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Many membrane proteins, including G protein-coupled receptors (GPCRs), are susceptible to denaturation when
extracted from their native membrane by detergents. Therefore, alternative methods have been developed,
including amphiphilic copolymers that enable the direct extraction of functional membrane proteins along with
their surrounding lipids. Among these amphiphilic copolymers, styrene/maleic acid (SMA) and diisobutylene/
maleic acid (DIBMA) polymers have been extensively studied. Despite their many benefits, SMA and DIBMA
polymers also have considerable drawbacks limiting their applications. Herein, we describe a series of new
amphiphilic copolymers derived from DIBMA via partial amidation of the carboxylate pendant groups with
various biocompatible amines. We characterize the new polymer’s nanodisc-forming properties and ability to
extract the melanocortin 4 receptor (MC4R), a prototypical class A GPCR. While each new DIBMA variant dis-
plays features that may be favorable for selected applications, we identified a PEGylated DIBMA variant called
mPEGy4-DIBMA as particularly promising. In the tested system mPEG4-DIBMA abolishes unspecific interactions
and outperforms other polymers by achieving higher extraction efficiencies of MC4R from Sf9 insect cell
membranes. The new nanodisc-forming polymer combines two key advantages that are crucial for investigating
GPCRs in a well-defined but still native lipid-bilayer environment, thus paving the way for manifold future
applications.

1. Introduction in vitro studies is traditionally carried out with the aid of detergents,

which displace native lipids and form micelles as a membrane-mimetic

G protein-coupled receptors (GPCRs), the largest superfamily of cell-
surface proteins, share a conserved architecture of seven trans-
membrane helical domains (TMDs) and have been implicated in a
plethora of diseases such as cancer, obesity, and Alzheimer’s disease
[1-3]. The isolation of GPCRs from cellular membranes for subsequent

environment to solubilize GPCRs. Lipid-bilayer nanodiscs formed by
membrane scaffold proteins (MSPs) have also been widely used in
studies of GPCRs [4], such as neurotensin receptor 1 (NTSR1) [5], and
rhodopsin [6]. However, the stability of GPCRs often decreases upon
solubilization by detergents, which is the first step for preparing MSP
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nanodiscs [4]. In addition, GPCR activities are regulated by various
physical properties of the surrounding phospholipid bilayer such as lipid
order, lateral pressure, bilayer thickness, hydrophobic mismatch,
membrane fluidity, curvature, and lipid composition, which are altered
in detergent micelles and difficult to mimic in synthetic lipid mixtures
[7-10]. The lipid environment also plays critical roles in GPCR-ligand
interactions, receptor coupling, and the recruitment of GPCR kinases
(GRKs) and arrestins [11-14]. Therefore, the study of GPCRs in more
native-like environments is highly desirable.

In addition to model membrane systems [15], significant progress
has been made in developing and exploiting lipid-bilayer nanodiscs
encapsulated by amphiphilic copolymers that directly extract mem-
brane proteins together with their surrounding lipids from cellular
membranes [16]. These native nanodiscs often preserve the structural
and functional integrity of extracted proteins. One of the most
commonly used copolymers is styrene/maleic acid polymer SMA(2:1), a
negatively charged random polymer employed to purify membrane
proteins from different cell types [17-22]. However, the efficiency of
membrane-protein extraction by SMA(2:1) and the characterization of
SMA-encapsulated proteins are restricted by a rather narrow buffer
range, excluding lower pH values and even low concentrations (2 mM)
of divalent cations such as Mg2+ and Ca" [23,24]. New strategies could
overcome some of the limitations in terms of buffer compatibility
[25,26], but the quantification of encapsulated proteins and several
other biophysical experiments are hampered by SMA’s strong absorp-
tion in the UV range, which is due to its aromatic styrene moieties.
Diisobutylene/maleic acid (DIBMA) is an alternating copolymer that
does not contain any aromatic groups but retains the ability to solubilize
membrane proteins and lipids [27]. Thus, one of the significant ad-
vantages of DIBMA is its lower absorption in the UV range. Moreover,
DIBMA exhibits only a gentle impact on the lipid acyl chain order and a
high resistance against divalent cations (>20 mM) [28]. DIBMA has
been successfully used to extract a broad range of membrane proteins
from different host cells, including rhomboid proteases [29], the mem-
brane tether protein ZipA [30], the ATP Binding Cassette (ABC) trans-
porter BmrA [30], the GPCRs adenosine Agp receptor (AgaR) [30] and
calcitonin gene-related peptide receptor (CGRP) [30], as well as the
mechanosensitive channel of small conductance (MscS)-like channel
Ynal [31]. Nonetheless, the high charge densities carried by both SMA
and DIBMA, which are due to their carboxylic acid pendant groups, can
interfere with binding measurements using charged ligands through
unspecific Coulombic interactions.

In this work, we describe a series of new amphiphilic copolymers,
including Dab-DIBMA, Arg-DIBMA, Meg-DIBMA, and mPEG4-DIBMA
obtained from DIBMA via partial amidation with various biocompatible
amines. The formation of nanodiscs by exposing large unilamellar ves-
icles (LUVs) to polymers, the morphology of the resulting nanodiscs, and
the thermotropic phase behavior of the encapsulated lipid bilayers were
examined with the aid of dynamic light scattering (DLS), transmission
electron microscopy (TEM), and differential scanning calorimetry
(DSCQ), respectively. Additionally, microfluidic diffusional sizing (MDS)
was used to gauge potential unspecific interactions between peptide li-
gands and polymers. The efficacies of the new polymers in extracting a
prototypical GPCR were assessed by using the human melanocortin 4
receptor (MC4R) expressed in insect cells. The results of our study
demonstrate that all of the polymers examined are able to form lipid-
bilayer nanodiscs with narrow size distributions. Furthermore, all
polymers can extract MC4R into native nanodiscs, providing new tools
for the structural and functional characterization of GPCRs. Notably, we
found that mPEG4-DIBMA does not display any unspecific interactions
with a cationic peptide ligand and exhibits only low UV absorption. In
addition, mPEG4-DIBMA is highly water-soluble, readily solubilizes
phospholipid vesicles, and efficiently extracts MC4R from insect mem-
branes. Taken together, our study demonstrates that mPEG4-DIBMA is
an outstanding amphiphilic copolymer for investigating integral mem-
brane proteins in their native lipid environment.
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2. Materials and methods
2.1. Materials

The zwitterionic, saturated phospholipid 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) was obtained from Avanti Polar Lipids
(Alabaster, USA). DIBMA monomethyl ester was a kind gift from Glycon
Biochemicals (Luckenwalde, Germany). Styrene/maleic acid (SMA
(2:1)) copolymer was purchased from Orbiscope (Geleen, The
Netherlands). n-Dodecyl--D-maltopyranoside (DDM) was from Glycon
Biochemicals (Luckenwalde, Germany). L-Arginine was purchased from
Carl Roth (Karlsruhe, Germany), meglumine from Fisher Scientific
(Schwerte, Austria), and L-2,4-diaminobutyric acid dihydrochloride
from Bachem (Bubendorf, Switzerland). MgCl,, CaCly, cholesteryl
hemisuccinate (CHS), tris(hydroxymethyl)aminomethane hydrochlo-
ride (Tris-HCl), 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic
acid (HEPES), and other chemicals were purchased from Sigma-Aldrich
(Darmstadt, Germany). 2,5,8,11-Tetraoxatridecan-13-amine (mPEG4-
amine), used for preparing mPEG,4-DIBMA, was synthesized as described
in detail in Section 2.2.

