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A B S T R A C T

Lipid nanodiscs are macromolecular assemblies, where a scaffold protein is wrapped around a nanosized disc of
a lipid bilayer, thus protecting the hydrocarbon chains at the disc edges from unfavorable interactions with
water. These nanostructures have numerous applications in, e.g., nanotechnology and pharmaceutics, and in
investigations of membrane proteins. Here, we present results based on atomistic molecular dynamics simula-
tions combined with electron paramagnetic spectroscopy measurements on the structure and dynamics of lipids
in single-component nanodiscs. Our data highlight the existence of three distinctly different lipid fractions:
central lipids residing in the center of a nanodisc, boundary lipids in direct contact with a scaffold protein, and
intermediate lipids between these two regions. The central lipids are highly ordered and characterized by slow
diffusion. In this part of the nanodisc, the membrane is the thickest and characterized by a gel-like or liquid-
ordered phase, having features common to cholesterol-rich membranes. The boundary lipids in direct contact
with the scaffold protein turned out to be less ordered and characterized by faster diffusion, and they remained
in the liquid-disordered phase even at temperatures that were somewhat below the main phase transition
temperature (Tm). The enthalpies associated with the central-boundary and central-intermediate transitions
were similar to those observed for lipids going through the main phase transition. Overall, the study reveals lipid
nanodiscs to be characterized by a complex internal structure, which is expected to influence membrane proteins
placed in nanodiscs.

1. Introduction

Lipid nanodiscs are macromolecular assemblies comprised of a
patch of a lipid bilayer surrounded by membrane scaffold proteins
(MSPs) shielding the lipid hydrocarbon acyl chains from contact with
water molecules [1]. These nano-devices have been developed for
various applications including, e.g., drug delivery [2,3], fabrication of
nanosensors [4], and catalytic devices [5]. Yet, their main application
areas are structural and functional studies of membrane proteins [6,7].

Membrane proteins are key players in various cellular processes
such as signaling, cell adhesion, and energy conversion [8]. They are
coded by 20–30% of genes in the majority of known genomes [9,10].
Membrane proteins also constitute two thirds of proteins targeted by

drugs, and they bind approximately 50% of small molecular therapeutic
substances [11–13]. Nonetheless, since membrane proteins are in-
soluble in polar solvents, they are difficult to explore and thus under-
represented with regard to structural and functional studies of biomo-
lecular systems.

What is needed to investigate the function of membrane proteins?
One obviously needs the proteins, and functional circumstances aimed
at stabilizing their structure and fostering their activity.

Production of membrane proteins for in vitro experiments is usually
not a problem. A trickier task is protein stabilization that should be
possible regardless of whether proteins are expressed in bacterial cells,
eukaryotic cells, or under cell-free conditions. There are several ways to
accomplish this, such as, one can use detergents or other hydrophobic
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agents that form micellar structures around the hydrophobic domains
of proteins [14]. However, the stability alone does not guarantee that
the given proteins would function correctly. To do so, the environment
around membrane proteins should be close to native conditions. This
requirement has created pressure to develop new methods that would
ensure that the environment used to explore protein behavior is as close
as possible to realistic conditions. Examples of methods that have been
found to largely satisfy this condition include reconstitution of mem-
brane proteins in liposomes, use of supported bilayers, and utilization
of cubic phases [15,16].

The approach that has been suggested most recently is based on
nanodiscs as carriers of membrane proteins [7,17]. Together with cryo-
electron microscopy, they have been employed to determine numerous
new structures of membrane proteins [6,18,19]. Perhaps the most im-
pressive example in this context is the reconstitution of the full-length
active-state insulin receptor [20].

Due to their exceptional potential in nanoscience, nanodiscs have
been a subject of intense studies, with an objective to optimize their
properties for selected applications [1,17,21]. For instance, to
strengthen the stability of nanodiscs, their properties have been opti-
mized by adjusting their lipid composition [22], or by modifying the
scaffold proteins [23]. The size of nanodiscs can also be optimized by
varying the length of MSPs [24,25], which provides a means to ac-
commodate proteins of various sizes, as well as larger protein oligomers
[7]. Since the lipid composition of nanodiscs can be precisely con-
trolled, one can also explore membrane proteins allosterically bound to
specific lipids [26–28].

