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Abstract

Nanodiscs, soluble membrane mimetics composed of an amphipathic mem-
brane scaffold protein encircling a lipid bilayer, are widely used in biophysical
and structural studies of membrane proteins. Because many membrane pro-
teins are responsive to their membrane environment, through specific protein-
lipid interactions and bulk membrane shape and structure, it is important
to understand the properties of lipid bilayers contained within nanodiscs in
order to interpret studies using this technology. Nanodiscs are known to alter
lipid properties, such as membrane thickness and melting temperature, and
interactions with the nanodisc rim have been hypothesized to produce local
perturbations in lipid structure and dynamics. Larger nanodiscs should com-
pensate for this effect with a larger unperturbed area. To test this hypothe-
sis, we examined the lipid bilayer properties of several lipids (DMPC, DPPC,
POPC, DSPC) and soy polar extract in circularized nanodiscs of 11 nm to
50 nm diameter using the environmentally-sensitive fluorophore, Laurdan.
In nanodiscs containing a single lipid type, as nanodisc size increased, lipid
packing, melting temperature, and cooperativity better approximated the
properties of that lipid in large unilamellar vesicles (LUVs). In spNW50
(50 nm nanodisc), the lipid packing and melting temperature were identical
to LUVs. However, nanodiscs containing soy polar lipids did not follow this
trend suggesting that complex lipid mixtures may produce preferential incor-
poration of lipids into the nanodisc or nonhomogeneous distribution of lipids
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within the nanodisc.
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1. Introduction

Membrane proteins are challenging targets for biophysical and structural
studies because of the difficulty of stabilizing the hydrophobic trans-
membrane domain throughout purification and analysis. Detergents or
amphipols can be used to solubilize membrane proteins, but the process
of solubilization removes surrounding lipids. In many cases, these lipids
are necessary for the structural integrity of the protein or regulate protein
function by direct binding or altering membrane properties [1]. In some
cases, detergent-solubilized membrane proteins have been shown to have
altered structure and function [2, 3]. Nanodiscs, discoidal bilayers stabilized
by an amphipathic scaffold, are a useful alternative membrane mimetic that
maintains a lipid bilayer structure while still allowing access to both the
intracellular and extracellular domains of membrane proteins.

The original nanodiscs consist of a lipid bilayer encircled by membrane
scaffolding proteins (MSPs), an engineered derivative of human apolipopro-
tein A-1 [4]. This concept has since been applied other proteins [5, 6],
DNA [7], and copolymeric [8–10] scaffolds. Nanodiscs have become the
preferred platform for use in structural studies [11], such as cryo-electron mi-
croscopy (cryo-EM) [12] and nuclear magnetic resonance (NMR) [13], which
has fueled a significant increase in the number of available membrane protein
structures. Functionalization of nanodiscs, including “dark” nanodiscs [14],
affinity tags for surface immobilization [15], anti-nanodisc antibodies [16]
and addition of Förster resonance energy transfer pairs [17, 18] has made
them a useful platform in a wide range of biophysical techniques.

While nanodiscs stabilize a soluble lipid bilayer, alterations in the physic-
ochemical properties of the lipid bilayer have been demonstrated, including
melting temperature [19, 20], bilayer height [19, 21–24], membrane bending
modulus [23], area per lipid [21–23, 25], lipid chain order [20–22, 25–27],
configurational entropy [25], and two-dimensional diffusion [21, 25]. Pertur-
bations to these lipid properties have challenged the utility of MSP-based
nanodiscs. While copolymer-based nanodiscs can directly extract membrane
proteins and lipids from native membranes, similar differences in lipid struc-
ture and dynamics have been observed in copolymeric nanodiscs [28, 29].
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The differences in lipid physicochemical properties have been attributed to
a complex interplay of nanodisc geometry, nanodisc-lipid stoichiometry, and
lateral forces induced by the thermal expansion-contraction of the nanodisc
scaffold.