2.2. Syntheses

All starting materials purchased from TCI (Eschborn, Germany),
Fisher Scientific (Schwerte, Austria), Th. Geyer (Renningen, Germany),
and Sigma-Aldrich (Darmstadt, Germany) were used as received. All
four DIBMA derivatives—Arg-DIBMA, Dab-DIBMA, Meg-DIBMA, and
mPEG4-DIBMA—were synthesized in the same manner, following the
protocol previously published for Glyco-DIBMA [32,33]. Specifically,
DIBMA monomethyl ester (2 g, 8.3 mmol), which is fully esterified at
one of the two carboxylate groups per repeat unit, was dissolved in 80
mL MeOH, and the appropriate amine (8.3 mmol) dissolved in 25 wt%
sodium methoxide solution (4 mL diluted in 20 mL MeOH) was added
under stirring at room temperature. The reaction mixture was refluxed
overnight, and MeOH was removed by rotary evaporation. Amines used
were L-arginine (Arg), L-2,4-diaminobutyric acid (Dab) dihydro-
chloride, meglumine (Meg), and tetraethyleneglycol monomethyl ether
amine (mPEGy-amine) for Arg-DIBMA, Dab-DIBMA, Meg-DIBMA, and
mPEG4-DIBMA, respectively. 'H NMR and attenuated total reflection
infrared (ATR-IR) spectra were recorded to verify the DIBMA amide
products (Fig. S1).

The synthesis of mPEG4-amine based on a previously reported pro-
cedure [34] is described below:

2,5,8,11-Tetraoxatridecan-13-yl 4-methylbenzenesulfonate (1)

A solution of tetraethylene glycol monomethyl ether (10.0 g, 48
mmol, 1 eq.) in DCM (50 mL) was added dropwise over 30 min to a
solution of p-toluenesulfonyl chloride (9.16 g, 48 mmol, 1 eq.) sus-
pended in DCM (50 mL) while stirring at room temperature. Triethyl-
amine (13.4 mL, 0.096 mmol, 2 eq.) was then added dropwise over 10
min and the reaction mixture was stirred at room temperature for 22 h.
The solvent was evaporated under reduced pressure and the residue was
diluted in DCM (70 mL) and washed with NaOH (1 M, 3 x 70 mL),
followed by water (3 x 70 mL). The organic phase was dried over
MgSOy, filtered, and concentrated under reduced pressure. The resulting
oil was purified by gravity column chromatography using ethyl acetate
as eluent. The product was obtained as a yellowish oil in 73 % yield. The
identity of the resulting product was confirmed by high-resolution mass
spectrometry (HR-MS) (Fig. S2), 'H NMR and *C NMR spectroscopy,
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and ATR-IR spectroscopy: IH NMR [34] (300 MHz, CDCl3, 25 °C): §
(ppm) = 2.39 (s, 3H, Ar-CH3), 3.32 (s, 3H, -OCH3), 3.45-3.66 (m, 14H,
3(_O-CHCH»-0-), ~OCH-), 4.10 (t, 2H, Ts-CHy, 3Jy g = 4.89 Hz),
7.29 (d, 2H, Ar-H, 3Jy g = 8.01 Hz), 7.74 (d, 2H, Ar-H, 3Jy i = 8.32
Hz); '3C NMR [34] (75 MHz, CDCls, 25 °C): § (ppm) = 144.9, 133.1,
129.9, 128.1, 72.0, 70.8, 70.7, 70.6, 70.6, 70.6, 69.4, 68.8, 59.1, 21.7;
ATR-IR [35,36] (cm™Y): 2874 (C-H str, aliphatic), 1452 (C=C str, aro-
matic), 1353 (S=O str, asym), 1189 (S=O str, sym), 1175 (C-C str,
aliphatic), 1096 (C-O-C str).
13-Azido-2,5,8,11-tetraoxatridecane (2)

fo Ay,

To a suspension of sodium azide (1.54 g, 23.4 mmol, 1.5 eq.) in DMF
(40 mL), a solution of 1 (5.66 g, 15.6 mmol, 1.0 eq.) in DMF (25 mL) was
added dropwise over 50 min and the reaction mixture was stirred at
room temperature for 22 h. The mixture was diluted with water (130
mL) and washed with DCM (7 x 100 mL). The organic fractions were
collected and washed further with water (2 x 100 mL), dried over
MgSO0y, filtered, and concentrated under reduced pressure. DMF was
removed by repeated distillation of the solution with toluene. The res-
idue was purified by gravity column chromatography using 2:1 hexane/
EtOAc as eluent. The product was obtained as a colorless oil in 86 %
yield. The identity of the resulting product was confirmed by HR-MS
(Fig. $2), 'H NMR and '3C NMR spectroscopy, and ATR-IR spectros-
copy: '"H NMR [34] (300 MHz, CDCls, 25 °C): 5 (ppm) = 3.27-3.41 (m,
5H, -OCH3, -OCH>-CH>-N3), 3.48-3.55 (m, 2H, —-OCH,-CHy-Ns,
3.57-3.68 (m, 12H, 3 x ~OCH2-CH0-); 13C NMR [34] (75 MHz, CDCls,
25 °QC): § (ppm) = 72.1, 70.8, 70.8, 70.8, 70.8, 70.7, 70.2, 59.2, 50.8;
ATR-IR [35,36] (em™1): 2870 (C-H str, aliphatic), 2098 (C-N3), 1101
(C-O-C str).

