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Home is Where the Lipids Are: A Comparison of MSP
and DDDG Nanodiscs for Membrane Protein Research’

b

Kaori Nakao®™ Alexandra Steinhauser’™, Grégory Durand®, Marine Soulié¢®, Gerald N.

Rechberger?, Thomas Ziillig?, Sandro Keller*® and Katarzyna Tych*¢

Nanodiscs have emerged as a powerful tool for studying membrane proteins in a lipid bilayer, with the
standard approach relying on MSP-based nanodiscs that use detergent-mediated lipid exchange and
encapsulation by MSP rings. However, this method may introduce artefacts from MSP interactions
with the target protein and the nanodiscs’' constrained size. Here, we compare MSP-based nanodiscs
with an alternative system using the amphiphile dodecyl-diglucoside (DDDG), which directly extracts
membrane proteins along with their surrounding lipids from the cell membrane. Using a glutamate
transporter homolog (GltTk) from Thermococcus kodakarensis as a model, we assessed the efficiency
of extraction and purification, thermal stability, and substrate binding capacity of GlItTk in each of
the two nanodisc systems. Our findings demonstrate that DDDG-based nanodiscs are comparable to
MSP-based nanodiscs but may provide greater conformational flexibility and avoid possible artefacts
due to MSP-GItTk interactions. Consequently, they provide a competent alternative to MSP-based
nanodiscs through direct extraction, thereby preserving the proteins’ native lipid environment. Both
approaches support structural and functional studies, but their suitability depends on the specific
application. MSP-based nanodiscs remain advantageous for studies requiring well-defined lipid com-
positions, while DDDG nanodiscs offer distinct advantages for investigating proteins where native

lipids and conformational freedom are critical.

Introduction

Membrane proteins are essential for a broad spectrum of physio-
logical functions. Representing approximately 30% of all proteins
encoded by the human genome, they mediate essential intra- and
transcellular molecular interactions 2. Their surfaces exhibit hy-
drophobic properties, resulting in their instability when exposed
to water. Consequently, in their purified state, they are incompati-
ble with numerous tools employed in in vitro biochemical studies.
To address this challenge, detergents with a range of properties
have been developed and used for decades. More recently, a vari-
ety of nanodiscs have emerged as a novel tool for studying these
fascinating proteins. These soluble discoidal lipid bilayer patches
enable diverse experimental applications.
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Fig. 1 DDDG- and MSP-based nanodiscs in this study A: DDDG-based
nanodiscs are formed by direct extraction of membrane proteins and na-
tive lipids from membranes. B: MSP nanodiscs are assembled by recon-
stituting purified membrane proteins into a defined lipid bilayer stabilized
by MSPs. Figures were generated based on PDB ID: 6CLZT.

Membrane scaffold proteins (MSPs) were first introduced in the
early 2000s as a versatile platform for stabilizing membrane pro-
teins in a native-like lipid bilayer environment 2. In an MSP-
based nanodisc, a pair of alpha helical proteins derived from a
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human apolipoprotein A-1 form and retain certain sizes of a dis-
coidal patch of lipids in solution. Although alternative protein-
based nanodisc systems have been developed since then - such as
salipro® and constructs based on short amphipathic peptides=>8
- MSPs remain the most widely used, especially in structural bi-
ology, where they have greatly contributed to developments in
cryo-electron microscopy?. Nanodiscs have opened possibilities
to study lipid- protein interactions in addition to aiding in over-
coming issues related to the poor stability of membrane proteins.
Extensive protein engineering and open science initiatives have
resulted in a range of MSP constructs with different molecular
weights 19°12] This diversity allows researchers to select an MSP
variant tailored to the size and conformational flexibility of their
protein of interest, providing sufficient space for dynamic struc-
tural rearrangements. However, despite their widespread appli-
cation and success, MSP nanodiscs have certain limitations. Their
defined lipid composition and the size dictated by the scaffold
protein may restrict flexibility when it comes to mimicking the
complex lipid environments of native membranes. Moreover, in-
teractions between the MSP rings and the reconstituted mem-
brane protein may limit the activity or conformational transitions
of the target proteinl?, Additionally, the standard workflow for
generating MSP-based nanodiscs requires detergent extraction of
the target protein and subsequent reconstitution. This long pro-
cess could lead to problems such as the denaturation or aggrega-
tion of the protein of interest.