Computational [21–23, 26] and structural [26] studies of nanodiscs report
that the physical properties of the lipids are spatially heterogenous, driven
by the geometry and dynamics of lipids at the nanodisc rim (i.e., where the
lipid bilayer meets the MSP construct). Denisov et al. [19], attributed the
decreased enthalpy change of the gel-liquid phase transition in nanodiscs
to perturbed boundary lipids close to the nanodisc rim. Comparing the
enthalpy change of the gel-liquid transition in nanodiscs versus liposomes,
it was suggested that the width of the perturbed boundary layer was a
fixed ∼1.5 nm (approximately two radial layers of lipid at the nanodisc
rim) and that larger nanodiscs would have properties indistinguishable from
an unperturbed lipid bilayer. This calculation employed a model which
assumed lipids existed either as “perturbed” or “unperturbed”, but some
studies [26, 27] have suggested that lipids in nanodiscs exist on a continuum
of perturbation. Additionally, simulations comparing smaller (MSP1,
∼9.8 nm diameter) and larger (MSP2N2, ∼18.4 nm diameter) nanodiscs
showed that the geometry induced by the nanodisc rim propogates further
into the bilayer for the larger nanodisc, although the larger nanodisc was
simulated for only 150 ns [23]. Therefore, it remains unclear if larger
nanodiscs are able to reproduce properties of unperturbed lipid bilayers.

Until recently, nanodisc scaffolds were stable only to a diameter of
approximately 15-18 nm [30]. Engineering of the scaffold to contain
sites for covalent circularization, via the sortase-mediated method [31],
split intein method [32], or SpyCatcher-SpyTag technology [33], has
produced thermally-stable nanodiscs up to 100 nm. The wide range
of nanodisc sizes now available (6-100 nm) makes it possible to test
whether lipid properties in larger nanodiscs better approximate an un-
perturbed lipid bilayer. Here, we use the solvatochromatic, lipophilic
fluorophore, Laurdan (Fig. 1), to measure lipid packing in nanodiscs
ranging from 11-50 nm and compare this to lipid packing in large unil-
amellar vesicles (LUVs) of the same lipid composition, focusing on four
lipids: DMPC (1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine), DPPC
(1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine), POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine), and DSPC (1,2-distearoyl-sn-
glycero-3-phosphatidylcholine). We observe that as nanodisc size increases,
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the properties of the lipid bilayer better approximate those of LUVs, with
spNW50 (50 nm nanodisc) appearing identical to LUVs in the case of DPPC,
POPC, and DSPC. For all saturated lipids examined, melting temperature
in the spNW50 nanodisc was identical to that of LUVs and cooperativity
of the phase transition increased as nanodisc size increased. Overall, our
results demonstrate that lipid bilayers in larger nanodiscs more closely
resemble an unperturbed lipid bilayer in LUVs. The effects of nanodisc size
on lipid bilayer properties are likely to impact the structure and function of
some membrane proteins when reconstituted in nanodiscs.

2. Materials and Methods

2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1,2-distearoyl-sn-glycero-
3-phosphatidylcholine (DSPC), and 1-(6-(dimethylamino)naphthalen-2-
yl)dodecan-1-one (Laurdan) were obtained from Avanti Polar Lipids
(Alabaster, AL). Plasmids for spMSP1D1 (AddGene ID 173482), spNW15
(AddGene ID 173483), spNW25 (AddGene ID 173484), and spNW50
(AddGene ID 173486) were purchased from Addgene (Watertown, MA).
BioBeads SM-2 adsorbent beads were purchased from Bio-Rad Laborato-
ries (Hercules, CA). The quartz cuvette used for fluorometric assay was
purchased from Starna Cells (Atascadero, CA). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Production of large unilamellar vesicles

Laurdan powder was dissolved in a 1:1 solution of chloroform and
methanol to a concentration of 1 mM and stored at -20°C until use. Using a
glass syringe at room temperature, Laurdan was added in a 1:200 ratio to
the stock solution of lipid in a glass vial. The resulting solution was dried
under a gentle stream of N2 and placed in a vacuum desiccator overnight
to remove any residual solvent, leaving a thin lipid film. This lipid film was
then hydrated with buffer A (20 mM HEPES, 150 mM NaCl, pH 7.0) at
room temperature and vortexed for 5 minutes. Each sample then underwent
five freeze-thaw cycles. Samples were flash frozen in liquid nitrogen for
3 minutes and thawed by placing in an aluminum heating block. During
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the thawing process, the aluminum heating block was maintained above
the lipid’s melting temperature (room temperature for POPC, DMPC,
and soy polar extract, 50°C for DPPC, and 70°C for DSPC). Following
five freeze-thaw cycles, the suspension was extruded twenty times at room
temperature through a polycarbonate membrane with a nominal pore size
of 0.1µm (Avanti Polar Lipids, Alabaster, AL). Large unilamellar vesicles
(LUVs) were stored at 4°C until use.