2,5,8,11-Tetraoxatridecan-13-amine (mPEG4-amine, 3)

Jo A,

To a solution of 2 (3.0 g, 12.9 mmol, 1.0 eq.) in anhydrous THF (25
mL), triphenylphosphine (4.22 g, 16.1 mmol, 1.25 eq.) in anhydrous
THF (15 mL) was added dropwise over 15 min under nitrogen atmo-
sphere and the reaction mixture was stirred at room temperature for 5 h.
Distilled water (20 mL) was then added, and the solution was refluxed
for 22 h. The solution was concentrated under reduced pressure and the
residue was purified by gravity column chromatography using 9:1 DCM/
MeOH (+1% Et3N). The product was obtained as a yellowish oil in 97 %
yield. The identity of the resulting product was confirmed by HR-MS
(Fig. S2), 'H NMR and '3C NMR spectroscopy, and ATR-IR spectros-
copy: "H NMR [34] (300 MHz, CDCls, 25 °C): 6 (ppm) = 2.82 (t, 2H,
3Jun = 5.21 Hz, -CH,-CH,-NH,), 3.33 (s, 3H, ~OCHj3), 3.43-3.54 (m,
4H, —OCHy-CH,O-, —CH,CH,-NH,), 3.54-3.68 (m, 10H, 2 x
-OCH,-CH20, -OCH,-CH20-); 13¢ NMR (75 MHz, CDCl3, 25 °C): &
(ppm) = 73.3, 72.1, 70.7, 70.7 (2 x ), 70.6, 70.4, 59.2, 41.8; ATR-IR
[35,36] (em™1): 3372 (N-H str), 2866 (C-H str, aliphatic), 1100
(C-O-C str).

NEt;, DCM /!OVJ:Q S=
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2.3. Size-exclusion chromatography (SEC)

SEC was employed to determine the molar-mass character-
istics—namely, the number-average molar mass (M;), weight-average
molar mass (M,,), and dispersity (P = M,,/M,)—of the synthesized
polymers. For the parent polymer, DIBMA monomethyl ester, absolute
molar-mass averages were determined using SEC coupled to a DAWN
HELEOS II multi-angle light scattering (MALS) detector and an Optilab
T-rEX refractive index (RI) detector (both from Wyatt Technology, USA).
This setup, referred to as SEC-MALS-RI, allows for absolute molar-mass
determination without reliance on calibration standards. Separation was
performed at room temperature on an Agilent 1260 HPLC system
(Agilent Technologies, USA) equipped with a TSKgel Alpha-2500
analytical column (7.8 mm x 300 mm, 7 pum) and a corresponding pre-
column (both from Tosoh Bioscience, Japan). MeOH served as the mo-
bile phase at a flow rate of 0.7 mL min~', and 100 uL MeOH containing
10 mg mL~! DIBMA monomethyl ester was injected. The specific
refractive index increment (dn/dc) of the polymer, necessary for abso-
lute molar-mass calculations, was determined based on the injected
mass and assuming complete mass recovery from the column. The ab-
solute weight-average molar mass of DIBMA monomethyl ester was
found to be M,, = 5.9 kg mol !, with a low dispersity of P = 1.03. The
SEC-MALS-RI chromatogram of the parent DIBMA monomethyl ester is
provided in Fig. S3.

The functionalized polymers—Arg-DIBMA, Meg-DIBMA, Dab-
DIBMA, and mPEG4-DIBMA—were insoluble in MeOH; therefore, SEC
measurements were conducted using an aqueous mobile phase
comprising 50 mM Tris and 0.1 M NacCl at pH 8.0. These analyses were
performed using SUPREMA 1000 A and SUPREMA 50 A columns (both
300 mm x 8 mm, 5 pm) along with a precolumn (all from PSS Polymer
Standards Service, Germany). The columns were calibrated with poly-
acrylic acid (PAA; PSS Polymer Standards Service) standards possessing
narrow molar-mass distributions. SEC chromatograms of Arg-DIBMA,
Meg-DIBMA, Dab-DIBMA, and mPEG4-DIBMA are presented in Fig. 54,
with their relative molar-mass averages summarized in Table 1. All
measurements were carried out at room temperature, and data acqui-
sition and analysis were performed using ASTRA 7.3.1 software (Wyatt
Technology).

2.4. Polymer stock solutions

Polymer powders used throughout this study were dissolved in 50
mM Tris-HCI or 50 mM HEPES, 200 mM NaCl unless noted otherwise,
followed by incubation at 55 °C for 10-15 min with vortexing in an

Table 1

Molar-mass characteristics of functionalized DIBMA polymers determined by
relative SEC with RI detection in 50 mM Tris and 0.1 M NaCl at pH 8.0, cali-
brated against PAA standards.

Polymer M, (kg mol™1) M,, (kg mol~) D

Arg-DIBMA 2.3 6.0 2.6
Dab-DIBMA 2.6 18.8 7.2
Meg-DIBMA 2.4 6.5 2.7
mPEG4-DIBMA 1.9 4.8 2.5
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alternating fashion to yield a mass concentration of 50 mg/mL. The final
pH value of polymer stock solutions was adjusted to 8.0 or 7.4, as
indicated. All polymer stock solutions were then filtered through poly-
carbonate membranes with a pore size of 0.22 um and stored at 4 °C.

2.5. Large unilamellar vesicles (LUVs)

DMPC powder was dissolved in 50 mM Tris-HCl or HEPES, 200 mM
NacCl, pH 8.0 to a final concentration of 20 mg/mL. The lipid suspension
was incubated at 35 °C for 30-40 min with vortexing every 10 min in an
alternating fashion. In order to increase the hydration efficiency, the
lipid suspension was then immersed in liquid nitrogen followed by
thawing in a ThermoMixer (Eppendorf, Hamburg, Germany) at 35 °C for
5-10 freeze-thaw cycles. Subsequently, the DMPC suspension was
loaded into gas-tight syringes and extruded at 35 °C through a 100-nm
Whatman polycarbonate membrane filter at least 20 times using a
Mini-Extruder (Avanti Polar Lipids, Alabaster, USA) to prepare LUVs.

2.6. Ultraviolet—visible (UV—vis) spectroscopy

The absorption spectra of polymers at 1 mg/mL dissolved in 50 mM
Tris-HCl, 200 mM NaCl, pH 8.0 were recorded on a Jasco V-650 UV-vis
spectrophotometer (Jasco, GroB-Umstadt, Germany). Measurements
were performed at room temperature using a quartz cuvette with a 10-
mm light path (Hellma Analytics, Miillheim, Germany) at a scan rate of
200 nm/min in the wavelength range of 220-600 nm.

2.7. Polymer-encapsulated lipid-bilayer nanodiscs

The DMPC LUVs suspension was added to the polymer stock solu-
tions at different polymer/lipid mass ratios (mp/my) and incubated at
35 °C for at least 16 h with shaking at 450 rpm to form polymer-
encapsulated DMPC nanodiscs. All experiments were performed in
aqueous buffer containing 50 mM Tris-HCl, 200 mM NacCl, pH 8.0.