The presence of MSPs in nanodiscs is crucial, since they stabilize the
structure of nanodiscs. However, there is evidence suggesting that MSPs
also alter the conformation of lipids' hydrocarbon chains and polar
headgroups, as well as lipid dynamics [29]. Previous studies on nano-
discs have suggested that the structures of lipids in nanodiscs are dif-
ferent from those in planar lipid bilayer systems [30]. Meanwhile,
membrane proteins such as mechanosensitive channels are sensitive to
the pressure profile exerted on the protein [31], and allosteric binding
of lipids to membrane protein structures can be sensitive to the con-
formations of the lipids [27]. Given these factors, understanding the
internal structure and dynamics of lipid nanodiscs is exceptionally
important.

In this work, we used all-atom molecular dynamics (MD) simula-
tions (Fig. 1A) and electron paramagnetic resonance (EPR) measure-
ments to investigate the structure of nanodiscs and the dynamics of
their lipids. The nanodiscs explored here are lipid membranes (com-
posed of either monounsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) or saturated 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC)) surrounded by an MSP, whose length largely

determines the size of the nanodisc. For this purpose, we used MSP1D1
and MSP1E3D1 proteins, which generated nanodiscs of approximately
9.7 nm and 12.8 nm in size, respectively.

The results highlight that lipids in nanodiscs can be decomposed
into three distinctly different fractions: central lipids residing in the
center of a nanodisc, boundary lipids in direct contact with a scaffold
protein, and intermediate lipids between these two regions. The lipid
properties in these three cases are clearly different and demonstrate
that lipid nanodiscs are characterized by a complex internal structure.

2. Materials and methods

2.1. Materials for nanodiscs and liposomes

POPC and DMPC lipids were purchased from NOF Europe and the
PC spin labels from Avanti Polar Lipids. The Plasmids for MSPs ex-
pression were purchased from Addgene [7,32]. All other necessary
compounds for protein purification and buffer preparation were pur-
chased from Sigma Aldrich Europe.

2.2. Sample preparation

The experimental setup consisted of measurements of MSP1D1 and
MSP1E3D1 nanodiscs and multilamellar liposomes prepared using ei-
ther POPC or DMPC lipids. A set of paramagnetic probes, i.e., T-PC, 5-
PC, 10-PC, 12-PC, and 16-PC was utilized. T-PC has its paramagnetic
TEMPO moiety attached to the headgroup of PC, and the n-PC labels
have a DOXYL moiety attached to the nth carbon atom along the acyl
chain of PC (Fig. 1B). In this way, the information about the motion of
specific parts of a lipid molecule can be acquired as the paramagnetic
centers provide information about the structure of a bilayer at a specific
depth. For each of the studied systems, samples containing all of the
described PC labels were prepared using 1% of the total lipid con-
centration for n-PC labels and 2% for the T-PC label. This concentration
avoids labels interacting with each other as well as altering the struc-
ture of the studied membranes. Both the liposome and nanodisc sam-
ples for the EPR measurements were prepared and checked for quality
as described in previous work [33].

2.3. EPR measurements

The EPR measurements were conducted using the Bruker EMX
spectrometer equipped with EMX ER 4141 VT temperature control unit.
Samples were placed in a gas-permeable methylpentene plastic, TPX
(i.d. 0.6 mm) capillary, and deoxygenated inside the resonator using
nitrogen fumes from the temperature control unit. All samples were

Fig. 1. (A) An all-atom model of MSP1D1/POPC nanodiscs. (B) PC-based labels used for probing various depths within a lipid bilayer. Abbreviations of lipids' names
are described in the text. (C) Corresponding experimental spectra in MSP1D1/POPC nanodiscs measured at 293 K.
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measured at both 293 and 310 K. Additionally, the samples containing
a 12-PC label were measured within the temperature range, with 2 K
increments. The range for POPC samples was from 275 to 293 K and for
DMPC from 293 to 313 K. This special treatment for the 12-PC label is
due to its sensitivity to protein bound lipids [34]. It was used here to
provide information about MSP-bound lipids as described in the
boundary lipids section. After the measurements in the described
temperatures, the samples were rapidly frozen at 120 K to perform
polarity measurements [35]. Freezing the samples was done as the last
step of measurements to prevent any changes to the studied systems
upon thawing.

