Bayburt et al., 2002; Shi et al., 2013). Addition-
ally, the absolute concentrations of MSP and lipids during
assembly are critical, and a minimum lipid concentration
of 4 mM is recommended (Bayburt et al., 2002; Leitz et al.,
2006). The number of lipids per ND can often be quite
accurately predicted from simple geometrical calculation
since is it mostly determined by the total surface area and
the area each lipid will occupy. Dividing the inner surface
of the disc (calculated from the length of the used MSP
and assuming a circular arrangement) by the surface of
the chosen lipid is sufficient as a first step (Denisov et al.,
2004; Ritchie et al., 2009); for instance, when forming
empty NDs with MSP1D1, which has a single layer outer
surface of 4400 A%, and DMPC, which has a head group
surface of 57 A2 77 lipids per single layer are needed
(Bayburt and Sligar, 2010).

When incorporating membrane proteins in NDs, one
has to compensate the bilayer area that will be occupied
by the protein by reducing the respective number of lipids
(Shaw et al., 2007; Ritchie et al., 2009). For example, one
needs to remove around 37 DMPC molecules to compen-
sate for bacteriorhodopsin insertion (Bayburt et al., 2006),
or 50 POPC molecules for bovine rhodopsin (Bayburt et al.,
2007). Exact lipid/MSP ratios may however also depend
on other factors, such as the lipid binding behavior of the
protein of interest and/or the phase of the resulting lipid
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bilayer. Thus, the best ratios for a specific MP-ND system
should be empirically optimized around the expected
values. For this, size exclusion chromatography (SEC) can
be used as a readout to optimize towards homogenous
particles of the expected size.

In addition to the MSP/lipid ratio, the MSP to target
protein ratio (MSP/MP) can be critical to obtain nanodisc
samples of good quality. The MSP/MP ratio can (partly)
regulate the number of MPs per nanodisc. Increasing the
MSP/MP ratio will normally increase the propensity to
assemble NDs with no or only one inserted MP. Previous
studies have used MSP/MP ratios ranging from 2:1 for the
cytochrome P450 reductase to 150:1 for the f2-adrenergic
receptor (Bayburt and Sligar, 2003; Baas et al., 2004; Leitz
et al., 2006; Bayburt et al., 2007; Boldog et al., 2007; Shaw
et al., 2007; Whorton et al., 2007; Shi et al., 2012). For
NMR structural studies a monomeric state of the target
protein is often desired, which can be obtained with a
high (>6-fold) excess of MSP over the target membrane
protein and/or the choice of a MSP construct that prevents
insertion of multiple proteins due to limited surface area.
When lower MSP/MP ratios are used one should keep in
mind that the assembly of native oligomers is not always
straightforward because membrane orientation of the
inserted proteins may differ and/or lateral diffusion could
be restricted, thus limiting reorientation in small discs.
Therefore, it may be beneficial to assemble native oligom-
ers before insertion (e.g. by detergent extraction of native
membrane fragments). Previous studies have, however,
succeeded in the preparation of NDs containing defined
multimeric states of membrane proteins. For instance, by
varying the MSP/MP ratio, formation of dimers, trimers or
even trimers of dimers has been observed (Bayburt et al.,
2007; Boldog et al., 2007; Mi et al., 2008; Kawai et al.,
2011). Insertion of bR trimers in a homogenous popula-
tion of NDs was successfully obtained with a ratio of 2:3
(Bayburt et al., 2006; Tsukamoto et al., 2010; Kedrov et al.,
2013; Shi et al., 2013). In addition to the study of oligo-
meric states of one membrane protein, the characteriza-
tion of the interaction between two different MPs inside a
single ND was also demonstrated with cytochrome P450
and its cytochrome P450 reductase starting from cell
culture microsomes (Duan et al., 2004).

Noteworthy, instead of solely relying on the MSP/MP
ratio to statistically drive the insertion of a desired mul-
timeric state, which is often found to be randomly ori-
ented in NDs (Banerjee et al., 2008), it has been shown
that defined oligomeric states (dimers and trimers) in a
defined orientation can be inserted into NDs by making
use of DNA origami (Raschle et al., 2015) (see Section ‘Per-
spectives/conclusion’ for more details).
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Figure 3 shows some of our experimental data in
respect to the role of the MSP/lipid/MP ratio. Using a
non-optimal MSP/lipid ratio led to the formation of two
populations of bR containing NDs that can be visualized
and separated by SEC (Figure 3A). Negative stained Elec-
tron microscopy (EM) (Figure 3B) shows that population
A consisted of heterogeneously assembled ND (larger
discs and clusters of discs) whereas population B shows
a very homogenous particle distribution. Interestingly, as
evident by the characteristic color of the samples, both
populations contain correctly folded bR. Even though
many biochemical and biophysical techniques will hence
show a similar behavior of both populations, they have a
dramatically different NMR behavior. While the smaller
discs show a very well dispersed 'H-*N-TROSY-HSQC spec-
trum that nearly resolves all residues in bR, the larger
discs (population A) only show few peaks at positions
characteristic for unstructured proteins. In fact, for this
population only the unstructured regions of bR (in par-
ticular the termini) are visible by conventional solution
NMR spectroscopy (Etzkorn et al., 2013). Optimizing the
MSP/lipid ratio resulted in generation of >90% of popula-
tion B (data not shown).