2.8. Dynamic light scattering (DLS)

Solubilization efficiencies of all polymers were confirmed and
quantified with the aid of DLS using DMPC model membranes. A Zeta-
sizer Nano S (Malvern Panalytical, Malvern, UK) was used to perform
DLS measurements in a 70-pL microcuvette (Brand, Wertheim, Ger-
many) at a temperature of 25 °C. The DLS instrument was equipped with
a He—Ne laser having a wavelength of 633 nm, and the detection scat-
tering angle was 173°. The sample was thermostatted for 5 min at 35 °C
prior to measurement.

2.9. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a MicroCal VP-DSC
calorimeter (Malvern Panalytical, Malvern, UK) to monitor the ther-
motropic behavior of DMPC lipids in the absence and presence of
polymers. Samples were prepared in 50 mM Tris-HCl, 200 mM NaCl, pH
8.0 at various mp/my, values. Polymer/DMPC samples and reference
buffer were first degassed and then measured in 5-10 heating and
cooling cycles at a scan rate of 60 °C h™! in the range of 2-80 °C. One
representative curve was chosen from the closely overlaid scan traces,
the buffer baseline was subtracted, and the data were normalized
against the DMPC concentration (6 mM) using MicroCal Origin 7.0
software (OriginLab, Northampton, USA). The phase transition tem-
perature (T,) was determined as the temperature at which the excess
molar isobaric heat capacity (C,) reached its maximum value. The size of
the cooperative unit (CU) was obtained as the ratio of the van’t Hoff
enthalpy, given by the shape of the melting peak, to the calorimetric
enthalpy, given by the peak area [37].
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2.10. Turbidity experiments

The colloidal stability of mPEG4-DIBMA lipid particles in the pres-
ence of divalent cations was evaluated with turbidity experiments at
620 nm using a Tecan Spark 10 M microplate reader (Tecan, Mannedorf,
Switzerland).

2.11. ({-potential measurements

Samples containing 4 mg/mL DMPC LUVs, 8 mg/mL polymer, or
polymer/DMPC nanodiscs at mp/my, = 2 were prepared in 50 mM Tris-
HCl, 100 mM NaCl, pH 7.4. {-potential measurements were carried
out on a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) using
disposable folded capillary zeta cells DTS1070 (Malvern Panalytical,
Malvern, UK) at a detection scattering angle of 173° and a temperature
of 25 °C. The diffusion barrier technique was used to prepare the sample
cell for {-potential measurement [38]. The folded capillary cell was first
filled with buffer before 100 pL of sample was pipetted directly into the
cell bottom with the aid of a gel-loading tip, avoiding mixing of the
sample with buffer during loading. The cell was capped and equilibrated
for 300 s prior to measurement to reduce fluid motion induced by
temperature gradients.

2.12. Adrenocorticotropic hormone peptide (ACTH)

The truncated human ACTH construct ACTH(1-23)Cys was subcl-
oned into a pET-16b vector, including a 6xHis tag at the N-terminus,
followed by a B1 domain of streptococcal protein G (GB1 fusion protein)
and a tobacco etch virus (TEV) cleavage site. Escherichia coli BL21 (DE3)
cells were used for peptide expression. Cells were cultured in 2xYT
medium at 37 °C, 140 rpm in baffled flask, supplemented with 100 png/
mL ampicillin. The expression was inducted with 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG) upon the optical density 600 (ODggo)
reached 0.6-0.8. Cells were harvested by centrifugation at 6,000 g, 10
min, 4 °C after 5 h induction, flash-frozen in N5 (1), and stored at —80 °C
for future use. Cell pellets were resuspended in lysis buffer containing
50 mM sodium phosphate, pH 7.5, 300 mM NaCl, 1 mM dithiothreitol
(DTT), supplemented with EDTA free cOmplete protease inhibitor
cocktail tablet (Roche). The homogenate was sonicated on ice, and the
lysate was centrifuged at 100,000 g for 25 min at 4 °C. The supernatant
was incubated with Ni-NTA resin (Macherey-Nagel, Diiren, Germany) at
4 °C overnight with gentle rotation. The resin was loaded onto a gravity
column and washed with 10 column volumes (CVs) lysis buffer and 10
CVs lysis buffer supplemented with 20 mM imidazole. The peptide was
eluted with 10 CVs lysis buffer supplemented with 250 mM imidazole.
Fractions containing peptides were collected and dialyzed against lysis
buffer using 3.5 K MWCO SnakeSkin dialysis tubing (Thermo Fisher
Scientific, Dreieich, Germany) at 4 °C overnight. The fusion protein was
removed by addition of home-made TEV protease. The cleaved peptide
was further purified by size-exclusion chromatography (Superdex 16/
600, 30 pg column; GE Healthcare, Miinchen, Germany) with a running
buffer containing 20 mM ammonium bicarbonate. Peptide labeling with
thiol-reactive ATTO-488 maleimide (ATTO-TEC, Siegen, Germany) was
carried out according to the manufacturer’s instructions. The labeled
peptide was further purified using high-performance liquid chroma-
tography (HPLC) using a Zorbax SB300 C8 4.6 x 250 mm analytical
column (Agilent Technologies, Waldbronn, Germany).

2.13. Microfluidic diffusional sizing (MDS)

ATTO 488-labeled human ACTH peptide was added to polymer/
DMPC nanodiscs at mp/my, = 4 to a final peptide concentration of 20 nM.
The final concentration of DMPC was 4 mg/mL. Interactions between
peptide and polymer/DMPC nanodiscs were measured on a Fluidity
One-W system (Fluidic Analytics, Cambridge, UK) by recording changes
in hydrodynamic particle size [39,40]. Disposable MDS chips were used
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holding a total sample volume of 5 uL. All experiments were carried out
in 50 mM HEPES, 200 mM NaCl, pH 7.4 or 8.0.

2.14. Negative-stain transmission electron microscopy (TEM)

TEM specimens were prepared by spreading 4 uL. mPEG4-DIBMA/
DMPC nanodiscs at mp/m;, = 4 onto freshly glow-discharged copper
grids (15 mA for 25 s at 0.39 mbar) coated with a carbon support film.
Excess suspension was blotted off after ~5 s using filter paper. Grids
were washed with 5 pL MilliQ water once, followed by staining with 5 pL
2 % (w/v) aqueous uranyl acetate solution twice and blotted off after
~15 s with filter paper. After preparation, specimens were air-dried and
examined on a Talos L120C transmission electron microscope equipped
with a 4 k x 4 K Ceta CMOS camera (Thermo Fisher Scientific, Dreieich,
Germany).

