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Reconstitution of membrane proteins in nanodiscs has proven
to be a highly effective approach to study membrane protein
structures in a lipid bilayer, resulting in many recent single
particle cryo-EM structures. While most of these studies
employed membrane scaffold protein (MSP) nanodiscs, addi-
tional types of nanodiscs were developed based on MSPs and
provide alternative approaches. Nanodiscs have been partic-
ularly effective in solving structures of different protein con-
formations and of bound lipids, demonstrating key roles of
specific lipids in structural integrity and protein function. At the
same time, discrepancies of lipid behavior in nanodiscs
compared to native membranes and liposomes necessitate
careful scrutiny of reconstitution parameters and further eval-
uation. This brief review covers an overview of types of
nanodiscs currently in use for cryo-EM structural studies, their
advantages and limitations, as well as examples of the
dramatically increased understanding they can reveal.
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In recent years it has become possible to study mem-
brane protein structure in phospholipid bilayers, which
provide key context, especially for specific protein-lipid
interactions essential to membrane protein function.
Detergents, commonly used to extract membrane pro-
teins during purification and an important approach to
study structures of detergent-solubilized membrane
proteins, can impact structural and thus functional
integrity as well as disrupt important protein-lipid in-
teractions for some membrane proteins [1,2]. Examples

include structures of the ABC transporter MsbA that
showed lower ATPase activity and pLGIC that may be
devoid of several critical lipids [3—5]. The development
of nanodiscs and membrane scaffold proteins made it
possible to study isolated membrane proteins within a
defined membrane bilayer [6—10]. Rat TRPV1 tetramer
cryo—oEM structures (~380 kDa) at resolutions of
29 A —3.4 A were the first structures of a nanodisc-
reconstituted membrane protein [11]. The rTRPVI-
MSP2N2 structure visualized critical protein-lipid in-
teractions, particularly for regulatory lipids and stabili-
zation of the resting state by phosphatidylinositol. This
breakthrough by the Cheng laboratory in 2016 paved the
way for membrane protein structural biologists to use
nanodiscs [11], including the Moiseenkova-Bell labora-
tory, where nanodiscs helped to explain channel gating
mechanisms of apo-rTRPV2Z [12]. Another early example
is the 3.5 A-resolution structure of the multi-subunit
yeast vacuolar ATPase V, proton channel, which pro-
vided an isotropic reconstruction where the proton
translocation mechanism was further clarified [13].

This concise review provides recent examples of
different types of nanodiscs used for single particle cryo-
EM integral membrane protein structure determination
(Table 1), new applications for peripheral membrane
proteins, and an overview of current advantages and
limitations. The examples show how nanodiscs can yield
structures of several conformations and reveal the high
significance of specific lipids.

Nanodisc development

The development of nanodiscs became possible through
the extensive characterization of apolipoproteins by
Segrest and colleagues [6—8]. Bayburt et al. described
membrane protein reconstitution into nanometer-range
phospholipid bilayers using human apolipoprotein-A,
followed by the development of genetically engineered
membrane scaffold protein (MSP) for bilayer formation
[9]. MSPs are used to generate nanodiscs, defined
membrane bilayers encircled by two MSPs [10]. The
MSP type decides the diameter, ranging from ~ 8 nm to
17 nm [14—17].

Nanodiscs are now routinely used to study the structure of
membrane proteins, particularly by cryo-EM [16—20]
(Figure 1) but also with much promise for NMR
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Table 1

Examples of recent cryo-EM membrane protein structures solved in different membrane mimetics (2022-2024).

Protein Membrane mimetic Lipid composition Accession ID Comments
Propofol bound-HCNH1 MSP1E3 DOPC:POPE:POPS EMD-42116 Nanodiscs showed binding sites
(Human) [48] (5:3:2)

TRPV1 (Human) [41] cNW11 POPC:POPE:POPG EMD-29982 Higher resolution in mixture, more
(3:1:1) complete structure in soybean lipids
soybean polar EMD-29981
extract

Channel rhodopsins Peptidisc Annular lipids EMD-40062 First cryo-EM structures in peptidiscs

HcKCR1 & HcCCR EMD 40063
(Hyphochytrium
catenoides) [33]