2.3. Expression and Purification of Circularized Nanodiscs

Expression and purification of the nanodiscs followed the published proto-
col [33]. spMSP1D1, spNW15, spNW25, and spNW50 plasmids were trans-
formed into E. coli BL21STAR (DE3) cells and grown in LB media at 37°C
with kanamycin (50 µg/mL) until an optical density of ∼0.7 at 600 nm. Pro-
tein expression was induced with 0.2 mM IPTG and the cultures maintained
at 16°C overnight. Cells were pelleted by centrifugation at 3450g for 20
minutes at 4°C. The supernatant was removed and the cells were stored at
-80°C until purification. For purification, the cell pellet was resuspended in
buffer B (50 mM Tris-HCl at pH 8, 100 mM NaCl, 5% glycerol, 2 mM β-
mercaptoethanol) and lysed using the EmulsiFlex system (15,000 psi for 3
passes). Cell lysate and other insoluble material was separated by centrifu-
gation at 12,000g for 45 minutes at 4°C. The supernatant was loaded onto
a Ni-NTA column (pre-equilibrated with ten column volumes of buffer B)
and washed with twenty column volumes of 50 mM Tris-HCl at pH 8, 20
mM Imidazole, 400 mM NaCl, 5% glycerol, 2mM β-mercaptoethanol. The
protein was eluted with 50 mM Tris-HCl at pH 8, 500 mM Imidazole, 400
mM NaCl, 5% glycerol, 2 mM β-mercaptoethanol and stored at -80°C.

2.4. Formation of Circularized Nanodiscs

Laurdan (as prepared in 2.2) was added in a 1:200 ratio to the stock so-
lution of lipid in a glass vial at room temperature. The resulting solution
was dried under a gentle stream of N2 and placed in the vacuum desiccator
overnight to remove any residual solvent, producing a thin lipid film. Buffer
A with 50 mM cholate at room temperature was added to the glass vial con-
taining the thin lipid film to a lipid concentration of 20 mM. The solution was
vortexed at room temperature for 5 minutes, providing complete dissolution
of the lipid film for POPC and DMPC. In the case of DPPC and DSPC, the
solution containing lipid in buffer A with 50 mM cholate was heated above
the melting temperature (as in 2.2) and sonicated for 10 minutes following
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the initial vortexing to completely solubilize the lipids. The resulting solu-
tion was allowed to equilibrate at room temperature. Appropriate volumes
of circularized nanodisc scaffold protein (spMSP1D1, spNW15, spNW25, or
spNW50) and solubilized lipids (molar ratios of 1:90 for spMSP1D1, 1:150
for spNW15, 1:350 for spNW25, and 1:1000 for spNW50) were combined
and rotated for 1 hour above the melting temperature of the lipid (4°C for
POPC, 30°C for DMPC, 50°C for DPPC, and 70°C for DSPC). BioBeads
were added to the solution and rotated at the same temperature overnight
(rotated 3 hours for DPPC and DSPC given the elevated temperature) in
order to remove cholate and allow self-assembly of the nanodisc. Following
this, the solution was removed from the BioBeads and centrifuged at 20,000
rpm for 10 minutes at 4°C. The supernatant was withdrawn into a glass sy-
ringe and purified by size exclusion chromatography on an Äkta Pure System
(Cytiva Life Sciences, Marlborough, MA) using a Superose 6 Increase 10/300
column (Cytiva Life Sciences) pre-washed and equilibrated with Buffer A at
4°C. The fraction containing the elution peak (Fig. 2, Table 1) was stored at
4°C until use.