2.15. Preparation of insect membranes and solubilization of MC4R

Wild-type MC4R (UniProtKB-P32245) was codon-optimized and
inserted into a mortified pFastbacl vector, including an influenza virus
hemagglutinin (HA) signal peptide followed by a Flag tag at the N-ter-
minus as well as a human rhinovirus (HRV3C) cleavage site and a 10xHis
tag at the C-terminus by using Ncol-EcoRI restriction endonucleases
(New England Biolabs, Ipswich, USA). The thermostabilized mutant
MC4R construct was modified by introducing 5 mutations (E49'-%7V,
N97%57L, §992%9F, $131334A and D2987“°N, where superscript
numbers correspond to the Ballesteros—Weinstein nomenclature [41])
containing the same tags as the wild type, a generous gift of Prof. Dr.
Raymond C. Stevens (iHuman Institute, ShanghaiTech University,
China) [42]. The MC4R—eYFP construct was modified by introducing the
eYFP gene between the HRV3C cleavage site and the 10xHis tag. Re-
combinant baculovirus production of MC4R-eYFP was generated by
transfecting Spodoptera frugiperda (Sf9) cells grown in Sf-900 III SFM
media (Thermo Fisher Scientific, Dreieich, Germany) at 27 °C with
Bacmid (Bac-to-Bac system, Thermo Fisher Scientific, Dreieich, Ger-
many) using FuGENE HD transfection reagent according to the manu-
facturer’s instructions. Sf9 cells were infected at a density of 2 to 3 x 10°
cells/mL with recombinant baculovirus. 72 h after infection, cells were
harvested by centrifugation at 6,000 g, 4 °C for 10 min and stored at
—80 °C. Cellular membranes were prepared as described previously with
slight modifications [42]. In brief, Sf9 cell pellets were resuspended in a
hypotonic buffer containing 10 mM HEPES, 10 mM MgCl,, 20 mM KCl,
pH 7.8 and cOmplete EDTA-free protease inhibitor cocktail tablet
(Roche, Basel, Switzerland) and then lysed by sonication on ice
(Sonorex; Bandelin, Berlin, Germany). Cell membranes containing
MC4R-eYFP were harvested by ultracentrifugation at 120,000 g, 4 °C for
30 min (Optima xpn-80 ultracentrifuge, Beckman Coulter, Brea, USA).
The membrane pellet was resuspended in the same hypotonic buffer and
disrupted with a Dounce homogenizer followed by ultracentrifugation at
120,000 g, 4 °C for 30 min. The above procedure was repeated twice.
Further membrane purification was performed three times using hypo-
tonic buffer supplemented with 1 M NaCl. Purified membrane pellets
were washed once with 50 mM HEPES, 200 mM NaCl, pH 8.0, flash-
frozen in liquid nitrogen, and stored at —80 °C. Polymers were added
to 20 mg/mL (wet mass/volume) purified cellular membranes at
different concentrations and incubated at 4 °C for either 4 h or 16 h with
gentle rotation. Supernatants were collected after ultracentrifugation at
120,000 g, 4 °C for 30 min. Western blot analysis was carried out using
membrane preparations and polymer solubilization as described above.
The buffer contained 200 mM NaCl and 50 mM HEPES at pH 8.0 or pH
7.5 for SMA(2:1) and was supplemented with 2.5 % (w/v) of the indi-
cated polymers. The thermostabilized MC4R construct used for crystal-
lographic studies (construct C5 in Ref. [42]) was employed, which did
not include the eYFP tag. Detection was performed using a monoclonal
anti-FLAG antibody (F1804; Sigma-Aldrich, Darmstadt, Germany). For
NaCl screening, 2.5 % (w/v) polymer and 50 mM HEPES pH 8.0 were
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supplemented with the indicated concentrations of NaCl. Data were
referenced to the DDM/CHS signal running on the same gel and
normalized.

3. Results and discussion
3.1. Design, synthesis, and characterization of copolymers

The goal of our synthetic approach was to reduce the charge density
on the polymer backbone by derivatizing DIBMA through amidation of
one of the two carboxylic acid groups in each repeating unit (Scheme 1).
We have previously used the same strategy to produce Glyco-DIBMA,
which offers several advantages over unmodified DIBMA, including a
higher protein-extraction efficiency [32,33]. Here, we sought to explore
a larger chemical space through amidation using a set of structurally
diverse amines, including: a-amino acids such as L-arginine (Arg) and L-
2,4-diaminobutyric acid (Dab); the hexosamine meglumine (Meg); and
the oligo (ethylene oxide) tetraethyleneglycol monomethyl ether amine
(mPEGy,). These compounds have in common that they contain at least
one reactive amino group, are highly water-soluble, biocompatible, and
net neutral once coupled to the polymer backbone through an amide
linkage. We considered these properties important to reduce the charge
density on the DIBMA polymer backbone while retaining its excellent
water solubility. Four polymers were thus synthesized, henceforth
referred to as Arg-DIBMA, Dab-DIBMA, Meg-DIBMA, and mPEGy-
DIBMA.

Quantitative determination of the degrees of functionalization via
NMR spectroscopy was impeded by partial overlap between polymer
backbone signals and those of the functional groups (Fig. S1, left). While
ATR-IR spectroscopy suggested high levels of functionalization (Fig. S1,
right), it is inherently a qualitative technique. Despite the possibility of
partial functionalization—a common outcome in post-polymerization
modifications due to kinetic and steric constraints—the achieved func-
tionalization was sufficient to render the polymers water-soluble, unlike
the parent DIBMA monomethyl ester. This solubility enhancement,
coupled with improved performance metrics such as efficient lipid
extraction, nanodisc formation, reduced nonspecific ligand interactions,
and enhanced GPCR extraction efficiency (vide infra), underscores the
practical utility of these polymers in GPCR research.