To overcome some of these limitations, alternative membrane-
mimetic systems have been developed. In particular, lipid-
solubilising polymers have emerged as promising alternatives due
to their ability to directly extract membrane proteins from na-
tive membranesi®. Commonly used copolymers such as styrene-
maleic acid (SMA)12| diisobutylene/maleic acid (DIBMA) 16 have
been widely applied to directly extract membrane proteins from
native membranes while maintaining their surrounding lipid en-
vironment. Similarly, small amphiphilic molecules offer an al-
ternative approach by directly extracting membrane proteins
from biological membranes while simultaneously forming nan-
odiscs 1718,

For our experiments, we chose the glyco-amphiphile DDDG,
as it has proven to be a promising tool for the direct extraction
and purification of membrane proteins 1718 (Figure [1). As an
amphiphilic detergent, DDDG exhibits a critical micelle concen-
tration (CMC) that must be maintained in all buffers to ensure
effective extraction and nanodisc formation. The suitability of
DDDG for extracting membrane proteins into lipid-bilayer nan-
odiscs has been demonstrated in several instances 212, For ex-
ample, DDDG enabled the extraction of the bacterial ABC trans-
porter BmrA from E. coli and the human G protein-coupled recep-
tor (GPCR) A2AR from Sf9 insect cells, achieving higher solubi-
lization efficiencies than the commonly used detergent DDM1Z.,
In a subsequent study, DDDG was shown to solubilize reconsti-
tuted proteoliposomes containing outer membrane phospholipase
A (OmpLA) and to form nanodiscs directly from native mem-
branes®. Due to the direct extraction from native membranes,
DDDG nanodiscs often incorporate a larger amount of lipids than
classic detergents, resulting in generally larger and more variable
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nanodisc sizes. In contrast, MSP nanodiscs offer a well-defined
and uniform size. DDDG nanodiscs incorporate native lipid com-
positions directly extracted from target-protein expressing E. coli
membranes, in contrast to the defined, synthetic lipid mixtures
typically used for reconstitution in MSP nanodiscs. This inher-
ent heterogeneity creates a more native-like lipid environment
that can allow for greater conformational freedom of membrane
proteins and their associated lipids. Moreover, solubilising tar-
get proteins with a variety of lipid species may help preserve the
functional and structural integrity of these proteins.

To investigate how different lipid environments affect mem-
brane protein purification and function, we compared DDDG and
MSP1E3D112 nanodiscs as two distinct "homes" for a membrane
transporter. As a model protein, we used GltTk, a glutamate
transporter homolog from Thermococcus kodakarensis?Y. GltTk
forms trimers that are fully embedded in the lipid bilayer and
operates via an elevator mechanism, in which one domain slides
relative to the other?l. Our study shows how different nanodisc
compositions influence the purification efficiency, sample hetero-
geneity, ligand binding, and thermal stability of this transporter.

Results and Discussion

DDDG forms larger nanodiscs compared to MSP1E3D1.

To assess differences arising from the nanodisc formation meth-
ods, we first compared extraction efficiencies and subsequent pro-
tein yields. GltTk was successfully extracted with both dodecyl-
B-D-maltopyranoside (DDM) and DDDG (Figure S1). However,
the subsequent reconstitution of the DDM-solubilized sample into
MSP1E3D1 nanodiscs resulted in a noticeable loss of protein,
likely due to the multiple processing steps required. In contrast,
direct extraction with DDDG enabled the formation of nanodiscs
without reconstitution, resulting in substantially increased yields
(approximately 30-fold) compared to MSP nanodiscs (Figure S2).
In the subsequent size-exclusion chromatography (SEC), the main
peak eluted earlier than expected from the molecular weight of
GltTk trimer (Figure S3). This earlier elution suggests an in-
creased hydrodynamic radius, which may result from additional
lipids incorporated into the nanodiscs or from nanodiscs associat-
ing with each other'!®. This effect was particularly noticeable in
the DDDG preparation, reflecting its ability to extract membrane
proteins together with a substantial portion of their native lipid
environment. Using fluorescent universal lipid labeling (FULL-
MDS)12, we confirmed the presence of lipids in DDDG nanodiscs
(Figure S4). Further lipidomic analysis by mass spectrometry
(MS) identified typical E. coli lipids, including phosphatidylglyc-
erol (PG), phosphatidylethanolamine (PE), cardiolipin (CL), and
acyl phosphatidylglycerol (AcylPG) (Figure [2).