Removing detergent

Although often neglected, an appropriate detergent
removal protocol plays a key role in the ND’s auto-assem-
bly reaction. As such, detergent removal does not only ini-
tiate the ND assembly process out of a mixed solution of
proteins, lipids and detergents but can also determine the
speed of the assembly reaction. Before nanodisc assem-
bly not only the MP of interest but also the chosen lipids
are solubilized with detergent (Figure 2). Sodium cholate
has been shown to be an efficient detergent for phospho-
lipid solubilization (Bayburt and Sligar, 2010) but sodium
dodecylsulfate (SDS) or other detergents can be used as
well (D’Antona et al., 2014). In some cases the same deter-
gent can be used for resuspending the lipids and solubi-
lizing the membrane proteins (Bayburt and Sligar, 2003;
Reichart et al., 2016), e.g. when SDS-solubilized bacteri-
oopsin is directly refolded into NDs (Etzkorn et al., 2013),
but often milder detergents are used to directly transfer
a folded protein conformation into the NDs. Mixed deter-
gent approaches with lipids resuspended in cholate and
protein solubilized in maltosides (Leitz et al., 2006; Kawai
et al., 2011; Mitra et al., 2013), glycosides (Bayburt et al.,
2007; Boldog et al., 2007; Shi et al., 2012), polyethylene
glycol (Brij) (Mi et al., 2008), digitonin (Eggensperger
et al., 2014), CHAPS (Bayburt and Sligar, 2010), Triton
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X-100 (Bayburt et al., 2006; Mi et al., 2008), Emulgen 913
(Baas et al., 2004), LDAO (Raschle et al., 2015) and FOS-12
micelles (Hagn et al., 2013; Bao et al., 2016) have been
successful.

To prevent interference of residual detergent mol-
ecules and release the full potential of the ND system as a
detergent free membrane mimetic, an extensive detergent
removal should be carried out. The two most common
ways of detergent removal are dialysis and adsorption
by porous polystyrene beads, known as bio-beads. While
the removal efficiency will be detergent dependent (in
particular dependent on the critical micelle concentra-
tion), as a rule of thumb a dialysis against three times
1000-fold volume of detergent free buffer or addition of
20-50% w/v beads are often used (Bayburt et al., 2002;
Baas et al., 2004). Noteworthy, (particularly small) mem-
brane proteins might themselves be adsorbed to the
dialysis membrane or the bio-beads. In these cases, NDs
can also be assembled by immobilizing the protein on
agarose beads using, for instance, a His-tag (Katayama
et al., 2010). Immobilization can also be used to wash the
detergent out of the system, e.g. by using a conventional
IMAC setting.

The rate of detergent removal determines the time
scale of assembly and thus is of critical importance.
While so far the exact mechanism is not fully understood,
it may be pictured as a competition process between
detergents and MSP as a stabilizing agent for the lipids.
In this process, the absolute and relative concentrations
of reactants, as well as the detergent removal rate, will
be the factors that determine the overall yield and the
sample homogeneity of the resulting NDs (Denisov et al.,
2004). When MPs are to be inserted, the rate of deter-
gent removal can also influence their oligomeric state.
For instance, when monomers should be inserted into
single NDs, the rate of detergent removal should be faster
than the rate of oligomerization. In general the use of
polystyrene beads with gentle agitation for a few hours
produces well suitable detergent removal rates (Bayburt
et al., 2006; Inagaki et al., 2012). However, also prolonged
dialysis with two or three changes of buffer, or overnight
use of adsorbent beads without agitation are common
procedures. For some systems we have experienced that
too fast detergent removal resulted in an increase of
protein aggregates and we therefore commonly use a two
steps protocol of 10-20% w/v bio-beads (first step over-
night without shaking, second step 2-3 h with shaking
after bio-beads exchange). In some cases also the use of
a detergent-removing gel is preferred over dialysis which
is a slower process (Banerjee et al., 2008; Nasvik Ojemyr
et al., 2012).
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Another important factor to consider is the tem-
perature during ND assembly. The two main reasons for
this are: (i) it will have an effect on the rate of detergent
removal (see above) and (ii) it will determine the lipid
bilayer phase. Usually it is recommended to carry out
the reaction just below the phase transition temperature
of the lipids which favors formation of the nanoscale
bilayers. For example, temperatures of 38°C for DPPC
(T, =41°C), room temperature for DMPC (T, =28°C) or ice
water for POPC (T =-2°C) are commonly chosen (Bayburt
et al., 1998; Denisov et al., 2005; Leitz et al., 2006). When
working with lipid mixtures in the ND assembly process,
one should also consider that phase transition tempera-
tures of the individual lipids may differ, which often
results in a rather broad phase transition between the
individual transition temperatures, indicative of lipid-
lipid interactions, in the case of mixed liposomes. In this
respect the assembly temperature may be used to either
promote (all lipids are in same phase) or impede (differ-
ent phases for different lipids) homogenous mixing and
insertion of different lipids in NDs. Note that heating (gel-
phase) assembled ND above the lipid phase transition can
lead to reorganization of the lipids which may or may not
be desired. Also note that it has been shown before that
the phase transition properties of lipids are different in
NDs as compared to liposomes (Shaw et al., 2004; Denisov
et al., 2005).

Quality control

NMR spectral quality will depend on the homogene-
ity and structural integrity of the inserted membrane
protein as well as the homogeneity of the assembled
NDs. Therefore, it is of central importance to check basic
biophysical properties after the assembly process. Stand-
ard procedures can include SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) to check the MSP/MP ratio
(after removal of empty NDs), analytical SEC and/or DLS
measurements to check particle sizes and distribution.
Table 1 summarizes common pitfalls that may result in
low quality data.

In any case, a preparative SEC step, to pool only the
homogenous (small) NDs, is always recommended before
NMR measurements. In general, a decent SEC profile is a
necessary condition to obtain good NMR data and can
therefore be used as an initial readout for an iterative
optimization of the MSP/lipid/MP ratio or the detergent
removal protocol (Figure 2). Although necessary, a good
SEC profile may not be sufficient to obtain good NMR
spectra (Figure 3D). In this respect it may be useful to
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Table 1: Common pitfalls that may result in low quality data.
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Pitfalls Effect/detection

Potential solution

Not functional MP - Functional assay

- Incorporation into ND (denatured
MP normally do not insert into NDs)

— Not homogenous SEC profile

— SDS-PAGE band ratios MP/MSP

— Bad HSQC spectra

- Bad reproducibility

— Ice crystals in frozen chloroform

Wrong MP/lipid/
MSP ratio

Not intact lipids

- Optimized refolding

— Detergent and lipid screen

— Co-translational ND incorporation in cell-free expression systems
— Geometrical consideration

- Empirical optimization

- Pre-warming cold chloroform stocks before opening
- Avoid contaminations with air, water, plastic tips, parafilm, etc.