To assess the molar-mass characteristics and structural homogeneity
of the synthesized polymers, SEC analyses were conducted (Table 1).
The parent DIBMA monomethyl ester exhibited a narrow molar-mass
distribution with a low dispersity of 1.03 when analyzed via SEC
coupled with MALS and RI detection (SEC-MALS-RI) in MeOH (Fig. S3).
In contrast, the functionalized DIBMA variants—Arg-DIBMA, Meg-
DIBMA, Dab-DIBMA, and mPEG,4-DIBMA—were insoluble in MeOH

. NaOMe
+ amine ——»
n MeOH, reflux n
(0] (0] (0] (0]
O  OCH; O R
_ W H H 0
R = o\"/'\/\/N\H/NH2 ,,NMO-
0o NH, NH3
Arg-DIBMA Dab-DIBMA
OH
HO&%N oAy
HO=" R ™ *H
Meg-DIBMA mPEG,4-DIBMA

Scheme 1. General scheme for the synthesis of DIBMA-based amphiphilic co-
polymers that form lipid-bilayer nanodiscs.
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and thus analyzed using conventional SEC with RI detection (SEC-RI) in
aqueous buffer, employing PAA standards for column calibration.
Because of these different solvents and calibration methods, the M,
values of the parent and modified polymers cannot be quantitatively
compared. We therefore focus on dispersity (P), which consistently
increased upon functionalization, reflecting heterogeneous side-group
attachment and possible associative behavior of less-modified chains
in aqueous solution. Nevertheless, all functionalized polymers displayed
unimodal SEC-RI elution profiles (Fig. S4), albeit with higher dis-
persities compared to the parent polymer (Table 1). This increase in
dispersity is attributed to variations in the degree of functionalization
with bulky side groups, which influence the hydrodynamic volume. In
addition, polymer chains with lower degrees of functionalization may
exhibit associative behavior in aqueous environments, given the
inherent insolubility of the unmodified parent polymer. Nonetheless, the
observed water solubility of the modified polymers confirms successful
functionalization, reinforcing their suitability for biophysical and
biochemical applications.

3.2. Nanodisc-forming properties

Each polymer variant was subsequently tested for its key biophysical
and nanodiscs-forming properties, including lipid extraction from syn-
thetic vesicles as well as protein extraction from eukaryotic cells. First,
we investigated the formation of polymer/DMPC nanodiscs and the
solubilization efficiency of the new polymers. To this end, LUVs made
from DMPC were incubated with each polymer at different polymer/
lipid mass ratios, and particle size distributions were analyzed by DLS.
At mp/my, = 2.0, the hydrodynamic particle sizes of all new nanodiscs
were in the expected range of ~10 nm (Fig. 1a). By contrast, at a lower
mp/my, of 0.5, substantial differences in hydrodynamic particle sizes
were observed, reflecting differences in the solubilization efficiency
among the polymers (Fig. 1b). A more systematic screening of polymer/
lipid mass ratios revealed that, at mp/my, > 1, all new polymers formed
smaller and more well-defined nanodiscs compared with DIBMA (Fig. 1a
and c). These nanodiscs consistently exhibited hydrodynamic diameters
of ~10 nm and narrow size distributions (Fig. 1c). This property is
particularly beneficial for structural studies by cryogenic electron
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microscopy (cryoEM) and NMR spectroscopy, where sample homoge-
neity is important.

Consequently, a polymer/lipid mass ratio of 1 or higher should be
used for all new DIBMA variants to obtain the often-desired nanodisc
diameter of ~10 nm (Fig. 1c, upper panel). This minimal mp/my, ratio is
considerably less than that required for unmodified DIBMA but is about
twice as large as for SMA(2:1) and Sulfo-DIBMA (Fig. 1c, lower panel).
Sulfo-DIBMA, a recent electroneutral DIBMA variant, contains an imide
ring [34], in contrast with the open amide linkage of the DIBMA variants
reported here (Scheme 1). In the above solubilization experiments, we
focused on DMPC as a model lipid to assess the general feasibility of
assembling lipid-bilayer nanodiscs under defined in vitro conditions and
to further identify potential unspecific interactions of the respective
polymers with the ACTH peptide (vide infra). Previous studies [43] on
other polymers using more complex lipid mixtures suggest that the new
polymers presented here will also be applicable to the in vitro assembly
of nanodiscs comprising a broader range of lipids. This is corroborated
by our finding that all new polymers effectively solubilize heterogenous
native membranes and extract membrane proteins from them (vide

infra).
3.3. Suitability for interaction studies

Next, we tested the suitability of each new polymer for character-
izing interactions that are susceptible to charge effects. Most existing
polymers, such as SMA and DIBMA, are incompatible with ligand
binding assays for various GPCRs because of unspecific interactions
between the polyanionic polymer chains and the ligands [44]. To assess
the new DIBMA variants for their suitability in such ligand binding
studies, we performed MDS measurements with the binding fragment of
ACTH, a potent agonist of MC4R [45]. MDS allows for the determination
of the hydrodynamic particle size of bare ACTH and its increase
resulting from unspecific interactions with nanodiscs [39,40]. To eval-
uate the interactions between the DIBMA variants and ACTH, we used
polymer-encapsulated nanodiscs containing the zwitterionic phospho-
lipid DMPC, a lipid known not to interact with ACTH [44]. Polymer/
DMPC nanodiscs were prepared at mp/my, = 4 to obtain small nanodiscs,
as confirmed by DLS (Fig. 1c and Fig. S5). In line with previous
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Fig. 1. Particle size analysis shows formation of homogenous nanodiscs for all polymers at polymer/lipid mass ratios >1. (a and b) Intensity-weighted particle size
distributions of mixtures containing polymer and DMPC (4 mg/mL) at polymer/lipid mass ratios of (a) 2.0 and (b) 0.5 as obtained from DLS. Upper panels show data
for the new DIBMA variants, while lower panels serve as reference for established polymers. (c) z-Average particle diameters derived from DLS as functions of the

polymer/DMPC mass ratio, mp/my. Vertical bars indicate size distribution widths defined as ¢ = zv/PDI, where PDI is the polydispersity index.
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observations [44], our MDS results confirmed that the hydrodynamic
particle size of ACTH remained unchanged upon addition of DMPC
nanodiscs encapsulated by the electroneutral polymer Sulfo-DIBMA,
indicating the absence of unspecific interactions between the polymer
and the ligand (Fig. 2). In contrast with Sulfo-DIBMA, we observed an
increase in hydrodynamic particle size when ACTH was exposed to
nanodiscs encapsulated by DIBMA, Arg-DIBMA, Dab-DIBMA, or Meg-
DIBMA, suggesting unspecific interactions between the cationic pep-
tide ligand and the anionic polymers. In stark contrast, the hydrody-
namic particle size of ACTH remained unchanged upon addition of
nanodiscs encapsulated by the PEGylated polymer mPEG4-DIBMA, even
though mPEG4-DIBMA still carries carboxylate groups (Scheme 1). For
all polymers, the same interaction behaviors were found at two different
pH values (pH 7.4, Fig. 2 and pH 8.0, Fig. S6), confirming that mPEG4-
DIBMA is of particular interest for studying the specific binding of li-
gands to nanodiscs-embedded membrane proteins under commonly
applied buffer conditions.