2.5. Fluorescence Spectroscopy Measurements

Steady state emission spectra for each sample were acquired using a Fluo-
romax+ spectrophotometer (Jobin Yvon, Edison, NJ) with temperature con-
trol achieved via Peltier thermocouple (Model TC-1 from Quantum North-
west, Lady Lake, WA). Samples were placed in quartz cuvettes and incubated
at the starting temperature for 5 minutes. For samples in which the tem-
perature was raised by more than 1°C between measurements (i.e., POPC
and soy polar extract), the sample was incubated at each new temperature
for 5 minutes before the subsequent measurement. For samples in which the
temperature was raised by 1°C between measurements (i.e., DMPC, DPPC,
and DSPC), the sample was incubated for 3 minutes at each new temper-
ature before the subsequent measurement. Laurdan was excited at 385 nm
with a bandwidth of 1.2 nm on both the excitation and emission monochro-
mators. Steady state spectra were acquired in 1 nm steps from 400 nm to
540 nm using an integration time of 0.2 s. Within an individual sample,
each steady state spectrum represents a simple average of three scans using
the above parameters. Fluorescence spectra were analyzed by calculating
Laurdan generalized polarization (GP) according to:

GPLaurdan =
I440nm − I490nm
I440nm + I490nm

(1)

6

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2025. ; https://doi.org/10.1101/2025.04.07.647641doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.07.647641
http://creativecommons.org/licenses/by/4.0/


where I440nm is the intensity of the steady state spectrum at 440 nm and
I490nm is the intensity of the steady state spectrum at 490 nm. Data was
visualized using an in-house Python (version 3.6.8) script available at
https://github.com/mjarcario/Laurdan-Data-Extraction/tree/main. The
derivative of the temperature-dependent GP plots was calculated using the
central finite difference method, available in the same Python script.

3. Results

To test the idea that larger nanodiscs are less perturbing to the lipid
bilayer, we used the environmentally-sensitive membrane dye, Laurdan,
to report on lipid packing in nanodiscs ranging from 11 nm to 50 nm in
diameter (Fig. 1) and compared this with large unilamellar vesicles (LUVs)
of the same lipid composition. The chosen range of nanodisc sizes span
from those originally described by Sligar and colleagues (11 nm) [4] to sizes
only recently made possible via covalent circularization of the nanodisc
scaffold (50 nm) [33]. Laurdan has been extensively characterized [34] and
routinely used as a reporter of the physical properties of lipids contained
in nanodiscs [19, 29, 35–37] (in addition to its well-documented use in
liposomes) due to its sensitivity to the polarity of the local environment [38].
Specifically, the emission peak of the dye undergoes a red shift from
400 nm to 490 nm (Fig. 1) response to increased aqueous solvation [34],
which is associated with decreased lipid packing and decreased membrane
order [38]. The normalized relative intensity of these two peaks, called the
generalized polarization (GP, see 2.5 for the definition), quantifies the degree
of membrane packing with higher values indicating tighter lipid packing and
lower values indicating looser lipid packing.

In this study, we chose four lipids whose properties are well-characterized
(see [39] for a thorough review) and had been previously examined in
smaller nanodiscs [19, 29, 36], namely DMPC (di-14:0), DPPC (di-16:0),
POPC (16:0,18:1), and DSPC (di-18:0). In addition, we investigated the
properties of soy polar lipid (asolectin), which is widely used in structural
studies by cryo-EM [40–45]. To ensure that all measurements contain only
well-formed nanodiscs, we isolated each nanodisc sample using size exclusion
chromatography. For all lipid types, each nanodisc preparation produced
monodisperse peaks (Fig. 2) at elution volumes consistent with those
previously published [33]. All fluorescence measurements were collected
from a single fraction containing only the peak of interest.
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3.1. spNW50 recovers bulk lipid properties of large unilamellar vesicles for
single lipid compositions

The saturated lipids studied here (DMPC, DPPC, and DSPC) have
transition temperatures at 24°C, 41°C, and 54°C respectively, which allows
investigation of lipid packing in both ordered and disordered phases (Fig. 3).
The LUVs of DMPC, DPPC, and DSPC showed a reproducible, sharp
phase transition at the expected transition temperature (Supplemental
Figs. S1-S3).

For DMPC, the two smaller diameter nanodiscs, spMSP1D1 (11 nm) and
spNW15 (15 nm), demonstrate lipid packing similar to LUVs at tempera-
tures below the phase transition, but tighter lipid packing (i.e., higher GP
values) compared to LUVs above the phase transition. In contrast, DMPC
in larger nanodiscs, spNW25 (25 nm) and spNW50 (50 nm), demonstrate
tighter lipid packing compared to LUVs below the phase transition, but
lipid packing similar to LUVs above the phase transition. All DMPC-filled
nanodiscs, however, have a less cooperative phase transition evidenced by
the shallow decrease in GP values as a function of temperature (Fig. 3).
This “continuous phase transition” has been demonstrated previously in
both MSP-based and polymeric nanodiscs [19, 29, 35, 46] and attributed
to perturbations induced by the nanodisc rim. As nanodisc size increases,
the transition becomes sharper, indicating a more cooperative transition in
larger nanodiscs compared to smaller nanodiscs.

