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pH resistant monodispersed polymer-lipid nanodiscs

Thirupathi Ravula,* Nathaniel Z. Hardin,™' Sudheer Kumar Ramadugu,® Sarah J. Cox® and

Ayyalusamy Ramamoorthy*

Abstract: Polymer lipid nanodiscs have provided an invaluable
system for structural and functional studies of membrane proteins in
their near-native environment. In spite of the recent advances in the
development and usage of polymer lipid nanodisc systems, lack of
control over size and poor tolerance to pH and divalent metal ions are
major limitations for further applications. Here we report a facile
modification of a low molecular weight styrene maleic acid copolymer
to form monodispersed lipid bilayer nanodiscs that show ultra-stability
towards a pH range of 2.5 to 10 and divalent metal ion concentration.
The macro-nanodiscs (>20 nm diameter) show magnetic-alignment
properties that can be exploited for high-resolution structural studies
of membrane proteins using well-established solid-state NMR
techniques. As demonstrated in this study, the new polymer, SMA-QA,
is a robust membrane mimetic tool that offers significant advantages
over currently reported nanodisc systems.
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Controlled molecular self-assembly in
nanomaterials has been a challenge in bio-nanotechnology.
Nanodiscs, lipid bilayers surrounded by an amphiphilic belt, are
engineered soft-nanomaterials which have been inspired from
biological systems such as high-density lipo-particles (HDL).”! These
nanodiscs provide a near native membrane like lipid bilayer
environment, and have been used to study the structure and function
membrane proteins.” * * Recent developments have expanded the
formation of nanodiscs using different types of amphiphilic systems
such as proteins,® 7 & % "% peptides,""! and polymers [’ % 4 15161
Polymer nanodiscs exhibit significant advantages over conventional
protein based nanodiscs, such as detergent free membrane protein
extraction”” and are devoid of interferences from the belt-forming
protein or peptide."® Currently, no polymer nanodisc systems have
been able to demonstrate the precise control of size and morphology
over a wide range of sizes, and tolerance towards a broad range of
pH and divalent metal ions."” These unique properties are needed
to greatly expand the applicability of nanodisc technology. Here we
report the directed self-assembly of covalently modified styrene
maleic acid copolymer with lipid bilayers to form monodispersed
nanodiscs that show ultra-stability towards a broad range of pH and
divalent metal ion concentration. We also demonstrate the ability to
control the size of the self-assembled nanodiscs and size dependent
unique magnetic-alignment properties.
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Supporting Information: Materials and methods, FTIR spectra of SMA-QA, orientation

dependence of nitrogen-14 quadrupole coupling are included in the supporting
information.

Synthesis of SMA-QA (Styrene Maleimide Quaternary
Ammonium) was achieved by the treatment of a low molecular weight

SMA (~1.6 kDa) with (2-aminoethyl)trimethylammonium chloride
hydrochloride in anhydrous dimethylformamide while heating in the
presence of excess triethylamine. Maleimide formation was
accomplished by a dehydration reaction using acetic anhydride,
sodium acetate, and triethylamine (Figure 1a). The newly synthesized
SMA-QA polymer was characterized using FT-IR and 'CPMAS
(cross-polarization magic angle spinning) solid-state NMR
experiments. FT-IR spectrum of SMA-QA exhibits a shift in carbonyl
C=0 stretching frequency from 1774 cm™” to 1693 cm’™” showing the
successful formation of maleimide (See supporting information Figure
S1). The formation of SMA-QA was further confirmed using "°C
CPMAS NMR spectrum (Figure 1b): the peaks appearing ~32 ppm
and ~40 ppm are from the CH, group, and the peaks resonating ~53
ppm and ~62 ppm are from the methyl carbons associated with
quaternary ammonium and methylene carbons, respectively. The
observed change in the chemical shift of the carbonyl carbon from
~172 (from the reactant SMA polymer) to ~178 ppm (from the product
SMA-QA polymer) confirms the presence of maleimide carbonyls and
completion of the reaction and product formation (Figure 1b).
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Figure 1. Synthesis and characterization of SMA-QA polymer. (a)
Reaction scheme showing the modifications of SMA polymer to
synthesize SMA-QA. (b) "°C CPMAS solid-state NMR spectra of SMA
(black) and SMA-QA (red) polymers confirm the formation and
successful completion of the chemical reaction. The SMA and SMA-
QA polymers were further characterized using FT-IR experiments
(Figure S1).
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Figure 2. Formation and size tunability of SMA-QA lipid nanodiscs. a) Schematic illustrating the formation of SMA-QA nanodiscs of
varying size. b) SLS profiles showing the kinetics of DMPC MLVs solubilization. c) Size exclusion profiles of nanodiscs made by varying the
DMPC:SMA-QA weight ratio. D) DLS profiles of purified DMPC:SMA-QA nanodiscs demonstrate the formation of different size nanodiscs by