Pannexin-1 Salipro DirectMX Endogenous lipids PDB 8A3B First cryo-EM structure using

(Mouse) [43] DirectMX®

Propylamine bound-ELIC SMA POPC: POPE:POPG EMD-28829 spNW15 shows conformational

(Eriwinia chrysanthemi) [44] Saposin (2:1:1) used for all EMD-28830 changes for agonist bound structure

spMSP1D1 systems EMD-28831
spNW15 EMD-41673
AP2 (Human) [45] MSP2N2 DOPC:DOPS:PIP, EMD-40035 First cryo-EM” structure of peripheral

(75 %, 15 %, 10 %)

MP€ with PIP, interaction

@ Propriety technology; currently not generally accessible.
b At higher resolution.

¢ Membrane protein.

spectroscopy [21,22]. While still not trivial to prepare for
structure determination, they offer advantages such as the
ability to modify lipid composition, choices of diameters,
and accessibility of both bilayer sides [14,19,21]. MSP
nanodiscs have facilitated cryo-EM of membrane proteins
with molecular weights from ~ 60 kDa to 2 MDa [23,24].

Preparation of homogeneous nanodiscs requires testing of
lipid types, the solubilizing detergent for the membrane

Figure 1

protein, and the stoichiometry between protein, lipid, and
MSP [25]. Reconstitution efficiency can be controlled by
consideringlipid chain length and head group diameter [25].

Molecular dynamics simulations are contributing to an
emerging description of the impact of lipids on protein
structure and their dynamics within nanodiscs [25—27].
Mors et al. [25] demonstrated increased order of
lipids in nanodiscs and thus their bilayer thickness,
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An example of a single particle cryo-EM structure of an MSP-nanodisc-reconstituted membrane protein. (a) A schematic of an MSP2N2-nanodisc
encircling the HCN1 structure (PDB ID: 8UC7). The schematic MSP a-helices are indicated by green cylinders and the lipid head groups by light blue
circles. (b) HCN1 without the nanodisc. The presence of a membrane bilayer was essential to obtain the HCN1 structure with propofol (blue) bound [52].

Essential lipids are in red. The figures were prepared with PyMOL [54].
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constraining protein dynamics via the lateral pressure of
ordered lipids and MSP. Thus, for a given membrane
protein, the lateral pressure in the native membranes
will ideally need to be considered during nano-
disc optimization.

Types of nanodiscs

MSP lipid nanodiscs have laid the foundation to develop
additional nanodisc and bilayer mimetic approaches
[18]. These include ¢cNW nanodiscs, peptidiscs, and
saposins [28—31]. Typically, a particular membrane
mimetic is chosen or options are tested to optimally
reconstitute a membrane protein.

Circularized nanodiscs (cNWs) are covalently linked
variants based on Apolipoprotein-Al from traditional
MSP nanodiscs [28]. This strategy increases nanodisc
size homogeneity and offers a choice of diameters be-
tween ~9 nm and 80 nm. SpyCatcherSpyTag technol-
ogy has enhanced the ¢cNW effectiveness via a 10-fold
increase of spNW vield and significantly fewer experi-
mental steps [32]. The homogenous spNWs nanodiscs
are up to 100 nm.

Peptidiscs are amphipathic bi-helical peptides (NSP;)
that encircle membrane proteins to replace the bilayer,
with a 11.7 £ 1.4 nm peptidisc diameter for MalK2
[30]. This reconstitution strategy does not require
additional lipids and size adjustments to fit a mem-
brane protein target and has resulted in recent struc-
tures [33,34].

Saposin A is another reconstitution approach based on
its distinctive membrane binding properties, yielding
square 12 nm X 12 nm nanoparticles [31]. Saposin A
reconstitution requires lipids and detergents in the
purification buffer. DirectMX further developed this
proprietary approach for direct saposin A-lipoprotein
nanoparticles (Salipro) protein extraction from crude
cell membranes without detergent [35].