The derivative of the temperature-dependent GP plot can yield in-
formation about the phase transition, including transition temperature
(location of the peak), relative cooperativity of the phase transition (width
at half-maximum amplitude of the peak), and enthalpy of the phase
transition (area under the curve). This approach has been used previously
with multilamellar vesicles of single lipids and has demonstrated good
agreement with differential scanning calorimetry measurements [47]. For
DMPC, nanodiscs with smaller diameter show an increased melting (main
transition) temperature (TM) compared to LUVs (Fig. 4), which has been
demonstrated previously in non-circularized nanodiscs [19, 35]. In contrast,
the phase transition temperature decreased in polymer-based nanodiscs
containing saturated phosphatidylcholine lipids [46]. Interestingly, as the
size of the nanodisc increases, TM decreases and at 50 nm coincides with
that of LUVs of the same composition (Fig. 4). However, the phase
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transition is much broader for all nanodiscs compared to LUVs, indicating a
less cooperative phase transition in nanodiscs compared to LUVs, consistent
with the fact that the nanodisc rim perturbs local lipid-lipid interactions.
Again, as nanodisc diameter increases, the cooperativity of the phase
transition increases, but even at 50 nm, cooperativity is lower than in LUVs.

Overall, similar trends are noted for DPPC- and DSPC-containing
nanodiscs in regards to TM (Fig. 3) and cooperativity (Fig. 4). As noted
in DMPC-containing assemblies, lipids in nanodiscs with smaller diameters
have a right-shifted main transition temperature as compared to an LUV
with the same lipid composition (Fig. 4). As nanodisc size increases, the
transition temperature shifts leftward and the cooperativity of the phase
transition increases. The transition temperature for DPPC, however, is less
affected overall by incorporation into nanodiscs than DMPC (Fig. 5), with
the ∆TM between LUV and spMSP1D1 being 2°C in DPPC-containing
nanodiscs compared to 5°C in DMPC-containing nanodiscs; this observation
was also made in small, non-circularized nanodiscs previously [19]. Further,
DSPC shows less deviation in the main transition temperature than DPPC
(Fig. 5), with even the smallest nanodisc (spMSP1D1) showing the same
main transition temperature as a DSPC LUV. As in DMPC, when compared
to smaller nanodics, larger nanodiscs are more ordered at temperatures
below the transition point and less ordered at temperatures above the
transition point. In contrast to DMPC, larger nanodiscs containing DPPC
or DSPC better approximate LUVs at temperatures both above and below
the transition point and, in the case of spNW50, display the same order
across the entire temperature spectrum. Taken together, these results
suggest that lipids incorporated into the nanodisc may be accommodated
by the scaffold differently depending on the length and geometry of the lipid
acyl chains.

To better understand how lipid unsaturation affects the properties
of nanodisc-incorporated lipids, the temperature-dependent ordering of
POPC (16:0,18:1) was examined (Fig. 3, Supplemental Fig. S4). As the
transition temperature of POPC is -2°C, the transition temperature and
cooperativity for this lipid type could not be assayed using the instrument
available. Nanodiscs with POPC up to 25 nm showed more order at low
temperatures (i.e., up to ∼20°C) than either spNW50 nanodiscs or LUVs.
At higher temperatures, POPC order diverges based on nanodisc size with
less ordering in larger nanodiscs; POPC order in spNW50 matches LUVs
throughout the temperature spectrum (Fig. 3), as seen with DPPC.
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3.2. A lipid extract demonstrates complex behavior with regards to nanodisc
size

Cell membranes are composed of many lipid types, which are known
to allosterically modify membrane proteins. Therefore, structural and
biophysical studies involving nanodiscs have frequently used complex lipid
mixtures such as soy polar lipids. Soy polar lipids is a lipid extract that
contains zwitterionic and anionic headgroups as well as saturated and
unsaturated acyl chains [48]. This lipid mixture has been shown to support
the function of many membrane proteins, and is therefore frequently used
for structural studies involving nanodiscs [40–45]. The properties of these
lipids in nanodiscs, however, has rarely been studied to date.

