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Abstract

To render membrane proteins amenable to in vitro functional and structural studies, they
need to be extracted from cellular membranes and stabilised using membrane-mimetic
systems. Amphiphilic copolymers gain considerable interest, because they are able to co-
extract membrane proteins and their surrounding lipids from complex cellular membranes to
form polymer-bounded nanodiscs. The latter harbour a native-like lipid-bilayer core stabilised
by a copolymer rim. Accordingly, these membrane mimics are supposed to provide superior

stability to embedded membrane proteins as compared with conventional detergent micelles.

Herein, the formation of nanodiscs by the most commonly used styrene/maleic acid (SMA)
copolymer, termed SMA(2:1), was elucidated in detail. To this end, the equilibrium
solubilisation efficiencies towards model and cellular membranes were quantified and
compared with those of the more hydrophobic SMA(3:1) and the more hydrophilic
diisobutylene/maleic acid (DIBMA) copolymers. It was shown that, from a thermodynamic
viewpoint, SMA(2:1) is the most efficient membrane solubiliser in terms of lipid- and protein-
extraction yields. Solvent properties (pH, ionic strength) or membrane characteristics (lateral
pressure, charge, or thickness) can affect the polymers’ solubilisation efficiency to a certain
extent. In addition, the lipid transfer behaviour of SMA(2:1) nanodiscs was studied.
Notwithstanding their high effective negative charge, SMA(2:1) nanodiscs exchange
phospholipids more rapidly among each other than vesicles or protein-bounded nanodiscs,

thus rendering them highly dynamic nano-assemblies.

Two alternative electroneutral polymers, namely SMA(2:1)-SB and DIBMA-SB, were
introduced in this thesis. They were generated by polymer backbone modifications of
SMA(2:1) and DIBMA, respectively. The derivatised polymers were shown to quantitatively
solubilise model and biological membranes and, like DIBMA, only had a mild effect on lipid-
bilayer integrity. Along these lines, DIBMA-SB preserved membrane-protein complexes of
distinct structural classes and extracted them from various cellular membranes. Importantly,
the electroneutral polymers were amenable to protein/lipid interaction studies otherwise
masked by unspecific interactions of their anionic counterparts with target lipids or proteins.
Taken together, the in-depth characterisation of nanodiscs formed by anionic and
electroneutral polymers allows for adjusting the nanodisc properties to specifically suit

experimental requirements or address membrane-protein research questions.
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1. Introduction

1.1. The biological membrane

The biological membrane is the natural barrier of cells and organelles, forming discrete
compartments to prevent random mixing of their content.>? It is composed of a complex
mixture of lipids and membrane proteins. The dominant lipid class are phospholipids, carrying
a phosphorylated hydrophilic head group and two hydrophobic acyl chains. Driven mainly by
the hydrophobic effect, these amphiphilic molecules spontaneously form separated phases in
aqueous solutions in the form of lipid bilayers.3 In general, the protein and lipid composition
varies among different species and cellular membranes, affecting the chemical and physical

properties and, thus, rendering biological membranes highly heterogeneous.*?

Furthermore, biological membranes are particularly dynamic structures. The membrane
fluidity typically increases from the interface to the hydrophobic core, because the bulky lipid
head groups are more densely packed than the acyl chains, enabling conformational changes
within the acyl-chain region.? Lipids and many membrane proteins are additionally able to
rapidly diffuse in the translational direction within one leaflet. This is because, under
physiological conditions, the natural lipid bilayer generally exists in a liquid-crystalline phase
rather than a solid, so-called “gel” phase in which the lipid motility is constrained. The
transport of membrane components from one leaflet to another, called “flip-flop”, is however
energetically unfavourable and only possible under slow kinetics with the aid of transfer

proteins.’

Membrane proteins fulfil various vital functions such as the regulatory transport of
metabolites and nutrients among different cellular compartments, enzymatic reactions, signal
transduction within the cell, cell-cell signalling, or cell motility.8 They can be classified in two
broad categories, integral and peripheral membrane proteins. The latter interact with lipid
head groups by their lipid-binding domains,® whereas integral membrane proteins are partly
or completely embedded in the phospholipid bilayer.'® The hydrophobic effect forces these
integral membrane proteins to expose their hydrophobic residues to the lipid acyl chain core,
whereas polar residues are localised outside the membrane and are in contact with the
aqueous environment. The organisation of proteins and lipids within cellular membranes is

governed by the interaction potential among these constituents. Specific protein—lipid
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interactions have been shown to be essential for the proper function of certain integral
membrane proteins such as voltage-gated ion channels*? or G-protein coupled receptors

(GPCRs).13
1.2. The challenge of studying membrane proteins

Given their key functions as transporters and signal transducers, many diseases are directly
linked to membrane proteins and, thus, they represent more than 50% of all drug targets.*
Notwithstanding the biological and pharmacological significance of membrane proteins,
structural and functional studies are still immensely lagging behind in comparison with soluble
proteins: Currently, >1100 membrane protein structures are available, making up ~3% of

>35’000 total protein structures known thus far (https://blanco.biomol.uci.edu/mpstruc/).

In order to study specific membrane proteins, they need to be extracted from their complex
biological membranes and subsequently isolated from other proteins. However, due to their
hydrophobic surface residues, they typically lose their stability and are prone to aggregation
in agueous environments.'® To overcome the water insolubility of these membrane proteins,
membrane-mimetic systems are required to imitate the stabilising lipid-bilayer environment

of the parent membrane.
1.3. An overview of membrane-mimetic systems

This chapter provides a summary of common membrane mimics such as conventional

detergent micelles, liposomes, bicelles, amphipols, and protein-bounded nanodiscs.

Conventional detergent micelles

Conventional head-and-tail detergents are a class of amphiphilic surface-active agents, so-
called surfactants, with a hydrophilic head group and typically one hydrophobic hydrocarbon
chain. Due to their conical shape, they generally aggregate into spherical detergent micelles
in aqueous environments (Figure 1.1.a). These molecules are able to disrupt the membrane
lipid-bilayer, and, thus, extract and solubilise membrane proteins providing a stabilising
hydrophobic environment. Because of their small size and unimodal distribution, these
protein/detergent complexes enable spectroscopic studies on the target protein. The stability
of these complexes is governed by cohesion interactions among detergent molecules and
detergent—protein interactions.'® However, they lack key bilayer properties such as typical

membrane thickness and, thus, only partially mimic the lipid-bilayer environment, often
8



leading to membrane protein aggregation and denaturation.!” Moreover, even if the
extracted proteins remain folded, some still lose their functionality due to the disruption of
native protein-lipid interactions. A milder, less destructive alternative to conventional head-
and-tail detergents are fluorinated surfactants that carry a perfluorinated alkyl chain instead

of a fully hydrogenated chain.®1°

Liposomes

Liposomes or vesicles are spherical lipid-bilayer structures generally formed by synthetic
phospholipids, thus representing a simplified in vitro model membrane. In aqueous
environments, phospholipids spontaneously form multilamellar vesicles (MLVs) of various
sizes. A narrow size distribution of unilamellar vesicles (Figure 1.1.b) is however often
required, which is obtained by extrusion through polycarbonate filters of specific size?® or
sonication.?! Because of the above-mentioned poor membrane-mimic characteristics of
detergent micelles, detergent-purified proteins are often reconstituted in vesicles, thus
forming proteoliposomes that are amenable to downstream biophysical or functional
studies.?? Spectroscopic techniques using proteoliposomes are, however, often impeded by

their fairly large size of 50—-400 nm.
Bicelles

Bilayered micelles, termed bicelles (Figure 1.1.c), spontaneously form upon mixture of certain
detergents or lipids such as 1,2-dihexanoyl-sn-glycero-3-phophocholine (DHPC) and short-
chain lipids such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). They bridge the gap
between pure detergent micelles and phospholipid bilayers by maintaining key bilayer
properties in the form of small monodisperse particles amenable to spectroscopic techniques.
They consist of a detergent-rich rim and a lipid-rich bilayer core, thus conserving a bilayer
environment in close vicinity to the membrane protein.?®> However, these systems are only
stable under specific experimental conditions such as well-defined detergent/lipid ratios,
specific temperatures, and pH values, which challenges various purification steps such as size

exclusion or affinity chromatography.

Amphipols

Amphipols are short-chained amphipathic polymers that carry hydrophobic and hydrophilic
groups. Generally, detergent-solubilised proteins are supplemented with amphipols to form

9



detergent/amphipol/protein complexes.?* After removal of detergents, amphipols directly
interact with hydrophobic protein transmembrane domains and, thus, can act as a membrane

protein stabiliser after extraction and purification for downstream analysis.?

Protein-bounded nanodiscs

Amphipathic a-helical proteins synthesised from human apolipoprotein, so-called membrane-
scaffold proteins (MSPs), form protein-bounded or, more specifically, MSP nanodiscs
(Figure 1.1.d).2% Typically, two MSPs form a belt by wrapping around a phospholipid bilayer,
each stabilising one of the hydrophobic cores of each bilayer leaflet.?” These MSP nanodiscs
have a unimodal size distribution of 10-20 nm. They proved effective for the study of various
membrane proteins such as G-protein-coupled receptors?® or the protein translocon complex
SecYEG.?° One specific disadvantage of protein-bounded nanodiscs is that the UV detection of

encapsulated target proteins is impeded by the absorbance of MSPs in the same UV range.
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Figure 1.1. Common membrane-mimetic systems used in membrane-protein research.

a) Conventional detergent micelles. b) Phospholipid liposomes or vesicles. c) Bicelles with a lipid-rich
core and a detergent-rich rim. d) Protein-bounded nanodiscs. e) Polymer-bounded nanodiscs.

The above-mentioned membrane-mimetic systems have a predominant drawback in
common: they all crucially depend on conventional head-and-tail detergents to disrupt the
biological membrane for the initial extraction of membrane proteins. This often leads to an
irreversible protein structure and function loss prior reconstitution into artificial bilayer
mimics such as vesicles, bicelles, or protein-bounded nanodiscs. In the next chapter, polymer-
bounded nanodiscs (Figure 1.1.e) are introduced as a promising alternative surfactant system

that overcomes this bottleneck.
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1.4. Polymer-bounded nanodiscs

Amphiphilic copolymers are typically composed of at least two distinct monomeric subunits
that carry hydrophobic and hydrophilic groups. Originally used in engineering plastic
applications such as the automotive industry, commercially available styrene/maleic acid
(SMA)3%31 and diisobutylene/maleic acid (DIBMA)3? copolymers are the most prominent
representatives at present. They are gaining increasing attention, because they are able to co-
extract membrane proteins and annular lipids from model and cellular membranes into
nanoscopic, near native-like, and disc-shaped particles.3® Independent of conventional
detergents, they mildly insert into lipid bilayers to form nanodiscs that retain the bilayer
architecture of the parent membrane and are stabilised by a copolymer rim.3* They can thus
be termed polymer-bounded nanodiscs, lipodisq particles,® native nanodiscs,3®3” or, more
specifically, SMA lipid particles (SMALPs)*' and DIBMA lipid particles (DIBMALPs)3?
(Figure 1.2).

o
dal

SMA-bounded DIBMA-bounded
nanodiscs nanodiscs
(SMALPs) (DIBMALPS)

Figure 1.2. Membrane solubilisation as mediated by styrene/maleic acid (SMA) and
diisobutylene/maleic acid (DIBMA) copolymers. Both copolymers extract membrane proteins and
surrounding lipids directly from their complex cellular membranes to form near-native polymer-
bounded nanodiscs or SMALPs/DIBMALPs.
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Styrene/maleic acid (SMA) copolymers

SMA carries randomly distributed hydrophobic styrene (S) and hydrophilic maleic acid (MA)
moieties, hence defined as a random copolymer (Figure 1.3).38 It is available in different
average S/MA molar ratios varying from 1:1 to 4:1, displaying increasing hydrophobicities with
elevated styrene content.3® The polymers’ hydrophobicity is a crucial property that influences
its solubilisation efficiency towards lipid bilayers.>® SMA(2:1) and SMA(3:1) are the variants
that have proven capable of membrane solubilisation at near-physiological conditions, thus

exhibiting hydrophobicities that enable lipid-bilayer insertion and nanodisc stabilisation.3®

The nanodisc formation was first described by a model suggesting that the membrane
insertion of SMA is driven by the hydrophobic effect.*® Theoretical predictions and
experimental data support this model by showing the binding of SMA to the lipid bilayer
interface, intercalation of the styrene moieties in the hydrophobic core, the formation of
transmembrane pores leading to membrane disruption, and, finally, nanodisc assembly.4%42
Using dynamic light scattering (DLS) and 3P nuclear magnetic resonance (NMR) spectroscopy,
the membrane partitioning and solubilisation efficiency of the polymers can be studied from
a thermodynamic viewpoint.*® In accordance with lipid/detergent mixtures, the membrane
equilibrium solubilisation by SMA and related polymers follows a three-stage solubilisation
scenario that quantifies the minimum polymer concentration required for complete
solubilisation.****> Above this so-called solubilisation threshold, the diameter of SMA-bounded
nanodiscs decreases with elevating polymer/lipid ratios and varies between 8—40 nm.*34¢ |n
accordance with biological membranes, the bilayer thickness of SMALPs was approximated to

5 nm.%’

The solubilisation performance of SMA is, to some extent, tuneable by solvent and
environmental conditions such as pH, ionic strength, or temperature.*®*® In addition, the
physicochemical membrane characteristics such as the lateral membrane pressure caused by
lipid unsaturation or protein packing density,*>*° membrane thickness, charge of lipid bilayer
interface, or membrane thermotropic phases*-°! also influence the solubilisation behaviour
of SMA. In a homogeneous membrane that harbours various lipid types, SMA shows, however,

no solubilisation preference towards specific lipid species.*%°1

Membrane protein solubilisation and stabilisation in SMALPs was first reported in 2009.3!

Since then, SMA copolymers have proven effective in solubilising a large variety of membrane
12
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proteins from, among others, bacterial cells, yeast,”’ 0 insect cells, mammalian
cells,>”%8 or plant thylakoid membranes.®*® A solubilisation study of human cells showed non-
preferential equilibrium solubilisation of the plasma membrane and the subcellular organelle
membranes, even though, on a kinetic scale, the organelle membrane solubilisation was
slightly more effective.®® These results underline the broad applicability of SMA in terms of

membrane protein isolation from various expression systems.

Importantly, despite the above-mentioned wide-range applicability of SMA in terms of
extraction power from various membranes, SMA-solubilised proteins show an increased
stability over detergent-extracted proteins. More specifically, among others, G-protein
coupled receptors (GPCRs),°”8 the KcsA potassium ion channel,®® or ATP-binding cassette
(ABC) transporters,5%%3 displayed a superior thermostability and storage stability, all while
preserving protein conformation and function. SMA-encapsulated nanodiscs even preserve
stability and function of noncovalently-bound protein assemblies of up to 48 transmembrane
domains.>%°3°%67 Furthermore, SMA copolymers render membrane proteins amenable to
structural analyses by cryo-electron microscopy,®’” solid-state NMR,®® or X-ray
crystallography.®® Functional studies such as specific binding assays were also successfully

performed on membrane proteins embedded in SMALPs.>863

At near-neutral pH, the carboxylate groups of SMA are partially charged, thus rendering
SMALPs polyanionic structures with a negatively charged rim.3° This high charge density leads
to repulsive forces among SMALPs and polymer chains. Notwithstanding this fact, SMA
nanodiscs are able to spontaneously and rapidly exchange and transfer their contents. They
readily exchange lipids with absorbed lipid monolayers’® and among each other through
particle collisions.” By increasing the lipid concentration in a polymer/lipid mixture, and, thus,
shifting the equilibrium towards the formation of liposomes, solubilised lipids re-associate
into vesicular assemblies.*® Furthermore, polymer transfer was observed among SMALPs’%73
and it was even shown that membrane proteins can be reconstituted from SMA nanodiscs
into planar lipid bilayers®® and in lipidic cubic phases for X-ray crystallography.®® This
underlines that SMALPs are highly dynamic equilibrium structures rather than static,

kinetically trapped assemblies.
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Styrene/maleic acid (SMA) Diisobutylene/maleic acid (DIBMA)
Figure 1.3. Chemical structures of SMA and DIBMA.”*

Diisobutylene/maleic acid (DIBMA) copolymers

DIBMA is an alternative amphiphilic copolymer displaying distinct polymer properties, and,
thus, a different solubilisation behaviour than SMA. DIBMA copolymers lack the aromatic S
moieties that characterise SMA polymers but, instead, carry aliphatic diisobutylene (DIB)
groups (Figure 1.3). DIB and MA sidechains are strictly alternating in a 1:1 molar ratio,
rendering DIBMA less hydrophobic than the efficient SMA variants. Unlike aromatic SMA,
DIBMA absorbs substantially less in the far-UV range and, thus, renders membrane proteins
directly amenable to optical spectroscopic studies such as UV absorbance or circular dichroism
(CD) spectroscopy.31® At similar conditions, DIBMA nanodiscs are slightly larger than SMALPs
and provide an even more native-like environment, as DIBMA has a milder effect on lipid acyl-
chain order.3274 Moreover, DIBMA shows a superior stability in the presence of divalent
cations and, thus, allows enzymatic activity studies that require high concentrations of these
cations.®? Nevertheless, DIBMA is less efficient than SMA in terms of protein extraction yields,
which often displays a limiting factor in choosing DIBMA over SMA for membrane-protein

studies.3?

