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Abstract

There is considerable interest in the development of membrane mimetics to study the structure,
dynamics and function of membrane proteins. Polymer nanodiscs have been useful as a membrane
mimetic by not only providing a native-like membrane environment, but also have the ability to
extract the desired membrane protein directly from the cell membrane. In spite of such great
potential, polymer nanodiscs have their disadvantages including lack of size control and instability
at low pH and with divalent metals. In this review, we discuss how these limitations have been
overcome by simple modifications of synthetic polymers commonly used to form nanodiscs.
Recently, size control has been achieved using an ethanolamine functionalization of a low
molecular weight polymer. This size control enabled the use of polymer-based lipid-nanodiscs in
solution NMR and macro-nanodiscs in solid-state NMR applications. The introduction of
quaternary ammonium functional groups has been shown to improve the stability in the presence
of low pH and divalent metal ions, forming highly monodispersed nanodiscs. The polymer charge
has been shown to play a significant role on the reconstitution of membrane proteins due to the
high charge density on the nanodisc’s belt. These recent developments have expanded the
applications of polymer nanodiscs to study the membrane proteins using wide variety of
techniques including NMR, Cryo-EM and other biophysical techniques.

Introduction

Membrane proteins are central to cellular functions in all forms of life. In recent years, the
study of protein structure and function has greatly increased due to the development and

applications of cutting-edge biophysical techniques including, Cryo-Transmission Electron

Microscopy (Cryo-TEM), X-Ray Crystallography, and Nuclear Magnetic Resonance
(NMR). However, most of the structural and functional knowledge gained using these

techniques have applied to soluble proteins. There is a glaring discrepancy in the number of
structural models reported for membrane proteins which remains at only ~3%, even though
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membrane proteins represent ~30% of the genome and ~70% of all current drug targets.
(Wallin and von Heijne, 1998; Garavito and Ferguson-Miller, 2001; Almen et al., 2009) The
main reasons for such a large divergence in the extent of structural information gained is due
to the intrinsic properties of membrane proteins, including lack of solubility in water and the
need for a membrane-like environment for functional stability. In addition, the
heterogeneous time scale of dynamics exhibited by the amino acid residues in the soluble
and transmembrane domains and other the physicochemical properties of the lipid
membrane are continuing to pose major challenges to most techniques used in structural
biology.(Bordier, 1981; Seddon et al., 2004a)

Due to the intrinsic difficulties associated with the structural and functional studies of
membrane proteins, various solubilization techniques have been developed. The first and
most common method used for membrane protein solubilization is the use of detergents.
(Helenius and Simons, 1975; Tanford and Reynolds, 1976; Wallin and von Heijne, 1998;
Seddon et al., 2004b) Detergents are small amphiphilic molecules that have a hydrophobic
tail and a hydrophilic head group which solubilize membrane proteins by the interaction
between the hydrophobic tail of the detergent and the hydrophobic domain of the membrane
protein. Despite the development of various types of detergents (nonionic, sulfonated,
zwitterionic) and their use for many types of membrane proteins detergents have major
drawbacks. (Bordier, 1981; Knol et al., 1998; Kalipatnapu and Chattopadhyay, 2005)
Detergents tend to be denaturing to many membrane proteins, mainly due to the lack of a
physiologically-relevant lipid membrane environment. Because of these drawbacks, a
compatible detergent for a specific membrane protein must be chosen, which is usually done
by trial and error. The denaturing effect of detergents was partially improved by using
amphiphilic polymers called amphipols, however these amphipols can still denature sensitive
membrane proteins.(Tribet et al, 1996) To overcome the limitations in the use of detergents
and amphipols, various other membrane mimetic systems have been developed to better
mimic the cellular membrane.