2.4. Molecular dynamics simulations

The initial structures of nanodiscs and planar lipid bilayers were
built using the CHARMM-GUI [36,37] server (Fig. 1A; Fig. S16).
MSP1D1 and MSP1E3D1 nanodiscs were composed either of POPC or
DMPC lipids that were distributed symmetrically on the two leaflets. As
a control, POPC and DMPC planar lipid bilayers were also prepared.
The structures were next solvated with water using the TIP3P water
model [38] and neutralized by Na+ counterions. Further, 100 mM of
NaCl salt was added to match the experimental saline condition. The
exact compositions of all the systems are given in Table S1. It is worth
noting that the number of lipids in nanodiscs that are studied in ex-
periments is not precisely known. Therefore, when simulation models
for nanodiscs were being made, the number of lipids was estimated
based on the surface area per lipid molecule. Here it is worth pointing
out that the number of lipids in a nanodisc may affect some of their
properties, e.g., the shape as shown in previous studies [39–41].
However, since the key objective in this work was to figure out whether
there are different regions in nanodiscs with different properties, the
quantitative simulation results are less important than the trends pre-
dicted by our simulations. Nonetheless, if there would be significant
interest to resolve the shapes of nanodiscs (see Fig. S1), an alternative
method would be to prepare nanodisc structures through self-assembly
simulations. However, since the time scale of such atomistic simulations
would be in the range of 10–100 μs, coarse-grained simulations would
be a more appropriate approach to explore this topic [42].

Initially, the systems were subjected to energy minimization using
5000 steps of the steepest-descent algorithm. The optimized systems
were equilibrated under NVT conditions using the Berendsen algorithm
[43] to regulate the temperature (310K) with separate heat baths for
the membrane, the protein, and solvent/ions. The time constant for
temperature coupling was set to 1.0 ps. The pre-equilibration period
was 75 ps for nanodiscs and 1 ns for bilayer systems. As a second step
for equilibration, nanodiscs were simulated for 300 ps under NPT
conditions with pressure (1 bar) controlled with the Berendsen method
[43] using an isotropic scheme, whereas the bilayers were simulated for
1 ns with pressure (1 bar) controlled with the Parrinello–Rahman
barostat [43] using the semi-isotropic pressure coupling scheme.
During the equilibration steps, position restraints were applied to the
lipid and protein atoms.

In the production runs, all applied restraints were removed. Here,
the temperature was regulated using the Nose-Hoover thermostat
[44,45], and the pressure was controlled using the Parrinello–Rahman
barostat [46]. The time constants for pressure and temperature cou-
pling were set to 5.0 and 1.0 ps, respectively. The isothermal com-
pressibility was set to 4.5e-5 bar−1. The electrostatic interactions were
treated using the Particle-Mesh Ewald (PME) [47] method with a
Coulomb cut-off distance of 1.2 nm. For the van der Waals interactions,
we used a cut-off method with a Lennard-Jones cut-off distance of
1.2 nm. The neighbor search was performed using the Verlet cutoff-
scheme, and the neighbor list was updated every 20 steps. The covalent
bonds between hydrogen and heavy atoms were constrained using the
Linear Constraint Solver (LINCS) algorithm [48]. The time step was set
to 2 fs. The CHARMM36 force field [49] was used to describe protein

and lipids, while for water we used the CHARMM version of the TIP3P
model [38]. Simulations were carried out using the GROMACS 5 mo-
lecular dynamics simulation package [50]. The analysis was performed
for the last 300 ns for the MSP1D1 nanodiscs and for the last 200 ns for
the MSP1E3D1 nanodiscs and planar lipid bilayer systems. Analysis was
performed using the VMD [51] program, GROMACS tools for analyzing
membrane trajectories [52] and in-house codes.