3.4. Physicochemical properties of mPEG4-DIBMA

Due to its promising features in ligand-binding assays, we carried out
a more comprehensive characterization of mPEG4-DIBMA. First, we
investigated the origin of the reduced unspecific interactions with ACTH
by determining the {-potential. Our results confirmed that unmodified
DIBMA indeed has a strongly negative ¢-potential, which is only partly
reduced by the mPEG4 modification, in contrast with electroneutral
Sulfo-DIBMA (Fig. 3a). Negative {-potentials were similarly detected in
lipid-free polymer samples and for lipid-encapsulating nanodiscs. From
this finding, we infer that unspecific binding to mPEG4-DIBMA is not
prevented by a lack of charged groups on the polymer but rather by the
relatively bulky, strongly hydrated PEG chains, which sterically block
access of the peptide to the polymer backbone. This interpretation is
consistent with the expected Debye-Hiickel screening length of <1 nm
under the applied conditions, suggesting, that the unspecific interactions
between the positively charged peptide and the negatively charged
carboxylate groups are much less prominent in mPEG4-DIBMA because
of their spatial separation by the hydrated PEG chains and the shielding
effects of the buffer ions. Importantly, we chose to use short PEG chains
containing only four oxyethylene units. These short PEG chains are
designed to prevent unspecific interactions of cations with the nega-
tively charged polymer backbone while avoiding interference with

unspecific interaction
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Fig. 2. Only mPEG4-DIBMA shows reduced unspecific interactions with the
cationic peptide ligand ACTH. Unspecific interactions between ACTH and
polymer/DMPC nanodiscs at mp/m;, = 4 were measured by means of MDS. All
experiments were carried out at 50 mM HEPES, 200 mM NaCl, pH 7.4. Error
bars represent one standard deviation of two independent experiments, each
repeated in triplicate.
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Fig. 3. Physicochemical properties of mPEG4-DIBMA. (a) (-potentials of
mPEG4-DIBMA, DIBMA, Sulfo-DIBMA, and respective polymer-encapsulated
DMPC nanodiscs. (b) Negative-stain TEM image of mPEG4-DIBMA/DMPC
nanodiscs at mp/my, = 4. Insert shows 2D class averages of auto-picked particles
from a total of 18 micrographs (scale bar: 10 nm). (c¢) UV absorption spectra of
mPEG4-DIBMA, DIBMA, and SMA(2:1). (d) Colloidal stability of mPEG4-
DIBMA/DMPC nanodiscs at mp/m;, = 4 as determined by turbidity in response
to increasing concentration of Mg? or Ca%*. (e) DSC thermograms displaying
the excess molar isobaric heat capacities (AC,) of 4 mg/mL DMPC LUVs and
mPEG,4-DIBMA/DMPC nanodiscs at the indicated polymer/DMPC mass ratios,
mp/my.. (f) Main phase transition temperature (Ty,) as a function of the polymer/
DMPC mass ratio, mp/my.

protein—protein and protein-ligand interactions of encapsulated mem-
brane proteins.

Next, we assessed the morphology of mPEG4-DIBMA/DMPC nano-
discs with the aid of negative-stain TEM. TEM micrographs and 2D
classifications of auto-picked particles demonstrated the presence of
homogeneously sized nanodiscs with an average diameter of ~10 nm
(Fig. 3b), consistent with our DLS data (Fig. 1). Furthermore, absorbance
measurements showed that mPEG4-DIBMA has a very low absorbance in
the ultraviolet (UV) spectral range, offering favorable properties for the
photometric quantification of protein levels (Fig. 3c). To evaluate the
effects of divalent cations on the colloidal stability of nanodiscs, we
measured the turbidity of mPEG4-DIBMA/DMPC nanodiscs as a function
of increasing Mg>" or Ca?* concentrations. mPEG4-DIBMA/DMPC
nanodiscs began to precipitate at divalent cation concentrations of 10
mM Mg or 5 mM Ca?* (Fig. 3d and Fig. S7). For comparison, poly-
anionic SMA and DIBMA polymers precipitate in the presence of 2 mM
and >20 mM divalent cations [27], respectively, whereas electroneutral
Sulfo-SMA and Sulfo-DIBMA remain soluble even at 80 mM divalent
cations [44]. Thus, mPEG4-DIBMA/DMPC nanodiscs exhibit a rather
modest colloidal stability in the presence of divalent cations, as expected
for negatively charged nanodiscs. Nevertheless, this modest stability is
still sufficient for physiological concentrations of divalent cations and
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should, therefore, support activity studies of membrane proteins
requiring typical divalent cation concentrations.

To investigate the integrity of the nanodisc’s lipid matrix, we
measured the effect of mPEG4-DIBMA on the thermotropic behavior of
the encapsulated lipid-bilayer patch using DSC. DSC thermograms
showed that the phase-transition peak became broader with increasing
mp/my, (Fig. 3e). This observation confirms the formation of smaller
lipid-bilayer nanoparticles upon addition of mPEG4-DIBMA to DMPC
vesicles, which showed the expected highly cooperative gel-to-fluid
transition at ~24.5 °C (Fig. 3e, grey). It is worth noting that multiple
phase transition peaks were observed at low polymer/lipid mass ratios,
where nanodiscs coexist with vesicles (Fig. 3e and Fig. S8). Hence, it
appears that a polymer/lipid mass ratio of ~1 is required for mPEG4-
DIBMA to fully solubilize DMPC vesicles, in agreement with our DLS
data (Fig. 1c) and in contrast with SMA(2:1) (Fig. 3e and Fig. S8a). At
higher polymer/lipid ratios, the mPEG4-DIBMA nanodiscs revealed a
moderate decrease in the phase transition temperature (Ty,) to about
22 °C. We infer that the DMPC molecules along the perimeter of the
nanodiscs were affected by mPEG4-DIBMA, whereas the core of the
DMPC bilayer in the nanodiscs was not significantly affected. Similar
results were observed in DSC measurement of DIBMA/DMPC nanodiscs
(Fig. 3f and Fig. S8b), in line with previous findings [27]. In contrast,
SMA-encapsulated nanodiscs showed a steep drop in Ty, with increasing
polymer concentration down to 11.6 °C at mp/my, = 4 (Fig. 3f and
Fig. S8a). This observation has been explained by a perturbation of the
lipids’ acyl chain packing by the polymer, which might be caused by the
intercalation of the phenyl groups of SMA(2:1) [46]. Overall, our DSC
data demonstrate that, in comparison with SMA(2:1), mPEG4-DIBMA
requires slightly elevated polymer/lipid mass ratios for complete solu-
bilization. However, mPEG4-DIBMA also has much milder effects on the
lipid matrix under the conditions required to prepare small and ho-
mogenous nanodiscs, making it an ideal tool for subsequent biophysical
or structural studies.