Notably, DDDG preserved the native lipid environment around
GltTk, as the lipid composition in the nanodiscs closely resem-
bled that of the original membrane vesicles from which they were
extracted. Moreover, negative-staining electron microscopy re-
vealed that GltTk-containing DDDG nanodiscs exhibit a signif-
icantly larger average diameter ((25.0 = 5) nm) compared to
MSP1E3D1 nanodiscs ((13.5 = 1) nm) (Figure. In addition to
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Fig. 2 Lipid species identified in crude E. coli membrane (outer cir-
cle) and GItTk-DDDG nanodiscs (inner circle). A: phosphatidylglycerol
(PG), B: phosphatidylethanolamine (PE), C: cardiolipin (CL), and D: acyl
phosphatidylglycerol (AcylPG) The numeric values following the lipid ab-
breviations indicate the total number of carbon atoms and double bonds
in the fatty acyl chains.
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the increased mean diameter, the DDDG nanodiscs also displayed
a broader size distribution, as expected from the self-assembly
properties of a small-molecule amphiphile. Similar size hetero-
geneity has been reported for lipid-solubilizing polymers such as
SMA or DIBMA, which also extract membrane proteins directly
with their native lipid environment I#16] Consequently, this na-
tive extraction approach leads to greater variability in nanodisc
size compared to the more uniform assemblies formed with MSPs.

A B

Size Distribution

diameter (nm)

&

- -
DDDG MSP1E3D1 E
100 nm: .

Fig. 3 Size distributions of nanodiscs determined by negative-staining
electron microscopy. A: Comparison of nanodisc diameters measured
from negative-staining electron microscopy images. GItTk-DDDG nan-
odiscs were found to have a mean diameter of 25.0 (+ SD 5) nm, whereas
MSP1E3D1 nanodiscs were found to have a mean diameter of 13.5 (£SD
1) nm. Measurements of the diameters for 59 particles in micrograph (B),
155 in (C) were performed in ImagelJ. B,C: Example negative staining mi-
croscopy images for GltTk in (B) DDDG nanodiscs and (C) MSP1E3D1
nanodiscs. The scale bars represent 100 nm.

MSP1E3D1 nanodiscs containing GItTk exhibit a higher ther-
mal stability.

We performed a thermostability assay (Figure [4), where GltTk
was characterized in DDDG and MSP1E3D1 nanodiscs. GltTk re-
mained more heat-stable in MSP compared to DDDG. The results
revealed a clearly higher stability in the MSP1E3D1 nanodiscs.
After incubation at 75°C for 30 min, no detectable band inten-
sity remained in the DDDG sample, whereas approximately 60%
of the initial band intensity was still present in the MSP1E3D1
sample. The absence of a band at the expected molecular weight
after incubation at 75°C indicates that GltTk purified in DDDG
undergoes thermal denaturation and aggregation, resulting in
the loss of detectable protein. In contrast, GltTk reconstituted
in MSP1E3D1 nanodiscs exhibits increased thermal stability, as
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the protein remains detectable at 75°C, indicating better preser-
vation of its structural integrity under heat stress. The increased
stability of GltTk in MSP1E3D1 nanodiscs is likely due to the en-
hanced structural support and protection they provide, compared
to the less stabilizing environment of DDDG.
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Fig. 4 GItTk remains thermally more stable in MSP1E3D1 com-
pared to DDDG. A: Purified protein in MSP1E3D1 (top) and DDDG
(bottom) was diluted to 120 ng/pL and incubated at temperatures
between 30°C and 85°C for 30 min. B: Band intensity plotted as
a function of temperature. Quantification was performed using Im-
agel.