3. Results and discussion

3.1. Structure across lipid bilayer in nanodiscs

Previous studies have established that the packing of lipids in na-
nodiscs is more prominent compared to liposomes. Nuclear magnetic
resonance (NMR), EPR, and time-resolved fluorescence spectroscopy
studies utilizing lipid-based probes have shown tighter packing of acyl
chains in nanodiscs both above and below the main phase transition
temperature (Tm) [29,30,33,53]. Additionally, small-angle neutron
scattering (SANS) measurements have shown that the entropy in na-
nodiscs is higher compared to liposomes [30]. However, the conclu-
sions of these studies were based on an average taken over all lipids in a
nanodisc, therefore disregarding possible heterogeneity within a na-
nodisc. In the present work, we explore this matter in more detail by
assessing the heterogeneity in the organization and motion of lipid acyl
chains upon introduction of an MSP into a lipid nanodisc. To this end,
we gauge nanodisc properties at different depths in a nanodisc using T-
PC, 5-PC, 10-PC, 12-PC, and 16-PC labels, see Fig. 1B. Here the number
stands for the carbon atom number along the acyl chain in which the
label is attached, while in T-PC, the label is attached to the lipid
headgroup. To complement these experimental investigations, we also
performed atomistic MD simulations to unravel the same questions but
in full atomic detail.

EPR measurements provide physical insight into nanodisc proper-
ties through three useful parameters:

• The S0 order parameter, which provides information about struc-
tural aspects of the semi-cone in which the motion of the para-
magnetic moiety takes place (Fig. S3, Eq. (S1)).

• The R⊥ parameter, which describes the rate of motion (diffusion) of
labelled molecules.

• The 2Azz parameter, which reveals information about the polarity of
the probe environment measured at 120 K (Fig. S2).

In atomistic MD simulations, we consider similar nanodisc proper-
ties using a number of very useful physical variables:

• The SCD order parameter (Eq. (S9)) and the rotational autocorrela-
tion function (RCF) (Eq. (S7)) that also provide information of the
system's local structure and dynamics.

• The mean-squared displacement (MSD) of molecules' centers of
mass (Eq. (S10)) used to explore the diffusion of lipids within a
nanodisc.

• Density profiles of water and the polar groups of lipids to elucidate
the polarity of the membrane environment.

We observe that the R⊥ parameter is significantly smaller in nano-
discs for the 12-PC and 16-PC labels compared to liposomes (Fig. 2A,
B), indicating lower mobility of lipid acyl chains within the inner
portions of nanodiscs. This result is supported by MD simulations,
which show lower mobility of lipids in nanodiscs in terms of rotational
and translational diffusion (Fig. S19, S20, S21, and Table S4). Ad-
ditionally, the anisotropy in the motion of labelled lipids is higher in
nanodiscs as shown by angles probed by the 16-PC label, suggesting
tighter packing in nanodiscs compared to liposomes (Fig. S11).

Increased order of the lipid bilayer in nanodiscs is visible from the
S0 profiles: both POPC and DMPC acyl chains display higher order, the
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effect being more pronounced for DMPC nanodiscs (Fig. 2C, D). For
POPC, the ordering effect is more clearly seen at lower temperatures
(Fig. S12B). MD simulations showed an increase in the order of the lipid
acyl chain segments located in the bilayer core, starting from the 5-7th
segment and extending until the end of the chain, and decreased order
for the first 4–6 segments (Fig. 2E, F). The difference in the ordering of
acyl chains observed in planar lipid bilayers and nanodiscs as observed
in MD simulations seems to be more significant than in experimental
data. While direct comparison of the simulation and experimental re-
sults is not possible, one can argue that there are two likely reasons.
First, due to a slight affinity of the labels towards the polar region of the
bilayer [54], the labels sample a larger section of a bilayer in the di-
rection of the bilayer normal than unlabeled segments. Second, the
numbers of lipids used to construct the nanodiscs in the simulation
models do not precisely match the experimental conditions. As illu-
strated in Fig. S1, the size of experimentally studied nanodiscs

characterized by their hydrodynamic radius has a broad distribution.
The increase in the order of the acyl chains may be interpreted as an

increase in the packing of lipid acyl chains. This is reflected in the
profiles of parameter 2Azz (polarity profiles). Polarity in the central
region of the nanodiscs is much lower than in the liposomes (Fig. 3B,
D), resulting from lower water penetration into nanodiscs due to tighter
packing of the lipid acyl chains. Moreover, the lipid bilayer in nanodiscs
is thicker when compared to the planar lipid bilayer, and this obviously
results from a more packed configuration of the lipid acyl chains, which
lengthens the chains and thickens the bilayer region. Interestingly,
segments of the lipid acyl chains located close to the membrane surface
show lower ordering/packing than in planar lipid bilayers (Fig. 2E, F).
This result is in line with our previous study, which showed that the
packing in the polar headgroup region of nanodiscs is lower than in
liposomes [33]. It is therefore not surprising that we see an increase in
polarity as observed by the increase of 2Azz for T-PC (Fig. 3B, D).