Notwithstanding this caveat, DIBMA already proved effective in extracting a wide range of
membrane proteins, such as bacterial outer membrane proteins,3 ABC transporters,’ or
GPCRs.”> More specifically, DIBMA stabilised a class B GPCR, representing a notoriously
challenging yet pharmacologically relevant GPCR class, with noncovalently-bound ligand and
G-protein, thus underlining the even more native-like properties of DIBMALPs. DIBMA
nanodiscs were furthermore used to study the membrane binding of soluble a-synuclein,

demonstrating their applicability in protein/lipid interaction studies.”®

14



Expanding the polymer toolbox

Apart from the most common copolymers described above, the variety of polymers available
for membrane-protein solubilisation and stabilisation is continually and rapidly growing.3¢77

This is to suit specific experimental requirements that are limited by SMA and DIBMA.

For affinity chromatography techniques or fluorescence spectroscopy studies, SMA was thiol-
labelled.”>’® Reactive SMA-SH can thus be further functionalised by molecular tags or

fluorophores to be used for protein purification.

In comparison with negatively charged SMA and DIBMA, positively charged variants of SMA,
such as styrene maleimide (SMI) copolymer,’® styrene maleimide quaternary ammonium
(SMA-QA),® or SMAd-A,2! were also shown to efficiently solubilise membranes into nanodiscs.
These polymers display a high compatibility with divalent cations and are functional at acidic

pH.

The high charge density of commonly used SMA and DIBMA potentially leads to unspecific
polymer/protein interactions and, thus, might impede specific protein functional studies.
Furthermore, the polymer charge density is not compatible with biochemical and biophysical
techniques such as sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
or surface plasmon resonance (SPR) spectroscopy. This general limitation aroused the interest
in finding alternative polymers with a similar amphipathic character and a reduced or neutral
net charge in a biologically relevant pH range. Thus far, zwitterionic zSMA, carrying a
phosphocholine headgroup attached to the SMA backbone, proved effective in solubilising
membranes in a wide range of solvent conditions.®>23 It is, however, made through tedious de
novo polymer synthesis. Furthermore, net neutral SMA variants such as SMA-ED also enable

membrane solubilisation, but are not soluble under near-physiological conditions.8!

To overcome this bottlenecks, two new electroneutral copolymers, synthesised from DIBMA
and SMA(2:1) backbones, are herein introduced (Figure 1.4). A sulphobetaine side chain was
attached to the anhydride form of both polymers, resulting in SMA(2:1)-SB and DIBMA-SB,

respectively.
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Figure 1.4. Chemical structures of zwitterionic a) SMA(2:1)-SB and b) DIBMA-SB copolymers as
obtained from SMA(2:1)nh and DIBMAnh (nh: anhydride) backbones by attachment of sulphobetaine
(SB) side chains, respectively.
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1.5. Objectives

The work reported in this thesis focused, on the one hand, on an in-depth biophysical
characterisation of SMA(2:1) and its nanodiscs, as it emerged as the most powerful SMA
variant from a kinetic viewpoint® and in terms of specific membrane protein extraction.8 On
the other hand, two electroneutral copolymers that overcome the bottlenecks of negatively
charged SMA and DIBMA were introduced. In more detail, the goals of this thesis can be

specified as follows:

1) Elucidate the equilibrium solubilisation properties of SMA(2:1) towards model
phospholipid vesicles and Escherichia coli membranes under various solvent
conditions. To this end, nanodisc formation and the solubilisation behaviour was
monitored and compared with previous studies on SMA(3:1) and DIBMA.

2) Study the dynamic behaviour of SMA(2:1)-bounded nanodiscs. To this end, the lipid
transfer kinetics and how it is affected by ionic strength was elucidated. Along this
rationale, the effective nanodisc charge was estimated on the basis of theoretical
models and determined experimentally.

3) Characterise the newly synthesised electroneutral polymers SMA(2:1)-SB and
DIBMA-SB and their corresponding nanodiscs. This was addressed by studying the
equilibrium solubilisation behaviour towards model phospholipid vesicles and human

cell membranes in terms of total protein extraction and specific membrane proteins.
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2. Biophysical characterisation of SMA(2:1) nanodiscs

Summary (Manuscript 1)

In this work, the thermodynamics of nanodisc formation by the most commonly used
SMA(2:1) copolymer were scrutinised using model and Escherichia coli membranes and

compared with those of SMA(3:1) and DIBMA.

The polymer refractive index increments, dn/dc, of SMA(2:1), SMA(3:1), and DIBMA were
determined to allow for the concentration determination of dialysed polymers. Subsequently,
the equilibrium solubilisation efficiency, that is, the solubilisation capacity from a
thermodynamic viewpoint, of SMA(2:1) was studied using vesicles of different phospholipid
compositions. Employed phospholipids were the saturated, short-chained 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and the unsaturated, long-chained 1-palmitoyl-2-oleoyl-
sn-3-phosphocholine (POPC). To this end, SMA(2:1) nanodisc formation was monitored by
DLS. The corresponding saturation (SAT) (i.e., first nanodisc formation) and solubilisation (SOL)
(i.e., completion of nanodisc formation) boundaries were determined by 3'P NMR. On a mass
concentration scale and under identical conditions, SMA(2:1) most efficiently extracted
phospholipids from model membranes, as indicated by low saturating and solubilising

polymer/lipid ratios and the corresponding vesicle-to-nanodisc transfer Gibbs free energies.

The ionic strength had no or little effect on the solubilisation efficiency of SMA(2:1) for DMPC
and POPC vesicles, respectively. However, varying the pH value had a pronounced influence
on the solubilisation of both phospholipids: at an acidic pH value of 6.4, a substantially higher
concentration of SMA(2:1) was needed to completely solubilise DMPC vesicles followed by
neutral (pH 7.4) and moderately alkaline pH values (pH 8.3). These findings are in stark
contrast to the kinetic solubilisation of DMPC, which slows down with alkaline pH.3° It is
suggested that the decreased hydrophobicity of SMA(2:1) at alkaline pH slows down the
solubilisation of vesicles, but that, in equilibrium, less polymer with an extended conformation

is needed to stabilise the nanodiscs.

Furthermore, the influence of SMA(2:1) on thermotropic lipid phase transitions was studied
by differential scanning calorimetry (DSC) and compared with SMA(3:1) and DIBMA. On a mass
concentration scale, SMA(3:1) reduced the gel-to-fluid phase-transition temperature Tm of

DMPC most drastically with increasing polymer concentrations, followed by SMA(2:1) and
18



DIBMA. These results demonstrated that the perturbation of the lipid acyl-chain packing is
most drastic with SMA(3:1), suggesting the penetration of phenyl moieties being the major
cause. Hence, SMA(2:1) with a low styrene content had a relatively mild effect, followed by

DIBMA, which contains no styrene moieties at all.

Finally, the performance of SMA(2:1) towards complex, native E.coli membranes was
elucidated. To this end, the solubilising power of SMA(2:1) was determined in terms of protein
extraction quantities and compared to results of SMA(3:1), DIBMA, and a standard
conventional head-and-tail detergent n-dodecyl-B-D-maltoside (DDM).3? Relative to DDM, the
protein extraction yield of SMA(2:1) amounted to over 90 %. SMA(2:1) extracted 10 % more
membrane proteins at pH 8.3 than at pH 7.4, correlating with the findings on pH-dependence
using model membranes. Importantly, under identical conditions, SMA(2:1) extracted 10—
30 % more membrane proteins compared with SMA(3:1) and DIBMA. It can be thus concluded
that, among studied polymers, SMA(2:1) is the most efficient solubiliser of both model and

cellular membranes.
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. Styrene/maleic acid copolymers (SMA) have recently attracted great interest for in vitro studies of
: membrane proteins, as they self-insert into and fragment biological membranes to form polymer-
: bounded nanodiscs that provide a native-like lipid-bilayer environment. SMA copolymers are available
. in different styrene/maleic acid ratios and chain lengths and, thus, possess different charge densities,
. hydrophobicities, and solubilisation properties. Here, we studied the equilibrium solubilisation
. properties of the most commonly used copolymer, SMA(2:1), by monitoring the formation of
© nanodiscs from phospholipid vesicles using 3P nuclear magnetic resonance spectroscopy, dynamic
. light scattering, and differential scanning calorimetry. Comparison of SMA(2:1) phase diagrams with
. those of SMA(3:1) and diisobutylene/maleic acid (DIBMA) revealed that, on a mass concentration
: scale, SMA(2:1) is the most efficient membrane solubiliser, despite its relatively mild effects on the
. thermotropic phase behaviour of solubilised lipids. In contrast with previous kinetic studies, our
. equilibrium experiments demonstrate that the solubilisation of phospholipid bilayers by SMA(2:1)
© is most efficient at moderately alkaline pH values. This pH dependence was also observed for the
. solubilisation of native Escherichia coli membranes, for which SMA(2:1) again turned out to be the most
: powerful solubiliser in terms of the total amounts of membrane proteins extracted.

i Amphiphilic copolymers—in particular, styrene/maleic acid (SMA) copolymers—have gained considerable
. attention over the past few years because of their ability to solubilise biological membranes into SMA-bounded
: nanodiscs containing membrane proteins and lipids'~. This approach is independent of conventional deter-
: gentsand results in nanosized membrane mimics that retain the bilayer architecture of the parent membrane*~.
* Polymer-mediated solubilisation renders membrane proteins amenable to functional®® and biophysical”*
. studies as well as structural analysis by nuclear magnetic resonance (NMR) spectroscopy'® !!. Furthermore,
i SMA-bounded nanodiscs have recently been used to transfer membrane proteins into lipidic cubic phases for
¢ structure determination by X-ray crystallography!'2.

SMA is arandom copolymer that is commercially available in different average styrene/maleic acid ratiosand
¢ chain lengths and, consequently, different charge densities, hydrophobicities, and solubilisation properties. The
: most hydrophilic variant SMA(1:1) and the most hydrophobic variant SMA(4:1), which have average styrene/
. maleic acid molar ratios of 1:1 and 4:1, respectively, are of limited use for solubilising lipid vesicles because of
: the narrow pH windows within which these copolymers are sufficiently soluble and hydrophobic. By contrast,
: SMA(2:1) and SMA(3:1) are capable of forming lipid-bilayer nanodiscs over a broader range of pH values and
: have become the two most popular amphiphilic copolymers used for this purpose. SMA(2:1) has been shown to
: be the most favourable solubiliser of three different membrane proteins'® and is emerging as the standard SMA
: variant for membrane-protein research using polymer-bounded nanodiscs'*. While the structural properties®
. and the self-association' of SMA(2:1) as well as the kinetics of vesicle solubilisation mediated by this copolymer'*
. have been studied in great detail, only little is currently known about its solubilisation thermodynamics. One
. observation from kinetic experiments that remains particularly puzzling is that the solubilisation performance of
© SMA(2:1) is higher than that of SMA(3:1) but appears to decrease with increasing pH', although a higher maleic
¢ acid content—as in SMA(2:1) compared with SMA(3:1)—and elevated pH should have similar effects on the
- charge density and the effective hydrophobicity of the copolymer.

. Molecular Biophysics, University of Kaiserslautern, 67663 Kaiserslautern, Germany. 2Department of Chemistry,
: University of Ibadan, 200284 Ibadan, Nigeria. Correspondence and requests for materials should be addressed to
: S.K. (email: mail@sandrokeller.com)
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Herein, we provide a thermodynamic benchmark for a more detailed understanding of the interactions
of SMA(2:1) with lipid membranes and, specifically, of the roles of polymer, lipid, and solvent properties. To
this end, we present the first account of the equilibrium solubilisation properties of SMA(2:1) against large
unilamellar vesicles (LUVs) composed of either 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or
1-palmitoyl-2-oleoyl-sun-glycero-3-phosphocholine (POPC) as monitored by *'P NMR spectroscopy, dynamic
light scattering (DLS), and differential scanning calorimetry (DSC). We rationalised the solubilisation equilibrium
in terms of a pseudophase concept, constructed phase diagrams, and obtained vesicle-to-nanodisc transfer free
energies that enable a thermodynamic comparison with more hydrophobic SMA(3:1)'* ' and less hydrophobic
diisobutylene/maleic acid (DIBMA)" copolymers. We found that, on a mass concentration scale, both the onset
and the completion of solubilisation of DMPC and POPC LUV require less SMA(2:1) than SMA(3:1) or DIBMA,
thus showing that SMA(2:1) is the most efficient solubiliser of lipid membranes. Importantly, SMA(2:1)-mediated
lipid solubilisation was thermodynamically more efficient at pH 8.3 than at pH 7.4, even though the solubilisation
process has been reported to slow down at alkaline pH". Ourlipid-bilayer studies under equilibrium conditions
rather than kinetic control correlate with experiments performed on protein-containing biological membranes,
as we found SMA(2:1) to furnish the largest amounts of membrane proteins extracted from native Escherichia coli
membranes, again with an improvement in solubilisation yield at pH 8.3 as compared with pH 7.4.

Theoretical background
Pseudophases in lipid/surfactant mixtures. We have shown'®'® that the solubilisation of DMPC and
POPC LUVs by SMA(3:1) or DIBMA can be rationalised in terms of a three-stage model'®* that considers lipid
(L) and surfactant (S) molecules in bilayer (b) and micellar (m) phases as well as surfactant monomers in the
aqueous (aq) phase. The concentrations of lipid and surfactant, ¢, and ¢, respectively, determine the presence
and abundance of each of these phases. In a lipid/polymer mixture, where the polymer assumes the role of the
surfactant, an increase in ¢g at given ¢; leads to a transition from the vesicular bilayer range to the coexistence
range, within which polymer-saturated bilayer vesicles coexist with lipid-saturated nanodiscs. Upon a further
increase in ¢g, the vesicles are completely solubilised and transformed into polymer-bounded nanodiscs. In this
interpretation of the three-stage model, nanodiscs take the role of mixed micelles found in conventional lipid/
surfactant mixtures'® 2. The first nanodiscs are formed at a threshold known as the saturation (SAT) boundary,
while a second transition designated as the solubilisation (SOL) boundary marks the completion of nanodisc
formation and the concomitant disappearance of the last vesicular structures.

Plotting the ¢ values at the SAT and SOL boundaries against the corresponding lipid concentrations ¢, gives
rise to two straight lines described by:

e = %+ RSP (1)
630" = €% + R @)
The slopes R&**T and R™°" denote the polymer/lipid molar ratios in vesicular bilayers and nanodiscs at which

the vesicles become saturated with polymer and at which solubilisation is complete, respectively. Ideally, both
lines meet at a common ordinate intercept, ¢;**, which corresponds to the concentration of “free” polymer in the
aqueous phase within the coexistence range. In both our previous'®'* and present phase diagrams, the ordinate
intercepts of the SAT and SOL boundaries are negligibly low, so that the concentration of “active” (ie.,
solubilisation-competent) polymer in the aqueous phase can be taken asc{®” = 0.

b,SAT and XSm,SOL

The critical mole fractions of polymer in vesicular bilayers and nanodiscs, X , respectively,

amount to:
b,SAT
XDSAT _ RS
s i b,SAT
1+ Rg (3)
L
X m,50L R.Smm
s - ,SOL
1+ RS (4)

The partition coefficients quantifying the transfer of polymer and lipid from vesicles into nanodiscs, K;’ ~™and
K7™, are then given by:

XSm.SOL B RSm.SOL(l St R;J.S}\T)

X;JMT R;:.SAT(l 4 RSm.SOL) (5)

b—m _
o =

Kb—om - Xf_“mL B i = XSm,SOL B 14 RS?MT _
L = = =
XE,SAT o X;:.SAT 14 RSm.SOL (6)

From these partition coefficients, the corresponding standard molar Gibbs free-energy changes accompanying
the transfer of the polymer and the lipid from vesicles into nanodiscs, AGS ™ and AG;"~™°, respectively, are
obtained as:
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AGI™° = — RTInKg "™ < 0 (7)

AGP™™° = — RT InK"™ > 0 (8)

Derivation of phase boundaries from 3!P NMR.  According to the three-stage model, all phospholipid
molecules and, thus, all phosphorus nuclei reside in bilayer membranes as long as the surfactant concentration is
lower than or equal to cg*" according to equation 1. In solution-state NMR experiments, the signal arising from
P nuclei in large, vesicular structures is broadened beyond detection. Thus, the area of the *'P NMR peak, 4, is
zero in the absence of solubilised phospholipid:

Alcg < ey =0 (9)

Once the polymer concentration exceeds ci”" (equation 2), all phospholipid molecules are solubilised, and the
area under the P NMR peak amounts to:

Al < ) = frr (10)

where fis the proportionality factor between the concentration of solubilised lipids and the experimentally deter-
mined peak area. In general, f depends on the experimental conditions but is constant for a given NMR spectrom-
eter operated using identical instrument settings and acquisition parameters. Within the coexistence range, the
peak area is expected to be proportional to the extent of solubilisation:

SAT
SAT SOL fs — G
Ale™ <o =657 = foigr—
AN (11)
Here, the last term on the right-hand side reflects the fraction of solubilised lipid as given by the lever rule***!.