— Purchase smaller aliquots

Wrong MSP - Bad HSQC spectra
construct — Sample instability
Wrong detergent — SEC profile
removal — SDS-PAGE

- Geometrical consideration

- Empirical optimization

- Step-wise addition of smaller quantities of bio-beads

- Usage of dilution/dialysis when (small) MPs are absorbed by bio-beads

— MP immobilization using e.g. Ni-NTA beads

optimize the lipid content directly using a NMR readout.
Noteworthy, while it is possible to use a 1D 'H spectrum as
readout (e.g. a 1D version of a *N-filtered TROSY-HSQC)
one should not optimize towards maximum signal inten-
sity of the strongest peaks (since these result most likely
from extra membranous residues like loops and termini).
Instead one should optimize towards the appearance of
(often considerably weaker) peaks on regions outside
the random coil region (Figure 4). If peaks of unfolded,
solvent-accessible protein regions are too intense and
overshadow the membrane embedded protein regions,
higher pH values and temperatures can be used to
increase water exchange in the water accessible regions,
effectively reducing the respective NMR signals.

In general, also optimization towards increased
thermal stability (e.g. by thermal shift assays, differential
scanning calorimetry, intrinsic tryptophan fluorescence,
CD spectroscopy, etc.) can be useful, since spectral
quality will also significantly increase with increased
temperature during measurement (Figure 4). Note that
the stability of empty NDs is in general very high, with
denaturation temperatures well above 80°C, so transi-
tions detected below 70°C should normally report on the
inserted MPs.

If nanodiscs with a defined lipid mixture need to
be assembled, it may also be useful to check the actual
composition of the assembled discs. In cases where dif-
ferent charges should be inserted this can be done using
ion exchange chromatography (Lee et al., 2015). Of
course NMR measurements can and should also be used
to assess the actual lipid composition. For this, quantita-
tive 1D and/or 2D 'H spectra can be recorded. Due to the
specific relaxation properties of different lipid regions
(e.g. solvent accessible head groups vs. membrane

10 9 8 7 6
"H chemical shift /ppm

Figure 4: Optimization of 'H-NMR spectral properties.

1D versions of a ®N-filtered TROSY-HSQC for bR in NDs formed with
MSPD1 recorded at 33°C (black) and 50°C (red) are shown. When
optimizing the conditions for NMR data acquisition, one should focus
on the appearance of peaks on regions outside the random coil region
(highlighted gray) instead of trying to maximize the intensity of the
unfolded and solvent-accessible regions. Note that while the maximum
signalintensity is higher for the 33°C spectrum the overall NMR quality
is significantly better at 50°C. The resulting 2D spectra can be found in
the Supplementary Figure S3g,h of Etzkorn et al. (2013).

embedded hydrocarbon chains) the quantitative analy-
sis of peak volumes however needs to be interpreted
with care and may only be representative if peaks from
different lipids with similar relaxation properties are
compared.

It is noteworthy that when assembling NDs from SDS
solubilized bacterioopsin and SDS-solubilized lipids, we

Bereitgestellt von | provisional account
Unangemeldet
Heruntergeladen am | 12.12.18 13:15



DE GRUYTER

observed that about 1-2 SDS molecules insert into the lipid
bilayer (Etzkorn et al., 2013). While in this particular case
no direct effect of SDS were visible, one should keep in
mind that the assembled NDs system may also include
small amounts of the used detergent in a membrane
embedded (not in a soluble monomeric) form.

Alternative expression systems and
initial MP solubilization

In general, when membrane proteins are recombinantly
expressed in bacteria or in eukaryotic cell culture, solu-
bilization and purification are regularly carried out using
detergent micelles. The detergent step can however be
detrimental to some MPs and can result in low yields of
soluble, purified and functional MP.

As an alternative, cell-free expression (CFE) can be
of great use for expression of various types of membrane
proteins (Schwarz et al., 2007; Yang et al., 2011). CFE can
be carried out with prokaryotic (E. coli) or eukaryotic
(wheat germ, rabbit reticulocytes) extracts (Katzen et al.,
2008) and can enable co-translational folding into mem-
brane mimetic. Due to the open nature of the CFE systems,
the addition of different membrane-mimicking systems
(bicelles, liposomes, amphipols, etc.), including NDs is
possible (Rajesh et al., 2011; Etzkorn et al., 2013; Proverbio
et al., 2013; Roos et al., 2013). In addition to membrane
mimetics, precursors and cofactors that can improve yield
and folding as well as a wide range of isotopically labeled
compounds can also be added to improve NMR insights
(Lyukmanova et al., 2012; Etzkorn et al., 2013).

Co-translational incorporation of membrane proteins
in NDs during CFE can be realized either by addition of
preformed empty NDs to the reaction mixture (Katzen
et al., 2008; Yang et al., 2011; Roos et al., 2012; Etzkorn
et al., 2013; Rues et al., 2016), by addition of the individual
components in a continuous exchange CFE chamber that
can directly act as detergent removal dialysis chamber or
by co-expression of the target protein and the MSP in a
single reaction (Cappuccio et al., 2008; Gao et al., 2012).
For both the addition of preformed empty NDs to the reac-
tion mixture and the co-expression of the target protein
and the MSP in a single reaction, the comparison between
the fraction of solubilized membrane protein with the total
membrane protein revealed rather high yields (between
50 and 90%) of soluble and functional protein for several
MPs (Cappuccio et al., 2008; Lyukmanova et al. 2012; Roos
et al., 2012). However, for more challenging proteins, such
as G protein-coupled receptors (GPCRs), co-translational
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incorporation of receptor into NDs resulted in lower yields
(below 1%) for not stabilized receptor and yields in the
range of 0.8-30% of functional protein in NDs for thermo-
stabilized receptors (Leitz et al., 2006; Rues et al., 2016).
A broad range of ND types, with various sizes and lipid
contents, have been reported in this context (Lyukmanova
et al., 2012; Roos et al., 2012; Rues et al., 2016). The short
time needed and the ease of adding different reactants
to small scaled CFE make this approach suitable for the
screening of various types of effects, including the study
of membrane insertion itself (Roos et al., 2012).