Nanodiscs filled with soy polar lipids show a different trend compared to
the single lipid nanodiscs described above. Compared to LUVs, all nanodisc
sizes show more ordered lipids across the temperature spectrum examined
(4-40°C), including spNW50 (Fig. 6, Supplemental Fig. S5). At the lowest
temperature, there is a trend towards larger nanodiscs being less ordered
than smaller nanodiscs, which is the opposite of what is observed for single
lipid nanodiscs (Fig. 3). As temperature increases, there is a divergence
with spNW25. At higher temperatures, lipid order is higher in spNW25
compared to spMSP1D1 and spNW15, and lower in spNW50. Even so,
the LUVs containing soy polar extract lipids shows drastically lower order
than any nanodisc size studied here. Overall, the behavior of this complex
lipid mixture is strikingly different than the trends observed for single lipids
discussed above.

4. Discussion

This study examines the properties of lipids incorporated into nanodiscs
of different size to test the long-standing hypothesis that the lipid bilayer in
large nanodiscs should behave the same as an unperturbed lipid bilayer [19].
This was achieved by using a circularized nanodisc technology that enables
formation of very large nanodiscs. The results demonstrate that as nanodisc
size increases, the properties of incorporated lipids show better agreement
with LUVs and, in the case of DPPC, DSPC, and POPC, lipids incorporated
into spNW50 (50 nm) nanodiscs, show complete agreement with LUVs.
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While this data supports the hypothesis that larger nanodiscs support a
larger unperturbed lipid bilayer area, the initial model proposed by Sligar
and colleagues [19] maybe be incomplete. The model assumed that the
volume of perturbed lipids was fixed and ended approximately 1.5 nm from
the nanodisc rim. If the perturbed volume was fixed, then the nanodiscs
studied here would have approximately 77, 83, 90, and 95% unperturbed
lipids (in spMSP1D1, spNW15, spNW25, and spNW50, respectively).
Given this, the expected deviation in nanodisc properties compared to
LUVs should decrease monotonically, but this is not observed. In fact, in
every case examined here, the lipid packing and transition temperatures
for spMSP1D1 and spNW15 are indistinguishable. Even in the case of
spNW25 and spNW50, for the saturated lipid types outside of transition
points, the lipid packing is virtually indistinguishable. Recently, it has been
proposed that lipids in a nanodisc do not exist as wholly “perturbed” or
“unperturbed”, but rather on a spectrum of perturbation dependent on the
distance of the lipid from the nanodisc rim [26]. This idea is supported
by multiple simulation studies of MSP-based nanodiscs [21–23] and could
explain why there is not a linear trend towards agreement with LUV
properties as nanodisc size increases.

Interestingly, there is a dichotomy in the results between single lipid
nanodiscs and nanodiscs filled with a complex lipid mixture. While nan-
odiscs filled with a single lipid follow a simple trend (i.e., larger nanodiscs
are more similar to LUVs, spNW50 is equivalent to LUVs), this is not
observed for soy polar extract nanodiscs. The lipid packing in even spNW50
is drastically different from that observed in LUVs (Fig. 6). Possible
reasons for this difference include: (1) preferential incorporation of certain
lipid types into the nanodisc via interaction with the MSP scaffold or the
SpyCatcher-SpyTag construct, (2) asymmetric distribution of lipids within
the nanodisc or LUVs, or (3) asymmetric co-distribution of Laurdan and
lipids within the nanodisc. Recently, it was demonstrated that tempera-
ture [49] as well as lipid geometry [50] can alter the composition of lipids
incorporated into nanodiscs, suggesting that certain lipids preferentially
interact with the MSP scaffold or, perhaps, lipids with certain geometries
are better accommodated by the curvature induced by the nanodisc scaffold.
Therefore, it is plausible that the lipids present in nanodiscs made from soy
polar lipid are not the same as those present in LUVs. Indeed, in a recent
study using an ER-like membrane, it was shown, via quantitative mass
spectromety, that nanodiscs become enriched in cholesterol and depleted
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in sphingomyelin compared to the native composition [50]. Therefore,
nanodiscs affect both the lipid composition as well as the fluid properties
of lipid bilayers, which has far reaching implications in structural biology
and biophysics, especially in studies where modulatory or necessary lipid
species are assumed to be present based on the input composition. It
is also entirely possible that specific interactions between lipids and an
incorporated transmembrane membrane protein will lead to enrichment of
certain lipids in the nanodisc, further altering the composition of lipids
within the nanodisc itself. Therefore, the lipid environment of membrane
proteins reconstituted in nanodiscs with complex lipid mixtures is likely
different from liposomes, even when using large nanodiscs.

