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ABSTRACT Discoidal lipid-protein nanoparticles known as nanodiscs are widely used tools in structural and membrane
biology. Amphipathic, synthetic copolymers have recently become an attractive alternative to membrane scaffold proteins for
the formation of nanodiscs. Such copolymers can directly intercalate into, and form nanodiscs from, intact membranes without
detergents. Although these copolymer nanodiscs can extract native membrane lipids, it remains unclear whether native mem-
brane properties are also retained. To determine the extent to which bilayer lipid packing is retained in nanodiscs, we measured
the behavior of packing-sensitive fluorescent dyes in various nanodisc preparations compared with intact lipid bilayers. We
analyzed styrene-maleic acid (SMA), diisobutylene-maleic acid (DIBMA), and polymethacrylate (PMA) as nanodisc scaffolds
at various copolymer-to-lipid ratios and temperatures. Measurements of Laurdan spectral shifts revealed that dimyristoyl-phos-
phatidylcholine (DMPC) nanodiscs had increased lipid headgroup packing compared with large unilamellar vesicles (LUVs)
above the lipid melting temperature for all three copolymers. Similar effects were observed for DMPC nanodiscs stabilized
by membrane scaffolding protein MSP1E1. Increased lipid headgroup packing was also observed when comparing nanodiscs
with intact membranes composed of binary mixtures of 1-palmitoyl-2-oleoyl-phosphocholine (POPC) and di-palmitoyl-phospho-
choline (DPPC), which show fluid-gel-phase coexistence. Similarly, Laurdan reported increased headgroup packing in nano-
discs for biomimetic mixtures containing cholesterol, most notable for relatively disordered membranes. The magnitudes of
these ordering effects were not identical for the various copolymers, with SMA being the most and DIBMA being the least per-
turbing. Finally, nanodiscs derived from mammalian cell membranes showed similarly increased lipid headgroup packing. We
conclude that nanodiscs generally do not completely retain the physical properties of intact membranes.

SIGNIFICANCE Copolymeric nanodiscs have become popular for isolation of membrane proteins from their endogenous
membrane environments. We investigated whether nanodiscs stabilized by various copolymers retain the lipid packing of
intact membranes using Laurdan and analogous reporters. Lipid packing was compared between nanodiscs and intact
bilayers using membranes of increasing lipid complexity from single component to biological membranes. More packed
lipid headgroups were consistently observed in nanodiscs compared with intact bilayers, most evident for relatively fluid
bilayers. We found that copolymeric nanodiscs generally do not retain lipid headgroup packing of unperturbed membranes.
Our results highlight the need to carefully consider how membrane structure is perturbed when using nanodiscs as
membrane models.

INTRODUCTION is well established, membrane proteins have historically
been challenging to study due to difficulties inherent in sta-
bilizing their hydrophobic transmembrane regions during
isolation (4). Classical methods rely on detergents, which
efficiently remove lipids and solvate hydrophobic trans-
membrane regions (5). Although these methods have been
extensively used and are effective, there is a possibility of
artifactual and unexpected effects of the detergents on pro-
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Transmembrane proteins comprise ~30% of the mamma-
lian proteome and carry out essential functions such as
signal transduction and solute exchange (1,2). They also
comprise a major fraction of the targets of pharmaceutical
drugs (3). Although their importance in cellular function
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such lipids, preventing analysis of lipids associated with
membrane proteins and how they may regulate protein
behavior.

Membrane lipids can regulate transmembrane protein struc-
ture and function in multiple ways (9). Lipids can directly bind
to transmembrane proteins to allosterically modulate their ac-
tivity, as has been suggested for cholesterol (10,11). Mem-
brane biophysical properties can be modified by lipid
compositions to regulate protein conformation and activation,
as has been shown for the adenosine 2A receptor (12). Protein
oligomerization is often influenced by both individual mem-
brane lipids, as shown for phosphatidylinositol-4,5-bisphos-
phate (PIP2) (13,14), and membrane collective properties
(15-17). By preserving the lipid environment surrounding
transmembrane proteins, the mechanisms by which lipids in-
fluence protein conformation and function can be better
understood.

One solution to recapitulating the lipid environment
around proteins is to re-incorporate detergent-isolated pro-
teins into synthetic proteoliposomes (18). Although this
approach recovers some features of membrane lipid interac-
tions, it requires extensive experimental measures to confirm
protein orientation, is not easily adaptable between different
proteins, and still requires the use (and associated caveats) of
detergents (19-21). An alternative to proteoliposomes is
incorporation of transmembrane proteins from detergent
micelles into nanodiscs. Nanodiscs are discoidal lipid bilayer
nanoparticles stabilized by a polymeric, amphipathic scaf-
fold that encircles the lipid bilayer (22). The most commonly
used scaffolds are membrane scaffold proteins (MSPs) (23),
which are engineered from the amphipathic a-helices of
apolipoprotein A (23,24). MSP nanodiscs are formed via
similar approaches to proteoliposomes; i.e., removing
detergent molecules in the presence of bilayer-forming lipids
(25). MSP-scaffolded nanodiscs have gained popularity in
recent years because of their effectiveness in solubilizing
membrane proteins with a skirt of bilayer lipids for structural
characterization by cryoelectron microscopy (26).