However, despite the apparent benefits, the lack of a
native membrane insertion and/or chaperon system that
is either not inherent to the expression system (e.g. in the
case of E.coli extract) or was separated from the (soluble)
expression machinery (e.g. in the extract preparation) can
still lead to inhomogeneous (Cappuccio et al., 2008) or
inactive (Yang et al., 2011) samples. Nevertheless, tuning
of the membrane mimetic properties (Roos et al., 2012)
or addition of a translocon system, chaperones, signal
sequences and cofactors could overcome this issue in
some cases (Roos et al., 2013).

Alternatives to MSP

The nanodisc technology invented by Sligar and co-work-
ers is based on the human ApoA1 protein and its ability
to assemble into high density lipoprotein particles and
the above discussion focused on MSP constructs that are
derivatives of this protein. However, the use of ApoAl
from other species, like zebra fish (zapl), has also been
reported (Banerjee et al., 2008). Additionally, alternatives
to ApoA1 have also been used, including ApoE4 and the
lipophorin ApoLplII (Chromy et al., 2007). The truncated
mutant ApoE422K provides good nanolipoprotein forma-
tion of around 15 nm in diameter and was used for incor-
poration of MPs during cell-free expression (Katzen et al.,
2008) and solubilization of an active hyperthermophile
hydrogenase (Baker et al., 2009). Moreover, formation of
similar type of lipoproteoparticles (termed Salipro) has
been reported using saposin A as a scaffold. This system
was applied to the study of channels (T2), peptide trans-
porters (PepT) and HIV spikes (gp) from viral-like particles
(Frauenfeld et al., 2016).

The different apolipoproteins used as scaffold nor-
mally assemble into particles of 6-17 nm in diameter.
However, for applications like self-alignment in the mag-
netic field (in order to extract residual dipolar cou-
plings), larger discs also formed using a 14-residue class A
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amphipathic a-helical peptide as scaffold and a diameter
of roughly 30 nm (called macrodiscs), were used (Anan-
tharamaiah et al., 1985; Park et al., 2011). It appears that
usage of this scaffold peptide is possible for a broad range
of particle sizes as it is not only defined by the length of the
peptide but also by the scaffold to lipids ratio. Comparable
effects were also seen using a similar 22-residue peptide
(Zhang et al., 2016).

An additional alternative method has been developed,
entitled lipodisc, that is not based on a protein scaffold
but on an amphipathic SMA copolymer (Knowles et al.,
2009; Orwick et al., 2012; Dorr et al., 2016; Lee et al., 2016).
The SMA polymer assembles into 12 nm diameter discs
and has been used for bR refolding and characterization
(Orwick-Rydmark et al., 2012) as well as for native mem-
brane solubilization of mitochondrial respiratory proteins
(Long et al., 2013) and KcsA channel (Dorr et al., 2014). For
the latter, the lipodiscs were formed by directly extracting
native membrane fragments from the cells over-expressing
the MP of interest. Therefore, this method has not only
the potential to circumvent a detergent solubilization
step, but can also generate homogenous soluble particles
of the native membrane (Lee et al., 2016). Although the
use of SMA lipodiscs for structure determination of MPs
by NMR has not yet been demonstrated, they have been
used for negative stain electron microscopy, yielding struc-
tures at a modest resolution (>15 A) in a short timeframe
(Postis et al., 2015). The slightly increased size in respect
to MSP1D1-based NDs as well as potential heterogeneity
of the native membrane fragments may on the one hand
challenge NMR investigations but on the other hand also
provide exciting new possibilities to study MPs in their
native environment. In general, solution as well as solid-
state NMR techniques may be considered when structural
studies of MPs in SMA lipodiscs are intended.

NMR applications

NMR spectroscopy has the intrinsic capability to deter-
mine the three-dimensional structure of membrane pro-
teins and to describe their local and global motions in a
lipid bilayer nanodiscs system. To date, several MPs were
already successfully reconstituted into nanodiscs and
studied by solution NMR, including Aam-I (Lyukmanova
et al., 2008), the helical transmembrane domains of CD4
(Gluck et al., 2009), KcsA (Shenkarev et al., 2009; Imai
et al., 2012), VDAC-1 (Raschle et al., 2009), KvAP (Shen-
karev et al., 2010b), the Pf1 coat protein, the viral protein
p7, and the G-protein-coupled receptor CXCR1 (Park et al.,
2011), VDAC-2 (Yu et al., 2012), bacteriorhodopsin (Etzkorn
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et al., 2013), OmpX (Hagn et al., 2013; Bibow et al., 2014),
Integrin o, (Puthenveetil and Vinogradova, 2013), YgaP
(Tzitzilonis et al., 2013), OmpA (Susac et al., 2014), Opa,
(Fox et al., 2014), u-opioid receptor (Okude et al., 2015),
BamA (Morgado et al., 2015), STIMI-TM (Wang et al.,
2015) and Cytb,-CytP450 complex (Zhang et al., 2016). In
addition, solid-state NMR has been applied to study MPs
embedded into nanodiscs including the human CYP3A4
(Kijac et al., 2007), proteorhodopsin (Mors et al., 2013) or
the Yersinia pestis outer membrane protein Ail (Ding et al.,
2015a).