Pairs of ¢*" and ¢ values at a given lipid concentration were obtained by analysing the areas derived from
the corresponding *'P NMR signals in terms of equations 9-11'*"'%. In addition to such local fits considering only
one lipid concentration at a time, peak areas measured at four different lipid concentrations were globally fitted
with equations 9-11 in order to obtain the best-fit R**" and R{™*°" values. 95% confidence intervals were
derived by nonlinear least-squares fitting in Excel spreadsheets, as detailed elsewhere®.

Experimental Section

Materials. DMPC and POPC were kind gifts from Lipoid (Ludwigshafen, Germany). SMA(2:1) (hydro-
lysed from styrene/maleic anhydride (2:1), tradename Xiran SZ30010) and SMA(3:1) (Xiran SL25010 §25)
copolymer solutions were kind gifts from Polyscope (Geleen, Netherlands). DIBMA (Sokalan CP 9) was kindly
provided by BASF (Ludwigshafen, Germany). D,0 was purchased from Deutero (Kastellaun, Germany) and
NaCl from VWR (Darmstadt, Germany). 85% (w/v) H;PO, in D,0 and Na,HPO, were from Sigma-Aldrich
(Steinheim, Germany), and Coomassie Brilliant Blue G250, NaH,PO,, ethylenediamine tetraacetic acid (EDTA),
sodium dodecyl sulphate (SDS), tris(hydroxymethyl)aminomethane (Tris), and Tris-HCI were from Carl Roth
(Karlsruhe, Germany). All chemicals were purchased in the highest purity available.

Determination of copolymer refractive index increments. In order to measure copolymer concen-
trations, we modified a procedure based on a published protocol*. To this end, we precipitated 5mL of a com-
mercial SMA(2:1), SMA(3:1), or DIBMA solution by adding 3 mL of 4 M HCl and washed the pellets 4 times with
50mL triple-distilled water. After each washing step, the polymer was pelleted by centrifugation at 8000g for
15 min, and the supernatant was discarded. Washed pellets were resuspended in 3 mL of 0.5 M NaOH followed
by a second precipitation and washing procedure as described above. Pellets were directly (i.e., without resuspen-
sion in NaOH') aliquoted and lyophilised for at least 24 h using an Alpha 2-4 LSCplus (Martin Christ, Osterode
am Harz, Germany). After lyophilisation, dried polymer powders were resuspended in 100 mM NaOH to yield
polymer concentrations of 1% (w/v). Refractive index (RI) values were measured on an Abbemat 500 refractom-
eter (Anton Paar, Graz, Austria) for dilution series comprising 5-10 polymer concentrations to determine RI
increments (cf. Table 1).

Preparation of SMA(2:1) stock solutions. SMA(2:1) has a styrene/maleic acid molar ratio of 2.2:1, a
mass-average molar mass of M,,=7.0kgmol ', a number-average molar mass of M, =2.7kgmol !, and, thus, a
dispersity of M, /M, =2.6. Stock solutions of SMA(2:1) for vesicle solubilisation assays were prepared as described
previously for SMA(3:1)!” and DIBMA', Briefly, 3-mL aliquots of commercial SMA(2:1) solution were dialysed
against 0.5 L Tris (50 mM 'Tris, 200 mM NaCl, pH 7.4 or 8.3) or phosphate buffer (50mM Na,HPO,/NaH,PO,,
200mM NaCl, pH 6.4) in 5-mL QuixSep dialysers (Membrane Filtration Products, Seguin, USA) using Spectra/
Por 3 dialysis membranes with a molar-mass cutoff of 3.5kgmol ! (Spectrum Laboratories, Rancho Dominguez,
California, USA). Dialysis was performed for 36h at room temperature under gentle stirring with buffer exchange
after 16 h. Dialysed stock solutions were sterile-filtered using 0.22-um poly(vinylidene fluoride) syringe filters
(Carl Roth, Karlsruhe, Germany), and final SMA(2:1) concentrations were determined refractometrically using
the dn/dc value determined as described above (cf. Table 1). The concentrations of all polymers are reported on
the basis of their respective number-average molar masses (cf. Table 1).
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SMA(21) | SMAG3:) DIBMA**

dn/de (Lmol 1) | 053 080 135
dwdp (Lkg ) | 0.20 0.20 0.16

M, (kg mol~") 27 4.0 8.4

M, (kgmol™) 7.0 10.0 15.3
MM, 2.60 2,50 1.82
€160 (L (mol 4121 6989%* 234
cm)™)

Ha (L (kg 1526 1747 28

cm)~')

Table 1. Molar RI increments (dn/dc), specific RI increments (dn/dp), number-average molar masses (M,,),
mass-average molar masses (M,,), dispersities (M,,/M,;), molar extinction coefficients at 260 nm, €4, and
specific extinction coefficients at 260 nm, g, of nanodisc-forming polymers. “Recalculated from Cuevas
Arenas et al.'” using the modified protocol described here. **Taken from Oluwole et al.'®.

Vesicle preparation. Lipid powders were suspended in either Tris buffer (50 mM Tris, 200 mM NaCl, pH 7.4
or 8.3) or phosphate buffer (50 mM Na,HPO,/NaH,PO,, 200mM NaCl, pH 6.4) to final lipid concentrations of
30-45 mM. Lipid suspensions were vortexed for 10 min prior to 35-fold extrusion through two stacked polycar-
bonate membranes with a nominal pore diameter of 100 nm. DMPC was extruded at 30 °C using a block-heated
Mini-Extruder (Avanti, Alabama, USA) and POPC at 20 °C using a LiposoFast extruder (Avestin, Ottawa,
Canada). Unimodal particle size distributions were confirmed by DLS (see below), yielding hydrodynamic vesi-
cle diameters of ~150 nm.

31P NMR spectroscopy. Samples containing 2.5, 5.0, 7.5, or 10.0mM lipid and 0-4mM SMA(2:1) (corre-
sponding to 0-1.1% (w/v) copolymer) were prepared from stock solutions in Tris buffer (pH 7.4). 10% D,0 (v/v)
was included in the sample buffer to provide a lock signal. Samples were incubated for at least 16 h at 30 °C for
DMPC or room temperature for POPC. NMR measurements were carried out at 30 °C for DMPC or 25 °C for
POPC on an Avance 400 spectrometer (Bruker Biospin, Rheinstetten, Germany) operating at a *'P resonance
frequency of 162 MHz using a 5-mm broadband inverse probe. 256 scans were acquired with an inverse-gated
decoupling sequence using an acquisition time of 1.6 s, a sweep width of 9746 Hz, and a relaxation delay of 6s.
Data were multiplied by an exponential function with a line-broadening factor of 1.0 Hz before Fourier transfor-
mation. Chemical shifts were referenced to 85% (w/v) H;PO, in D,0O as external standard at 0 ppm. Peaks were
integrated using the software Bruker Topspin 3.2.

Dynamic light scattering. Samples containing 6 mM lipid in the form of LUVs and 0-3.1 mM SMA(2:1)
(corresponding to 0-0.8% (w/v) copolymer) in either Tris buffer (pH 7.4 or 8.3) or phosphate buffer (pH 6.4) were
incubated for at least 16 h at 30 °C for DMPC or room temperature for POPC. DLS measurements were per-
formed on a Zetasizer Nano S90 (Malvern Instruments, Malvern, UK) working with a 633-nm He-Ne laser and
a detection angle of 90°. Samples were thermostatted for 2 min at 30 °C for DMPC or 25 °C for POPC before
measurements were performed in a 45-pL quartz glass cuvette with a cross-section of 3 mm x 3 mm (Hellma
Analytics, Miillheim, Germany). Each sample was measured twice: firstly, with the attenuator position automati-
cally optimised for determination of size distributions and, secondly, with the attenuator set to the maximum in
order to ensure comparability of total scattering intensities. The effects of different NaCl concentrations and
buffer components on the viscosity and RI of the solvent were accounted for during data analysis. Autocorrelation
functions were fitted using a non-negatively constrained least-squares function® to yield intensity-weighted par-
ticle size distributions and by cumulant analysis* to obtain z-average particle diameters and associated polydis-
persity indices (PDIs). Distribution widths of z-average diameters, o, were calculated as o = +/PDI z.

Differential scanning calorimetry. Samples containing 5mM DMPC and 0-5mM SMA(2:1) (corre-
sponding to 0-1.4% (w/v) copolymer) in Tris buffer (pH 7.4) were incubated at 30°C for 16 h prior to experi-
ments. The sample and reference cells were filled with buffer and were repeatedly heated and cooled at a rate of
30°C h ! before the buffer in the sample cell was replaced with sample. Apart from the first upscan, successive
heating and cooling scans, which were also performed at a rate of 30°C h ™', overlaid very closely. Data were
averaged, blank-subtracted, and normalised against the molar amount of DMPC in the sample using the software
MicroCal Origin 7.0 (OriginLab, Northampton, USA). The melting temperature, T,,, was taken as the tempera-
ture at which the excess molar isobaric heat capacity, AC " reached a maximum.

Solubilisation of native E. coli membranes. E. coli BL21(DE3) cells were transformed with an empty
pET-24 vector and selected by kanamycin resistance. After incubation in lysogeny broth overnight at 37 °C under
permanent agitation, cells were harvested by centrifugation and washed twice with saline (154 mM NaCl). Cell
pellets were resuspended in a 10-fold volume of ice-cold buffer (50 mM Tris, 2mM EDTA, 200 mM NaCl, pH 7.4)
and ultrasonicated twice for 10 min in an §-250 A sonifier (Branson Ultrasonics, Danbury, USA). The lysate was
further centrifuged for 30 min at 1000 g and 4°C. The supernatant was ultracentrifuged for 1h at 100,000 g and
4°C and subjected to 7 buffer washing steps to remove soluble proteins. Membrane pellets were resuspended in
buffer (50 mM 'Tris, 200 mM NaCl, pH 7.4) to a final concentration of 42.5 mgmL ! and treated with 10 mM (0.5%
(w/v)) DDM, 9.3 mM (2.5% (w/v)) SMA(2:1), 6.3mM (2.5% (w/v)) SMA(3:1), 3.0mM (2.5% (w/v)) DIBMA, or
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buffer. Polymer-containing samples were incubated for 16 h at 20°C with gentle agitation and subsequently sub-
jected to ultracentrifugation for 1h at 100,000 gand 4 °C. The supernatant containing solubilised membrane pro-
teins was analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). To avoid band
smearing caused by the presence of polymers', solubilised fractions were precipitated with CH;OH/CHCL;/H,0
in a mixing ratio of 4:1:3 (v/v/v)*. Briefly, to a 100-pL aliquot of ice-cold sample, we successively added 400 L
ice-cold CH,OH, 100 pL ice-cold CHCI,, and 300 pL ice-cold water with thorough vortexing after each addition.
The mixture was centrifuged for 2 min at 14,000 g and 4 °C. The upper, aqueous layer was removed, and 400 pL
CH,;OH was added before the sample was vortexed again. Precipitated proteins were pelleted by centrifugation
for 1 min at 5000 g and another 5 min at 20,000 g, both at 4 °C. 'This two-step centrifugation was performed to
make sure that the pellet completely sticks to the bottom rather than the sides of the centrifugation tube. CH;OH
was carefully removed using a pipette. Residual organic solvent was allowed to evaporate under a chemical hood
and was subsequently removed under high vacuum in a desiccator overnight. The dried pellet was resuspended
in SDS buffer (106 mM Tris-HCI, 141 mM Tris, 2% (w/v) SDS, 10% (w/v) glycerol, 0.51 mM EDTA, 0.22mM
Coomassie Brilliant Blue G250, 0.175 mM Phenol Red, pH 8.5), boiled for 10 min under agitation, and subjected
to SDS-PAGE.

Results and Discussion

Determination of copolymer concentrations by refractometry. We have recently shown that
refractometry is a useful tool for determining the concentrations of SMA(3:1)'*'” and DIBMA'® in aqueous
solutions. Refractometry is particularly valuable for DIBMA, which contains no aromatic residues and, thus, no
chromophores that would allow a straightforward quantification by UV absorbance'®, Qur previous protocols
for determining the RI increments of SMA(3:1)'* "7 and DIBMA'® differed from one another in that the con-
tribution of NaOH to the RI of the polymer stock solution was accounted for only in the case of DIBMA. 'Thus,
to allow for quantitative comparisons among different polymers, we established a refined and general protocol
for the refractometric quantification of polymer concentrations. As described in a recent protocol for preparing
SMA(2:1) solutions'*, we first washed and lyophilised the polymer solutions obtained from the manufacturer
(cf. Experimental Section for details). The major departure from the standard procedure'* was that, rather than
resuspending the polymer pellets in NaOH for lyophilisation after the last washing step, we directly lyophilised
the pelleted polymer. This approach aimed at minimising the Na* and Cl~ contents in the lyophilised polymer
pellets, which otherwise would be difficult to control or quantify but would also contribute to the measured RI
values. We then resuspended the lyophilised polymer in 100 mM NaOH and measured RI values at different con-
centrations of each polymer. The constant contribution of NaOH to the RI signal was accounted for by subtracting
the RI value of a 100 mM NaOH blank. For each polymer, both molar and specific RI increments, dn/dc and dn/
dp, were obtained from the slopes of the plots of RI against molar and mass concentrations, ¢ and p, respectively.
Table 1 summarises the dn/dc and dn/dp values thus determined along with the corresponding number-average
molar masses, M,, mass-average molar masses, M,,, and dispersities, M, /M,,, of the three polymers. To provide a
comprehensive overview of the physicochemical properties of the three polymers that can be used to determine
their concentrations, Table 1 lists also their molar extinction coefficients at 260 nm, &,¢,, and specific extinction
coefficients at 260 nm, f1,;,. Note that the extinction coefficients of DIBMA are shown for completeness only, as
they are of limited use for concentration determination (see above).

Unsurprisingly, dn/dc increases with increasing molar mass of the polymer, whereas the dn/dp values are
identical for SMA(2:1) and SMA(3:1) but significantly lower for DIBMA. The dn/dc value of SMA(3:1) reported
in Table 1 is 28% lower than the value previously estimated without the above-mentioned correction for the pres-
ence of inorganic ions'® '". Thus, use of the dn/dc value determined here results in somewhat higher SMA(3:1)
concentrations than those reported previously, which does not, however, affect any of the major conclusions
drawn from these earlier studies'® 7,

Solubilisation of saturated phospholipids by SMA(2:1). To quantify the solubilisation of lipid-bilayer
vesicles by SMA(2:1) under equilibrium rather than kinetically controlled conditions, we used *'P NMR spectros-
copy to follow the solubilisation of DMPC LUVsat 30°C. This temperature is well above the main phase-transition
temperature, T, of DMPC, so that the lipid bilayer was always in the liquid-crystalline (i.e., fluid) state. In the
absence of copolymer, the NMR signal of large, slow-tumbling vesicles was broadened beyond detection (Fig. 1A).
Addition of SMA(2:1) at concentrations above the saturation (SAT) boundary resulted in the emergence of an
isotropic peak, thus indicating the formation of smaller, fast-tumbling lipid particles'®'%. Beyond this point, the
peak area increased linearly with the concentration of SMA(2:1), until a plateau reflecting the completion of sol-
ubilisation was reached at the solubilisation (SOL) boundary. At each lipid concentration tested, the NMR peak
area reflected such a three-stage solubilisation behaviour with two breakpoints, namely, the SAT and SOL phase
boundaries (Fig. 1B). The concentrations of SMA(2:1) at the SAT and SOL boundaries at four different DMPC
concentrations yielded a phase diagram characterised by critical SMA(2:1)/DMPC molar ratios of
RO =0.087 £0.006 and R™°" = 0.130 4 0.004, respectively (Fig. 1C). These ratios furnished Gibbs
free-energy changes accompanying the vesicle-to-nanodisc transfer of AG ™ =(0.098 £0.023) kJ mol ' and
AG;H ™0=_(0.911+0.23) kJ mol ' for thelipid and the polymer, respectively (Fig. 2A).