Two of the most commonly used membrane mimetics to solubilize proteins in a lipid
environment are liposomes and bicelles. Liposomes are a spherical lipid bilayer that yields a
native like lipid environment for membrane proteins as compared to detergent micelles. The
use of liposomes are however limited by the constant need for detergents in the membrane
protein reconstitution procedure and their relatively lack of stability.(Rigaud ef a/., 1988)
Bicelles consist of a flat lipid bilayer surrounded by a rim of short chain detergent molecules
forming a disc shape nanoparticle.(Sanders and Schwonek, 1992; Sanders et al., 1994;
Sanders and Landis, 1995; Sanders and Prosser, 1998; Czerski and Sanders, 2000; Soong et
al,, 2009; Durr et al., 2012) The detergents forming the rim of bicelles can diffuse to the
planar lipid bilayer region to destabilize the reconstituted membrane protein.(Linke, 2009;
Dirr et al., 2012) Due to these limitations, better membrane mimetics need to be developed
to further the structural and functional studies of membrane proteins for biomedical and
biotechnological purposes.

Lipid nanodiscs have in recent years shown a great promise in the field of membrane protein
structural biology. Membrane scaffold protein (MSP) based lipid nanodiscs were the first
system to be applied to study membrane proteins.(Denisov et a/., 2004) MSP nanodiscs
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consist of a lipid bilayer surrounded by a belt of MSPs, which are more stable than bicelles.
The MSP based nanodiscs have been shown to have great potential and have successfully
reconstituted several different membrane proteins including ion transporters and cytochrome
P450.(Sanders and Landis, 1995; Sanders and Prosser, 1998; Nath et a/., 2007; Ujwal and
Bowie, 2011; Hagn et al., 2013; Denisov and Sligar, 2016, 2017) In spite of such great
potential, applications of MSP nanodiscs are limited by their spectroscopic absorbance
interference and the need of detergents for protein reconstitution. Some of the limitations of
MSP based nanodiscs have been overcome by the use of peptide-based nanodiscs which
allows for some size control over the nanodiscs but still have interfering spectral properties.
(Rigaud et al., 1988; Rigaud and Lévy, 2003; Zhang et al., 2016; Barnaba et al.,, 2018; Prade
et al., 2018; Ravula et al., 2018d). In addition, polymer based nanodiscs have recently
emerged as an exciting platform for membrane protein research and possess some unique
advantages over MSP and peptide-based nanodiscs.

Styrene-maleic acid copolymer-lipid nanoparticles (SMALPS)

Polymers were first shown to form nanodiscs using styrene maleic acid (SMA).(Knowles et
al., 2009) SMA is the hydrolyzed form of styrene maleic anhydride (SMAnNh). SMA is an
amphiphilic polymer with styrene as the hydrophobic residue and maleic acid as the
hydrophilic residue. A great advantage of using SMA is the ability of the SMA polymer to
directly extract proteins from their native cell membrane environment.(Dérr et al., 2014)
SMA has been shown to be applicable in a variety of membrane structural studies.(Orwick-
Rydmark et al., 2012; Rawson et al., 2016; Sahu et al., 2017; Swainsbury et al., 2017;
Radoicic et al., 2018; Stroud et al., 2018) It has been shown by DLS experiments that the
SMA-based nanodisc’s size can be varied (between 10 to 30 nm diameter) by changing the
polymer to lipid ratio.(Zhang et al., 2015; Craig et al., 2016) Macro-nanodiscs of SMALPs
have been recently shown to align in the presence of an magnetic field.(Radoicic et af,
2018) Recently, SMA polymer has been used to study the structure of the alternative
complex I11 in a super complex with cytochrome oxidase using Cryo- EM.(Rawson et al.,
2016; Sun et al., 2018) Even with these exciting applications, SMA has drawbacks in its use
for polymer nanodiscs in the study membrane proteins.(Lee et a/, 2016; Ravula et al.,
2018b) First, SMA’s strong absorbance in the UV region is a hindrance for its use in the
application of several spectroscopic techniques to study the reconstituted membrane
proteins.(Oluwole et al., 2017) Second, SMA is unstable at low pH and in the presence of
divalent metal ions, which limits its applications for studies on membrane proteins that
require these conditions.(Lee et al,, 2016) Several styrene-free polymers have been
developed such as diisobutylene maleic acid co-polymer (DIBMA)(Oluwole et al., 2017)
and Polymethacrylate copolymer (PMA).(Parmar et al., 2016) DIBMA and PMA have been
shown to form nanodiscs similar to SMA. These polymers have been shown to have a mild
effect on the lipid acyl chains and have improved stability towards divalent metal ions
compared to SMA. DIBMA have been shown to directly extract membrane proteins from
native cell membranes.(Barniol-Xicota and Verhelst, 2018)