Although MSP nanodiscs require detergent solubilization
of proteins before nanodisc incorporation, transmembrane
proteins with surrounding lipid shells can instead be directly
extracted from membranes by synthetic, amphipathic copol-
ymers (27). The term nanodisc was originally coined for dis-
coidal lipid nanoparticles stabilized by MSPs, but various
synthetic copolymers can also form similar particles, with
a peripheral copolymer scaffold stabilizing a lipid core
(28). In this work, we use the term nanodisc to describe
all discoidal lipid bilayer nanoparticles, regardless of scaf-
fold. Copolymeric nanodiscs have the advantage of solubi-
lizing membrane proteins without detergents (29), because
they directly intercalate into membranes and eventually
dissolve them after sufficient copolymer incorporation
(30). Schematic models of copolymeric nanodisc formation
often imply a “cookie-cutter” mechanism, in which copol-
ymers surround a nanoscopic patch of membrane and
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extract it from the membrane; however, molecular dynamic
simulations do not support such a mechanism (31). Rather, it
seems that copolymers, such as the widely used styrene-ma-
leic acid (SMA), bind to, intercalate into, and eventually
solubilize membranes via complex and poorly detailed path-
ways, which may alter the properties of the target mem-
branes (32,33).

Because copolymeric nanodiscs are directly isolated
from membranes without detergents (34,35), a tempting
hypothesis is that they isolate the native membrane regions
around transmembrane proteins. Copolymeric nanodiscs do
isolate and solubilize native membrane lipids (36); howev-
er, various copolymers preferentially solubilize certain
membrane proteins and lipids, with membrane biophysical
properties being suggested as a driving factor for these
preferences (37). As such, it remains unclear how well
copolymeric nanodiscs retain the collective properties of
the membrane from which they are extracted (throughout
this work, native/unperturbed/intact membrane refers to
the bilayers from which nanodiscs are formed, regardless
of composition). Here, we evaluate whether lipid head-
group packing is retained in copolymeric nanodiscs using
the extensively characterized solvatochromic fluorescent
reporterLaurdan and its analogs to compare lipid vesicles
with nanodiscs of the same composition (38). In general,
we find that Laurdan consistently reports less hydrated,
more tightly packed lipid headgroups in nanodiscs relative
to unperturbed bilayers across various lipid compositions,
temperatures, and copolymer chemistries. As a comple-
mentary method, lateral membrane pressure was measured
using Flipper-TR, showing that some nanodisc preparations
had decreased lateral membrane pressure compared with
unperturbed membranes. We conclude that nanodiscs do
not generally retain the physical properties of intact mem-
branes, although there are notable differences between
various copolymers, suggesting that 1) careful choices of
experimental conditions may mitigate some of the effects,
and 2) continued development of copolymers may produce
nanodisc formulations that better maintain native mem-
brane properties.

MATERIALS AND METHODS
Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC), N-palmitoyl-D-erythro-sphingosylphosphoryl (PSM), cholesterol
(CH), Laurdan, and polymethacrylate N—C4—52—6.9 (PMA) copolymer
(880134) were purchased from Avanti Polar Lipids (Alabaster, AL). EGTA
was purchased from Sigma-Aldrich (St Louis, MO). C-Laurdan was purchased
from SFC (Chunbuk, Republic of Korea). Pro12A was obtained as a gift from
Andrey Klymchenko (39). SMA (SMALP 200) and diisobutylene-maleic
acid (DIBMA; DIBMA 12) copolymers buffered with HEPES were purchased
as powders from Cube Biotech (Monhein, Germany). Flipper-TR was pur-
chased from Cytoskeleton (Denver, CO). All other reagents were purchased
from Thermo Fisher Scientific (Waltham, MA) unless stated otherwise.
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Large unilamellar vesicle preparation

Lipid solutions were added to amber glass vials using glass syringes at room
temperature (22°C). These solutions were dried under a gentle stream of N,
and then vacuum desiccated overnight to remove residual solvent. Lipid films
were hydrated with HEPES buffer (20 mM HEPES, 150 mM NaCl, 2 mM
EDTA, 2 mM EGTA, pH 7.4) at 37°C for 1 h with vortexing every 15 min.
The resulting multilamellar lipid suspensions were subjected to five
freeze-thaw cycles. All suspensions were frozen at the same temperature
(—=70°C). DMPC suspensions were thawed at 40°C, whereas all other sus-
pensions were thawed at 60°C. Temperatures were chosen such that the thaw-
ing temperature was above the melting point of all phospholipids in the
mixture. After freeze-thawing, suspensions were extruded 31 times through
polycarbonate membranes with a nominal pore size of 100 nm (Whatman).
DMPC samples were extruded at 40°C, whereas all other samples were
extruded at 60°C. Resulting large unilamellar vesicles (LUVs) were stored
at room temperature (22°C) until use.

HEK293 crude membrane collection

HEK?293 cells were cultured in Eagle’s minimal essential media (EMEM)
containing sodium bicarbonate (1.5 g/L), L-glutamine (292 mg/L), sodium
pyruvate (110 mg/L), and non-essential amino acids supplemented with
10% fetal calf serum (FCS) at 37°C in humidified 5% (v/v) CO, air.
HEK?293 cells were grown in 100-mm dishes to 90% confluency, washed
with ice-cold PBS (10 mM, pH = 7.4), and then scraped over ice into
3 mL/dish of HEPES buffer (20 mM HEPES, 150 mM NaCl, 2 mM
EDTA, 2 mM EGTA, 1x Halt protease inhibitor cocktail, pH 7.4). Collected
samples were probe sonicated three times for 10 s at an amplitude ~70 um
(model Q55 with probe 4422, Qsonica Sonicators) with 30-s intermediate in-
cubations on ice between sonications. Resulting lysates were centrifuged at
100,000 x g for 1 hat4°C to collect crude membrane pellets. The wet mass of
each pellet was determined, and the pellets were resuspended with HEPES
buffer used for cell collection to a concentration of 40 mg crude membrane
per milliliter. Crude membrane samples were stored at 4°C until further use.