varying the weight ratio of DMPC:SMA-QA.

Next, we characterized the ability of SMA-QA to form lipid
bilayer nanodiscs. Upon the addition of an aqueous solution of SMA-
QA to a turbid solution of DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) multilamellar vesicles (MLVs), the turbid solution
spontaneously became clear indicating an efficient solubilization of
MLVs by the polymer. The solubilization kinetics was followed by
static light scattering (SLS) measurements. Figure 2b shows the SLS
profiles of DMPC MLVs for different lipid to polymer weight ratios. As
shown in Figure 2b, the large intense scattering observed for DMPC
MLVs dramatically decreased upon the addition of SMA-QA polymer
demonstrating the solubilization of large DMPC MLVs into small size
polymer-lipid nanodiscs. Our results further demonstrate that the
kinetics of solubilization of MLVs by the polymer was found to depend
on the ratio of DMPC:SMA-QA (Figure 2b). The rate of solubilization
of MLVs was accelerated by the increase of the amount of SMA-QA.

The lipid nanodiscs formed by the SMA-QA polymer were
subjected to size exclusion chromatography (SEC) to remove the free
polymer. The SEC retention volume of purified nanodiscs was found
to be dependent on the lipid:polymer ratio used in the nanodisc

formation as shown in Figure 2c. The resulting nanodiscs solutions
were further characterized using dynamic light scattering (DLS)
experiments. The DLS profiles showed the presence of
monodispersed nanodiscs of varying hydrodynamic radii (~5 to ~13
nm) that were dependent on the ratio of DMPC to SMA-QA (Figure
2d). Then, the size and morphology of the resulting nanodiscs were
characterized using transmission electron microscopy (TEM) images.
The TEM images of DMPC:SMA-QA nanodiscs confirmed the
presence of disc shaped, monodispersed particles as shown in Figure
3. The expanded images shown in Figure 3(bottom most row) show
the size of individual nanodiscs and their remarkable circular shape.
The precise control over the size of nanodiscs for a wide range
of sizes (ranging from 10 nm to 30 nm) inspired us to test their
magnetic-alignment properties using solid-state NMR experiments
under static conditions. The *'P (spin=1/2) and "N (spin=1) spectra
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obtained from polymer nanodiscs are shown in
Figure 4. The *'P NMR spectrum of DMPC:SMA-
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QA (1:0.25 w/w) shows a single narrow peak ~ -
16 ppm (Figure 4a) demonstrating the magnetic-
alignment of polymer nanodiscs with the bilayer
normal perpendicular to the magnetic field
direction (Figure 4a)."" Due to the large size (~30
nm diameter), the slow tumbling of nanodiscs
allows for the magnetic-alignment in the presence
of an external magnetic field. On the other hand,
a narrow peak was observed at the isotropic
chemical shift frequency (~2 ppm) for small
nanodiscs (~10 nm) demonstrating their fast
tumbling in the NMR time scale (Figure 4c).