Comparison of equilibrium solubilisation efficiencies among copolymers.  On the basis of the new
data (Fig. 1) and earlier results'®"'¥, we compared the equilibrium solubilisation efficiencies of SMA(2:1),
SMA(3:1), and DIBMA toward DMPC LUVs in terms of their SAT and SOL phase boundaries and the Gibbs
free-energy changes accompanying the vesicle-to-nanodisc transfer of the lipid and the polymers. The critical
polymer/lipid molar ratios required for the onset and completion of solubilisation in the case of SMA(2:1) were
significantly lower than for SMA(3:1) but higher than for DIBMA (Fig. 2A). Since the average molar masses of the
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Figure 1. Solubilisation of DMPC vesicles by SMA(2:1) at 30°C as monitored by *'P NMR. (A) NMR spectra of
10 mM DMPC initially present in the form of LUVs upon exposure to increasing concentrations of SMA(2:1).
(B) Peak areas, A, at four different DMPC concentrations as functions of SMA(2:1) concentration, showing
experimental data (circles) and global fits (lines) according to equations 9-11. The slight increase in A upon
complete solubilisation is due to a decrease in nanodisc size with increasing SMA(2:1) concentration, thus
resulting in sharper peaks that are better resolved from the baseline, as seen in A. (C) Phase diagram of DMPC/
SMA(2:1) at 30°C showing the onset (saturation; SAT) and completion (solubilisation; SOL) of solubilisation.
Shown are pairs cnfcss’AT and cSSOL (circles) obtained from breakpoints derived from local fits in (B) and global
fits (solid lines).
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Figure 2. Thermodynamic parameters characterising the solubilisation of DMPC vesicles at 30 °C by the three
copolymers compared in this study. (A) SAT and SOL phase boundaries of SMA(2:1), SMA(3:1), and DIBMA
based on polymer/lipid molar ratios. (B) Transfer free energies of lipid and copolymers, AG "™ and

AG;’ ™9 respectively, as derived from phase boundaries in (A). (C) SAT and SOL phase boundaries of
SMA(2:1), SMA(3:1), and DIBMA based on copolymer/lipid mass ratios. Error bars denote 95% confidence
intervals, roughly corresponding to 4-2 standard deviations.

copolymers exceed that of the lipid by a factor of 4-12, comparisons based on polymer/lipid molar ratios should
be taken with caution. Notwithstanding this caveat, knowledge of the polymer/lipid ratio required for solubilising
a given amount of lipids is instructive not only for practical purposes but also for thermodynamic considerations
relying on the Gibbs free energies deduced from R>**" and R™*° (Fig. 2B). We found AG ™™, which drives
nanodisc formation, to be most favourable for DIBMA and least favourable for SMA(2:1). In the case of the two
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Figure 3. Solubilisation of DMPC vesicles by SMA(2:1) at 30°C in the presence of different NaCl
concentrations and pH values as monitored by DLS. (A) z-Average diameters as functions of SMA (2:1)/DMPC
molar ratio at pH 7.4 and increasing NaCl concentrations. Vertical lines indicate the SAT and SOL boundaries
derived from NMR in the presence of 200 mM NaCl (Fig. 1C). (B) z-Average diameters as functions of
SMA(2:1)/DMPC molar ratio at 200 mM NaCl and different pH values. Error bars denote peak distribution
widths as given by o = +/PDI z. (C) Intensity-weighted particle size distributions, f{d), as functions of pH at
similar, completely solubilising SMA(2:1)/DMPC molar ratios as indicated by open circles in (B).
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Figure 4. Thermotropic phase behaviour of DMPC upon solubilisation by SMA(2:1) at pH 7.4. (A) DSC
thermograms showing excess molar isobaric heat capacities, AC,, of 5mM DMPC initially present in the

form of LUVs upon exposure to increasing concentrations of SMA(2:1). (B) Gel-to-fluid phase transition
temperature, T,,, of 5mM DMPC in the presence of increasing concentrations of SMA(2:1), SMA(3:1),

or DIBMA. SMA(3:1)/DMPC molar ratios were recalculated from Oluwole et al.'® using the dn/dc value
determined in this work (cf. Table 1). Vertical lines in the main panel indicate the SAT and SOL boundaries of
SMA(2:1) derived from NMR at 30°C (Fig. 1C). The same T}, values are shown as functions of polymer/DMPC
mass ratios in Supplementary Figure 1.

SMA copolymers, insertion of their planar phenyl moieties into the lipid bilayer is expected to make a substantial
contribution to the adsorption of the polymers onto the membrane?. This could render the membrane-adsorbed
state of SMA(2:1) relatively stable, thereby reducing the absolute value of AGSb_’m’“. By contrast, the bulky,
branched neopentyl moieties of DIBM A are less easy to intercalate among the lipid acyl chains, which may favour
the nanodisc-surrounding over the membrane-adsorbed state.

As noted above, comparisons among the three polymers on a molar basis need to be interpreted with caution,
since SMA(2:1) (M, =2.7kgmol ') is smaller than SMA(3:1) (M, =4.0kgmol ') and much smaller than DIBMA
(M, =8.4kgmol ). To account for these differences in molecular size, we converted the phase boundaries from
molar ratios (i.e., with units of mol/mol) to mass ratios (i.e., g/g). On this mass ratio scale, SMA(2:1) is the most
efficient solubiliser, followed by DIBMA and SMA(3:1) (Fig. 2C). The observation that SMA(2:1) has a higher
equilibrium lipid-solubilisation efficiency than SMA(3:1) is interesting in the light of a recent study'® report-
ing that, among several SMA variants, SMA(2:1) is the preferred choice for solubilising membrane proteins.
Specifically, three membrane proteins of different sizes, topologies, and functions have been shown to be most
efficiently solubilised by SMA(2:1) in terms of the total amounts, purities, and functionalities of the extracted
proteins'®. Moreover, our equilibrium solubilisation efficiencies correlate with the finding that SMA(2:1) is the
most efficient copolymer as regards the solubilisation kinetics of lipid vesicles'®. It should be noted that such a
correlation between equilibrium and kinetic results is not trivial, as will be discussed in more detail below (cf.
Figures 3B and 5F).

SCIENTIFICREPORTS|7:11517 | DOI:10.1038/541598-017-11616-z 9

29



www.nature.com/scientificreports/

A 25- B 0.4 B =5
] s
= 1 soL
i " S B R
QQ = 0.34F - =l R
s g L o I— — = "*polymer/DMPC
% 1.5 q:\c‘o/ é i
= T < ¥ £ 0.2
1.0 & g
o ] ?o‘\“o Q00 =4 ]
05 oans® £ 0.1-
J e g
| X =
0.0 T T T T k T K ! 0.0-

00 25 50 75 100 " SMA(2:1) SMA(3:1) DIBMA

@)
o
w

]

o
N
iy

LG

N
o
I
P
w3
[
o
9

=

L RpolymerfDlVlPC

-
w
1

-
o
1

MpolymerMpoPC (9/9)
(=]

(3]

1 M

1.5+ B a6
-AG b—m,o
S

2.0 s
SMA(2:1) SMA(3:1) DIBMA SMA(2:1) SMA(3:1) DIBMA

E 10° pH7.4 NaCl (mM) E 10° 200 mM NaCl
—_—— 0
—e— 50
—e— 100

_— 102; +150

E —e— 200

> ] —eo— 400

A

T

10" —

=
o

i | g I
0.1 0.2 0.3 0.4

(mol/mal) (mol/mol)

RSMA(2:1 )/POPC

RSMA(2:1 )/POPC

Figure 5. Solubilisation of POPC vesicles by SMA(2 1) at 25 °C as monitored by *'P NMR and DLS. (A) Phase
diagram of POPC/SMA(2:1) sh0w1n§ the onset (saturation; SAT) and completion (solubilisation; SOL) of
solubilisation. Shown are pairs of ¢g andcg” *OL (circles) obtained from breakpoints derived from local fits
and global fits (solid lines). (B) SAT and SOL phase boundaries of SMA(2:1), SMA(3:1), and DIBMA based on
copolymer/lipid molar ratios. For comparison, corresponding SAT and SOL phase boundaries determined for
DMPC (Fig. 2A) are indicated as dashed bars. (C) Transfer free energies of lipid and copolymers, AG|’ b=mo and
AGq L , respectively, as derived from phase boundaries in (B). (D) SAT and SOL phase boundarles of
SMA(2 1), SMA(3:1), and DIBMA based on copolymer/lipid mass ratios. For comparison, corresponding SAT
and SOL phase boundaries determined for DMPC (Fig. 2C) are indicated as dashed bars. (E) z- Average
diameters as functions of SMA(2:1)/POPC molar ratio at different NaCl concentrations. (F) z-Average
diameters as functions of SMA (2:1)/POPC molar ratio at pH values of 6.4, 7.4, and 8.3. Error bars denote peak
distribution widths as given by 0 = +/PDI z.
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Effects of ionic strength and pH on the equilibrium solubilisation efficiency of SMA(2:1). Ithas
been shown that both ionic strength?® and pH'> modulate the kinetics of membrane solubilisation by SMA(2:1).
However, no data are presently available that report on the effects of these two solution properties on the equi-
librium of SMA(2:1)- mediated lipid-bilayer solubilisation. Therefore, we titrated DMPC with SMA(2:1) in the
presence of 0-400 mM NaCl at pH 7.4 to study the influence of ionic strength and, in another set of experiments,
kept the NaCl concentration at 200 mM and monitored the solubilisation equilibrium at pH values of 6.4, 7.4,
and 8.3. Hydrodynamic particle sizes monitored by DLS (Fig. 3A) furnished two major observations when the
ionic strength of the buffer was varied: (i) Under subsolubilising conditions, where polymer-coated vesicles tend
to aggregate'®"%, the apparent particle diameters increased with NaCl concentration. This could be explained
by stronger salt screening of the repulsive Coulomb forces that must act among vesicles carrying polyanionic
copolymer chains, thus facilitating vesicle aggregation. However, it is important to point out that the increase in
particle size with ionic strength suggested by DLS might, at least in part, be only apparent. The calculation of par-
ticle sizes from diffusion coefficients is based on the assumption that the particles do not interact with each other.
At low ionic strength, this is a poor assumption; in fact, interparticle repulsion then will lead to an overestima-
tion of the diffusion coefficient and an underestimation of the particle size. Hence, the hydrodynamic diameters
obtained at elevated ionic strength might reflect the true particle sizes more closely than those determined in the
presence of low salt concentrations. (ii) Under conditions of complete solubilisation, there were no differences in
nanodisc size among different NaCl concentrations, with a smooth decrease in hydrodynamic diameter'” down
to ~10nm at SMA(2:1)/DMPC molar ratios in excess of ~0.3. Hence, the solubilisation of DMPC LUVs was not
significantly different at low ionic strength as compared with higher salt concentrations. In particular, no shift in
the SOL boundary was detected, as one might have expected from the fact that decreasing ionic strength slows
down the solubilisation process®.

Contrary to the lack of influence of ionic strength on DMPC solubilisation efficiency and nanodisc size,
we observed a pronounced effect upon varying the pH value at a constant salt concentration of 200 mM NaCl
(Fig. 3B,C). At pH 6.4, substantially higher concentrations of SMA(2:1) were required for solubilisation than
at pH 7.4, where solubilisation was, in turn, less efficient than at pH 8.3. This equilibrium behaviour is in stark
contrast with the kinetics of DMPC solubilisation by SMA(2:1), which becomes slower with increasingly alka-
line pH'". The latter observation has been attributed to the effect of pH on the conformation of the copoly-
mer'®; accordingly, SMA(2:1) becomes more charged and less hydrophobic with increasing pH, which results
in a more extended chain conformation stabilised by electrostatic repulsion, thereby reducing the driving force
for membrane adsorption and solubilisation. The present thermodynamic findings, however, suggest a differ-
ent, more nuanced picture of the important role of pH-dependent conformational properties of SMA(2:1) in
the lipid-solubilisation process: At elevated pH, the reduced effective hydrophobicity of SMA(2:1) appears to
slow down the solubilisation of phospholipids from vesicles; once solubilisation has occurred, however, the more
extended conformation of the copolymer chains allows for a more efficient encapsulation of solubilised lipids,
thereby lowering the minimum amount of SMA(2:1) required for complete solubilisation. In summary, the sol-
ubilisation of DMPC LUV by SMA(2:1) is slower but thermodynamically more efficient at moderately alkaline
than at neutral or slightly acidic pH values.

Influence of SMA(2:1) on the gel-to-fluid phase transition of phospholipids. Owing to its main
phase-transition temperature of T, ~ 24 °C, DMPC lends itself for analysing thermotropic lipid phase transitions
and, thus, membrane-perturbing effects of amphiphilic copolymers with the aid of DSC. Previous DSC studies of
DMPC in nanodiscs bounded by SMA(2:1)7, SMA(3:1)* %, or DIBMA'® have used various buffer conditions and,
more critically, different copolymer/lipid ratios, which impedes straightforward comparisons among the three
copolymers. Therefore, we investigated the concentration-dependent effects of SMA(2:1) on the thermotropic
phase behaviour of DMPC in more detail and compared them with those of SMA(3:1) and DIBMA under iden-
tical conditions.

In the absence of copolymer, a highly cooperative gel-to-fluid phase transition typical of DMPC LUVs was
observed at 24°C (Fig. 4A). In the presence of SMA(2:1), the thermograms were broadened, and the peak height
decreased by a factor of ~10. After a slight increase in T, at polymer/lipid ratios below R{**", there was only a
marginal downshift in T, to ~23 °C upon complete solubilisation of DMPC vesicles by SMA (2:1) (Fig. 4B). Above
RS™ o T,, monotonically decreased with increasing SMA(2:1) concentration, with a pronounced kink at an
SMA(2:1)/DMPC molar ratio of ~0.4, that is, well within the fully solubilised range. The initial increase in T,
reflects a stabilisation of the gel over the fluid phase, possibly caused by partial dehydration of the membrane
surface upon adsorption of the copolymer. Once solubilisation is complete, T, decreases because the lipid mole-
cules tend to pack more loosely in nanodiscs than in vesicles, which might be due to the intercalation of the
copolymer’s phenyl moieties* >. Among the three polymers, SMA(3:1) had the most drastic effect on T;,, (Fig. 4B,
inset), which suggests a stronger perturbation of lipid acyl-chain packing by this copolymer as compared with
SMA(2:1), which has a lower styrene content, and DIBMA, which contains no aromatic groups at all.

The DSC data also highlight two significant differences between polymer-based nanodiscs on the one hand
and nanodiscs bounded by membrane scaffold proteins (MSPs) on the other hand: First, lipid-bilayer nanodiscs
surrounded by amphiphilic copolymers generally exhibit reduced T, values indicative of a less densely packed
acyl-chain core, whereas MSP nanodiscs have slightly increased T;, values as compared with vesicular mem-
branes”. Second, unlike in the case of MSP-bounded nanodiscs®, repeated DSC scans of the same samples were
found to be highly reproducible for all three types of polymer-bounded nanodiscs (data not shown), attesting to
their pronounced thermal stability.

In addition to changes in T,,, the transition peak of SMA(2:1)/DMPC nanodiscs monotonously broadened
with increasing polymer concentration up to a copolymer/lipid molar ratio of ~0.4 (Fig. 4A). Such broadening
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Figure 6. SDS-PAGE showing the solubilisation of E. coli BL21(DE3) membranes by 10 mM (0.5% (w/v))
DDM, 9.3mM (2.5% (w/v)) SMA(2:1), 6.3mM (2.5% (w/v)) SMA(3:1), or 3.0mM (2.5% (w/v)) DIBMA. Buffer
conditions were 50 mM Tris, 200 mM NaCl, 20°C. Shown are the solubilised membrane-protein fractions after
removal of cell debris, intrinsically soluble proteins, and unsolubilised material by serial centrifugation. Data
for DDM, SMA(3:1), and DIBMA are reproduced from Oluwole et al.'® For clarity and conciseness, the gel was
cropped as indicated. The full-length gel is presented in Supplementary Figure 2.

has been reported for MSP nanodiscs®” as well as for nanodiscs surrounded by SMA(2:1)°, SMA(3:1)* %, and
DIBMA® and is readily explained by a decrease in the number of lipid molecules in the “cooperative unit” in
nanodiscs as compared with LUVs. In addition to this straightforward explanation, it should be kept in mind that
the thermotropic phase behaviour of DMPC molecules that are in close vicinity to the polymer rim most likely
differ drastically from that of “bulk” lipids. In an extreme scenario, such lipid molecules could be fluidised even
at the lowest experimental temperatures and, then, would be excluded from the observed phase transition. If the
thermotropic phase transition of peripheral lipids is not abolished but merely shifted to lower or higher tempera-
tures than that of lipid molecules in the nanodisc centre, the transition peak will be further broadened.