Nanodisc formation

The copolymers SMA, DIBMA, and PMA were used to form nanodiscs
(Fig. 1 A). Copolymer powders were hydrated as received with HEPES buffer
(20 mM HEPES, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, pH 7.4) to make
0.1 g/mL stock solutions. Copolymer weight average molar masses were
SMA = 6500 g/mol, DIBMA = 12,000 g/mol, and PMA = 6900 g/mol.
To ensure nanodisc formation, a set of samples were formed above the copol-
ymer-to-lipid ratio (Rgoy) known to fully solubilize bilayers into nanodiscs.
Rsor values are dependent on both the copolymer and lipids, and can be
measured by analyzing the intensity of 31P NMR signals upon titration of
copolymer into LUV suspensions (30). These intensities can be fit to a deter-
gent solubilization model, where the copolymer solubilization concentration
is defined as the concentration at which NMR signal intensity no longer in-
creases (i.e., all membranes are solubilized). Rgor is then determined by a
linear fit to the relationship between this copolymer solubilization concentra-
tion and the concentration of lipid for a range of lipid concentrations. Copol-
ymers were mixed with LUVs to a desired copolymer-to-lipid ratio, and then
diluted with HEPES buffer to a final total lipid concentration of 0.2 mM.
LUV samples with copolymer were then incubated for 1 h at 40°C for
DMPC samples and 60°C for all other samples. These temperatures were
used to ensure that all phospholipids in the samples were in a fluid phase
during solubilization, to avoid lipid phase solubility preferences by the copol-
ymers. After incubation, the samples were analyzed without further purifica-
tion. MSP1E1 DMPC nanodiscs were a kind gift of the Reichow lab and
prepared as previously published (40).

For generating copolymeric nanodiscs from HEK293 membranes, crude
membrane samples were diluted to a concentration of 10 mg/mL in the

Nanodiscs have perturbed lipid packing

presence of 1 mg of SMA or DIBMA per gram of wet membrane mass.
This concentration of copolymer has been reported to be sufficient to
solubilize Escherichia coli membranes (42). We used the minimal possible
concentrations of copolymers required to solubilize most cell membranes to
avoid introducing artifacts from excess copolymer (43). Samples were then
incubated at 37°C for 1 h, including control samples without added copol-
ymer. Undissolved material was removed by centrifugation at 18,000 x g
for 1 h at 4°C, and collected supernatants containing nanodiscs were trans-
ferred into amber glass vials. Supernatants were diluted five-fold before
analysis, and stored at 4°C.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed using a Ze-
tasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK) equipped
with a 633-nm He-Ne laser and a 90° detector. Copolymer was incubated
with samples containing 6 mM DMPC for 1 h at 40°C. Samples were
analyzed at 30°C in disposable polycyclic olefin microcuvettes
(BrandTech Scientific, Essex, CT). Experimental parameters were set using
TetraSpeck microspheres (d = 100 nm). All samples were measured three
times, with attenuator position automatically optimized for each measure-
ment. Data analysis was performed using instrument software, with inten-
sity-weighted particle size distribution determined using a non-negatively
constrained least-squares function and z-average particle size and polydis-
persity index (PDI) determined by cumulant analysis.

Fluorescent dye staining

Laurdan was added from methanol stock to lipid-only samples (those not
derived from biological membranes) at a molar ratio of 200:1 lipid to
Laurdan before lipid film formation, as previously reported (44). Adding
two-fold more or two-fold less Laurdan to the samples did not drastically
change the spectra (Fig. S1), suggesting no notable effects of the probe.
C-Laurdan and Prol12A dissolved in DMSO were added to biomimetic
lipid-only samples after nanodisc formation at a molar ratio of 200:1
lipid to dye. The amount of DMSO added to samples was negligible
(£0.2% v/v). Flipper-TR was added to lipid-only samples at a molar ra-
tio of 200:1 lipid to Flipper-TR. For samples derived from HEK293
membranes, Laurdan, C-Laurdan, and Prol2A were added to samples
at a concentration of 1.25 nmol/mg wet membrane mass; Flipper-TR
was added at 0.38 nmol Flipper-TR/mg wet membrane mass. Minimal
amount of solvent was added (<1% v/v) to all HEK293-derived
samples.

Fluorescence spectroscopy measurements

Steady-state emission spectra were acquired using a Fluorolog-3 spectroflu-
orometer (Model FL-1039; Jobin Yvon, Edison, NJ) equipped with a xenon
arc lamp. Sample temperature was maintained using a Peltier thermocouple
drive (Model F-3004, Jobin Yvon, Edison, NJ). Samples in quartz cuvettes
were incubated at the desired temperature in the Peltier drive for 5 min
before analysis. Sample incubation at a particular temperature was reduced
to 3 min if the sample was already within 5°C. Laurdan and C-Laurdan
were excited at 385 nm, whereas Prol2A was excited at 370 nm. Steady-
state spectra were recorded in 1-nm steps with bandwidths of 1.2 nm for
both the excitation and emission monochromators. Emitted fluorescence
was normalized to the lamp intensity detected by a reference detector for
all spectra. For each independent experiment, spectra were recorded in trip-
licate and then averaged.