3.5. Extraction capabilities of GPCRs from insect cell membranes

In addition to solubilizing synthetic lipids, we tested the capacities of
all new polymers to extract and encapsulate integral transmembrane
proteins from cellular membranes into nanodiscs. For this purpose, we
selected a prototypical GPCR, specifically a thermostabilized MC4R
mutant (MC4R-eYFP) carrying an enhanced yellow fluorescent protein
(eYFP) tag [42]. We exposed crude membrane preparations from Sf9
insect cells to different polymer concentrations and quantified the
amounts of extracted MC4R by measuring the emission intensities of
eYFP (Fig. 4). Notably, all four new DIBMA variants considerably
enhanced the solubilization efficiency compared with unmodified
DIBMA (Fig. 4). Similar results were obtained from quantitative western
blot analyses using an MC4R construct that does not include the eYFP tag
(Fig. S9). These data (i) provided independent validation of the
enhanced solubilization capabilities of the new polymers compared with
unmodified DIBMA (Fig. S9a and b); (ii) allowed for the exclusion of
potential artifacts introduced by the eYFP-fusion construct (Fig. S9a and
b); and (iii) enabled more reliable screening of ion concentrations,
which would affect eYFP fluorescence (Fig. S9c—f). Previous findings
have shown that DIBMA carries higher negative charge densities than
SMA(2:1) under similar conditions [28]. As a result, strong Coulombic
repulsion may affect the interaction of DIBMA with the negatively
charged cell membrane and hinder the extraction of membrane proteins
into native nanodiscs.

Our data show that the newly designed DIBMA variants indeed
facilitate the cell-membrane fragmentation process, resulting in higher
extraction efficiencies. With the exception of Dab-DIBMA, all new
DIBMA variants also offered solubilization efficiencies comparable to or
surpassing that of SMA(2:1) at polymer concentrations >1 %. Again,
mPEG4-DIBMA displayed the best performance, approaching solubili-
zation yields similar to the DDM/CHS system that was used as reference
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Fig. 4. All new DIBMA variants, in particular mPEG4-DIBMA, efficiently extract
the GPCR MC4R. (a and b) Polymer-mediated extraction of MC4R-eYFP from
insect membranes. The extraction efficiencies of the different polymers in
comparison with the frequently used DDM/CHS system (1 % (w/v) DDM and
0.2 % (w/v) cholesteryl hemisuccinate (CHS)) are plotted. The amount of sol-
ubilized MCy4R for each preparation was determined by eYFP fluorescence after
incubation with the indicated polymers for either (a) 16 h or (b) 4 h. (c)
Normalized solubilization efficiency of 2 % (w/v) mPEG4-DIBMA as a function
of incubation time.

and generally serves as a gold standard for the extraction of GPCRs. In
direct comparison with electroneutral Sulfo-DIBMA, the solubilization
of MC4R was about 1.5-fold higher with mPEG4-DIBMA, making this
new DIBMA variant particularly interesting for studies where the
amount of extracted membrane protein is a limiting factor. While reli-
able functional characterization of the extracted MC4R was not
attempted here due to the limited quantities of the newly synthesized
polymers, we observed native-like ligand-binding features for the MC4R
extracted via Sulfo-DIBMA (manuscript in preparation). This suggests
that MC4R maintains its function after extraction into polymer-
encapsulated native nanodiscs. Noteworthily, many functional and
structural studies of GPCRs suffer from limited stability of these labile
receptors. Therefore, long incubation times of the cell pellet with the
polymer may adversely affect subsequent in vitro studies. To address this
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important point, we lastly tested the effects of reducing the incubation
time (Fig. 4b, 4 h). These data largely reproduced the results obtained at
longer incubation times (Fig. 4a, 16 h). The only exceptions were SMA
(2:1) and Dab-DIBMA at low polymer concentrations, which displayed
significantly lower extraction efficiencies at 4 h than at 16 h incubation.
A more thorough analysis carried out for mPEG4-DIBMA further sug-
gested that even shorter incubation times, in the range of 20-60 min, can
be used to efficiently extract MC4R (Fig. 4c).

Taken together, we found that all new DIBMA variants can solubilize
synthetic lipids and extract a prototypical GPCR from insect cells into
native nanodiscs. Despite the advantages of native membrane extrac-
tion, it is important to note that polymer-based extraction strategies are
often specific to the cell type and membrane protein. Therefore, the
results presented here may not be directly transferable to other cell and
protein systems. Furthermore, native nanodiscs exhibit increased het-
erogeneity compared to MSP nanodiscs and may display variable poly-
mer/lipid ratios, destabilizing effects at the polymer-lipid interface, and
potential unspecific interactions between polymers and proteins.
Nevertheless, our MDS assay identified mPEG4-DIBMA as a new member
of the small set of polymers that avert unspecific Columbic interactions
with a cationic peptide ligand, thus facilitating interaction studies using
nanodisc-embedded membrane proteins. Furthermore, we observed
outstanding performance of mPEG4-DIBMA in efficiently extracting
MC4R from cellular membranes. Paired with its decent Mg?* and Ca®"
tolerance and its low UV absorbance, mPEG4-DIBMA shows particularly
high potential for future applications in membrane-protein research.

4. Conclusions

Polymer-encapsulated nanodiscs offer several advantages over other
membrane mimetics, including the detergent-free extraction of target
membrane proteins while maintaining their native lipid-bilayer envi-
ronment. Various amphiphilic copolymers, such as SMA and DIBMA,
have been successfully used for purifying membrane proteins from
different cells and determining membrane-protein structures
[31,47-49]. Moreover, a diverse set of nanodisc-forming polymers with
improved properties has been derived from SMA through amidation
[50-53], imidation [51,54], or esterification [55]. In general, these
polymers vary in key features such as extraction efficiency, tolerance to
divalent metal ions, UV absorbance, and charge density—factors that
often limit interaction studies using polymer-encapsulated nanodiscs.
Although all of these properties are essential for characterizing mem-
brane proteins such as GPCRs, none of the currently available polymers
combine all the desirable features, necessitating compromises during the
selection process. To overcome this limitation, we have introduced and
tested a series of new DIBMA variants. All the new polymers show
promising characteristics, particularly in terms of their efficiencies in
extracting a GPCR from insect membranes. Among them, a PEGylated
polymer, mPEG4-DIBMA, emerged as the top performer across all tested
properties. mPEG4-DIBMA overcomes some of the significant limitations
of SMA and DIBMA without compromising protein yields, highlighting
its potential for the functional and structural characterization of mem-
brane proteins within their native lipid-bilayer environment.
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