Fig. 2. Experimental data for parameters (A, B) R⊥ and (C, D) S0 measured at 310 K for POPC and DMPC, respectively. (E) Simulation results for the SCD order
parameter profile along the sn-1 chain of POPC. (F) Similar order parameter data for DMPC. Color code for the results given: green (membranes (liposomes or planar
lipid bilayers)), red (MSP1E3D1), and black (MSP1D1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Increased polarity corresponds to increased hydration of headgroups
observed in MD simulations (see the density profile of water, Fig. 3A, C)
and a number of direct hydrogen bonds between water and lipids (Table
S3).

Analysis of the T-PC label spectra in nanodiscs shows increased
mobility, decreased value of S0 (Fig. S14) and higher wobbling motion
as characterized by the angular distribution sampled by this spin label
(Fig. S15). This result is in agreement with the density plots of phos-
phate atoms, which indicate a thicker and more hydrated layer occu-
pied by the headgroups (Fig. 3A, C). This effect is, however, in part
related to lateral inhomogeneity of the bilayer region in nanodiscs (see
below), demonstrated by differences in bilayer thickness in the central
region of nanodiscs (planar surface) and next to the MSP (a slightly
negatively curved surface). This indicates that the surface of the bilayer
in nanodiscs is also inhomogeneous, allowing higher mobility and hy-
dration of the headgroup in the vicinity of the MSP and lower mobility
and hydration in the central section of the disc.

Interpretation of the RCF determined from MD simulations for the
headgroups is particularly tricky, as three components are needed to
obtain a satisfactory fit to the simulation data, while experimental data
can be fitted with a single parameter. A closer look at the data (Table
S4) shows an increase in A0 (Eq. (S8)) for nanodiscs, which is part of
the amplitude not associated with the time constant but reflects the

cone angle of rotation, therefore being related to the order parameter.
At the same time, we observe an increase in the amplitude of two faster
modes of motion and a decrease in the amplitude of the third slow
component. These can be interpreted as increased mobility, which
agrees with the experimental data. However, a simultaneously observed
larger value for A0 indicates a larger order parameter, which disagrees
with experiments. However, what should be considered is the structure
of the labelled lipid, which effectively has a much larger headgroup. It
is expected that it segregates into a region close to the MSP where the
level of packing is lower in comparison to the center of the disc.

3.2. Lateral inhomogeneity of nanodiscs

A recent report showed that bilayers in nanodiscs contain lipids
which are in a gel-like state even above the main phase transition, as
well as lipids in the fluid state below the main phase transition tem-
perature [53]. In our study, we also acquired data, which shows the
presence of lipids in the fluid state in temperatures below their Tm. For
DMPC nanodiscs at 293 K, the S0 value for the 5-PC label (Fig. S13B) is
significantly lower than the value observed in liposomes, which is ty-
pical for the gel phase. Further, the R⊥ value for the 16-PC label is
higher in nanodiscs than in liposomes (Fig. S13A). Both of these results
suggest that there are fluid-state lipids below the main phase transition

Fig. 3. (A, B) Density profiles obtained from MD simulations and (C, D) polarity profiles obtained from EPR measurements for POPC and DMPC nanodiscs (MSP1D1
and MSP1E3D1) and the full membrane. In panels (A) and (C) a scale for the density of water is shown at the left bar, and for the density of phosphate groups on the
right bar. In panels (B) and (D), the spin label positions are shown by arrows in the x-axis, and the upward changes in the y-axis indicate decrease in polarity.
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of DMPC. Meanwhile, studies of lipid bilayers in nanodiscs using dif-
ferential scanning calorimetry (DSC), small angle X-ray scattering
(SAXS), and MD simulations [24,42,55–57] showed that there are two
populations of lipids in nanodiscs — boundary lipids located in the
proximity of an MSP and central (bulk) lipids located in the middle of
the disc.