Functionalization of styrene-maleic acid copolymer

To address the difficulties associated with size control, recent studies reported the
development of a low molecular weight SMA-based polymer. This was demonstrated using
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an ethanolamine functionalized version of a low molecular weight SMA polymer as reported
recently (Figure 1).(Ravula et al,, 2017b) The starting material used for this
functionalization is commercially available, and has a ~1.3:1 molar ratio of styrene:maleic
anhydride with Mn = ~1.6 kDa. The functionalized SMA derivative called SMA-EA was
characterized using FTIR and 13C CP-MAS (cross polarization - magic angle spinning)
experiments and the observed spectra showed the successful formation of the product
(Figure 1b). Static light scattering (SLS) experiments were performed to follow the Kinetics
of solubilization of lipid vesicles by the polymer (Figure 1f). 31P NMR experiments were
used to follow the nanodisc formation as a function of different lipid to polymer ratios. The
lipid vesicles were incubated with different concentrations of polymer overnight at 35 °C.
The resulting solution was used to acquire 31P NMR spectra under static conditions. The
appearance of an isotropic peak at ~ -2 ppm in the 3P NMR spectrum was an indication of
the formation of small particles at high polymer to lipid ratios (Figure 1h). Total internal
reflection florescence imaging (TIRF) was also used to visualize the process of DMPC
solubilization. In this experiment, 1 mol% of rhodamine-functionalized DMPE was
incorporated into DMPC liposomes, the polymer was then added to follow the Kinetics of
nanodisc formation (Figure 1i). These results indicated that SMA-EA is capable of
solubilizing DMPC MLVs. 2D proton-observed 1H/YH chemical shift correlation
experiments were carried out as a function of time after the addition of the synthetic polymer
to MLVs revealed the interactions between the styrene group of the polymer and the
hydrophobic acyl chains of lipids in the process of nanodisc formation. Nanodiscs solutions
were characterized using dynamic light scattering (DLS) with the resulting profiles showing
nanodiscs ranging from ~10 to 60 nm in diameter depending on the polymer to lipid ratios
used (Figure 1c). For further size confirmation SMA-EA based nanodiscs were characterized
using TEM (transmission emission microscopy). The TEM images of samples made from
1:1 and 1:3 DMPC:polymer showed the presence of nanodiscs with varying size (Figure 1d
and e). The nanodiscs formation with broad range of sizes using a low molecular weight
polymer as shown in Figure 1 suggests that SMA-EA has the ability to self-assemble to form
longer belts. This is because, a low molecular weight the polymer can adapt uncoiled
conformations, which enable the formation of belts with broad range of sizes compared to a
high molecular weight polymer.