Fluorescence spectral analysis

Laurdan general polarization (GP) was calculated as before (44):
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FIGURE 1

Chemical structures of copolymers used to form nanodiscs and fluorescent dyes used to measure membrane properties. (A) The copolymers

used to form nanodiscs were SMA, DIBMA, and PMA. Dashed purple lines enclose the average repeating copolymeric unit of each copolymer strand. The
SMA variant used had, on average, two styrene units for every one maleic acid unit (2:1). (B) Laurdan is composed of a 12-carbon aliphatic tail that embeds
into lipid bilayers and a naphthalene-based chromophore that localizes near the glycerol-backbone of phospholipids in membranes. C-Laurdan and Pro12A
have the same chromophore as Laurdan, but are charged at pH 7.4. C-Laurdan and Pro12A were used for comparison of Laurdan measurements made from
biomimetic and biological membranes. Packing in the hydrophobic core of the membranes was measured using Flipper-TR fluorescence lifetime. Flipper-TR
reports longer fluorescence lifetimes in membranes with higher lateral pressure (41). To see this figure in color, go online.

Lso — Lago

Laurdan GP =
Lago + Lago

where I440 and 490 represent fluorescence emission intensity at 440 and
490 nm, respectively. The GP calculation for Laurdan was also used for
C-Laurdan. For Prol12A excited at 370 nm, maximal fluorescence emission
intensity in gel-phase (15°C) DMPC LUV was found to be at 432 nm, and
in fluid-phase (33°C) DMPC LUV at 464 nm. Both wavelengths were used
for Pro12 A GP calculation:

L3y — Lies
Lizy + Lues

where I;3, and I64 represent fluorescence emission intensity at 432
and 464 nm, respectively. Spectra were analyzed using Spectragryph
(F. Menges "Spectragryph - optical spectroscopy software," Version
1.2.16.1, 2022, http://www.effemm?2.de/spectragryph/). Significance was
determined using a one-way ANOVA followed by a Bonferroni post
hoc test.

Pro12A GP =

Fluorescence lifetime imaging microscopy

Fluorescence lifetime imaging microscopy (FLIM) was used to measure the
fluorescence lifetime of Flipper-TR in nanodiscs. FLIM images were taken
on a Leica Microsystems TCS SP8 confocal microscope (Wetzlar, Germany)
equipped with a pulsed white-light laser (WLL) operating at 80 MHz and
time-gated hybrid detectors (HyD). Samples were imaged at 23°C in
multi-well glass-bottom dishes (Matsunami Glass USA, Bellingham, WA),
and they were illuminated using a 10x/0.40 air objective lens. All samples
were excited at 488 nm and 575-625-nm emitted photons were collected.
To diminish acquiring signal from sample interacting with the glass at the
bottom of the dish, the focal plane was always set >300 um above the surface
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of the glass. Collected images were 400 x 400 um with a pixel size of
1.6 x 1.6 um. Pixel dwell time was 30.78 us, and collected photons were al-
ways >100,000 kCounts per image. Leica LAS X software was used to fit
fluorescence decay data to a dual exponential model using its re-convolution
function (1.0 <x? <1.2). The longer lifetime component obtained is
associated with lateral membrane pressure (41), and this component was
averaged across all fields of view for a given sample.

RESULTS AND DISCUSSION

To investigate whether the lipid headgroup packing of intact
membranes is retained in nanodiscs, we relied on the widely
used and extensively characterized fluorescent membrane
probe Laurdan and its analogues (38,39). Laurdan is an indi-
rect sensor of lipid headgroup packing whose photophysical
properties are affected by the polarity (i.e., relative hydration)
of its local nano-environment (45). The most widely used
manifestation of this effect is the red shift of Laurdan’s fluo-
rescence emission spectrum in loosely packed membranes, in
which Laurdan interacts with more water molecules (45,46).
This behavior is quantified as a GP, a dimensionless ratio of
intensity of two different emission wavelengths (see section
“materials and methods”), where higher values are corre-
lated with more tightly packed lipid headgroups (44). In the
following sections, we compare Laurdan’s emission spectra
(summarized by GP) in copolymeric nanodiscs to intact lipid
bilayers composed of various lipid compositions, ranging
from pure DMPC to biological membranes.
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FIGURE 2 DMPC nanodiscs have higher Laurdan GP than LUVs above the melting point of DMPC. (A) Representative change in normalized Laurdan
fluorescence emission spectra in SMA nanodiscs across the melting point of DMPC. Similar results were found for DIBMA and PMA nanodiscs. (B) Comparison
of Laurdan GP in unperturbed DMPC LUV bilayers with those of copolymer- or MSP1E]-stabilized nanodiscs. (C) Laurdan GP of DMPC bilayers incubated
with different amounts of copolymers analyzed at 30°C (i.e., above the melting point of DMPC T,,, = 24°C). Dashed vertical lines indicate Rgoy, values, which
are the minimal copolymer-to-lipid ratios necessary to fully solubilize a membrane into nanodiscs. Laurdan GP of LUVs at 21°C (cyan) and 30°C (pink) are shown
for reference. (D) Intensity-weighted particle size distributions (fid)) of hydrodynamic diameter (d) for samples prepared below and above known Rgoy, values
(SMA Rsor. = 350 g/mol, DIBMA Rgop, = 520 g/mol). (E and F) Laurdan GP in copolymeric samples with excess copolymer to form nanodiscs (E) and with
insufficient copolymer to form nanodiscs (F). Copolymer mass to DMPC molar ratio used for each sample indicated in legend. Melting point of DMPC (T, =
24°C) referenced as black dashed line. Copolymer samples (SMA, DIBMA, and PMA) analyzed as independent triplicates (n = 3, mean = SD). Membrane

scaffold protein-stabilized nanodiscs (MSP1E1 ND) analyzed as independent duplicates (n = 2, mean + SD). To see this figure in color, go online.