It remains unclear whether lipid mixtures asymmetrically distribute
within nanodiscs. Simulation studies [21–23, 26] have repeatedly shown
spatially-dependent changes in thickness and curvature in nanodiscs, using
both all-atom and coarse-grained approaches. Certain lipids could interact
favorably with the thin and highly curved edge of the nanodisc rim while
other lipids could preferably insert into the thick nanodisc interior. In
addition, the MSP contains several charged residues which could drive both
favorable and unfavorable interactions between lipids and the nanodisc
rim. Certainly, more work is needed to understand what underpins specific
lipid-MSP interactions in order to interpret the biophysical data being
generated using nanodiscs.

Laurdan was chosen for this study as it is a well-known solvatochromatic
dye with well-characterized properties. Importantly, it has been shown
repeatedly to partition equally between ordered and disordered phases
across a range of lipids [38, 51, 52]. There is also evidence that the
presence of a membrane protein in the lipid volume does not alter Laurdan
spectra [53]. The current study assumes that Laurdan distributes evenly
across the nanodisc lipid bilayer and is reporting on lipid properties in
all areas. Nanodiscs, however, are spatially heterogeneous [21–23, 26]
with varying thickness and curvature. It is not apparent a priori whether
Laurdan would distribute evenly across the surface of the nanodisc and,
indeed, this question has been raised previously [29]. It is encouraging
that similar results were obtained when using different solvatochromatic
dyes with different physical properties [29], but further work is needed to
understand how Laurdan behaves in the nanodisc environment. Molecular
simulations of di-4-ANEPPDHQ, a solvatochromatic, lipophilic fluorophore
similar to Laurdan, showed that there can be spatial preference of this
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positively charged dye for the nanodisc rim in the presence of anionic
phospholipids [54]. The same heterogenous distribution was not observed in
POPC-only nanodiscs, such as those studied here.

A natural question that follows from these results, due to the central
role of nanodiscs in the recent boom of cryo-EM structures is: “What is the
optimal nanodisc size for membrane protein structures?”. The equilibrium
structure of the ligand-gated ion channel, ELIC, is altered in different size
nanodiscs [55], through either altered lipid properties or direct interaction
with the nanodisc scaffold. The greatest agonist-dependent changes in ELIC
were observed in the largest nanodisc tested, a 15 nm circularized nanodisc
(spNW15). Similarly, structures of the ion channel, TRPV3, in 11 nm
[56] or 30 nm [57] circularized nanodiscs captured different conformations
compared to smaller non-circularized nanodiscs, providing insights into
the mechanisms of heat activation and opening of this ion channel. These
studies suggest that nanodisc size can impact the structure of membrane
proteins, and it remains to be determined if the properties of the lipid bilayer
are contributing factors. However, there is also evidence that membrane
proteins preferentially interact with the nanodisc rim and are stabilized by
interactions with the scaffold [58, 59]. Therefore, it is unclear what the
“optimal” nanodisc size is for membrane protein structure determination
and it is very likely that it is dependent on the membrane protein of interest
and its interaction with the nanodisc itself.