In order to study both populations of lipids in different phases, we
employed 12-PC. For the 12-PC spin label, the paramagnetic moiety lies
in the part of the membrane which is most sensitive to factors mod-
ifying membrane fluidity, thus allowing detection of lipids interacting
with proteins [34]. Indeed, fitting the experimental spectra of 12-PC
with one population of spin labels does not provide satisfactory fits,
suggesting that two populations of spin labels with different S0 and R⊥

are required to provide fits of good quality (Fig. 4A, B). We used the
data acquired from MD simulations to distinguish and assign the two
populations of fast and slow lipids that could be expected to form se-
parate regions in the nanodiscs. Spatial distribution of parameters such
as bilayer thickness and Scd (averaged along the bilayer normal) in the
membrane plane (2D maps) show that the bilayer in the boundary re-
gion has a lower thickness, and the lipid acyl chains in this region are
less ordered (Fig. 4C). Based on the 2D maps, we can estimate the
maximum thickness of the central area in the nanodiscs. For MSP1D1
nanodiscs with POPC lipids, the thickness is around 4.5 nm, which is
higher than the thickness observed in planar lipid bilayers (4.1 nm).
These central lipids are highly ordered with extended acyl chains, thus
their behavior matches the idea of slow lipids. Profiles of the SCD
parameters calculated for lipids located in the central cylinder and the
three rings around it (Fig. 5) show a significant increase in the order in
the central cylinder and very low order near the MPS. The level of or-
dering in the central cylinder is similar to the order of tails in the gel
phase, although the shape of the profile differs; in the gel phase, the
profile is flat with a value of SCD around 0.31 [58]. The increase of the
order in the tail region is comparable to the effect of cholesterol at a
concentration of 25 mol% [22]; thus, it is similar to the Lo phase. The

increase of the tail order is larger in MSP1D1, that is the nanodisc with
a smaller diameter. A similar difference in the bilayer thickness be-
tween the central and boundary lipids in nanodiscs was previously re-
ported based on both SAXS experiments and MD simulations [24,56].

To investigate the changes in the behavior of both central and
boundary lipids upon a change in temperature, we collected EPR
spectra for the POPC-based system in the temperature range of
275–293 K, and for the DMPC-based system in the range of 293–313 K.
For nanodiscs, a discrete transition between the two populations of li-
pids is visible as opposed to liposomes for which only one population of
lipids exist at all temperatures (Fig. 4D). This discrete transition is
particularly well visible in the low-field component of EPR spectra. For
temperatures well above the main phase transition (no thermal con-
tribution on lipids changing their phase), nanodiscs' spectra have an
isosbestic point indicating a two-state model (Fig. 6A). Knowing the
relative amplitude of spectra for both populations, the proportions of
the central and boundary lipids populations could be estimated. Na-
nodisc spectra with a clear isosbestic point show a linear trend in the
van't Hoff plot (Fig. 6C). Based on the van't Hoff plot, the thermo-
dynamic parameters characterizing the translocation of lipids from the
central to the boundary regions were calculated (Table 1).

Additionally, the S0 and R⊥ parameters acquired from temperature
scans for both fast and slow lipids (Fig. 6B) allowed us to describe the
changes in bilayers upon an increase in temperature, along with phases
in which lipids are present in both central and boundary regions at
different temperatures. At all temperatures, the fast (boundary) lipids
are in the liquid-disordered phase (Fig. 6). With increasing tempera-
ture, their packing (as reported by S0) decreases and the rotational
frequency R⊥ steadily increases, which is typical for lipids in the liquid-
disordered phase. In addition, the bilayer thickness of boundary lipids is
similar to that observed in a planar lipid bilayer (Fig. 4B corresponds to
nanodiscs and not to planar bilayer systems), which are in the liquid-
disordered phase [59]. The liquid-disordered contribution in the NMR
spectra measured below the main phase transition [53], is due to fast

Fig. 4. (A) Exemplary two-component spectra (dashed line) fitted to experimental data of the 12-PC spectra (blue line) for POPC/MSP1D1 nanodiscs measured at
275 K. (B) Slow and fast spectral components of fitted components (violet and yellow lines, respectively). (C) 2D maps showing bilayer thickness (left panel) and lipid
sn-1 and sn-2 acyl chain order parameter (right panel) for MSP1D1 nanodiscs at 310 K; the maps were calculated using a script from ref. [[52]]. (D) Temperature
dependencies of the EPR spectra of 12-PC. Slow and fast populations are denoted with violet and yellow arrows, respectively, on the EPR spectra and 2D maps. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lipids, as is also the decrease in S0 of the 5-PC label (Fig. S13B) observed
in this study. This information is critical regarding membrane protein
reconstitution since these lipids provide a non-gel environment for
proteins in a broader range of temperatures than in liposomes. This is
an advantage, since the activity of membrane proteins was shown to be
reduced by gel-state lipids [60,61].