Substrate binding affinity of GItTk is higher in DDDG than in
MSP1E3D1.

In order to compare functional aspects of GltTk in both, DDDG
and MSP1E3D1 nanodiscs, we probed its substrate-binding ca-
pacity in both nanodisc environments. The binding of GItTk to its
substrate, aspartate, was measured using a scintillation proximity
assay (Figure 22. Here, radiolabelled substrates are detected
on the surface of scintillant-containing beads, when they bind
via immobilised protein. In DDDG nanodiscs, GItTk appears to
bind to aspartate tighter (with a higher affinity, i.e., lower mea-
sured dissociation constant at Kp 54.2 nM, Figure ) than in
MSP nanodiscs (Kp 205 nM, (Figure )). Interestingly, these
affinity values are significantly different from those measured in
detergent (Kp 6.58 nM), suggesting that the lipid environment
may play a pivotal role in modulating substrate binding. The
lipid composition derived from recombinant cells in DDDG nan-
odiscs likely promotes favourable lipid-protein interactions with
GltTk, enhancing its function and potentially stabilising active
states. These findings underscore the critical importance of se-
lecting an appropriate membrane-mimetic system when charac-
terising membrane proteins in vitro, as even subtle variations
in lipid-protein interactions can lead to significant differences in
functional outcomes.
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Fig. 5 Binding of GItTk to aspartate measured with a scintillation
proximity assay. GltTk exhibits binding in the presence of sodium in
both types of nanodiscs, in agreement with its previously reported
activity as sodium symporter. Error bars are from biological dupli-
cates, each with technical triplicates.

Experimental Methods

GltTk production

Recombinant GltTk with a single amino acid mutation from his-
tidine 334 to cysteine was expressed in E.coli MC1061 in LB
medium containing 100 ug mL~' ampicillin (Foremedium) at
37°C, as described previously. 23 Briefly, once optical density at
600 nm (OD600) reached 0.8, protein expression was induced
with 0.05% L-arabinose (Sigma Aldrich) and the culture was con-
tinued shaken for 3 h. Cells were collected by centrifugation at
6,000 x g at 4°Cfor 20 min and resuspended in 50 mM Tris-HCl
pH 8.0, 300 mM KCl. After breaking cells under the presence of
DNase A, 1 mM MgSO,, 200 uM Phenylmethylsulfonyl fluoride
(PMSF) at 25 kPsi, cell lysate was centrifuged to remove cell de-
bris at 17,418 x g for 30 min, then the membrane fraction was
collected by ultracentrifugation (Beckmann Coulter) at 186,000
x g, 4°C for 150 min.

GltTk extraction and purification by DDDG

The synthesis of DDDG was carried out as described in 17, 10.1
mM DDDG and 200 uM PMSF were added to crude membrane
vesicles in buffer A (50 mM Tris-HCl pH 8.0, 300 mM KCl, 1 mM
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dithiothreitol (DTT)) and the mixture was incubated overnight on
a rotary wheel. After ultracentrifugation (Beckmann Coulter) for
35 min at 80,000 rpm, the supernatant was incubated with Nickel
resin equilibrated with 50 mM Tris-HCl pH 8.0, 300 mM KCl for
2.5 h under nutation. The sample was applied to an Nickel im-
mobilized metal-ion affinity chromatography (Ni-IMAC), washed
with buffer A supplemented with 200uM PMSF, 0.1 mM DDDG,
and 50 mM imidazole pH 8.0, then eluted in one with 0.1 mM
DDDG and 400 mM imidazole pH 8.0. After Ni-IMAC, the sample
was desalted using PD10 column (Cytiva). Fractions were pooled
and concentrated before being applied to a Superose 6 column
(Cytiva).