Styrene-maleic acid (SMA) copolymers insert into bi-
layers to extract membrane proteins and native lipids
[29]. Kamilar et al. found that SMA lipid particles
(SMALPS) do not possess many characteristics of native
nanodiscs [36]. Their use results in a mixture of nano-
discs and non-nanodisc lipid-detergent particles, and
the differing lipid environments can give rise to various
protein states. Thus, careful separation and analysis is
recommended [36]. A cryo-EM study revealed that
SMA reconstitution can hinder the ability to resolve
transmembrane domain regions, possibly due to the
heterogeneous nature of SMA polymers [37]. To pre-
vent heterogeneity, RAFT polymerization and SMA
modification with benzylamine (SMA-BA) were tested
[38]. Dynamic light scattering analysis indicated
improved homogeneity. Although SMA-BA appears

promising, magnesium sensitivity assays indicate an in-
crease in divalent cation sensitivity.

lon channel conformational states in MSP-nanodiscs
Crystal structures of the detergent-solubilized ligand-
gated ion channel pLGIC (GLIC) provided a first
important interpretation but this strategy is not
amenable to elucidating conformational changes in the
presence of lipids [39]. Cryo-EM structures of MSP
nanodisc-reconstituted GLIC at pH 7.5 to 4.0 revealed
conformational details [40]. Comparisons between the
detergent-solubilized GLIC structure and the GLIC-
nanodisc structure showed conformational differences
within the extracellular domain (ECD). Most strikingly,
at pH 4.0 GLIC demonstrated an intermediate, pre-
open, and open state. Lipids were found to be the key
driver of these functional states.

TRPV1 in cNW-nanodiscs

The Sobolevsky laboratory solved multiple cryo-EM
membrane protein structures with the use of cNWs.
To determine human apo and antagonist-bound TRPV1
structures, circularized nanodiscs (cNW11) were used
for reconstitution with either a POPC:POPE:POPG
mixture or soybean lipids [41]. Interestingly, the later
resulted in a lower resolution (2.90 A) than TRPV]
reconstituted in the synthetic lipid mixture (2.58 A
resolution). Yet while lower in resolution, the structure
in soybean lipids allowed for a more complete recon-
struction. Thus, structural studies of related or com-
parable proteins, or proteins with incompletely
resolved structures, may benefit similarly in terms of
resolution and completeness by studies in different
lipid environments. The apo structure included many
annular lipids, which impressively allowed for head and
tail region models. A phospohatidylinositol in the
vanilloid binding site could be distinguished due to the
large head group. Interestingly, the agonist binding
mechanism was further clarified with a structure of
detergent-solubilized protein.

mPANX1 in saposin-nanoparticles

Several structures of membrane proteins such as lipid
flippases, mechanosensitive channels and those relevant
to SARS-CoV-2 have been characterized using saposin
lipid nanoparticles [5,24,42]. Saposins were considered
a useful alternative to nanoparticles and other recon-
stitution methods, especially due to the extensive
detergent exposure during purification. Therefore,
direct membrane extraction technology (DirectMX)
was developed to omit detergent extraction [35].
Membrane proteins are transferred with their bilayer
environment directly from crude cell extract into
Saposin A nanoparticles, potentially allowing for the
selective removal of specific conformations. Successful
mPANX1 channel Salipro-reconstitution was demon-
strated by cryo-EM and functional assays [43]. Surface
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plasmon resonance studies confirmed that Salipro-
mPANXI1 could be immobilized and was capable of
binding to small molecules as opposed to the detergent-
reconstituted mPANXI1 that displayed decreased sta-
bility. A drawback of this promising approach is the
proprietary nature of the DirectMX technology, which is
currently not generally accessible to the membrane
protein structural biology community.