While the nanodisc system offers unique potential for
NMR-based structural studies (Denisov and Sligar, 2016;
Liang and Tamm, 2016), it is also accompanied by several
challenges. In addition to the above discussed complex
sample preparation, even perfectly optimized NDs are
approaching/crossing the size limit of conventional solu-
tion NMR techniques. A basic requirement is therefore
the use of transverse relaxation optimized spectroscopy
(TROSY)-based experiments (Salzmann et al., 1998; Guo
et al., 2008). In addition, the usage of deuterium labeling
is normally required to obtain detailed insights of MPs
inside nanodiscs (Etzkorn et al., 2013; Kofuku et al., 2014).
However, even when using these techniques, it has been
shown that more complex three- or four-dimensional
NMR experiments are impeded by the fast relaxation
mechanisms that result from the large rotational correla-
tion times of the nanodisc particles. It has been shown for
bR and OmpX in MSP1D1 nanodiscs (Etzkorn et al., 2013;
Hagn et al., 2013) that while nearly all expected peaks are
present in 2D 'H-"N-HSQC spectra and 3D HNCO spectra,
no peaks of transmembrane protein regions could be
detected in experiments that include a ®*C-*C INEPT based
magnetization transfer. In these cases, combinatorial
isotope labeling can be used to allow (partial) resonance
assignment (Etzkorn et al., 2013). Alternatively, NMR-
optimized, smaller MSP constructs (see Section ‘Choosing
the MSP construct’) can be used to sufficiently increase
molecular tumbling and allow the usage of regular 2C-2C
transfer sequences (Hagn et al., 2013). It has also been
successfully shown that TOCSY-based *C-°C transfer,
combined with BC detection, can be used to study the
transmembrane region of OmpX in MSDP1D1 NDs (Viegas
et al., 2016). Remarkably, when using unified time-opti-
mized interleaved acquisition (UTOPIA) setups this infor-
mation can be obtained for free during the acquisition of
a 3D NOESY-TROSY experiment (Viegas et al., 2016).

In general, it has been shown for various systems that
nanodiscs can largely increase thermal stability of the
inserted membrane protein in comparison to detergent-
based environments (Etzkorn et al., 2013; Rues et al.,
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2016). This feature can and should be exploited by using
increased temperatures and/or prolonged experimental
times when recording solution NMR experiments. In this
respect, the increased stability can partly compensate
for the increased molecular weight of NDs compared to
micelles. In our experience, the spectral quality of MPs
in nanodiscs considerably increases when measuring
above 35°C (note that in this case also the phase transition
temperature of the lipids should be considered, also see
Section ‘Removing detergent’).

Structure determination

One of the greatest potentials of using NMR spectroscopy
to study MPs incorporated into nanodiscs is the possibility
of determining their 3D structure in solution, in a close-
to-native and active conformation. Although the molecu-
lar weight of the MP-ND complex is high, it should still
be under 200 kDa and thus suitable for being studied by
modern NMR techniques (Shenkarev et al., 2010a; Klammt
et al., 2012; Opella 2013; Viegas et al., 2016). The first MP
structure determined by NMR and using the ND technology
was of the 180-residues bacterial outer-membrane protein
OmpX (PDB code: 2M06) (Hagn et al., 2013). In their work,
the authors developed a short MSP (MSP1D1AH5) variant
which resulted in smaller size NDs. The use of these NDs,
allied with highly deuterated protein and lipids provided
significant improvements for the structure determina-
tion process. Although the obtained structure revealed
the same topology for the transmembrane part as previ-
ously shown by NMR (Fernandez et al., 2004) and X-ray
crystallography (Vogt and Schulz, 1999), distinct differ-
ences were found for the extracellular extensions of the
B-sheets. These differences were attributed to the immobi-
lization of these segments due to the crystal packing and
the cryogenic temperatures used for data collection. The
constraining of the loops was not verified when using NDs
and this result was in agreement with NMR and MD data.
By determining the structure of OmpX in detergents but
using otherwise identical buffer conditions as for the NDs,
it was further shown that, when compared to the nano-
disc structure, each strand was up to two residues shorter,
giving a good example that the membrane mimetic can
have a significant impact on the determined structure.
The difference was attributed to the slightly denaturing
effect of the detergent at the water boundary and differ-
ences in hydrophobic coverage.

The structure of OmpX in NDs was later refined using
residual dipolar couplings (RDCs) (Bibow et al., 2014). The
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authors obtained the RDCs with the OmpX protein embed-
ded in nanodiscs (also using the MSP1D1AH5 variant)
and using the Pf1 phage as alignment medium. The struc-
ture was calculated using the published experimental
restraints (Hagn et al., 2013) together with the measured
RDCs and showed and improved accuracy including, in
particular, better-defined orientations of the N-H bonds.
This work demonstrated that membrane protein bond ori-
entation in nanodiscs can be obtained by measuring RDCs
via Pf1 phages as alignment medium.

Further refinement of the 3D structure of OmpX in
NDs was performed using a NOE-based approach to assign
selectively (methyl) labeled protein (Hagn and Wagner,
2015). In addition, RDCs were also obtained, using Pf1
phages as an alignment medium. By using the NOE infor-
mation between the protonated head groups of the lipids
and the side chain methyl groups and paramagnetic relax-
ation enhancement (PRE) experiments (obtained with
Gd*-modified lipids), the authors were also able to deter-
mine the position of OmpX in the phospholipid bilayer.

A similar approach, coupled with chemical shift per-
turbation (CSP) analysis and backbone relaxation meas-
urements, was used to study the structural and dynamic
properties of the interactions between the membrane and
the GTPase domain of tethered Rheb (Mazhab-Jafari et al.,
2013). This study provided the first experimental evidence
for membrane-dependent regulation of the structure and
function of a GTPase at atomic resolution.