Nanodiscs have higher Laurdan GP than
liposomes for fluid DMPC

We initially investigated pure DMPC bilayers as highly
simplified models of biological lipid bilayers because
DMPC has been widely used for structural studies of pro-
teins embedded in nanodiscs (40,47). An example of the
thermotropic behavior of DMPC in SMA-scaffolded nano-
discs is shown in Fig. 2 A. Nanodiscs scaffolded by
DIBMA and PMA both show similar behaviors (Fig. S1 A
and B). For DMPC, and almost all other nanodiscs/mem-
branes analyzed, Laurdan’s fluorescence emission spectra
shift with temperature, displaying red-shifted fluorescence
characteristic of more loosely packed lipids at higher tem-
peratures. This behavior is fully expected, as lipids gener-
ally become less packed at higher temperatures (48,49).
More specifically, DMPC has a gel-to-fluid transition tem-
perature (T,,) at 24°C, which is evident in the notable tran-
sition in Laurdan GP of DMPC LUV at 24°C (Fig. 2 B). We
observed a significant and consistent effect of embedding
lipids into copolymeric nanodiscs: for all copolymers, lipid
packing of DMPC was notably higher than for DMPC LUV

at temperatures above DMPC’s melting point. The same was
true for all polymeric scaffolds (SMA, DIBMA, and PMA)
and for MSP1E1-scaffolded nanodiscs (Fig. 2 B).

Another notable divergence between LUVs and nanodiscs
was the lack of the sharp transition in Laurdan GP values
around T, in nanodiscs, suggesting reduced cooperativity
between lipids. Similar loss of cooperativity has previously
been reported by Laurdan and differential scanning calorim-
etry (DSC) for SMA-scaffolded nanodiscs with slightly
different lipids (50). These observations suggest several con-
clusions: 1) the general thermotropic response of Laurdan in-
dicates that it resides in, and reports on, the properties of
nanodisc lipid bilayers; 2) the cooperative behavior of lipids
is disrupted in nanodiscs; 3) fluid-phase bilayers in nanodiscs
have more tightly packed lipid headgroups than intact lipo-
somes. Moreover, since SMA, DIBMA, and MSP1E]1 scaf-
folds have very different hydrophobic moieties embedded
in the lipid bilayer and form nanodiscs via different mecha-
nisms, we propose that these phenomena may be generaliz-
able to other nanodisc preparations.

To determine if the copolymer-induced increase in lipid
packing is dependent on copolymer-to-lipid ratios, we
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TABLE 1 Z-Average sizes and PDI of DMPC LUV or nanodiscs
Copolymer-to-lipid ratio Z-Average

(g/mol DMPC) size (nm) PDI
LUV - 133 0.08
SMA 65 169 0.07
650 15 0.38
DIBMA 120 1080 0.29
750 30 0.31

analyzed Laurdan GP in DMPC LUV incubated with
increasing amounts of copolymer (Fig. 2 C). Samples
were analyzed at 30°C (i.e., above DMPC melting temper-
ature). A relevant reference parameter here is Rgop, which
represents the minimal copolymer amount required to
completely transform all LUV bilayers into nanodiscs.
Rsor. values (350 g/mol DMPC for SMA; 520 g/mol
DMPC for DIBMA), were previously determined using so-
lution-based phosphorus (3 lP) NMR (30,51), and are repre-
sented in Fig. 2 B as dashed vertical lines. Low copolymer
ratios (<20 g/mol lipid; order of magnitude below Rgor)
did not significantly affect Laurdan GP (Fig. 2 C), presum-
ably because the copolymer in the bilayer is too dilute to
significantly perturb lipid organization. At 60-120 g/mol
lipid, still well below the solubilizing concentration Rggy,
both SMA and DIBMA already increased Laurdan GP, indi-
cating that the effects on membrane bilayer structure are
driven by lipid-copolymer interactions, rather than transfor-
mation into nanodiscs. SMA, DIBMA, and PMA at concen-
trations beyond Rgoy all significantly increased Laurdan GP,
suggesting more tightly packed lipid headgroups in these
nanodiscs relative to unperturbed membranes.

To confirm that samples prepared at copolymer concentra-
tions of 650750 g/mol contain nanodiscs, we used DLS to
determine particle sizes (Fig. 2 D). SMA (650 g/mol lipid)
produced 15-nm particles, whereas DIBMA (750 g/mol
lipid) produced 30-nm particles (Table 1), both consistent
with the previously reported sizes of their respective nano-
discs (30,52). Samples prepared with 10-fold less copolymer
did not contain particles smaller than 50 nm, but did contain
particles larger than untreated LUVs. This enlargement of li-
posomes below solubilizing concentrations may be due to
copolymer strands incorporating into the bilayers.

In the presence of excess copolymer (>6000 g/mol lipid),
far beyond reported Rgop values, we observed major disrup-
tions to membrane behavior, with copolymer mixtures
showing no evidence of a transition at the DMPC T,,,, much
lower Laurdan GP values than LUVs at low temperatures,
and much higher Laurdan GP values at higher temperatures
(Fig. 2 E). These results suggest that high copolymer-to-lipid
ratios may produce non-bilayer-like structures (e.g., mixed
lipid-copolymer micelles), and therefore that caution is
required to avoid excessive copolymer during membrane
protein isolation. Consistently, excess SMA has been found
to increase solubilization of rhodopsin, but render it inactive
(53). Increased Laurdan GP values above the melting point of
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DMPC were also observed in samples prepared with rela-
tively low copolymer concentrations (Fig. 2 F), indicating
that the observed bilayer effects occur before nanodisc for-
mation, potentially due to significant fraction of lipids in
intact bilayers already interacting with the copolymer. At
very low copolymer amounts (<20 g/mol lipid), no signifi-
cant effects on bilayer properties are observed by Laurdan
(Fig. S2).