The slow (central) lipids behave differently at lower temperatures.
Results of both S0 and R⊥ are within the range of values that are typical
for the gel state. However, at higher temperatures (POPC at 310 K,
DMPC around 303–313 K) when the S0 parameter stays within the
range that is typical for the ordered state (with extended acyl chains),
R⊥ increases quickly, and the measured spectra start resembling data
that are typical for lipids in the liquid-ordered state (Fig. 7) [62,63].
This phase is typical for lipids in the presence of cholesterol, where the
steric interactions with cholesterol molecules do not allow chains to
adopt disordered structures and also prevent collective hexagonal
packing, while the rotation of molecules is yet rapid [62,63]. The S0 and
R⊥ values for the 12-PC label in the center of nanodiscs is similar to
values reported for DMPC liposomes with 50% cholesterol [64]. In
agreement with the experimental data, MD simulations showed that the
lipid bilayer in the central region is thicker than in the respective planar

lipid bilayers (Fig. S23) and a close examination of MD snapshots of
central lipids confirmed this conclusion (Fig. S24).

Another interesting aspect of the lipid dynamics in nanodiscs is their
translocation between the two populations. As shown by values calcu-
lated from the van't Hoff plot, the enthalpies of transition (ΔH0

Fast→Slow)
between the boundary and central lipids are similar to those observed
for lipids going through the main phase transition (Table 1). Further,
the number of lipids in the population of fast lipids increases with in-
creasing temperature — this means that the amount of boundary lipids,
affected by the presence of an MSP, also increases. This is consistent
with a previous report [55], which showed that upon heating the radius
of nanodiscs slightly increases, allowing more lipids to melt.

The number of lipids under the influence of an MSP was previously
reported to be about 67% [55], which is in good agreement with
55.6–69.4% observed in the experiments of the present work (Table 1).
Based on the order parameter and bilayer thickness 2D maps, it is
possible to estimate the number of lipids influenced by the MSP, and the
number of central lipids, whose properties do not change. These con-
siderations give an estimate of 38–64% for the ratio of lipids influenced
by the MSP, which is a bit lower than the experimental values.

Using distance criteria, the MD simulations provide an estimate for

Fig. 5. Profiles of the order parameter SCD along the sn-1 tail of POPC (A, B) and DMPC (C, D) for four compartments at different distances from the disc center.
Panels E and F show SCD profiles for the central cylinder and in direct neighborhood of the MPS in comparison with the profile obtained in prior studies for bilayers in
the gel phase [58] and the Lo phase [22].
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the number of lipids in the direct neighborhood of the MSP (see SI),
showing that around 30% of lipids are in direct contact with the MSP
(Fig. S22, Table S5). This estimate agrees with the experimentally es-
timated number of DMPC molecules in direct contact with the MSPs.
Here it was assumed that the number of lipids in contact with the MSP
is approximately the same as the number of lipids in the liquid-dis-
ordered state below the main phase transition temperature: for DMPC-
based nanodiscs, there are about 34% lipids in contact with the MSP, in
both MSP1D1 and MSP1E3D1 nanodiscs (Fig. S10).

4. Conclusions

The results of our studies reveal the structure of nanodiscs to be
more complicated than previously anticipated. While the global in-
crease in the ordering of lipid acyl chains in nanodiscs is comparable to
the effect of cholesterol on lipid bilayers, which has been shown pre-
viously [29,30,33,53], the current study provides a more resolved
picture separating the structural and dynamical parameters as well as
connecting the lateral and transversal inhomogeneity of lipid bilayers in
nanodiscs. This was possible due to the combination of EPR spectro-
scopy with atomistic molecular dynamics simulations.