Solubilisation of unsaturated phospholipids by SMA(2:1). To more closely mimic biological mem-
branes containing unsaturated phospholipids, we also investigated the solubilisation of POPC LUV's by SMA(2:1).
POPC is an unsaturated zwitterionic phospholipid naturally present in most eukaryotic and some prokaryotic
cells®®, which therefore is often used as a model membrane lipid for in vitro research.

The pseudophase diagram of SMA(2:1) and POPC (Fig. 5A) reveals saturating and solubilising SMA(2:1)/
POPC molar ratios ofRsb’SAT =0.111 4 0.008 and R;“’SOL = 0.216 £ 0.006, respectively. Thus, both the SAT
and the SOL boundaries of SMA(2:1) are higher for POPC than for DMPC. Comparing these values with those of
SMA(3:1) and DIBMA on a molar concentration scale unveils only minor differences among their solubilisation
efficiencies (Fig. 5B). This is because of compensating differences in the transfer Gibbs free energies of POPC and
the three copolymers, as AG]I’_’ ™ is more unfavorable for SMA(2:1) than for SMA(3:1) and DIBMA, whereas
AGSI’_’ ™ is more favorable for SMA(2:1) than for SMA(3:1) and DIBMA (Fig. 5C). Again, a different picture
emerges when solubilisation efficiencies are compared on a mass concentration scale, which may be more relevant
for many practical applications: on this scale, it is apparent that SMA(2:1) is the most powerful solubiliser of
POPC bilayers, followed by SMA(3:1) and DIBMA (Fig. 5D). The most conspicuous result that emerges from a
comparison of POPC and DMPC solubilisation thermodynamics (Fig. 5B,D; dashed) is that the two SMA
copolymers are much less susceptible to the effect of chain unsaturation than is DIBMA. Presumably, the
increased lateral pressure® in the acyl-chain region of the lipid bilayer that is due to the presence of a double bond
in POPC has a more detrimental effect on the insertion of the bulky aliphatic side chains of DIBMA than on the
intercalation of the planar aromatic groups of SMA.

In contrast with the case of DMPC, the solubilisation efficiency of SMA(2:1) toward POPC was slightly
impaired at very low ionic strength, that is, in the absence of additional NaCl (Fig. 5E). Under such conditions,
the hydrodynamic particle diameter decreased more gradually than in the presence of higher NaCl concentra-
tions. In general, accumulation of a highly negatively charged polymer on or within a membrane will be facilitated
by higher ionic strengths because of electrostatic screening?. We hypothesise that, in the case of LUVs composed
of the saturated phospholipid DMPC, adsorption and penetration of SMA(2:1) into the lipid bilayer are so strong
that a decrease in ionic strength has no significant effect. By contrast, bilayer penetration should be more diffi-
cult in the case of POPC because of the increased lateral pressure in the acyl-chain region of the membrane®.
Thus, polymer adsorption is weaker at low ionic strengths but becomes stronger as the electrostatic repulsion is
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screened at higher salt concentrations. For POPC, we found the same pH dependence as observed for DMPC,
that is, the equilibrium solubilisation efficiency was lowest at pH 6.4 and highest at pH 8.3 (Fig. 5F).

Solubilisation of native E. coli membranes by SMA(2:1). Both SMA(3:1) and DIBMA solubilise a
broad range of membrane proteins directly from E. coli membranes but show different pH dependencies'®. After
evaluating the equilibrium efficiency of SMA(2:1) in solubilising model lipid vesicles, we were interested in testing
its performance on native membranes, which represent chemically heterogeneous, protein-containing targets.
While homogenous, well-defined model lipid vesicles enable a quantitative description of the thermodynamics of
solubilisation, the extraction of membrane proteins from biological membranes depends not only on their lipid
matrix, the composition of which is often poorly defined, but also on the types and contents of the many diverse
protein constituents. In general, the solubilisation behaviour of model membranes by detergents is, therefore,
not directly transferable to native membranes. This motivated us to extend our previous analysis of SMA(3:1)
and DIBMA" by determining the protein extraction yields of SMA(2:1) at pH 7.4 and 8.3 and compare them
with those of SMA(3:1) and DIBMA under identical conditions (cf. Experimental Section for details). Briefly,
we prepared E. coli membrane fragments, solubilised proteins, performed SDS-PAGE, and used densitometry to
quantify the total amounts of protein extracted by each of the three polymers (Fig. 6).

At both pH values, the protein-solubilisation yield of SMA(2:1) amounted to >90% relative to that of the
commonly used detergent #n-dodecyl-3-p-maltopyranoside (DDM). This underlines the excellent performance of
SMA(2:1) in solubilising native membranes, which affords protein yields 10-30% higher than those of SMA(3:1)
and DIBMA. Additionally, we found that the solubilisation yield of SMA(2:1) was >10% higher at pH 8.3 than
at pH 7.4, which correlates with the above observation that the lipid-solubilisation efficiency of SMA(2:1) under
equilibrium conditions is enhanced with increasing pH (Fig. 5F), although solubilisation is slower under such
alkaline conditions'®. On a broader note, this highlights the usefulness of in vitro lipid-bilayer studies, particularly
those performed under equilibrium rather than kinetically controlled conditions, for tuning the solubilisation of
more complex, biological membranes containing considerable amounts of proteins. In spite of the overall high
protein-extraction yields enabled by all three copolymers, it is also obvious that different copolymers solubilise
various proteins to different extents (Fig. 6). In particular, DIBMA tends to preferentially extract larger proteins
rather than smaller ones, which could be owed to the fact that this copolymer forms larger nanodiscs than the two
SMA variants'®. Finally, it should be noted that these protein-extraction trials were performed at polymer concen-
trations of 2.5% (w/v), which corresponds to the “default” concentration typically used in the literature' but is far
beyond the SOL boundaries determined using model lipid membranes (cf. Figure 2). Thus, it is conceivable that
lower polymer concentrations could be employed for membrane-protein extraction without compromising yield.

Summary and Conclusions

Amphiphilic copolymers that can solubilise proteins and lipids into nanoscale bilayer environments have recently
opened new avenues in membrane research. While various types of SMA have been used over the past few years,
there is a clear trend in the field to focus on SMA(2:1)". This motivated us to undertake a systematic characterisa-
tion of the equilibrium membrane-solubilisation behaviour of SMA(2:1) based on approaches previously applied
to SMA(3:1)'%' and DIBMA '8, Herein, we showed that

«  SMA(2:1) isan efficient solubiliser of lipid membranes, as indicated by low saturating and solubilising poly-
mer/lipid ratios and the corresponding vesicle-to-nanodisc transfer Gibbs free energies;

« experimental conditions are important determinants of solubilisation behaviour, as SMA(2:1) is, from a ther-
modynamic viewpoint, more efficient at pH 8.3 than at near-neutral pH values, even though the solubilisation
process is slower at elevated pH;

«  SMA(2:1) represents a milder membrane solubiliser than the more hydrophobic SMA(3:1) variant but is
harsher than the more hydrophilic, aliphatic copolymer DIBMA, as gauged from their effects on lipid ther-
motropic phase behaviour;

+ the total amounts of membrane proteins extracted from native E. coli membranes are highest for SMA(2:1),
although some proteins may be solubilised more efficiently or more mildly by DIBMA or, possibly, other
copolymers.
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Supplementary Figure 1. Gel-to-fluid phase transition temperatures, Ty, as functions of polymer/DMPC mass
ratios. The same T, values as functions of polymer/DMPC molar ratios are shown in Fig. 4B in the main text.
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Supplementary Figure 2. Full-length SDS-PAGE showing the solubilisation of E. coli BL21(DE3) membranes
by 10 mM (0.5% (w/v)) DDM, 9.3 mM (2.5% (w/A)) SMA(2:1), 6.3 mM (2.5% (w/v)) SMA(3:1), or 3.0 mM (2.5%
(w/v)) DIBMA. (A) Solubilised membrane-protein fractions (i.e., supernatants) after removal of unsolubilised ma-
terial by ultracentrifugation. Data for DDM, SMA(3:1), and DIBMA are reproduced from Oluwole et al. Angew.
Chem. Int. Ed. 56, 1919-1924 (2017). A cropped version of this gel is shown in Figure 6 of the main text. (B) Un-
solubilised membrane fragments (i.e., resuspended pellets) after ultracentrifugation for 1 h at 100,000 g. Note that
relative solubilisation yields are generally low under these conditions but increase with decreasing amounts of
E. coli membranes used for extraction. *Solubilisation trials performed at an elevated ionic strength of 500 mM
NaCl as compared with standard buffer conditions (i.e., 50 mM Tris, 200 mM NaCl, 20°C). Reduced protein-
extraction yields were most likely due to aggregation of SMA(3:1) at 500 mM NaCl (Scheidelaar et al. Biophys. J.

111, 1974-1986 (2016).



2.2. Associated results:

The composition of SMA(2:1) nanodiscs

In this section, the study of fluorescently labelled SMA(2:1) nanodiscs at near-physiological
conditions by size exclusion chromatography (SEC) is reported. In Manuscript 1, it was shown
that the solubilisation efficiency of SMA(2:1) decreases at acidic pH. Accordingly, herein, the
equilibrium composition of SMA(2:1) nanodiscs was elucidated by SEC at different pH values

and polymer/lipid molar ratios.
2.2.1. Experimental section

SEC was performed on an Akta Purifier 10 system equipped with a Superdex 200 Increase
10/300 GL column and a UV detector (both GE Healthcare, Freiburg, Germany) at 8°C. Samples
containing 4 mM large unilamellar vesicles (LUVs) formed by DMPC and 0.52-1.56 mM
SMA(2:1), corresponding to SMA(2:1)/DMPC molar ratios 0of 0.13, 0.2, 0.3, and 0.4, were used.
Bare SMA(2:1) samples at corresponding concentrations (i.e., in the absence of lipid) were
used as control samples. The polymer and respective nanodisc samples were prepared in
either Tris buffer (pH 7.4 or 8.3) or phosphate buffer (pH 6.4) and incubated for at least 16 h
at 8°C. Fluorescently labelled SMA(2:1) nanodiscs at a DMPC/NBD-PE (N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, Aex = 463 nm?°) ratio
of 98:2 mol% and a SMA(2:1)/lipid molar ratio of 0.3 were prepared as described in
Manuscript 2. The SEC column was equilibrated with 3 column volumes (CV) precooled buffer,
then 100 pL-aliquots of nanodiscs or polymer were injected at a flow rate of 0.5 mL/min. UV
absorbance was measured at 260 nm for SMA(2:1) detection and at 463 nm for NBD-PE
detection of labelled nanodiscs. Each sample was measured in triplicates. Fluorescently
labelled nanodiscs were collected in 250 plL-fractions. Then, the two resulting peaks in the SEC
profile were pooled, concentrated using Amicon tubes (Merck, Darmstadt, Germany) with a
10 kDa cut-off, and re-injected at a flow rate of 0.5 mL/min. To quantify the UV absorbance

for each sample, respective peaks were integrated.
2.2.2. The SMA(2:1) nanodisc elution profile

To monitor the elution behaviour of SMALPs at near-physiological conditions (50 mM Tris,

200 mM NaCl, pH 7.4) by SEC, SMA(2:1)/DMPC nanodiscs were fluorescently labelled using

the phospholipid NBD-PE. This enabled the simultaneous UV detection of the polymer at
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260 nm, caused by aromatic styrene moieties, and NBD-PE at 463 nm, corresponding to the
excitation wavelength Aex of NBD. It has to be noted that, herein, the detection of fluorescent

lipid was extrapolated to the total phospholipid content of the sample.

The polymer detection in SMA(2:1) nanodiscs (grey line) gave rise to two distinct peaks at
260 nm, a large peak at ~13 mL (peak 1) and a small peak at ~19 mL (peak 2) (Figure 2.1). At
identical conditions and concentrations, SMA(2:1) polymer (i.e., bare polymer without added
lipid) showed one large peak with a peak maximum at ~18 mL (green line), which is in close
agreement with the nanodiscs’ peak 2. NBD-PE absorbance at 463 nm showed a peak at the
same elution volume than nanodisc peak 1 (blue line). These findings demonstrate that, for
SMA(2:1) nanodiscs, peak 1 represents the nanodisc population, containing, under the given
conditions, approximately 60% of the polymer concentration and the total concentration of
labelled lipids, and, thus, the total phospholipid concentration. Peak 2 corresponds to a

fraction that contains excess or “free” SMA(2:1) copolymer, as previously shown.”®
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Figure 2.1. SEC elution profiles of fluorescently labelled SMA(2:1) nanodiscs and SMA(2:1) copolymer
as monitored by UV absorbance at 260 nm (grey and green line) and 463 nm (blue line) using a
Superdex 200 Increase 10/300 GL column at pH 7.4 and 8°C.
To further characterise the elution behaviour of SMA(2:1) nanodiscs, peak 1 and 2 were
collected, pooled, concentrated, and re-injected onto the column (Figure 2.2). Normalised
elution profiles showed that the re-injected nanodisc fraction (red line) and “free” polymer

fraction (purple line) elute at the same volume than the respective peaks of the total nanodisc
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sample (grey line). The monomodal size distribution of the re-injected nanodisc fraction is an
indicator that the nanodisc population is an inert fraction that is not in equilibrium with the
excess polymer fraction. Accordingly, peak 2 possibly represents an inactive polymer fraction,
that is, under the given experimental conditions, an SMA(2:1) fraction that does not interact

with the phospholipids and, thus, is not involved in the nanodisc formation.
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Figure 2.2. Representative and normalised SEC elution profiles at 260 nm of the total SMA(2:1)
nanodisc sample (grey line), the re-injected peak 1, corresponding to the nanodisc fraction (red line),
and the re-injected peak 2, corresponding to the “free” SMA(2:1) fraction (purple line).

2.2.3. pH-dependent SMA(2:1) nanodisc composition

In Manuscript 1, it was shown that the equilibrium solubilisation efficiency is pH-dependent.
In particular, a superior solubilising power of SMA(2:1) became apparent at slightly alkaline
pH. This finding aroused the interest in elucidating the effect of pH on SMA(2:1)/DMPC

nanodisc composition by SEC.

At all pH values, peak 1 shifted to larger elution volumes (V), and thus, to reduced molecular
weights (My), with increasing SMA(2:1)/DMPC molar ratios R (Figure 2.3.a—c). This
demonstrates the expected decrease in nanodisc size with increasing R or polymer
concentrations, as shown in Manuscript 1. For different R values and at a specific pH value,
peak 2 eluted at comparable V. Furthermore, the signal intensity of UV absorbance at 260 nm
increased with increasing R, because it is concentration-dependent and predominantly arises
from SMA(2:1).
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Figure 2.3. SEC elution profiles of SMA(2:1) nanodiscs for different SMA(2:1)/DMPC molar ratios, R,
and (a) pH 6.4, (b) pH 7.4, and (c) pH 8.3 as monitored by UV absorbance at 260 nm and 8°C. (d) “Free”
or excess SMA(2:1) content (%) compared with the amount of polymer involved in nanodisc formation,
as functions of pH and R.

At pH 6.4, the nanodisc sample of R = 0.13 eluted at the specific column exclusion volume of
~8 mL, indicating the presence of large particles such as vesicles or polymer/lipid aggregates.
This suggests that, under these conditions, nanodisc formation was not complete. At R = 0.2,
a bimodal distribution in the range of 8-15 mL became apparent, indicating the presence of
two distinct populations of non-solubilised vesicles and nanodiscs. With further increasing
polymer concentrations, the nanodisc peak became more pronounced and was shifted to
larger V, underlining the complete solubilisation and decrease in nanodisc size. To compare,
at pH 7.4, R =0.13 was the only nanodisc sample showing two peaks at 8-14 mL, whereas at
pH 8.3, a unimodal distribution was observed at R = 0.13, revealing the complete solubilisation
of vesicles at low R. It has to be noted that at pH 7.4 and at 30°C (i.e., above the phase
transition temperature, Tm, of DMPC), R =0.13 corresponds to the SOL boundary of liquid-
crystalline SMA(2:1)/DMPC mixtures, as determined in Manuscript 1. It was previously shown
that the solubilisation of gel-phase DMPC by SMA(3:1) is more efficient than at liquid-

crystalline DMPC.*° Here, SEC experiments were performed below Tn, at 8°C, it is thus very
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plausible that the SOL boundary was shifted to lower polymer concentrations than at 30 °C.
Nevertheless, the findings are in close agreement with DLS data performed at 30°C in the
course of the manuscript, showing that at pH 8.3, the solubilisation set in at lower polymer

concentrations than at pH 7.4 and 6.4.