5. Conclusion

Nanodiscs remain a valuable tool for biophysical and structural studies
of membrane proteins. It has long been known, however, that lipids incor-
porated into nanodiscs have altered physical properties compared to unper-
turbed lipid bilayers [19, 29]. Using circularized nanodiscs that encompass a
large range of sizes, this study demonstrates that as nanodisc size increases,
the physical properties of the lipid bilayer such as lipid packing, melting tem-
perature, and cooperativity better approximate that of LUVs for single lipid
compositions. With complex lipid mixtures, such as soy polar lipids, this
trend does not hold and spNW50 does not recover the physical properties of
an LUV. This could be due to preferential enrichment of certain lipid species
within the nanodisc or asymmetric distribution of lipids within the nanodisc,
but further work is needed to test this. Overall, these results indicate that
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larger nanodiscs support a more unperturbed membrane environment, but
the extent to which this is true will depend on the types and combinations
of lipids used.
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Figure 1: (A) Molecular models of the nanodisc MSP scaffold showing the relative size
of each nanodisc with the scaffold shown as van der Waals spheres (spNW15, dark green;
spNW25, gold; spNW50, magenta). spMSP1D1 is omitted in this figure as the scaffold
would overlap spNW15 significantly. The chemical structure of Laurdan is shown (B)
along with a representative set of Laurdan emission spectra (C) from low temperature
(purple, below the transition temperature of the membrane) to high temperature (red,
above the transition temperature of the membrane). The peak emission is 440 nm when
lipids are in an ordered phase and 490 nm when lipids are in a disordered phase.
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Figure 2: Size exclusion chromatography for lipid-filled nanodiscs containing POPC (left),
DMPC (middle left), DPPC (middle right), and soy polar lipid (right). For each plot,
the absorbance of the sample at 280 nm is shown as a function of elution volume (mL)
from the column for each nanodisc sample (spMSP1D1, light blue; spNW15, dark green;
spNW25, gold; spNW50, magenta). Arrows denote the peaks collected for fluorometric
assay.
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Figure 3: Generalized polarization (GP) values as a function of temperature for model
lipid types DMPC (top left), DPPC (top right), DSPC (bottom left) and POPC (bottom
right). Higher GP values signify tighter packing of the membrane, whereas lower GP
values signify looser packing. Each data point represents the average of three independent
measurements with the error bars representing the standard deviation of the the three
measurements. Data for nanodiscs are colored as light blue for spMSP1D1 (11 nm), dark
green for spNW15 (15 nm), gold for spNW25 (25 nm), and magenta for spNW50 (50 nm).
Data for LUVs are colored gray. Where data for spMSP1D1 (light blue) is not visible in
these plots, data from spNW15 (dark green) overlie due to similarity in the GP values and
size of data points.
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Figure 4: Transition temperatures of DMPC (left), DPPC (middle), and DSPC (right) as
measured by the negative derivative of generalized polarization (GP) values with respect
to temperature using the central difference algorithm applied to the average of three
independent experiments. Here, the temperature at which the derivative is maximum
represents the transition temperature, which is marked with a vertical line with the same
color as the data points (spMSP1D1, light blue; spNW15, dark green; spNW25, gold;
spNW50, magenta; LUV, gray). The transition temperature for each nanodisc and LUV
is also shown with a number of the same color.
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Figure 5: The difference between the main transition (melting) temperature meaured
in LUVs and nanodiscs (spMSP1D1, light blue; spNW15, dark green; spNW25, gold;
spNW50, magenta) is shown for the saturated lipids examined. Where the colored bar is
not visible, the ∆TM from the LUV of the same composition is 0°C.
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Figure 6: Generalized polarization (GP) values as a function of temperature for soy polar
lipids. Each data point represents the average of three independent measurements with
the error bars representing the standard deviation of the the three measurements. Data
for nanodiscs are colored as light blue for spMSP1D1 (11 nm), dark green for spNW15 (15
nm), gold for spNW25 (25 nm), and magenta for spNW50 (50 nm). Data for LUVs are
colored gray. Where data for spMSP1D1 (light blue) is not visible in this plot, data from
spNW15 (dark green) overlie due to similarity in the GP values and size of data points.
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Lipid spMSP1D1 spNW15 spNW25 spNW50
DMPC 16.03± 0.05 15.83± 0.05 14.13± 0.02 8.46± 0.01
DPPC 16.04± 0.04 16.01± 0.06 14.47± 0.02 8.38± 0.04
POPC 15.94± 0.02 15.88± 0.02 14.11± 0.04 8.35± 0.06
DSPC 15.91± 0.22 15.81± 0.40 14.56± 0.26 8.30± 0.20

Soy Polar Lipid 15.42± 0.03 15.22± 0.04 14.66± 0.24 8.84± 0.05

Table 1: Elution volumes for lipid-filled nanodiscs. This table shows the elution volume (in
mL) for each nanodisc size and lipid condition. Values presented are average (± standard
deviation) across the three samples used in the analysis.
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