The results of MD simulations and EPR measurements revealed that
there are three distinct populations of lipids in nanodiscs. The first
population is comprised of disordered lipids in direct contact with the
MSP (lipids in the nanodisc boundary). These lipids are evident in EPR
data, where they remain in the fluid state even at temperatures below
Tm. The lipid bilayer is thinnest in this part of the nanodisc.

Next, at temperatures above Tm, two distinct populations of fast and
slow lipids are observed in experimental data. MD simulations indicate
that the population of fast lipids is a group of peripheral lipids located
in a 3 nm thick belt neighboring the MSP. In this region, the lipid acyl
chain order gradually increases when one moves from the MSP towards
the center of the nanodisc. This group comprises about 60% (Table S5)
of lipids in the nanodiscs.

Finally, the central portion of the nanodiscs is characterized by
significant order, comprising the remaining fraction of lipids. This re-
gion is evident in EPR measurements as slow lipids due to the order of
the central region that slows down dynamic motions. Importantly,
central lipids in nanodiscs are also more ordered than lipids in lipo-
somes or planar bilayers, and the level of order is comparable to the

Fig. 6. (A) Low-field component 12-PC spectrum changes in the studied system as a function of temperature. Only spectra displaying the isosbestic point (black
arrow) are shown here. Temperature dependencies of (B) S0 and (C) R⊥ for fast and slow lipid populations of 12-PC for POPC and DMPC MSP1D1 nanodiscs. The
trend was similar for MSP1E3D1 nanodiscs (data not shown). (D) Van't Hoff plot for MSP1D1 and MSP1E3D1 nanodiscs showing a relative population of slow lipids
in the nanodiscs.

Table 1
Thermodynamic parameters and lipid population distributions calculated for
POPC and DMPC nanodiscs (both MSP1D1 and MSP1E3D1). Relative popula-
tion of the label present in the surroundings of fast lipids (at 310 K), the
standard Gibbs energy ΔG (at 310 K), enthalpy ΔH, and entropy ΔS changes
connected to the transfer of the spin label from a fast to a slow population of
lipids.

Nanodiscs Nfast ΔG0
Fast→Slow ΔH0

Fast→Slow ΔS0Fast→Slow

[%] [kcal mol−1] [kcal mol−1] [kcal mol−1]

POPC MSP1D1 66.3 0.42 4.41 −15.5
DMPC MSP1D1 54.4 0.50 4.95 −17.5
POPC MSP1E3D1 69.4 0.11 5.82 −19.1
DMPC MSP1E3D1 55.6 0.14 5.69 −18.8
Liposomes ΔH0

Gel→Liquid

[kcal mol−1]
DMPC 6.0 ± 2.4
POPC 5.8 ± 1,0
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liquid-ordered phase in cholesterol-rich lipid membranes. Not surpris-
ingly, the enthalpies of transitions between fast and slow lipids are
comparable to the enthalpies related to the main phase transition.

The inhomogeneity in lipid order and thickness across the nanodiscs
affects their hydration. The central lipids are more hydrophobic due to
higher ordering and denser packing of the lipids, whereas the boundary
lipids, which form the curved part of the bilayer in a nanodisc, are more
hydrated.

Given that nanodiscs have become an indispensable tool in mem-
brane protein research, the knowledge of their structure is crucial for
understanding its influence on target membrane proteins. This has also
been demonstrated in recent and ongoing structural studies of nano-
discs [53,65]. Further, the hydration of lipid headgroups [28], thick-
ness of the bilayer [60,61] and packing of acyl chains [60,66] modulate
the activity of membrane proteins.

The observations of the present study provide novel insights into the
spatial heterogeneous structure of nanodiscs, which can be utilized in
several different ways. For instance, the size of nanodiscs can be used to
control the degree of lipid packing, while maintaining an optimal lipid
composition for a target protein. A reconstituted membrane protein
could replace the lipids in the central region of a nanodisc, which de-
pending on the size of a nanodisc would be characterized by a different
packing state. This can be used as a way of mimicking membranes with
different protein concentrations. Second, nanodiscs modulate the
structure of lipid headgroups in the proximity of membrane proteins,
which allows one to study the role of the membrane in mediating the
interactions of small, amphipathic ligands with membrane proteins.
Finally, both packing and hydration can be further controlled through
temperature, which, as shown in the present work, influences the lipid
distribution between differently structured lipid populations.
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