At a specific R value, the elution volume of peak 2, corresponding to “free” polymer, was
shifted from ~21 mL at pH 6.4 to ~18.5 mL at pH 8.3. At alkaline pH, SMA(2:1) adapts an
extended chain conformation due to the repulsive forces of anionic maleic acid moieties, and
thus, elutes at a smaller V (i.e., larger M) than the collapsed SMA(2:1) polymer chains at acidic

pH values.?®

A quantitative analysis of the SEC elution profiles was performed by integration of the total
UV absorbance and subsequent calculation of the “free” SMA(2:1) content compared with the
polymer concentration involved in nanodisc formation (Figure 2.3.d). It was found that, for all
pH values, the “free” polymer content increased with elevated R. Furthermore, at identical R,
excess SMA(2:1) concentrations increased from acidic to alkaline pH. These findings suggest
that more polymer is involved in nanodisc formation at pH 6.4 than at pH 8.3. Again, this can
be explained by Coulombic screening of the polymers’ negative charges at acidic pH that leads
to a compact conformation and, thus, a reduced membrane affinity. Accordingly, it is
suggested that the increased polymer concentration involved in nanodisc formation also

causes the increased nanodisc size at acidic pH.

Although the total UV absorbance of nanodiscs was expected to be constant at specific R over
the pH range, an increase of 10—-30% from pH 6.4 to 8.3 was observed. To exclude polymer
concentration differences over the pH range, concentrations of SMA(2:1) stock solutions
were, after concentration determination by refractometry, validated by UV/VIS spectrometry
(data not shown). There are, however, two plausible explanations for the observed
differences. First, absorption spectra are dependent on the chemical environment of the
chromophore, which is, in this case, SMA(2:1).8¢ Accordingly, solvent properties such as pH or
the close vicinity of polymer and phospholipids in nanodiscs can cause an absorbance shift.
Second, a common drawback of SEC is the unspecific binding of proteins or other sample
constituents to the column matrix.8” At acidic pH, SMA(2:1) might more strongly interact with
the column material or partially precipitate and, thus, no longer contribute to the UV

absorbance detected by SEC. Arginine might be an effective additive to reduce these
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unspecific interactions.®88% Nevertheless, it can be concluded that the decrease in total UV
absorbance does not entirely compensate the pH-dependent effect on SMA(2:1) composition.

Accordingly, the observed effect might be less pronounced or attenuated by column

interactions, but still stays valid.
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3. Lipid transfer behaviour and effective charge of SMA(2:1)
nanodiscs

Summary (Manuscript 2)

Time-resolved Forster resonance energy transfer (TR-FRET) was used to quantify the lipid
transfer kinetics of SMA(2:1)-bounded nanodiscs. To this end, fluorescently labelled and
unlabelled SMA(2:1)/DMPC nanodiscs were mixed, leading to a random distribution of the
FRET pair NBD-PE and Rh-PE among the total nanodisc concentration. As a result, NBD-PE
emission was dequenched and the donor fluorescence emission increased. It was shown that,
similarly to SMA(3:1) nanodiscs, lipid molecules are predominantly transferred by nanodisc
collisions. Interparticle diffusion through the agueous phase only plays a significant role at low
lipid concentrations. At similar conditions, collisional lipid transfer among SMA(2:1) nanodiscs
was 40-fold slower than among SMA(3:1) nanodiscs. This is explained by the increased charge
density of SMA(2:1) over SMA(3:1), leading to stronger Coulombic repulsions among polymer

chains, and thus, less frequent collisions among SMA(2:1) nanodiscs.

Furthermore, the effect of ionic strength, /, on collisional lipid transfer of SMA(2:1) nanodiscs
was studied. Accordingly, TR-FRET of SMA(2:1) nanodiscs was measured in the presence of 50,
100, 200, or 400 mM NaCl. With increasing NaCl concentrations, and thereby, ionic strength /,
the NBD-PE dequenching rate increased. This finding was expected, because decreasing
Coulombic repulsions of the polymer’s carboxylate groups leads to an increased nanodisc
collision rate and thus accelerates their lipid transfer. To quantitatively describe this behaviour
and yield effective nanodisc charge numbers, the collisional lipid-exchange rate constant, kcol,
was fitted as a function of / using the Debye—Hiickel limiting law and various extended
versions. Best-fit curves showed that the Debye—Hiickel limiting law describes the curve only
reasonably well at low salt concentrations. An empirical extension, the Davies equation, is also
valid at higher I and thus described the increase in kobs better than the Debye—Hiickel limiting
law. From the Davies equation, the effective nanodisc charge number yielded z=-3.6 + 0.4.
This result should however be interpreted with caution, because the equation is based on
various assumptions that are invalid for polyanionic nanodiscs, such as the point charge
description of the central ion. Therefore, another extension of the Debye—Hckel limiting law
that takes into account the finite size of the nanodiscs was employed, yielding a reasonably

good agreement between experimental and fitted data with an effective nanodisc charge of
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z=-33 +11. Although this approximated effective charge is still one order of magnitude lower
than the expected nominal charge, it is more realistic than the nanodisc charge obtained by
the Davies equation. This is because the effective nanodisc charge represents the local charge

at the region of impact upon collision rather than the global nanodisc charge.

Finally, kobs values of different membrane-mimetic systems were compared. Collisional lipid
transfer was, as described earlier, two orders of magnitude slower among SMA(2:1) nanodiscs
than among SMA(3:1), but still two to three orders of magnitude faster than among nanodiscs
surrounded by a membrane scaffold protein (MSP) or large unilamellar vesicles (LUVs). This
underlines that, in general, SMA nanodiscs are highly dynamic rather than kinetically trapped

assemblies.
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Abstract

Styrene/maleic acid (SMA) and related copolymers are attracting great interest because they solubilise membrane proteins
and lipids to form polymer-encapsulated nanodiscs. These nanodiscs retain a lipid-bilayer core surrounded by a polymer
rim and can harbour a membrane protein or a membrane-protein complex. SMA exists in different styrene/maleic acid
molar ratios, which results in differences in hydrophobicity and solubilisation properties. We have recently demonstrated
fast collisional lipid transfer among nanodiscs encapsulated by the relatively hydrophobic copolymer SMA(3:1). Here, we
used time-resolved Forster resonance energy transfer to quantify the lipid-transfer kinetics among nanodiscs bounded by
SMA(2:1), aless hydrophobic copolymer that is superior in terms of lipid and membrane-protein solubilisation. Moreover,
we assessed the effects of ionic strength and, thereby, the role of Coulombic repulsion in the exchange of lipid molecules
among these polyanionic nanodiscs. Collisional lipid transfer was slower among SMA(2:1) nanodiscs (k.,; = 5.9 M™'s™!)
than among SMA(3:1) nanodiscs (k. =222 M~!s7!) but still two to three orders of magnitude faster than diffusional lipid
exchange among protein-encapsulated nanodiscs or vesicles. Increasing ionic strength accelerated lipid transfer in a man-
ner predicted by the Davies equation, an empirical extension of the Debye—Hiickel limiting law, or an extended equation
taking into account the finite size of the nanodiscs. Using the latter approach, quantitative agreement between experiment
and theory was achieved for an effective nanodisc charge number of z ~-33, which is an order of magnitude less than their
nominal overall charge.

Keywords Davies equation - Debye—Hiickel theory - Lipid exchange - Polymer nanodiscs - SMALPs

Introduction etal. 2012; Dorr et al. 2016). Owing to these advantageous

properties, SMALPs are increasingly recognised as a prom-
Various styrene/maleic acid (SMA) copolymers (Tonge  ising platform for rendering membrane proteins amenable
and Tighe 2001) are able to solubilise membrane proteins  to structural (Bersch et al. 2017; Broecker et al. 2017; Par-
from native or artificial membranes to form SMA-bounded  mar et al. 2017), biophysical (Orwick-Rydmark et al. 2012;
nanodiscs consisting of proteins, lipids, and a copolymer  Dérr et al. 2014), and functional (Gulati et al. 2014; Logez
belt (Knowles et al. 2009). These nanodiscs or SMA/lipid et al. 2016) characterisation in a native-like environment.
particles (SMALPs) retain a lipid bilayer core, and their for-  More recently, diisobutylene/maleic acid (DIBMA) has
mation is independent of conventional detergents (Orwick  been shown to solubilise membrane proteins in a similar
but milder fashion and to be compatible with UV spectros-
copy and divalent cations (Grethen et al. 2017; Oluwole
etal. 2017).

Rather than being static, kinetically trapped assemblies,
SMALPs have turned out to be highly dynamic colloids that
readily exchange membrane proteins and lipids. For instance,
polymer-bounded nanodiscs can be used to transfer mem-
brane proteins to a lipidic cubic phase for crystal growth and

4 Sandro Keller
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Anne Grethen
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' Molecular Biophysics, Technische Universitiit Kaiserslautern subsequent structure determination by X-ray crystallography
(TUK), Erwin-Schrodinger-Str. 13, 67663 Kaiserslautern, (Broecker et al. 2017). Along the same lines, phospholipid
Germany
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molecules embedded in these nanodiscs can re-integrate
into large unilamellar vesicles (LUVs) (Cuevas Arenas et al.
2016) or lipid monolayers at the air/water interface (Hazell
et al. 2016). Recently, we have observed fast collisional lipid
transfer among nanodiscs bounded by SMA(3:1), that is, a
rather hydrophobic copolymer variant having a 3:1 molar
ratio of styrene to maleic acid moieties (Cuevas Arenas et al.
2017). The exchange of lipids among SMA(3:1) nanodiscs is
fast not only relative to other bilayer-forming colloids such
as LUVs or protein-encapsulated nanodiscs but also on an
absolute scale, considering that, owing to the many carboxy-
late groups in SMA, SMALPs are polyanionic particles that
must experience substantial Coulombic repulsion.

To date, no lipid-exchange experiments have been
reported for SMA(2:1), which is a more efficient solubiliser
of both lipids (Grethen et al. 2017) and proteins (Morrison
et al. 2016; Grethen et al. 2017) and, therefore, is emerg-
ing as the default copolymer for membrane-protein stud-
ies (Lee et al. 2016). Owing to its composition, SMA(2:1)
is less hydrophobic and has an even higher charge density
than SMA(3:1), which is expected to slow down the colli-
sional exchange of phospholipids. To test this hypothesis and
unravel the role of Coulombic repulsion, we explored the
effect of ionic strength on the lipid-transfer kinetics among
SMA(2:1) nanodiscs containing the zwitterionic phospho-
lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).
To this end, we used time-resolved Forster resonance energy
transfer (TR-FRET) to quantify the lipid-exchange kinet-
ics at different NaCl concentrations. Our results show that
lipid exchange among SMA(2:1) nanodiscs is slower than
among SMA(3:1) nanodiscs but still much faster than among
other bilayer-based membrane mimics and that increas-
ing ionic strength enables faster collisional lipid transfer
as best described by the Davies equation and an extended
Debye—Hiickel equation accounting for the finite size of the
nanodiscs.

Materials and Methods
Materials

DMPC was a kind gift from Lipoid (Ludwigshafen, Ger-
many), N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihex-
adecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE)
was obtained from Fisher Scientific (Schwerte, Germany),
and N-(lissamine rhodamine B sulphonyl)-1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine (Rh-PE) from
Biotium (Fremont, USA). SMA(2:1) copolymer solu-
tion (hydrolysed from styrene/maleic acid anhydride 2:1,
tradename XIRAN SZ30010) was a kind gift from Poly-
scope (Geleen, Netherlands). Chloroform was from Fisher
Scientific, NaCl from VWR (Darmstadt, Germany), and

@ Springer

tris(hydroxymethyl)aminomethane (Tris) from Carl Roth
(Karlsruhe, Germany). All chemicals were obtained in the
highest purity available.

Preparation of SMA(2:1) Stock Solution

SMA(2:1) is a random copolymer with a styrene/maleic
acid molar ratio of 2:1, a mass-average molar mass of
M, =7 kg mol™!, a number-average molar mass of M,
= 2.7 kg mol~!, and, thus, a dispersity of M /M, =2.6.
Stock solutions of SMA(2:1) were prepared as described
elsewhere (Vargas et al. 2015; Cuevas Arenas et al. 2016;
Grethen et al. 2017). Briefly, 3 mL of SMA(2:1) copoly-
mer solution was dialysed against buffer (S0mM Tris, pH
7.4) using a 5-mL QuixSep dialyser (Membrane Filtra-
tion Products, Seguin, USA) and a Spectra/Por 3 dialysis
membrane (Spectrum Laboratories, Rancho Dominguez,
USA) with a molar-mass cut-off of 3.5 kg mol~'. Dialy-
sis was performed for 24-36 h under gentle stirring with
buffer exchange after 16 h. Dialysed SMA(2:1) was filtered
through a 0.22-uym poly(vinylidene fluoride) (PVDF) filter
(Carl Roth, Karlsruhe, Germany). Final SMA(2:1) concen-
trations were determined by refractometry on an Abbemat
500 (Anton Paar, Graz, Austria) using a molar refractive
index increment of dn/dc=0.53 M~'. Samples were stored
at room temperature (~ 20 °C).

Preparation of SMA(2:1) Nanodiscs

Fluorescently labelled SMALPs were produced by sus-
pending dry lipid powders in chloroform and mixing these
solutions in a dark glass vial at 98:1:1 mol% of DMPC,
NBD-PE, and Rh-PE, respectively. At this mixing ratio,
NBD-PE emission (4., =475 nm, 4., =530 nm) is efficiently
quenched by FRET to Rh-PE (4, =560 nm, 4_ =582 nm)
(Nichols and Pagano 1982). The lipid mixture was dried in
a rotary evaporator at 60 °C and 20 kPa for 2 h and incu-
bated in a desiccator at room temperature and 5 Pa for 16 h
to remove traces of chloroform. The dry lipid film was
suspended in 2.4 mL buffer (50 mM Tris, pH 7.4), and 10
freeze/thaw cycles were performed to produce multilamellar
vesicles (MLVs). A stock suspension of labelled SMALPs
was formed by incubating the MLVs with SMA(2:1) at
30 °C for 16 h to yield final concentrations of 14.9 mM total
lipid and 2.4 mM SMA(2:1). These concentrations corre-
spond to an SMA(2:1)/lipid molar ratio of 0.16, which is
above the minimal ratio required for complete solubilisa-
tion (Grethen et al. 2017). To produce a stock suspension
of unlabelled SMALPs, DMPC powder was suspended in
bufter (50 mM Tris, pH 7.4) and thoroughly mixed to pro-
duce DMPC MLVs without fluorescent lipids. These MLVs
were solubilised at 30 °C for 16 h to yield final concen-
trations of ~45 mM DMPC and ~7 mM SMA(2:1), which
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corresponds to an SMA(2:1)/lipid molar ratio of ~(.16. For
each measurement series, labelled SMALPs were diluted to
a final concentration of 0.5 mM total lipid and unlabelled
SMALPs to final concentrations of 30, 20, 10, 5, 2.5, 1,
and 0.5 mM DMPC. During this dilution step, NaCl was
added from a buffered stock solution (2 M NaCl, 50 mM
Tris, pH 7.4) to reach final NaCl concentrations of 50,
100, 200, or 400 mM. To confirm complete solubilisation,
dynamic light scattering (DLS) experiments were performed
on a Zetasizer Nano S90 (Malvern Instruments, Malvern,
UK) coupled to a 633 nm He—Ne laser and a photodetector
mounted at an angle of 90°. Measurements were carried out
in a 45-ul. quartz glass cuvette with a 3 mm X 3 mm cross-
section (Hellma Analytics, Miillheim, Germany) at 30 °C.
These measurements yielded z-average particle sizes and
associated size-distribution widths of (24 +£4) nm for both
labelled and unlabelled SMALPs at all NaCl concentrations.
We have previously shown that the hydrodynamic diameters
of SMALPs are independent of ionic strength (Grethen et al.
2017).