Production and purification of MSP1E3D1

MSP was prepared following the protocol introduced, substitut-
ing NaCl with KCI2%, The gene encoding MSP1E3D1 with the
N-terminal polyhistidine-tag in pET28a plasmid (Addgene) was
transformed into E. coli BL21 (DE3) cells. Cells were grown in TB
medium under high oxygenation and the presence of 10 ug/mL
of kanamycin at 37°C. Once OD600 reached 2, expression was in-
duced with 1 mM Isopropyl 3-d-1-thiogalactopyranoside (IPTG).
Cells were collected after 3 h by centrifugation and resuspended
in 50 mM Tris-HCl, pH 7.5, 300 mM KCl and stored at —70°C. For
purification cells were allowed to thaw and supplemented with
100 ug/mL DNase A, 1 mM MgSO,, 200 uM PMSF and 1% of Tri-
ton X-100. Cells were disrupted with sonication (72 cycles, each
5 s pulse at 70% amplitude, separated by 5 s cooling intervals
on ice). After centrifugation at 30,000 X g for 30 min at 4°C,
the supernatant was supplemented with 20 mM imidazole, pH
8.0, and MSP1E3D1 was purified with Ni-IMAC. The resin was
washed three times with 40 mM Tris-HCI, pH 8.0, 300 mM KCl,
supplemented first with 1% Triton X-100, then 50 mM sodium
cholate and 20 mM imidazole and finally 50 mM imidazole, pH
8.0 . MSP was eluted in 40 mM Tris-HCI, pH 8.0, 300 mM KClI,
500 mM imidazole. Fractions were pooled, supplemented with
5 mM ethylenediaminetetraacetic acid potassium salt (K-EDTA)
and 1:40 w/w tobacco etch virus protease with a point mutation
(TEV-S219V, 23 for tag cleavage for 90 min. The mixture was
transferred to a 3.5 kDa MWCO membrane tube (Spectrum) and
dialysed against 20 mM Tris-HCI, pH 8.0, 100 mM KCl, 0.5 mM
K-EDTA, 0.5 mM DTT overnight at 4°C. The sample was added to
Ni-IMAC resin and collected in the flow-through fraction with 20
mM Tris-HCI, pH 8.0, 100 mM KCI.

GItTk extraction and purification with a detergent and recon-
stitution into MSP1E3D1

1% w/v DDM (Glycon) and 200 uM PMSF was added to crude
membrane vesicles in buffer A (50 mM Tris-HCl pH 8.0, 300 mM
KCl, 1 mM DTT) and the mixture was incubated on ice for 1 h.
Purification with Ni-IMAC was performed in a similar way as in
DDDG substituting DDDG with 0.05% DDM, except incubation
with the resin was on ice for 45 min. Fractions containing high
concentration of the target was applied to NAP10 desalting col-
umn (Cytiva) equilibrated with the buffer B (50 mM Tris-HCI
pH7.5, 150 mM KCI, 1 mM DTT) with 0.05% DDM. E.coli po-
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lar lipids and Egg PC (3:1, Avanti Polar Lipids) were sonicated
and incubated with 30 mM DDM to solubilise. The amounts of
protein monomer, solubilized lipids, MSP were calculated so the
molar ratio is to be 3:5:250. GltTk and lipids were mixed and
incubated on ice for 30 min, MSP was added to be nutated to-
gether for another 30 min, and finally hydrolized Biobeads (Bio-
rad) were added to the mixture and incubated overnight to re-
move detergents. After removing Biobeads and spinning down to
remove precipitants, the reconstitution mixture was applied to a
Superdex 200 column (Cytiva) in buffer B.