Due to the ability of size control, macro-nanodiscs (>20 nm) have also been successfully
prepared and were shown to exhibit interesting properties in the presence of an external
magnetic field. SMA-EA nanodiscs were observed to be isotropic at smaller sizes (<20 nm),
which were formed at a polymer:lipid ratio of >2:1, whereas larger macro-nanodiscs (>20
nm) formed at polymer:lipid ratios of <2:1 were shown to align in the magnetic field. These
aligned nanodiscs have been used to characterize membrane proteins using solid-state NMR
spectroscopy whereas the small nanodiscs are useful for structural studies using well-
established solution NMR techniques (Ramamoorthy et a/.,, 2004). The feasibilities have
been demonstrated using cytochrome b5as a model system. While SMA-EA exhibited a
better size control in comparison to SMA based nanodiscs. SMA-EA was still found to be
relatively unstable at very low pH and in presence of divalent metal ions due to its carboxyl
groups.(Scheidelaar et al., 2016)
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While SMA-EA was shown to have an enhanced stability as compared to the unmodified
SMA polymer nanodiscs, styrene maleic acid — ethylene diamine (SMA-ED) and styrene
maleimide - amine (SMA-dA) polymers were developed to show that further modification of
the hydrophilic portion of SMA would enhance the stability of the resulting polymer
nanodiscs at differing pH.(Ravula et al., 2017a) Zwitterionic SMA-ED was functionalized
using a method similar to that was used to synthesize SMA-EA. SMA-ED showed stability
in both acidic and basic conditions but not under neutral conditions. SMA-dA was shown to
be stable under acidic pH where the amine is positively charged. These results suggested that
the presence of charged groups are the driving force behind the stability of the nanodiscs. To
achieve stability in the presence of divalent metal ions and stability under wide pH
conditions, the pH independent and non-chelating quaternary ammonium group was
introduced.(Ravula et al., 2018c) As a result, styrene maleimide — quaternary ammonium
(SMA-QA) was synthesized using a procedure similar to that used for the synthesis of
SMAd-A (Figure 2). The resulting SMA-QA was shown to be stable under biologically
relevant pH values (2-10) and under high concentrations of divalent metal ions (200 mM)
(Figure 2f and 2g). SMA-QA was also shown to have size control similar to SMA-EA, while
SMA-QA exhibited more highly monodispersed nanodiscs than that formed by SMA-EA.

Even though the SMA-madified polymers have been shown to improve numerous
properties, the effects of polymer charge on membrane proteins studied often has been
overlooked during the reconstitution of a membrane protein in polymer nanodiscs. The
effect of polymer charge has been shown to play a major role in the reconstitution of
membrane proteins such as cytochrome P450 (CytP450) and cytochrome &5 (cytbs).(Ravula
et al., 2018a) CytP450s are heme containing membrane-anchored proteins with a single
transmembrane helix and a large soluble domain that is positively charged at neutral pH.
CytP450 was shown to be active when it was reconstituted into positively charged polymer
SMA-QA nanodiscs, whereas the negatively charged SMA-EA polymer nanodiscs were
shown to inactivate CytP450. This observation has been attributed to the charge-charge
interaction between the polymer and CytP450. The charge-charge interaction can be
screened out using a high salt concentration or altered by changing the charge on the
polymer. This effect was also demonstrated using cytochrome b s, which is negatively
charged at neutral pH, by successfully reconstituting under mild buffer conditions with the
use of a negatively charged polymer (SMA-EA).(Ravula et af., 2018a) well dispersed 2D 1H/
15N TROSY-HSQC (Transverse relaxation optimized spectroscopy -heteronuclear single
quantum coherence) NMR spectrum was obtained when uniformly-15N-labeled cytss was
incorporated in SMA-EA nanodiscs, whereas no peaks were observed when SMA-QA
nanodiscs were used due to the formation of a large polymer-protein aggregates. This high
affinity between the polymer and the protein is due to the presence of a significant charge
density on the polymer belt of the nanodisc.

Conclusion

In conclusion, our recent studies have demonstrated that low molecular weight polymers can
be used to form stable nanodiscs. Remarkably, the properties of polymer nanodiscs can be
improved by simple modifications of the synthetic polymer. Such modifications were
achieved using different functional groups in order to improve the properties of the resultant
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lipid nanodiscs. First, the size control of a polymer nanodisc has been improved using an
ethanolamine functionalization which enabled the use of nanodiscs in solution NMR and
macro-nanodiscs in solid-state NMR experiments (Figure 3). Second, the introduction of
quaternary ammonium functional groups improved the stability of nanodiscs in all
biologically relevant pH and divalent metal ions conditions, and also resulted in the
formation of highly monodispersed SMA-QA based nanodiscs. Third, our studies have
demonstrated the significant effect of polymer charge on the reconstitution of a membrane
protein.