Fluid POPC-DPPC bilayers have significantly
higher Laurdan GP in copolymeric nanodiscs

The above results reveal that, for DMPC, copolymeric nano-
discs have significantly increased lipid headgroup packing
relative to liposomes at temperatures where the lipid is ex-
pected to be in the fluid phase. To determine if these effects
persist in more complex, multi-component bilayers capable
of phase coexistence, we measured Laurdan GP in nano-
discs made from mixtures of POPC and DPPC. These two
lipids were selected because 1) they represent common lipid
species in mammalian membranes (54,55), 2) their mixtures
have a well-defined phase diagram (56), and 3) their gel-to-
fluid-phase T, are very different (DPPC = 41°C, POPC =
—2°C), allowing us to evaluate situations wherein one lipid
species is above and the other is below its T, (i.e., expected
fluid and gel phases, respectively, in unperturbed
membranes).

POPC-DPPC mixtures were analyzed at 20°C, where their
phase behavior depends on DPPC concentration, and 60°C,
where it does not (see Fig. 3 A, replotted from published
data) (56). That is, all POPC-DPPC mixtures are fluid at
60°C, whereas, at 20°C, membranes containing ~20%—
80% DPPC produce coexisting DPPC-rich gel and POPC-
rich fluid phases. All copolymer nanodisc samples analyzed
in this study were formed at a temperature above the melting
points of all phospholipids (i.e., 60°C for POPC-DPPC mix-
tures) to avoid preferential solubilization of different lipid
phases. At 60°C, SMA and PMA significantly increased
Laurdan GP for all POPC-DPPC mixtures (Fig. 3 B). The
magnitude of the effect was similar for SMA and PMA,
and somewhat smaller for DIBMA; i.e., Laurdan GP in
DIBMA nanodiscs was most similar to LUVs (Fig. 3 B).
This effect was also observed for several DMPC samples
(see Fig. 2). These observations suggest that DIBMA per-
turbs the typical bilayer arrangement of DMPC lipids less
than the other two scaffolds (SMA and PMA). One possible
explanation is that DIBMA'’s hydrophobic moiety is aliphatic
rather than aromatic (as for SMA), making it more similar to,
and less perturbing of, the aliphatic chemistry of lipid acyl
chains (52). On the other hand, PMA also has an aliphatic
moiety but has effects on lipid packing similar to SMA.
Another distinguishing feature of DIBMA relative to PMA
and SMA is that it forms slightly larger nanodiscs (57), as
validated by our DLS measurements (Fig. 2 C). Thus, nano-
disc size may determine the extent of lipid perturbation in
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FIGURE 3 Copolymers increase Laurdan GP of POPC-DPPC bilayers, with larger effects on more fluid bilayers. (A) Phase diagram of POPC-DPPC mix-
tures replotted from published data (56). Regions of fluid (Lg), gel (S,), and coexisting phases (L4 + S,) labeled. Dashed lines indicate temperatures at which
mixtures were analyzed. (B and C) Laurdan GP of POPC-DPPC mixtures at 60°C (B) or 20°C (C). All samples analyzed as independent experimental trip-
licates (n = 3, mean + SD). All samples prepared at: 650 g SMA/mol lipid, 1200 g DIBMA/mol lipid, or 690 g PMA/mol lipid. To see this figure in color, go

online.

nanodiscs, as has previously been suggested (58). However, it
is important to emphasize that even the least-perturbing scaf-
fold still generally produces nanodiscs with different mem-
brane properties than in liposomes.

At 60°C, Laurdan GP for these mixtures was not strongly
dependent on composition, as both POPC and DPPC are fluid
at this temperature. In contrast, at 20°C, Laurdan GP was
strongly dependent on DPPC concentration, both in LUVs
and nanodiscs (Fig. 3 C), very likely because DPPC is below
its T,, and, therefore, tends to form ordered, tightly packed
bilayers. Higher GP values in DPPC-rich mixtures suggest
a higher fraction of lipids in relatively ordered states. In
LUVs, the ordered state is a gel phase (56). In nanodiscs, con-
ceptions of phases are complicated by each bilayer leaflet
only containing a few hundred lipids (59). Despite this
caveat, the similarity in GP values between LUVs and nano-
discs at 20°C for various DPPC-containing mixtures suggests
the surprising inference that nanodiscs can retain similar
membrane states as unperturbed liposomes. All copolymers
significantly increased Laurdan GP when a major fraction
of lipids are expected to be in a fluid state (i.e., POPC >
50 mol %), with the magnitude of the effect apparently
related to the fraction of fluid (relative to ordered) membrane
(Fig. 3 C). This observation is consistent with our previous
conclusion that relatively disordered membranes are most
susceptible to perturbation by copolymers in nanodiscs.