In another example, a mixed approach, using
restraints determined with solution NMR spectroscopy in
detergent micelles and NDs in conjunction with MD simu-
lations in a lipid bilayer was used to determine the struc-
ture of opacity-associated protein Opa,, (Fox et al., 2014).
The final structural ensemble showed that the extracellu-
lar loops (which bind to the host receptors) interact with
each other and are dynamic on the nanosecond time scale.

The conformation and ligand binding properties of
the protein Bcl-x, upon membrane integration was also
studied by NMR, applying the nanodisc technology (Yao
et al., 2015). Bcl-x, consists of a soluble domain and a
membrane anchoring domain and all previous structures
lacked the hydrophobic C-terminal membrane anchor,
despite its potential importance for the protein function.
In their work, the authors (Yao et al., 2015) tackled these
issues by reconstituting the full-length Bcl-x; into NDs,
macrodiscs and liposomes, which allowed a direct struc-
tural comparison of its various conformations. By com-
paring the 'H-*N-HSQC spectra acquired under different
conditions, the authors showed that the soluble domain
does not experience significant conformational changes
upon membrane integration, contrary to some current
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models. Besides, it was shown that the membrane-inte-
grated protein has higher affinity for a pro-apoptotic
peptide than the truncated version, indicating that mem-
brane integration alters the binding activity. In a later
study (Yao et al., 2016), the authors used PRE data to show
that, although the C-terminal part of Bclx, is inserted
into the membrane, it still retains a high degree of con-
formational dynamics, which may facilitate its cleavage in
aqueous solution.

Dynamics

In addition to the 3D structure, knowledge of the dynamic
processes underlying conformational changes or ligand
recognition are key aspects to fully understand MPs’ func-
tional mechanisms in a native environment and therefore
often the focus of NMR-based studies.

One example is given by the solution NMR inves-
tigation of the insertase BamA in three different mem-
brane mimetics: LDAO micelles, DMPC:DiC-PC bicelles
and MSP1D1:DMPC nanodiscs (Morgado et al., 2015).
Among their findings, the authors observed distinct time
scales of dynamic behavior for the BamA B-barrel and its
extracellular ‘lid loop’ L6, which is essential for BamA
function (Ni et al., 2014). The results helped to clarify why
parts of this loop have poor electron densities in BamA
crystal structures (Ni et al., 2014) and provided an impor-
tant piece of information towards understanding the func-
tional mechanism of the BamA insertase at the atomic
level.

Another example is the investigation of the dynam-
ics of the transmembrane and intracellular domains of
p75NTR (a type I integral membrane protein) in NDs of
various sizes and compositions (Mineev et al., 2015).
The p75NTR has an extracellular domain (ECD), a helical
transmembrane domain (TMD) and an intracellular
domain, which, in turn, can be divided into three parts:
the chopper domain and a linker region. Despite the avail-
ability of a proposed mechanism for the activity of the
p75NTR receptor (Vilar et al., 2009), the role of the chopper
domain in the activation of the receptor or the connection
between the conformations of the TMDs and ECDs and the
state of the intracellular part remain poorly understood.
By measuring longitudinal (T,) and transverse (T,) relaxa-
tion times, heteronuclear '"H-*N NOE, and cross-correlated
relaxation rates of different constructs, the authors con-
cluded that the motions of the death domain are uncou-
pled from the TM helix. Together with the structural data
acquired, the results indicate that the previously proposed
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mechanism does fit in vivo data well but contradicts the
structural information, therefore pointing the need to con-
sider alternative mechanisms.

A similar approach was applied to the study of the
protein synaptobrevin (composed by an ectodomain, con-
taining a SNARE motif, and a transmembrane domain)
inserted into NDs (Brewer et al., 2011). In this study the
authors found that most of the residues belonging to the
SNARE motif are unstructured and flexible in the pres-
ence of NDs, as opposed to what happens in the presence
of DPC micelles. This leaves the SNARE motif accessible
for SNARE complex formation and shows that NDs are a
much better membrane mimetic than micelles.

Interaction studies

Nanodiscs can be an ideal tool to study the functional
properties of integral membrane proteins in a lipid envi-
ronment, under defined conditions (Inagaki et al., 2013).
They can allow the control of the oligomerization state of
a given MP (also see Section ‘Choosing the MSP-to-lipid
and MSP-to-MP ratios’) and offer high-precision control
of lipid content (Lee et al., 2015), thus enabling the study
of specific effects of different lipid environments. Unlike
proteoliposomes, both the intra- and extracellular sides
of the protein are directly accessible, ensuring homog-
enously accessible binding sites and allowing the investi-
gation of signaling events that require binding events on
both sides.

It is generally accepted that NDs offer good proper-
ties to examine lipid-protein interactions (Schuler et al.,
2013). Still, when probing the interaction of protein/pep-
tides with NDs, it should be tested whether the interaction
partner unspecifically interacts with the MSP. Although,
this could be the case with soluble MSP, it may no longer
be true when nanodiscs have been formed. Upon forma-
tion of the NDs, the hydrophobic parts of MSP are not
directly accessible anymore. Therefore, when testing
whether an interaction partner unspecifically interacts
with MSP, it is advised to not use soluble MSP but MSP in
its nanodisc conformation with neutral lipids. If NDs with
only one kind of lipids (e.g. DMPC) do not show any inter-
action while NDs with different lipids do interact, unspe-
cific MSP interaction can be largely excluded.