ELIC prefer spNW

Cryo-EM structures combined with molecular dynamics
simulations of ELIC (Erwinia ligand-gated ion channel)
examined the impact of different nanodiscs on protein
conformation, resulting in a comparison of the apo vs.
the agonist-bound structure and effects of nanodisc
type, diameter, thickness, and transmembrane domain
interactions with nanodisc scaffolds [44]. The structure
of SMA-reconstituted ELIC was compared to structures
of ELIC reconstituted in saposin, MSP1E3DI1,
spMSP1D1, and spNW15 nanodiscs, using POPC:PO-
PE:POPG (2:1:1). The apo structures did not differ,
while the agonist-bound structure showed notable de-
viations. A smaller nanodisc diameter led to structural
perturbation attributed to constraints of the limited
diameter and/or the direct interactions with the scaf-
fold. The 9 nm-nanodiscs had a thinner bilayer
compared to 11 nm-nandiscs and proteoliposomes,
which affected the TMD conformation. The authors
reasoned that larger nanodiscs allow for more extensive
conformational changes in the presence of agonist.
Thus, they recommended spNWI15 for ELIC, even
though ELIC is not necessarily centered and has het-
erogeneous positions. These findings provide important
considerations for studying other membrane proteins in
different nanodiscs, where an agonist may or may not
have the same impact. Depending on the native envi-
ronment specific to different proteins, smaller nanodiscs
may mimic crowding, or larger nanodiscs may be
required for substantial conformational changes. The
study also demonstrated the importance of verifying
structural data with additional biochemical and bio-
physical characterization before and after struc-
ture determination.

Peripheral membrane protein structures

Nanodiscs also provide an important means to solve pe-
ripheral membrane protein structures. The Baker labo-
ratory demonstrated feasibility by solving the structure of
a peripheral membrane protein associated with a nano-
disc via the 3.3 A-resolution cryo-EM structure of the
AP2 clathrin adaptor complex (AP2) [45]. AP2 bound to
~9 nm-nanodiscs yielded a low-resolution structure in a
nonnative conformation, while larger 17 nm-nanodiscs
allowed membrane bound-AP2 and a critical PIP2 head
group interaction to be characterized in detail. These
findings highlight the importance of testing diverse
scaffolds to ensure an appropriate membrane surface

area. The availability of various nanodiscs will support the
investigation of many more peripheral membrane pro-
teins associated with bilayers.

Conclusions

Hundreds of new cryo-EM structures of nanodisc-
reconstituted membrane proteins have been deposited
in the EMDB in recent years. Notably, structures of
several different conformations often elucidated mecha-
nisms. These structures have expanded our under-
standing of the frequently high significance of lipids.
MSP nanodiscs contributed most of the structures,
where the options for diameters could accommodate
different membrane protein sizes. At times conforma-
tional changes have been shown to require larger nano-
discs than the protein diameter indicates [42,45,46].
c¢NWs and spNWs offer substantially larger diameters to
accommodate integral or peripheral membrane proteins
[28—32]. Interestingly, the resolutions of structures from
c¢NWs were higher than 3.0 A. While this could be linked
to cNWs, resolution is bound to increase with optimiza-
tion of all nanodisc types, optimized lipid contents, and
the continuously developing cryoEM strategies. The
proprietary DirectMX avoids detergents and retains the
native bilayer [35]. Peptidiscs have a similar advantage,
without the need to consider size adjustments [30].

The nanodisc application to peripheral membrane pro-
teins in their interactions with membranes will quickly
expand [45]. Fusion proteins, Nanobodies, L.egobodies,
and NabFabs will allow us to understand even smaller
membrane proteins in nanodiscs [47—49]. Furthermore,
Nanobodies can be used to stabilize proteins or com-
plexes [47,50]. Cell-free expression will undoubtedly
assist in studying sensitive membrane proteins.

Nanodiscs can provide key details on annular and inte-
gral lipids, lipid—protein interactions, and substrate
binding [51,52]. The examples appear to indicate that
use may change to larger nanodiscs with space to allow
for conformational changes. New membrane protein
structures in bilayers and additional research on nano-
disc lipid phase behavior, lateral pressure, and the
possibly size-dependent curvature of nanodiscs will
shed light on the impact of nanodiscs on structure and
function and vice versa. Modulation of lipid content and
nanodisc sizes was found to be critical. Thus, testing and
structure determination with different lipids and
nanodisc diameters may become routine to fully un-
derstand the possible impact of specific lipids, similarly
as done with mutations to understand the detailed role
of amino acids in protein structure. Lipids are destined
to play an increasingly important role in membrane
protein structure investigations as further emphasized
by these recent structures, where nanodiscs and other
membrane-based approaches will serve as the main
tools. Growing focus on nanodisc lipid content and
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characteristics will ensure that nanodisc cryo-EM
structures are solved under physiologically relevant
membrane conditions and within the context of the
evolving understanding of membrane zones [53].
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