Liquid-disordered biomimetic bilayers have
increased Laurdan GP values in copolymeric
nanodiscs

Mammalian cell membranes are thought to be almost exclu-
sively in fluid phases (60,61). However, although they
generally do not contain gel phases, they are believed to
be capable of forming lateral membrane heterogeneities of
increased lipid order (62). Such regions are known as lipid
rafts, and arise due to preferential interactions between

cholesterol and saturated phospho- and sphingo-lipids
(63). In model membranes, this capacity for lateral liquid
domains can be modeled by mixtures containing sterols,
low-melting phospholipids, and high-melting phospho-
lipids, which tend to form coexisting ordered and disordered
fluid phases, with the liquid-ordered phase hypothetically
mimicking the molecular architecture of cellular lipid rafts
(64). To test the effect of copolymer scaffolds on lipid com-
positions simulating mammalian plasma membranes, we
compared LUVs with nanodiscs containing mixtures of
POPC, PSM, and cholesterol. The phase behavior of these
mixtures at physiological temperature (37°C) has been
defined (65), and we tested representative ternary mixtures
that form either single-phase liquid-disordered (Lg), sin-
gle-phase liquid-ordered (L), or a mixture of the two phases
(Lg + L,) in liposomes at 37°C.

For Ly membranes, the effects of copolymer scaffolding
were similar to those reported above: all copolymer mem-
branes had higher Laurdan GP, with the smallest effect for
DIBMA (Fig. 4 A). Interestingly, pure L, bilayers were
essentially unaffected in nanodiscs, retaining the high Laur-
dan GP of intact liposomes. This observation was consistent
with the minimal effects of nanodisc encapsulation on
ordered DPPC-rich bilayers (Fig. 3 C). For bilayers with co-
existing Ly and L, phases, we observed an intermediate
effect: a small, but clear increase in Laurdan GP in nano-
discs. These observations were similar when samples were
analyzed at 25°C (Fig. S3) (65). Thus, even though L, bila-
yers are fluid and not gel, copolymeric nanodiscs appear to
minimally perturb these highly ordered bilayers. This obser-
vation suggests that copolymeric nanodiscs may faithfully
recapitulate headgroup packing for membranes mimicking
lipid rafts, which are believed to be represented by L,, phases
(66). However, although lipid packing assayed by Laurdan
is well maintained in these highly ordered bilayers, it will
be important to ensure that other relevant biophysical prop-
erties are similar unaffected by copolymers.

Biophysical Journal 122, 1-11, May 2, 2023 7



Biophysical Journal (2023), https://doi.org/10.1016/j.bp;j.2023.01.013

Please cite this article in press as: Real Hernandez and Levental, Lipid packing is disrupted in copolymeric nanodiscs compared with intact membranes,

Real Hernandez and Levental

FIGURE 4 Laurdan GP is increased by copolymeric scaffolds in fluid-disordered lipid bilayers, but least affected by DIBMA. (A) Lipid headgroup packing
measured by Laurdan GP in representative mixtures that show single-phase L, single-phase L,, or coexisting L4 + L, phases in LUV membranes. For each
LUV phase scenario, two representative lipid compositions were analyzed. (B and C) GP values of selected lipid compositions analyzed by C-Laurdan (B) or
Prol2A (C). Lipid compositions in columns shown as molar percentage of 1-palmitoyl-2-oleoyl-phosphocholine (POPC), palmitoyl-sphingomyelin (PSM),
and cholesterol (CH). LUV lipid phase (fluid disordered, Ly; fluid ordered, L) determined from published phase diagram (65). Nanodiscs were formed at
650 g SMA/mol lipid, 1200 g DIBMA/mol lipid, or 690 g PMA/mol lipid. All samples analyzed at 37°C as independent triplicates (n = 3, mean * SD). To

see this figure in color, go online.

Although Laurdan can robustly report on lipid headgroup
packing, analogous dyes with different chemical structures
can also be used to measure membrane properties (39,67).
Such dyes include C-Laurdan and Prol12A (Fig. 1 B), among
many others (68). To determine whether other environment-
sensitive fluorophores would also report differences in phys-
ical properties between copolymeric nanodiscs and lipo-
somes, the GP values of C-Laurdan and Prol2A were
compared between LUVs and nanodiscs composed of
cholesterol-containing mixtures. GP values in L, bilayers
were similar between nanodiscs and LUVs analyzed with
C-Laurdan and Pro12A (Fig. 4 B and C), similar to observa-
tions with Laurdan (Fig. 4 A). For bilayers with coexisting
L4+ L, phases, anotable increase in GP values was observed
in nanodiscs, with DIBMA being less perturbing than SMA,
again agreeing with Laurdan observations in the same lipid
composition (Fig. 4 A) and in DPPC-POPC mixtures
(Fig. 3 C). Interestingly, unlike with Laurdan, C-Laurdan
and Prol2A did not show increased GP for L, bilayers in
nanodiscs (Fig. 4 B and C). This was an unexpected result,
given that Laurdan systematically showed increased GP
values for fluid bilayers in copolymeric nanodiscs (Figs. 2
C and 3 B). One possible explanation for this discrepancy
may be that C-Laurdan and Prol12A are negatively charged
at our conditions, and would therefore be repelled by the
negatively charged maleic acid moieties of SMA and
DIBMA (Fig. 1). In this case, these reporters may be distrib-
uted preferentially to more central regions of copolymeric
nanodiscs where lipid headgroup packing/hydration may be
less perturbed than at the copolymer-lipid bilayer interface
(69). The presence of heterogeneous lipid environments in-
side nanodiscs has been well documented (69,70), so it is
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possible that regions with low membrane perturbation
coexist with highly perturbed membrane regions.