Mass spectrometry

To identify differences of lipid composition between DDDG nan-
odiscs and E.coli membrane vesicles, we used an untargeted
lipidomics approach utilizing a reversed-phase UHPLC-QTOoF sys-
tem (Infinity II, 6560B, Agilent, Waldbronn, Germany). The fol-
lowing samples were analyzed: Sample 1 - DDDG nanodiscs (0.3
mg/mL), Sample 2 - E.coli membrane vesicles (0.3 mg/mL), and
as controls (Supplementary information), Sample 3 - 50 mM Tris,
150 mM KCl, pH 8 + 0.1 mM DDDG, and Sample 4 - 50 mM
Tris, 150 mM KCl, pH 8. These samples were extracted using an
adapted version of the lipid extraction protocol2®. The mobile
phase consisted of a gradient of solvent A (water) and solvent B
(isopropanol), both containing 1% formic acid, 10 mM ammo-
nium formate, and 7.7 uM phosphoric acid to achieve effective
separation of the lipid species. Data acquisition was performed
in a data-dependent manner, allowing for the identification of
lipids based on their mass-to-charge ratios (m/z) and fragmen-
tation patterns. The mass spectrometer was operated in negative
ionization mode to capture a comprehensive phospholipid pro-
file. Lipid annotation was conducted using MS-Dial2Z software
for database comparison and Skyline?® for integration. Further
data transformation was performed using R/RStudio and tidy-
versel22,

Negative staining electron microscopy

Grids coated with a carbon film were glow discharged. Protein
solution was loaded onto the grid and blotted after 1 minute to
remove the excess of liquid with filter paper. The sample was
stained with 1-2% uranyl acetate, pH 3.5. After 20 sec, the grid
was blotted again and left to dry in air. Micrographs were ac-
quired in a Talos L120c, (Thermo Scientific) operated at 120 keV.
Diameters of nanodiscs were measured in ImageJ.

Thermostability assay

GltTk in both, MSP1E3D1 and DDDG nanodiscs was diluted to
a concentration of 120 ng/uL in 50 mM Tris (pH 8), 150 mM
KClI (supplemented with 0.1 mM DDDG for DDDG samples), and
incubated for 30 min at temperatures from 30 to 85°Cin a thermal
cycler (Eppendorf). Following this, the samples were centrifuged
at 20,000 x g for 40 min to remove aggregates. Thereafter, a total
of 900 ng of each sample was loaded onto an SDS-PAGE. Protein
band quantification was performed using ImageJ. The error bars
represent the standard deviation from triplicates.
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Scintillation proximity assays (SPA)

GltTk in DDDG or MSP1E3D1 were both prepared in 50 mM Tris-
HCl pH 7.5, 150 mM KCl, 100 uM tris(2-carboxyethyl) phosphine
(TCEP), supplemented with 0.1 mM DDDG for DDDG samples.
Final 50 nM protein, 300 mM NaCl, serial concentrations of cold
asp and 500 pM [*H] labelled L-Asp were added to YSi copper
His tag SPA beads suspension (revvity). After 1 h of incubation,
scintillation was counted in a 96 well plate.

Conclusions

Our results show clear differences between MSP and DDDG nan-
odiscs in terms of extraction efficiency, size, thermal stability, and
substrate-binding affinity. DDDG enables the direct extraction of
transmembrane proteins from native environments while simulta-
neously forming nanodiscs, offering physiologically relevant lipid
composition as well as a facilitated process compared to MSP-
based systems. For GItTk, extraction into DDDG nanodiscs re-
sulted in higher yields too. However, these advantages do not
mean that DDDG is the best option in every situation. The het-
erogeneity observed in our negative staining data may complicate
initial image analysis. In that sence, the homogeneity in the size
distribution provided by MSP would be a better starting point
for electron microscopy-based structural work. MSP opens possi-
bilities to systematic investigations of lipid-dependent effects by
allowing the use of specific lipid mixtures for reconstitution.

The enhanced thermal stability observed in GItTk in
MSP1E3D1 nanodiscs could be influenced by an increased con-
formational stability of the protein, in addition to potential
detergent-related artifacts. Variations in lipid composition be-
tween the two nanodisc systems are also likely to play a role.
Here, the dynamic nature of DDDG nanodiscs — which mani-
fests in fast lipid exchange'l® and may also mimic the fluidity of
lipid bilayer— enables interaction studies within a "home" envi-
ronment. Overall, these findings highlight DDDG nanodiscs as
versatile tools for studying diverse membrane proteins in physi-
ologically relevant lipid environments. It should be noted, how-
ever, that our findings are based on a single membrane protein,
GltTk, and thus their applicability to proteins with distinct struc-
tures or biophysical characteristics remains to be validated.
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