While our studies on the modified SMA based polymers and nanodiscs demonstrated the
value of simple chemical modifications to widen the scope of polymer based nanodiscs,
there is still a lot of further studies that need to be carried out to further amplify the
applications of SMA nanodiscs, and to enable the use of sophisticated biophysical and
biochemical approaches to study high-resolution structure and function of membrane
proteins. For example, the difficulties in applying cutting-edge NMR techniques to solve
dynamic structures of membrane proteins reconstituted in polymer nanodiscs can be
overcome by suitably modifying the chemistry of the polymer. It is also worth developing
synthetic polymers capable of forming macro-nanodiscs to study large-size membrane
proteins, protein-protein complexes and amyloid proteins by solid-state NMR, EPR,
crystallography and TEM. It is also worth mentioning the importance of carrying out
biophysical studies to fully understand the lipid bilayer properties of polymer nanodiscs that
vary in size, charge and composition.
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Highlights
. Polymer charge plays a significant role on the reconstitution of a membrane
protein.
. Improved size control enabled the use of polymer nanodiscs in solid-state
NMR studies.
. Introduction of quaternary ammonium functional groups has increased the

stability against low pH and divalent metal ions.
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Figure 1. Characterization SMA- EA:DMPC nanodisc:
A) Reaction scheme used for the synthesis of SMA-EA. b) Characterization of SMA-EA by

13C CP- MAS NMR: SMA (black) and SMA- EA (red); spectra were obtained under 8 kHz
spinning speed. TEM images of nanodiscs obtained from DMPC:SMAEA (1:1 w/w) (d) and
DMPC:SMAEA( 1:3 w/w) (e). (f) Normalized Static light scattering showing the
solubilization of large DMPC MLVs in to smaller particles after the addition of SMA-EA
polymer, inset showing the increase in the transparency of the solution. (g) Schematic
showing the formation of nanodiscs. (h) 3P NMR spectra showing the appearance of an
isotropic peak after the polymer addition indicating the formation of small size nanodiscs
that tumble fast on the NMR time scale. (i) TIRF images showing the solubilization of 1 mol
% of rhodamine- functionalized DMPE (1,2- Dimyristoyl- sn- glycero- 3-
phosphoethanolamine) containing DMPC MLVs by the addition of the SMA-EA polymer:
before (left) and after (right) the addition of SMA-EA. (This Figure was adapted with
permission from Ravula et a/., 2017b)
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Figure 2. pH resistant polymer nanodiscs.

(a) Reaction scheme used in the synthesis of SMA-QA. (b) Characterization of SMA-QA
using 13C CP-MAS NMR experiment: SMA (black) and SMA-QA (red). (c) SLS profile
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showing the solubilization of DMPC MLVs as a function of the added polymer
concentration. (d) Size exclusion chromatograms (SEC) showing the size variance with
respect to polymer:lipid ratio. (e) DLS profiles of the nanodiscs made from different
polymer:lipid ratios. SLS profiles showing the stability of nanodiscs against pH (f) and
divalent metal ions (g). (h-k) TEM images of nanodiscs that were prepared from the

indicated polymer to lipid ratio. (This Figure was adapted with permission from Ravula et

al,, 2018c).
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Figure 3. Schematic overview of polymer nanodiscs.
Nanodiscs are formed spontaneously after the addition of the polymer. The size of nanodiscs

can be controlled by changing the lipid: polymer ratio. The small nanodiscs were found to
be isotropic and therefore can be used in solution NMR experiments, whereas the large
nanodiscs called as macro-nanodiscs align in the magnetic field enabling structural studies
on membrane proteins using solid state NMR spectroscopy.
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