TR-FRET

TR-FRET was performed on an SF.3 stopped-flow apparatus
(Applied Photophysics, Leatherhead, UK) coupled to a right-
angle photomultiplier. NBD-PE was excited by a (470 + 20)
nm light-emitting diode (LED) with the current set to 20 mA
using a 2.0-OD attenuator to prevent fluorophore bleaching.
Fluorescence emission was blocked below 513 nm and above
543 nm with a TECHSPEC OD 6 band-pass filter having a
centre wavelength of 527 nm (Edmund Optics, Karlsruhe,
Germany). The drive syringes, tubes, and quartz cuvette
were thermostatted at 30 °C, and samples were equilibrated
for at least 10 min prior to each measurement. 75-pL aliquots
of unlabelled SMALPs at DMPC concentrations of 30, 20,
10, 5, 2.5, 1, or 0.5 mM were mixed with equal volumes of
labelled SMALPs harbouring 0.5 mM total lipid in a 20-pL
quartz glass cuvette with a 2 mm X 2 mm cross-section. After
each mixing step, 10,000 data points were acquired with an
integration time of (.2-6 ms. At each lipid concentration,
3-8 traces were recorded and averaged. Four measurement
series at 50, 100, 200, and 400 mM NaCl were performed.

Theoretical Background
Kinetics of Phospholipid Exchange Among SMALPs

Lipid transfer among nanoparticles can take place through
(i) desorption of lipid monomers and interparticle diffu-
sion through the aqueous phase (Nichols and Pagano 1981,
1982; Nichols 1985) and (ii) lipid exchange through parti-
cle collisions (Nichols 1988; Fullington et al. 1990; Jones

and Thompson 1990; Fullington and Nichols 1993). If the
particles that exchange lipid molecules are identical in size
and shape, the observed diffusional rate constant can be writ-
ten as (Nichols 1988; Fullington et al. 1990; Fullington and
Nichols 1993)

kgircL

k o) ==t
obs.dif(CL) @ e (0
where kg is the diffusional lipid-exchange rate constant and
¢f and ¢ are the bulk solution concentrations of lipid in the
donor and acceptor populations, respectively. For second-
order (“bimolecular™) collision-dependent lipid transfer, the

observed collisional rate constant is

kobs,col(CL) = kcolCL (2)
where k_,, is the second-order collisional lipid-exchange rate
constant. If both of the above-mentioned mechanisms con-
tribute to the kinetics of lipid transfer, the overall observed
lipid-exchange rate constant is given by the sum of Egs. (1
and 2) (Nichols 1988; Fullington et al. 1990; Fullington and
Nichols 1993)

kgirCr,

kopslcr) = &+ + keoiCr- 3)

For SMA(2:1) nanodiscs at different ionic strengths,
inclusion of higher-order collisional events in the model
did not further improve the fit, suggesting that simultane-
ous collisions of more than two SMALPs can be neglected.
Furthermore, the collisional lipid-exchange rate constant
based on lipid concentrations was converted to the corre-
sponding rate constant referring to particle (i.e., SMALP)
concentrations to allow for comparison with the diffusion

limit (Cuevas Arenas et al. 2017).
Concentration-Dependent TR-FRET

When fluorescently labelled and unlabelled SMALPs are
mixed, NBD-PE and Rh-PE molecules redistribute among
all available SMALPs. This dilution of the fluorescent probes
leads to a decrease in FRET efficiency and a dequenching of
donor emission, which manifests in an exponential increase
in the fluorescence emission intensity of NBD-PE at 530 nm
according to

Fity=F_, +e "' (Fy—F,) +mt. (4)

Here, F (1) is the intensity at time #; F; and F_, are the
baseline-corrected original and final intensities, respectively;
and m is the slope of the final baseline, which accounts for
linear signal drift at long times. For global data analysis,
Eq. (3) was inserted into Eq. (4) to yield
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In this fitting equation, ky; and k,, are global fitting
parameters, whereas F, F, and m are local (i.e., ¢ -spe-
cific) fitting parameters. Best-fit parameter values and 95%
confidence intervals were derived by nonlinear least-squares
fitting in Excel spreadsheets (Kemmer and Keller 2010).

Dependence on lonic Strength

The primary kinetic salt effect (Brgnsted 1922; Brgnsted and
Teeter 1923; Bjerrum 1924) predicts k_ to depend on the
ionic activity coefficient, y, of the nanodiscs. Simple elec-
trostatic theories of ionic solutions (see below) take log(y) to
be proportional to the square of the ionic charge number, z.
Then, the primary kinetic salt effect is reflected in a simple

expression of the form
: ) — 2log(y)

i) o

where kgnl is the hypothetical collisional lipid-exchange rate
constantaty=1.

Within the Debye—Hiickel limit (Debye and Hiickel
1923), y depends on the ionic strength of the solution, 7,
and, thus, on the NaCl concentration according to

k(l
col

Mg~

col

M5!

(©)

log(y) = —AZ2V1 (7

with A=0.516 L'? mol~"? at 30 °C (Bergethon 2010).
Inserting Eq. (7) into Eq. (6) yields the Brgnsted—Bjerrum
equation (Brgnsted and Teeter 1923; Bjerrum 1924)

0
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):bg(mk

_]S
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(
10g
M
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®)

The Debye—Hiickel limiting law as embodied in Eq. (8)
typically provides reasonably good approximations only for
I<10 mM, whereas the empirical extensions of Eq. (7) sug-
gested by Guggenheim (1935) and Davies (1938) hold also
at higher salt concentrations up to /=500 mM. Specifically,
the Davies equation (Davies 1938) reads

VI

\/_ - 0.2]).

1+ 1

log(y) = —Azl( 9

Using a factor of 0.3 instead of 0.2 in the last term of
Eq. (9), as later suggested by Davies (1962), had no sig-
nificant effect on the best-fit values of z and kgm (data not
shown). Inserting Eq. (9) into Eq. (6) thus leads to a modi-

fied expression of the form
) + ZAZE(

~

kO

col

M 1s-!

Vi

\/_ —0.2]).

L+ /1
(10)
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Both the original Debye—Hiickel limiting law and the
Davies equation rely on point-charge assumptions. By
contrast, another extension of the Debye—Hiickel equation
accounts for the finite size of the nanodiscs, resulting in
(Bergethon 2010)

—AZ2T

1+ Br/I

with B=3.30 nm~! L2 mol="2 at 30 °C and r=12 nm being
the SMALP radius. Inserting Eq. (11) into Eq. (6) leads to
the following expression

A2V

k 7=
log( cal ) = log + 2 )
M~ !5 1+ Bry/I

_]S

This equation is valid only at low ionic strengths of
I <100 mM. Therefore, we tried replacing the \/} term in
Eq. (12) by the Davies term in Eq. (9), which, however, had
no significant effect on the quality of the fit and the best-fit
values of z and kgol (data not shown).

With the aid of either Eqs. (8, 10, or 12), best-fit param-
eter values and 95% confidence intervals of kgnl and z were
derived by nonlinear least-squares fitting of k_,, as a function

col

of I in Excel spreadsheets (Kemmer and Keller 2010).

log(y) = (11

k(l
col

M~ lg-1

(12)

Diffusion-Limited Collisional Lipid Transfer

In order to estimate the lipid-exchange efficiency during
SMALP/SMALP collisions, we calculated the diffusion-
limited collisional rate constant that would be applicable to
nonionic particles, which is described by the Stokes—Ein-
stein—Smoluchowski equation (Kuriyan et al. 2012):

8RT

k R D
3n

col,max — (13)
where R denotes the universal gas constant; T the absolute
temperature; and » the dynamic viscosity of the buffer.

Results and Discussion

Since SMA(2:1) considerably differs from SMA(3:1)
(Grethen et al. 2017) and has emerged as the most popular
copolymer for membrane-protein solubilisation (Lee et al.
2016), we set out to quantify the kinetics of lipid exchange
among SMA(2:1) nanodiscs for comparison with earlier
results obtained on SMA(3:1) (Cuevas Arenas et al. 2017)
and to elucidate the effect of ionic strength on the kinetics
of collisional lipid transfer.
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Lipid Transfer Among SMA(2:1) Nanodiscs

Lipid transfer among nanoparticles in general can occur
through two major mechanisms, both of which significantly
contribute to the observed rate constant, &, (Eq. 3). On the
one hand, interparticle diffusion of lipid monomers through
the aqueous phase plays a dominant role at low lipid con-
centrations (Eq. 1) (Nichols and Pagano 1981, 1982; Nichols
1985). On the other hand, lipid exchange through particle
collisions manifests in a second-order kinetic contribution
that becomes dominant at higher lipid concentrations (Eq. 2)
(Nichols 1988; Fullington et al. 1990; Jones and Thompson
1990; Fullington and Nichols 1993).

We used TR-FRET to quantify the lipid-exchange kinet-
ics among SMA(2:1) nanodiscs and to disentangle the con-
tributions of the above-mentioned mechanisms. NBD-PE
and Rh-PE form an efficient FRET pair when co-localised
within the same nanodisc, but mixing with unlabelled nano-
discs leads to a redistribution of the fluorescent probes and
dequenching of NBD-PE emission. Following this ration-
ale, we observed a fast increase in the emission intensity of
the NBD-PE donor when mixing labelled and unlabelled
nanodiscs at various concentrations of unlabelled lipids at
30 °C in the presence of 200 mM NaCl (Fig. la). Local
fits revealed k,,, values very similar to those retrieved from
a global fit across all lipid concentrations used, showing a
linear increase in k,, except at the lowest lipid concentra-
tions tested, where a downward curvature was discernible
(Fig. 1b). Global data analysis returned a best-fit value and
a 95% confidence interval of the collisional lipid-trans-
fer rate constant of k. = (5.85+0.03) M~! 5!, which is
~40-fold lower than the corresponding value determined
for SMA(3:1) nanodiscs (k. = 222 M~ s™!) under identi-
cal conditions (Cuevas Arenas et al. 2017). The diffusional
rate constant, kg, for SMA(2:1) nanodiscs amounted to
~0.0039 s~!, which is ~75-fold smaller than the value for
SMA(3:1) nanodiscs (kg = 0.29 s~!). We refrained from a
more precise determination of kg and instead focussed on
scrutinising the kinetics of collisional lipid transfer because
the latter played a dominant role at all except the lowest lipid
concentrations, that is, below 0.50 mM (Fig. 1c).

The difference in k_,, between the two copolymer variants
under otherwise identical conditions can be explained by
the higher charge density on SMA(2:1) as compared with
SMA(3:1), which leads to increased electrostatic repulsion
and, thus, less frequent collisions among SMA(2:1) nano-
discs. The smaller value of ky; in the case of SMA(2:1) can
be explained by the observation that the lipid-bilayer archi-
tecture is better preserved by SMA(2:1) than by SMA(3:1).
It has been shown (Grethen et al. 2017) that SMA(3:1) has
a more drastic effect than SMA(2:1) on the thermotropic
lipid phase transition in polymer-encapsulated nanodiscs,
which suggests a stronger perturbation of acyl-chain packing
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Fig.1 Lipid exchange among fluorescently labelled and unlabelled
SMA(2:1) nanodiscs at 200 mM NaCl as monitored by TR-FRET at
30 °C. a Normalised NBD-PE fluorescence emission, AF(t)/AF,,..
as a function of time, ¢, after mixing labelled SMALPs at a total final
lipid concentration of 0.25 mM with unlabelled SMALPs at vari-
ous ¢;. Shown are experimental data (coloured dots) and a global fit
(black lines) based on Eq. (5). b Lipid-exchange rate constants, k.
derived from local fits to data in panel a according to Eq. (4) (circles)
and derived from a global fit (green line) according to Eq. (5). Error
bars are 95% confidence intervals of local fits. ¢ Absolute contribu-
tions of diffusional and collisional lipid-exchange processes to £,
(Color figure online)

obs*

in the former case. Packing defects in the bilayer decrease
the free-energy barrier for a lipid molecule to desorb from
the bilayer, which is thought to be the rate-limiting step in
the process of diffusional lipid exchange (Aniansson et al.
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1976; Nichols 1985; Jones and Thompson 1990). Thus, the
tighter and more “native-like” packing of lipids in nanodiscs
surrounded by SMA(2:1) should impede the desorption of
lipid monomers and, thereby, slow down the diffusional con-
tribution to interparticle lipid exchange as compared with
SMA(3:1), which has a more deleterious effect on bilayer
architecture.

Role of Coulombic Repulsion in Collisional Lipid
Transfer Among Polyanionic Nanodiscs

Raising the salt concentration is expected to enhance Cou-
lombic shielding of the carboxylate groups of SMA(2:1),
which should accelerate collisional lipid exchange among
SMALPs. Following this rationale, we repeated TR-FRET

AF(IAF,,

knbs (3_1)

Cract (MM)

R 50
10 100
200
2 400
10 1 ’ 1 d I 4 1
0 5 10 15
¢, (mM)

Fig.2 Lipid exchange among fluorescently labelled and unlabelled
SMA (2:1) nanodiscs at different ionic strengths as monitored by TR-
FRET at 30 °C. a Normalised NBD-PE fluorescence emission, AF(¢)/
AF,,.« as a function of time, ¢, after mixing labelled SMALPs with
unlabelled SMALPs at a total lipid concentration of 5 mM in the
presence of 50, 100, 200, or 400 mM NaCl. Shown are experimental
data (coloured dots) and global fits across all lipid concentrations at
a given NaCl concentration (black lines). b Observed lipid-exchange
rate constants, k... at different NaCl concentrations derived from
local fits (circles) and global fits (solid lines). Error bars are 95%
confidence intervals of local fits. ¢ Collisional lipid-exchange rate

constants, k., as functions of NaCl concentration, ¢y,c. Shown are

@ Springer

experiments such as those shown above (Fig. 1) at different
ionic strengths, namely, in the presence of 50, 100, 200, or
400 mM NaCl. As expected, at a given lipid concentration,
we observed a monotonous increase in the dequenching rate
of NBD-PE with increasing NaCl concentration (Fig. 2a).
This dependence was reflected in local and global fits, as
ks increased with increasing NaCl concentration across the
entire range of lipid concentrations tested (Fig. 2b). Table 1
summarises the ky;; and &, values at the different NaCl con-
centrations tested.

To quantitatively capture the dependence of collisional
lipid exchange on NaCl concentration and, thereby, on ionic
strength, we fitted k_, as a function of / on the assumptions
of either the Debye—Hiickel limiting law for low values of
I (Eq. (8); Fig. 2c, grey solid and dashed lines), the Davies

c 10°
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1 b I by 1 L I ¥
100 200 300 400

Cnact (MM)

SMA(3:1)

SMA(2:1)

MSP
LUV

10" 10° 10’

10°
¢, (mM)

experimental data (circles) and fits based on Eq. (8) fitted to the entire
dataset (grey solid line), Eq. (8) excluding the k_, value at ¢y, =
400 mM (grey dotted line), Eq. (10) fitted to the entire dataset (red
solid line), or Eq. (12) fitted to the entire dataset (green solid line). d
Overall lipid-exchange rate constants, &, as calculated from Eq. (5)
using data from this work and previous publications (Cuevas Are-
nas et al. 2017). Membrane-mimetic systems include nanodiscs
bounded by SMA(3:1) at 200 mM NaCl (Cuevas Arenas et al. 2017),
SMA(2:1) (this work, colour code corresponds to the one in panels a
and b), or MSP (Nakano et al. 2009), and LUVs (Nakano et al. 2007).
(Color figure online)
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Table 1 Diffusional rate
constants, kg, and second-order

collisional rate constants, k.
characterising lipid transfer
among SMA(2:1) nanodiscs at
50, 100, 200, and 400 mM NaCl
and SMA(3:1) nanodiscs at
200 mM NaCl. Given are best-
fit values and 95% confidence
intervals

System Cngey (MM) ke (571 koo M~Ls7h Ref.
SMA(2:1)/DMPC nanodiscs 50 24x107* + 2% 107 0.37+0.24 *
100 93x107" + 7x107° 1.3+ 0.004 *
200 39%107 £3%x107° 5.9+0.03 #
400 1.5%107% £ 1x107* 21+0.1
SMA(3:1)/DMPC nanodiscs 200 29%x107'+5x107? 22241 Cuevas Are-
nas et al.
(2017)

*This work

equation, which is an empirical extension applicable to
higher [ (Eq. (10); Fig. 2c, red solid line), or an extended
equation taking into account the finite size of the nano-
discs (Eq. (12), Fig. 2c, green solid line). Best-fit curves
underline that the Debye—Hiickel limiting law described the
observed increase in k,, reasonably well only at low [ val-
ues (i.e., excluding the data point at ¢y, =400 mM; grey
dashed line). By contrast, the Davies model described the
observed increase in k,, across the entire range of / val-
ues better than the Debye—Hiickel limiting law. The latter
is based on a number of assumptions that are only poorly
approximated or even clearly violated in the present case of
polyanionic nanodiscs. These assumptions include the point
charge and continuum representations of the central ion and
its counterion cloud, respectively, the linearisation of the
Poisson—Boltzmann equation, as well as the absence of ion
pairing or counterion binding and of interactions other than
Coulombic ion/ion interactions (Bergethon 2010).
Although the empirical extension embodied in the Davies
equation does not account for any of these limitations in
an explicit manner, it afforded a much closer agreement
with experimental data than the Debye—Hiickel limiting
law (Fig. 2c). Therefore, we employed the Davies equa-
tion to fit k., as a function of 7, thus obtaining a SMALP
charge number of z=—-3.6+0.4. In the light of the above-
mentioned assumptions, this value should be interpreted
with caution. Most strikingly, the effective nanodisc charge
retrieved from this analysis is two orders of magnitude
smaller than the nominal charge of SMA(2:1) nanodiscs,