The "N NMR spectra of SMA-QA
nanodiscs (~30 nm) show three doublets
corresponding to the quadrupolar coupling values
of ~14, ~7.6 and ~2.9 kHz (Figure 4b). The
magnitude of the observed quadrupolar coupling
is dependent on the orientation of the quaternary
ammonium CP-N bond vector with respect to the
magnetic field direction (see the supporting
information). The observed quadrupolar coupling
magnitude of ~7.6 kHz arise from the choline
group of DMPC and confirms the uniaxial
orientation of nanodiscs with the lipid bilayer
normal perpendicular to the external magnetic
field direction in agreement with the above
explained *'P NMR data, as reported for other
polymer nanodiscs in the literature."” Whereas
the observed quadrupolar couplings of magnitude
~2.9 kHz and ~14 kHz are from the quaternary
ammonium group of the SMA-QA polymer. The
presence of these two distinct doublets suggests
that SMA-QA polymer belt completely surrounds
the lipid bilayer in a highly ordered fashion and
with a distinct orientation as shown in Figure 4e
(also see Figure S2): two possible orientations
with angles ~50° (or ~130°) and ~60° (or ~120°)
relative to the lipid bilayer normal corresponding
to ~2.9 kHz "N quadrupole coupling (Figure S2); and the 14 kHz N
quadrupole coupling corresponds to the orientation perpendicular to
the bilayer normal as shown in Figure 4e. The peak intensities
observed in the "N NMR spectrum suggest that almost all polymers
have the quaternary ammonium group oriented with angles ~50° or
~60°, while a very small amount of polymers have an orthogonal
orientation. As expected, the "N NMR spectrum of small nanodiscs
(~10 nm diameter) showed a single narrow peak at the isotropic
chemical shift value (0 ppm) suggesting the fast tumbling nature of
isotropic nanodiscs in agreement with *'P NMR data.

The major disadvantages of SMA and other polymers used to
form nanodiscs is their poor stability towards pH and metal ions.?”
This instability is attributed to the presence of carboxylic/carboxylate
groups that form the hydrophilic region of the amphiphilic polymer.!"”
SMA-QA was specifically engineered and synthesized with a
quaternary ammonium group as the hydrophilic portion of the polymer
to increase the tolerance to pH and metal ions. The stability of the
SMA-QA nanodiscs against pH and metal ion concentration was
examined using SLS measurements (Figure 4(f,g)). The SLS profiles

~
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Figure 3. Remarkably monodispersed and circular shaped polymer nanodiscs
revealed by TEM. (a-d) TEM images of DMPC:SMA-QA nanodiscs formed with the
indicated lipid to polymer ratio. Expanded images of nanodiscs showing the remarkable
disc shape of the nanodisc for different sizes (bottom most row).

of the DMPC:SMA-QA (1:1 w/w) nanodiscs showed no change in the
scattering intensity over a wide range of pH (from ~2.5 to 10) and in
the presence of metal ion concentrations up to 200 mM. These results
signify the ultra-stability of DMPC:SMA-QA nanodiscs, further
expanding the applicability of nanodisc technology to a wider range of
biological and biomedical applications.

In conclusion, the newly developed SMA-QA polymer allows for
the formation of monodispersed lipid nanodiscs with a precise size
control and ultra-stability against pH (2.5-10) and metal ion
concentrations up to 200 mM. The formation and stability of
DMPC:SMA-QA nanodiscs were characterized using various
biophysical experiments including solid-state NMR. The macro-
nanodiscs (~30 nm diameter) showed magnetic-alignment properties
which can be utilized in the structural study of membrane proteins by
solid-state NMR techniques.?" 2 2* 29 Because of these unique
properties of SMA-QA polymer nanodiscs, SMA-QA is a robust
membrane mimetic tool that offers significant advantages over all
currently reported nanodisc systems, and therefore we foresee a
significant expansion in the applicability of nanodiscs technology. We
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Figure 4. SMA-QA nanodiscs exhibit magnetic-alignment and remarkable tolerance to pH and divalent metal ions. ¥p (a) and "N (b)
NMR spectra of magnetically-aligned large-size (~30 nm diameter) nanodiscs made from DMPC: SMA-QA (1:0.25 w/w). ¥p (c) and "N (d)
NMR spectra of isotropic nanodiscs (~10 nm diameter) made from DMPC:SMA-QA (1:1.5 w/w). e) Schematic of a nanodisc illustrating the
orientations of the lipid headgroup and polymer in magnetically-aligned nanodiscs. SLS profiles of DMPC:SMAQA (1:1 w/w) nanodiscs
showing remarkable stability towards pH (f) and the presence of Mg2+ and Ca®' (g) ions.

expect direct and immediate impacts in the structural biology studies
of those membrane proteins that are sensitive to pH and divalent

metal ions.

25, 26, 27, 28, 29]
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