One illustration of the power of the combination
between NMR and the nanodisc technology applied to the
investigation of protein interactions is given by the study
of the interaction between the phosphoinositide (PI)-
binding effector protein [FYVE domain of early endosome
antigen 1 (EEA1) — EEA1 FYVE] and a PI incorporated into
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nanodiscs [PI(3)P] (Kobashigawa et al., 2011; Yokogawa
et al., 2012). Although models of EEA1 FYVE bound to a
PI(3)P-embedded membrane existed (based on struc-
tural analyses using soluble PI(3)P and the NMR data in a
micelle system], the relative orientations of EEA1 FYVE to
the membrane were not consistent in these two studies.
Moreover, no experimental data had been reported to
validate the binding mode of EEA1 FYVE with PI(3)P in
the lipid bilayer system. In their study, the authors used
CSP, transferred cross-saturation (TCS) and PRE experi-
ments to map the residues of EEA1 FYVE involved in rec-
ognition of PI(3)P and to estimate a K, value of about 105
uM. Besides, CSP experiments only in the presence of
empty nanodiscs allowed to identify at least one residue
involved in the interaction with the membrane. The TCS
experiments determined the direct binding surface on
EEA1 FYVE to PI(3)P incorporated membrane, and the
orientation to the membrane was confirmed by the PRE
experiments.

The interaction of the oncogenic protein K-Ras4B
tethered to nanodiscs with effector protein RAS-binding
domains was also studied by solution-state NMR spec-
troscopy (Mazhab-Jafari et al., 2015). Using selective
BC-labeling in combination with molecular docking, the
authors were able to gather important information on the
orientation of the protein with respect to the lipid bilayer.
Besides, the data also allowed to identify particular pro-
tein-lipid membrane interactions involved in molecular
recognition and provided information about the dynam-
ics of small-molecule-binding sites at the protein-lipid
interface.

In another study, the interaction between the CC-
chemokine receptor 5 (CCR5) reconstituted into nanodiscs
and its ligand (MIP-1) was investigated (Yoshiura et al.,
2010). Due to the receptor’s instability in detergents, struc-
tural studies have been difficult. Reconstitution of CCR5 in
nanodiscs allowed to maintain its function for more than
24 h, thus enabling structural analysis by solution NMR.
Methyl-directed TCS experiments allowed to identify the
residues of MIP-la in close proximity of the receptor in
the complex. The TCS data suggests that the protective
influence on HIV-1 infection of a single nucleotide poly-
morphism of MIP-1a is due to its change in the interaction
mode between MIP-lo and CCR5. The same group also
studied the effect of different mimetic environments on
the exchange rates for the conformational equilibrium of
B,-adrenergic receptor upon binding to various ligands.
They found that the exchange rates were significantly dif-
ferent in detergents and nanodiscs. These fast timescales
of GPCR signaling permit the rapid neurotransmission
and sensory perception (Kofuku et al., 2014).
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Another example is the study of the interaction
of granuphilin-C2A domain with phosphatidylinosi-
tol 4, 5-bisphosphate [PI(4, 5)P,] head group and PI(4,
5)P,-nanodisc (Wan et al., 2015). NMR-based titration
experiments proved the interaction and allowed to iden-
tify the binding site of granuphilin-C2A. These results
were further confirmed by molecular docking, muta-
tion and isothermal titration calorimetry (ITC) analysis
and demonstrated that PI(4, 5)P, binds not only to the
concave surface of granuphilin-C2A domain but also that
strand B5 is affected. The data provided a better under-
standing of the role of granuphilin-C2A domain in regu-
lating exocytosis.

An important topic to address when studying MP-lipid
interactions is the role the lipids themselves may have in
the overall function of the protein (e.g. signal transduc-
tion). MP-lipid interactions may have an effect on the
physical properties of the lipid bilayer and the behavior
of its components. Besides interacting with the inserted
proteins, lipid head groups may also interact with ions
that influence the protein’s function. In this sense, several
NMR-based studies (Shenkarev et al., 2009, 2014; Boettcher
et al., 2011; Zhang et al., 2014) have been performed. For
instance, solid-state NMR has been applied to study the
influence of Ca?* on the structure and dynamics of lipid
bilayers (Boettcher et al., 2011). Using the 'H-H, BC-C,
and C-'P dipolar interactions, distances up to ~6 A could
be measured between atoms and by combining this with
MD simulations the authors showed a Ca*-induced con-
formational change and clustering of lipid head groups
in POPC/POPS NDs. Because *'P chemical shift anisotropy
is sensitive to alterations in the orientation and motion of
lipid head groups, it can be used as a probe for studying
MP-lipid interactions. This approach was used to probe
the change in the chemical environment of phospholipids
in response to Ca** addition (Zhang et al., 2014). A similar
spectrum was observed upon o-synuclein binding, indi-
cating that Ca? and o-synuclein may interact with the
same region in the lipid.

Limitations

Even if NDs are a very good model system for mimicking
natural membranes, their nanoscale size and the presence
of a scaffold protein still introduce a distinct environment.
This can affect main physical parameters characterizing
bilayers, including the temperature of main phase transi-
tion, the shape, the curvature, and the lateral pressure,
which can be studied using SAXS, AFM, EM, NMR and/
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or fluorescence techniques. In general, the phase transi-
tions are broadened and shifted to higher temperatures
and it was found that the so-called boundary lipids do
not melt at the main phase transition temperature but are
further stabilized in the gel phase by their interaction with
the scaffold (Shaw et al., 2004; Denisov et al., 2005; Kijac
et al., 2010). This lack of cooperativity of a larger propor-
tion of the lipids is, however, thought to mimic the natural
membranes quite well, which often also comprises consid-
erable protein crowding. Nevertheless, the fixed geometry
due to the MSP can generally introduce a higher lateral
pressure to the bilayer. Additionally, not all lipids may be
suitable for ND formation and depending on the type of
lipid used and their chain lengths, hydrophobic mismatch
between the lipids and the scaffold may appear, leading
to non-flat but curved surfaces and/or non-homogenous
thickness (Denisov et al., 2005; Skar-Gislinge et al., 2010).

It may also not be clear for all proteins whether they
insert in the center of the disc and are surrounded by
lipids, or if unspecific interactions may favor nanodisc
assembly with direct MP-MSP contacts. NMR studies have
however shown that, at least for the OmpX protein, spec-
tral quality will be compromised if not even one layer of
lipids is around the inserted MP (Hagn et al., 2013). This
observation suggests that, if given the option, OmpX pref-
erentially resides in the center of the discs surrounded by
lipids.