Biological membrane lipids have increased lipid headgroup
packing in copolymeric nanodiscs

The synthetic bilayers analyzed above have contained only
lipids, but biological membranes include a high fraction of
proteins, estimated up to 20% area fraction (71). Amphi-
philic copolymers can isolate membrane proteins directly
from membranes for studies of their structure and function
(72-74), and it may be a tempting assumption that resulting
copolymeric nanodiscs retain a protein’s native membrane
environment (75-77). Our data in lipid-only nanodiscs do
not support this assumption. To determine whether lipid
headgroup packing is retained in copolymeric nanodiscs
derived from biological membranes, we compared isolated
HEK?293 membranes with copolymeric nanodiscs made
from those membranes. HEK293 cells were selected
because these have been used for SMA-mediated isolation
of membrane proteins (78,79). A standard method for pro-
ducing copolymeric nanodiscs from biological membranes
has been published (43), but this protocol may involve the
use of excess copolymer (2.5% w/v or 25 g/L) during nano-
disc formation (42). Excess copolymer strongly perturbs
membrane properties (Fig. 2 E) and membrane protein func-
tion (80). For our studies, we used 1 mg of copolymer per
gram of HEK293 membrane for nanodisc formation to
avoid excess copolymer (42), and then removed any undis-
solved membrane material by centrifugation.

For all three dyes referenced above, we observed higher
GP values relative to intact membranes in copolymeric nano-
discs made from isolated HEK293 membranes at 37°C
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FIGURE 5 GP increases in copolymeric nano-
discs prepared from mammalian cell membranes,
but lateral pressure decreases in SMA nanodiscs.
(A) GP values of various solvatochromic dyes in
nanodiscs prepared from HEK293 membranes.
All samples analyzed as independent triplicates
(n = 3, mean * SD). (B) Flipper-TR fluorescence
lifetime in nanodiscs. For pure POPC bilayers,
SMA samples were prepared at 1300 g/mol lipid
and DIBMA samples at 2400 g/mol lipid. For bila-
yers containing POPC, PSM, and cholesterol (CH),
SMA samples were prepared at 650 g/mol and
DIBMA samples at 1200 g/mol. HEK293 nano-
discs were prepared with 1 mg of copolymer per

gram of wet HEK293 membrane mass (1 mg/g HK). “Unperturbed” refers to membrane unexposed to copolymer. Each point represents the average lifetime
collected from independent experiments analyzed with at least five different frames of view (n = 3, mean + SEM). Samples analyzed at 37°C, pH = 7.4. To

see this figure in color, go online.

(Fig. 5 A). In contrast to lipid-only membranes (Figs. 3 B and
4 A), DIBMA perturbs lipid packing similarly to SMA. These
observations suggest that copolymeric scaffolds also increase
lipid ordering for protein-rich membranes.

All solvatochromic dyes referenced above change their
spectra in membranes due to dipolar relaxation via the water
molecules hydrating their surrounding polar lipid head-
groups. Tighter headgroup packing reduces hydration
levels, which reduces dipolar relaxation and leads to blue-
shifted spectra (i.e., higher GP) (39). To determine whether
reporters not dependent on dipolar relaxation would also
behave differently in nanodiscs relative to unperturbed
membranes, we analyzed the fluorescence lifetime of
Flipper-TR. Flipper-TR reports on lipid packing/lateral
pressure within the hydrophobic bilayer core, via the depen-
dence of its fluorescence emission lifetime on the degree of
planarization of its two flexible dithienothiophene moieties
(Fig. 1 B) (41). We compared Flipper-TR lifetimes in intact
bilayers versus copolymer nanodiscs for POPC, a ternary
lipid mixture, and isolated HEK membranes (Fig. 5 B).
Although the effects were more heterogeneous than for
Laurdan, there was a general trend that nanodiscs showed
somewhat lower fluorescence lifetimes (reduced acyl chain
pressure) in nanodiscs compared with intact bilayers (Fig. 5
B). The largest reduction was observed for SMA-solubilized
HEK membranes. This effect was somewhat surprising, as
we expected increased headgroup packing (reported by
Laurdan) to correlate with increased packing/pressure in
the hydrophobic core (reported by Flipper-TR). These ob-
servations tentatively suggest that, in copolymer-stabilized
nanodiscs, packing of lipid acyl chains may be somewhat
decoupled from packing of lipid headgroups. Ultimately,
although the structural details of lipid bilayers in copolymer
nanodiscs remain to be fully characterized, they appear to be
broadly different from those of intact membranes.

CONCLUSIONS

Nanodiscs have become an invaluable tool for studies of
membrane protein structure and function, but their deviations

from unperturbed membrane structure should be considered.
The strongest effect presented in this study is that lipid head-
group packing is perturbed in copolymeric nanodiscs relative
to intact membranes. In lipid-only nanodiscs, the copolymer
DIBMA was less perturbing than SMA or PMA, but still
changed membrane properties compared with intact bilayers.
Although we focus mostly on one property of bilayer mem-
branes (lipid packing), other membrane properties that are
expected to correlate with lipid packing (fluidity, rigidity)
may also be perturbed. Another common property of bio-
membranes likely disrupted in nanodiscs is lipid asymmetry
between the leaflets of the bilayers (81). Even if asymmetry is
maintained during the original extraction of lipids, copoly-
meric nanodiscs are known to rapidly exchange lipids via in-
ter-nanodisc collisions (82,83), which would likely allow
mixing of bilayer leaflets and loss of compositional asymme-
try. Altogether, these results suggest that, although copoly-
meric nanodiscs can be composed of native membrane
lipids, they generally do not retain the physical properties
of the membranes from which they are derived.
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Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2023.01.013.
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