While in general NDs with different total amounts
of charged lipids can be easily produced, a charge gradi-
ent between the two sides of the membrane (as found for
several cellular membranes) cannot be generated using
conventional self-assembly reactions. However, in theory,
it may be possible to incorporate MPs into differentially
charged bilayers by, for instance, extracting native cel-
lular membranes. In respect to the experimental char-
acterization of the inserted MP, a substantial extinction
as well as the high helical propensity of the MSP render
some techniques difficult such as circular dichroism and
the concentration determination using the absorbance
at 280 nm wavelength. The latter can interfere with the
determination of the average number of inserted proteins
per disc and may be partially overcome using quantitative
SDS-PAGE, MS, or SEC under denaturing conditions.

Perspectives/conclusion

As outlined above, using NDs may be demanding in
terms of sample preparation and NMR data acquisition.
Therefore, one should consider whether the study of the
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target MP, in particular also in respect to the scientific
question that should be addressed, really benefits from
the ND environment. It has been proposed to use the ND
environment as a reference for the native MP state and,
in cases where NMR spectra in detergent micelles are
similar (indicative of similar structures), to proceed with a
more detailed structural characterization in the detergent
system (Shenkarev et al., 2010a; Tzitzilonis et al., 2013;
Susac et al., 2014).

Nevertheless, in addition to providing a near native
local environment, there are unique properties of the nan-
odisc system with a great potential for NMR-based studies.
These properties include in particular the clear definition
and kinetic stability of the assembled NDs, meaning that
molecular exchange processes are very slow and once
formed the lipid composition, disc size and number of
inserted MPs should not vary considerably over time. In
addition to the absence of detergents, these features may
not be given for other membrane mimetic systems such
as bicelles. Figure 5 gives an overview of selected useful
properties of the NDs for NMR-based studies. For instance,
as discussed above, it has been shown that NDs, unlike
micelles, can be used to measure RDCs using established
alignment media (Bibow et al., 2014; Hagn and Wagner,
2015) (Figure 5A). This property may offer rather straight-
forward means to check the topology of the target MP. In
addition, it has been shown that large nanodiscs (i.e. mac-
rodiscs) align themselves in magnetic field and can there-
fore be used as alignment media (Park et al., 2011).

Due to the good definition of and flexibility in the
lipid content of NDs, they offer an ideal platform to study
peptide or protein-membrane interactions. It has already
been shown for a-synuclein that residue specific informa-
tion regarding membrane association can be obtained
with the combination of ND and NMR (Zhang et al., 2014).
By varying the lipid content of the NDs, one could study
the effects of different lipid properties on the peptide-
membrane interaction (Figure 5B).

In principle, the ND system could also be used to not
only study MP-MP interactions within the same mem-
brane, but also MP-MP interactions of proteins embedded
in two separate membranes as present in viral docking
and/or membrane fusion (Figure 5C). In this respect the
scaffold protein could prevent the actual fusion step, thus
trapping the initial stages of the process.

The good solvent accessibility of the embedded MP
can also be exploited in various scenarios. In addition to
the (simultaneous) binding of interaction partners from
both sides, this property could be useful to generate a
rather homogenous distribution of biradicals for dynamic
nuclear polarization (DNP) experiments of MPs, which
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Figure 5: Selected useful properties and future potential of NDs for NMR-based studies.

(A) NDs can be used to measure RDCs using established alignment media (Bibow et al., 2014; Hagn and Wagner, 2015). (B) The good defini-
tion of and flexibility in the lipid content of NDs provides a suitable platform for studying lipid-protein interactions (Zhang et al., 2014).

(C) the ND system offers the potential to probe interactions between protein embedded into separate NDs. (D) The good solvent accessibility
of NDs can be used to generate a homogenous distribution of biradicals for dynamic nuclear polarization (DNP) experiments. Decent
enhancement factors are found for bR in MSP1D1 nanodiscs, which enables characterization of low amounts (38 ug) of bR (unpublished
data). (E) ND systems offer the unique possibility to insert a defined (small) number of membrane proteins into one disc using, for instance,
a DNA origami approach (Raschle et al., 2015) allowing the study of MP-MP interactions within the same bilayer (Figure 5E adapted with
permission from Raschle et al., 2015. ©2015 American Chemical Society.)

are so far normally carried out in proteoliposomes that
could introduce a radical gradient between the inside and
outside of the liposome. Our initial DNP measurements
confirm that the ND environment is well accessible to DNP
techniques (Figure 5D, unpublished data).

It is noteworthy that the ND systems provides unique
possibility to insert a defined (small) number of membrane
proteins into one disc. Using an DNA origami approach, it
was shown that either two or three MPs can be inserted in
a well-defined way into one single ND (Figure 5E) (Raschle
et al., 2015). While DNA design and upscaling may be
demanding, this approach combined with the ‘exchange-
stability’ of the ND system, can produce extraordinary
oligomer homogeneity offering promising potential for
studies of MP-MP interaction within the same bilayer.

Although the work with nanodiscs may be tedious,
it should be pointed out that solution NMR studies of
larger MPs in nanodiscs (up to a size of MSP1D1) are well
suitable. This means that bad NMR spectra obtained on
these systems are not a result of the total particles size
but can either be attributed to not optimal sample prepa-
ration or intrinsic features of the MP. In this respect, if
sample preparation is ‘optimal’ (e.g. according to the
SEC profile and functional assays) the absence of decent
NMR spectra may already be attributed to intrinsic prop-
erties of the MP, such as dynamic or heterogeneous
conformations.

All in all, due to the intrinsic potential of the system
paired with the recent advances in the field, it can be
anticipated that nanodiscs will become a standard tool
in the NMR-based studies of membrane proteins. In this
respect it may offer a platform to obtain site-resolved

insights into structure, function, dynamics and/or inter-
actions of membrane associated processes in a near native
environment.
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