Table 2 Effective SMA(2:1) nanodisc charge numbers, z, hypotheti-
cal collisional lipid-exchange rate constants at vanishing 7, k?ol, and
sums of squared residuals (SSRs) as quality indicators of fits based
on the Debye—-Hiickel equation, the Davies equation, and an extended

version of the Debye—Hiickel equation that considers the finite size of

which can straightforwardly be estimated to amount to some
hundred negative elementary charges. Importantly, the low
absolute charge suggested by this simplistic analysis must
not be interpreted as the “true” charge of a SMALP; rather, it
should be regarded as a hypothetical point charge the activity
of which would show the same dependence on salt concen-
tration as found here for the collisional exchange of lipids
among SMA(2:1) nanodiscs. Indeed, avoiding the poor
point-charge approximation inherent to both of the above
models by accounting for the finite size of SMALPs with
the extended Debye—Hiickel equation resulted in a reason-
ably good agreement between experimental data and fit and
yielded z=—33 £ 11. Although the effective charge number
estimated by this approach is still an order of magnitude
smaller than the nominal charge, it is within a range that,
from simple structural considerations, appears more realistic
than the above best-fit values of z. This is because, simply
speaking, only the local charge density around the region
of impact of one SMALP will be fully “felt” by the charges
on the other SMALP during collisional lipid exchange.
Moreover, in the above model, the colliding particles are
considered to be spherical and to have uniform charge den-
sity, whereas SMALPs are discoidal structures with a highly
anionic copolymer rim encircling a zwitterionic lipid-bilayer
patch. Table 2 summarises the z and kgol values obtained on
the basis of the Debye—Hiickel equation, the Davies equa-
tion, and the extended version of the Debye—Hiickel equation
taking into account the finite size of the nanodiscs.

the nanodiscs. Given are best-fit values and 95% confidence intervals.
Note that all ki'ol values have broad and asymmetric confidence inter-
vals and, therefore, are not further discussed in the text. The SSR for
Eq. (8) excluding data at ¢,y =400 mM is not directly comparable to
the other SSR values because fewer data points were fitted

Fitting equation z 0 MTsTh SSR
Debye-Hiickel, Eq. (8) -2.0x0.7 0.053 (0.003-0.95) 0.041
Debye—Hiickel, Eq. (8), w/o data at ¢ xye= 400 mM  —2.3 +0.6 0.025 (0.003-0.27) 0.001
Davies, Eq. (10) -3.6+04 0.002 (0.0004-0.01) 0.005
Extended Debye—Hiickel, Eq. (12) 33411 46%107% 2.1x10"2-1.1x 1079 0.036
@ Springer
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A general limitation of the present approach is that the
contributions from the SMA(2:1) copolymer itself and its
counterions to the total ionic strength were not accounted
for. However, adding various values reflecting different
degrees of ionisation of SMA(2:1) to the ionic strength due
to NaCl did not significantly affect the best-fit value of z,
as this was largely absorbed by considerable changes in kgm
(data not shown). Finally, one would expect k_, to asymp-
totically approach a maximal rate constant at very high I,
where neither the Debye—Hiickel limiting law (Eq. 7) nor
the Davies equation (Eq. 9) holds any longer. In the present
case, we did not observe such behaviour, implying that the
strong Coulombic repulsion among SMALPs was still far
from being fully screened at 400 mM NaCl. Because SMA
precipitates at even higher salt concentrations (Dérr et al.
2016; Lee et al. 2016; Oluwole et al. 2017), this asymptotic
range is not accessible experimentally.

Comparison of Lipid-Exchange Rate Constants
in Different Membrane Mimics

We extended our earlier compilation of & values for
various membrane-mimetic systems (Cuevas Arenas et al.
2017) and included those of SMA(2:1) nanodiscs at differ-
ent ionic strengths (Fig. 2d). From this analysis, it becomes
obvious that, even though lipid exchange among SMA(2:1)
nanodiscs is two orders of magnitude slower than in the case
of SMA(3:1) nanodiscs, it is still considerably faster than
among nanodiscs surrounded by a membrane scaffold pro-
tein (MSP) or among LUVs and fast enough to allow lipid
scrambling on typical experimental timescales of in vitro
investigations employing SMALPs. This property allows
identifying and studying strong protein/lipid interactions
in SMALPs, as tightly bound lipids are excluded from the
transfer among nanodiscs, whereas loosely bound lipid mol-
ecules will readily be released from the protein and exchange
with protein-free nanodiscs.

Furthermore, it is informative to relate k:m, which
denotes the second-order rate constant as referred to the
concentration of nanodiscs (rather than lipid molecules), to
the highest possible value for a diffusion-limited second-
order reaction, k. = 8.2 % 10° M~ s7! (Eq. 13). An
SMA(2:1) nanodisc having a hydrodynamic diameter of
24 nm 1is estimated to contain~ 1100 DMPC molecules,
so that k% | = 1100% X k.o = 2.5 % 10" M~' 57! at 400 mM
NaCl, 7.0x 10° M~" s7! at 200 mM NaCl, 1.5x 10° M~
s™'at 100 mM NaCl, and 4.5x10° M~! s at 50 mM
NaCl. Accordingly, the apparent efficiency of lipid transfer
among SMA(2:1) nanodiscs is 0.3% at 400 mM NaCl, 0.1%
at 200 mM NaCl, 0.02% at 100 mM NaCl, and 0.01% at
50 mM NaCl. Thus, in the presence of 200 mM NaCl, the
apparent lipid transfer efficiency of SMA(2:1) nanodiscs
is substantially lower than that of SMA(3:1) nanodiscs

@ Springer

(4%) (Cuevas Arenas et al. 2017) but still higher than that
of TX-100 micelles (0.02%) (Rharbi et al. 2000). Impor-
tantly, the pronounced salt dependence of the apparent lipid-
exchange efficiency as referenced to the diffusion-limited
maximum confirms that this quantity does not exclusively
describe the efficiency of lipid exchange during a collision
of two SMALPs, as Coulombic repulsion turns out to be an
important determinant in reducing the frequency of colli-
sional encounters as compared with nonionic particles. Con-
versely, this means that the actual lipid-exchange efficiency
during a collision must be even higher than the apparent
efficiency, which suggests an important role for the copoly-
mer belt in enabling rapid lipid transfer.

Summary and Conclusions

Herein, we have demonstrated that lipid exchange among
SMA(2:1) nanodiscs

¢ is dominated by collisional transfer at millimolar lipid
concentrations, whereas diffusional transfer plays a sig-
nificant role only at lower lipid concentrations;

is slower than among nanodiscs encapsulated by
SMA(3:1) but still considerably faster than among MSP
nanodiscs or lipid vesicles;

becomes substantially faster with increasing ionic
strength, as described by the Davies equation or an
extended Debye-Hiickel equation that accounts for the
finite size of the nanodiscs, provided that their effective
charge number is taken to be lower than their nominal
charge.
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3.2. Associated results:

Effective SMA(2:1) nanodisc charge numbers by {-potentials

In Manuscript 2, it was shown that Coulombic repulsions among SMA(2:1) nanodiscs decrease
with elevated ionic strength. An extension of the Debye—Hiickel limiting law yielded effective
SMA(2:1) nanodisc charge numbers of z=—33 + 11. However, this method provides only an
average effective nanodisc charge over a range of NaCl concentrations. Therefore, {-potential
measurements were performed as a complementary method to validate the previous results
and elucidate the effective nanodisc charge as functions of ionic strength / and SMA(2:1)

nanodisc size.
3.2.1. Experimental section

SMA(2:1)-bounded nanodiscs containing 4 mM DMPC and 0.65-1.56 mM SMA(2:1)
(corresponding to 0.18-0.42 % w/v SMA(2:1)) in 50 mM Tris, 0-100 mM NaCl, pH 7.4 were
incubated for at least 16 h at 30°C. Measurements were performed on a Zetasizer Nano ZS
(Malvern Panalytical, Malvern, UK) working with a 633-nm He—Ne laser and a backscatter
detection angle of 173°. Samples were thermostatted for 2 min at 30°C before 3-8
measurements were performed at the same temperature in a high concentration zeta
potential cell ZEN1010 (Malvern Panalytical) using the Smoluchowski model and the
monomodal mode yielding average {-potentials. To avoid joule heating caused by high
conductivity of the samples (because of elevated ionic strength), the voltage was manually
reduced to 10 V. Measurements of nanodiscs at NaCl concentrations >100 mM were impeded
because of the above-mentioned reasons. To validate the correct operation of the Zetasizer
and to verify the cleanliness of the zeta cells, a polystyrene latex standard DTS1235 (Malvern
Panalytical), having a zeta potential of {=-42 + 4.2 mV, was measured at least after every

three different samples. DLS measurements were performed as described in Manuscript 2.
3.2.2. Theoretical background
The following derivation follows the publication of Nitzsche and Simon (1997).°°

Charged particles in a dispersion are accelerated to the oppositely charged electrode in an
electric field. Here, polyanionic nanodiscs are accelerated to the cathode. This force F; is

described as
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Fi=Eq (1)
with E being the applied electric field and g the nanodisc surface charge. The main

counteracting force is the Stoke frictional force F,:

F,=6mvrn (2)

with v being the nanodisc velocity, r being the radius of the nanodisc, and n being the solvent

viscosity. An equilibrium of forces is reached, if

F1=F2 (3)

Inserting equation (1) and (2) in (3) gives an expression for the nominal surface charge of the

nanodisc:%°

v q
E" (@)
E 6mnrn

The negative nanodisc surface charge is compensated by protons or ions in the fluid phase,
here mainly sodium ions. They form the electrical double layer which results from electrostatic

attractions between the negative nanodisc charge and counterions screening the particle

q=-4n/apda (5)

1
anda=r+-
K

surface charge:

with % being the effective thickness of the double layer and p being the charge density

resulting from the nanodisc and its double layer. An approximation by Debye and Hiickel®! of

the Poisson equation, which describes the charge distribution in a physical space, results in

p = €0 K°D (6)

with g7 being the vacuum permittivity, €, being the dielectric constant, and @ being the
electrical potential. It has to be noted that the nanodisc shape is approximated to a sphere.

Furthermore, the electrical potential decays exponentially from the surface potential @,:%2-%

,
O=0,~ e*lan) (7)
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Inserting equation (6) and (7) in (5) and integrating gives an expression for the nominal

nanodisc surface charge:

g=4ngye, r(1+kr) @, (8)

Due to the particle movement in the electric field, the double layer is partially sheared off to
the so-called “slipping plane”. The Z-potential is the potential difference at this slipping plane,
which is defined as the interface that separates the stationary layer of ions that is strongly
associated with the suspended nanodisc and the mobile phase. Therefore, the absolute value
of the surface potential is always larger than that of the {-potential, |®,| > ||, and, thus, a

correction factor f needs to be introduced:

(14kr) @g = f(kr) (9)

Inserting equation (8) and (9) in (4) leads to the general Henry equation that combines the
electrophoretic mobility u, with ¢:

_ 2805 ¢ f(kr)

3n (10)

:ue

Polymer-bounded nanodiscs have a large radius r compared with a small double layer,

kr > 1.Therefore, the following limiting case is valid here:

3

aIiemm(f(Kr)) =3 (11)

Accordingly, the Henry equation is simplified to the Smoluchowski equation:

_ Eogrf
He = 0

(12)

Insertion of equation (9) and (11) into (8) leads to an expression for the effective nanodisc

charge q1:

g, =6neye r (13)

The effective nanodisc charge number z is defined by
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7= — (14)

with e = 1.602 10 being the elementary charge.

The surface charge density of the nanodiscs can be calculated using three alternatives. First,
assuming the polymer is predominantly present at the nanodisc rim, only the circumference

of the disc is taken into account to be negatively charged (as shown in Figure 3.1):
(A==
P\ = M r (15)
Second, the lateral surface of the disc is taken into account:
g —
P 5 (16)

with h being the nanodisc thickness averaged to 5 nm.*’

Third, the surface charge density is calculated for the whole nanodisc surface:

4

P isc™ 50 (rem) (17)

3.2.3. Results

{-potentials of SMA(2:1)/DMPC nanodiscs were measured to elucidate the influence of ionic
strength I (here: NaCl concentrations) and SMALP size on the effective nanodisc charge. To
this end, SMA(2:1) nanodiscs having a diameter of 12, 16, or 24 nm at NaCl concentrations in
the range of 0-100 mM were studied. Nanodisc hydrodynamic diameters, d, were validated
by DLS, as shown by representative unimodal intensity-weighted size distributions, f(d), at
50 mM NaCl (Figure 3.1.a). It has to be noted that the designation “0 mM NaCl” can be
misleading. Herein, it means that no NaCl was added to the nanodiscs, although, various

counterions of SMA(2:1) were potentially present, thus / > 0.

Overall, Z-potentials of all SMA(2:1) nanodiscs were found to be in the range of -35 mV to
-20 mV (Figure 3.1.b). Generally, the {-potential is an indicator of the colloidal stability of
dispersed nanoparticles.’® In particular, there is no strict definition found in literature, but

nanoparticles with ¢ at least below =20 mV and above +20 mV can be considered as stable in
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solution.””%8 At small absolute values of ¢, however, they tend to aggregate or agglomerate
due to dominant attractive forces such as van der Waals forces among the particles.
Consequently, the herein measured {-potentials demonstrate the colloidal stability of SMALPs
formed by SMA(2:1). This is in accordance with the previously reported (-potentials of
SMA(3:1) nanodiscs®® and the frequently described thermal and storage stability of protein-
encapsulated nanodiscs.>*°7:°862.63 For bare SMA(2:1) copolymer (i.e., in the absence of lipid),
the {-potential yielded =10 mV at 200 mM NaCl, which is somewhat smaller than the reported
-37 mV of SMA(3:1).2% It has to be noted that, however, solvent conditions and polymer
concentrations differ, and, thus, herein and previously reported {-potentials of SMA polymers

are not directly comparable.

It was observed that ¢ gradually became less negative with increasing NaCl concentrations
(Figure 3.1.b). In particular, for nanodiscs of 24 nm, { increased from -30 mV at 0 mM NaCl to
-20 mV at 100 mM NaCl. In accordance, the deduced effective nanodisc charge number
(equation 13 and 14), z(r), and the charge density at the nanodiscs’ rim (equation 15), p(r)circ,
also became less negative. z(r) increased from -30 at 0 mM NaCl to -21 at 100 mM NacCl
(Figure 3.1.c), whereas p(r)crc increased from —-0.4 to -0.3 effective charges per nm
(Figure 3.1.d). As expected, elevated NaCl concentrations lead to Coulombic screening of the
polymers’ anionic carboxylate groups and, thus, to less negative (, z(r), and p(r)circ. Similar

results were found for the smaller nanodiscs.

Furthermore, { also became less negative with reduced nanodisc size (Figure 3.1.b). More
specifically, at 50 mM NaCl, { increased by 10 mV from 24-nm- to 12-nm-nanodiscs. Again,
z(r) and p(r)circ showed the same trend (Figure 3.1.c and d). In particular, at the same NacCl
concentration, z(r) increased from -25 for 24-nm-nanodiscs to -10 for 12-nm-nanodiscs. An
explanation for this effect is the reduced circumference of small nanodiscs, leading to a
superior nanodisc curvature, and, thus, to a reduced polymer charge density. Accordingly, less

polymer is required for nanodisc formation.

Taken together, {-potentials demonstrated the high colloidal stability of SMA(2:1) nanodiscs.
The deduced effective nanodisc charge numbers were in close agreement with z=-33 + 11
calculated by the extended Debye—Hiickel equation in Manuscript 2. Furthermore, the results

underlined that increasing ionic strength enhances Coulombic screening of SMA(2:1) and thus
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leads to less negative z(r). The reduced z(r) of small nanodiscs can be ascribed to a decreased

polymer concentration involved in nanodisc stabilisation.
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Figure 3.1: (a) Representative intensity-weighted particle size distributions, f(d), for SMA(2:1)/DMPC
nanodiscs with hydrodynamic diameters, d, of 12, 16, and 24 nm at 50 mM NaCl. (b) {-potentials of
SMA(2:1)/DMPC nanodiscs as functions of 0, 50, and 100 mM NaCl. (c) Effective nanodisc charge
numbers, z(r), as functions of NaCl concentrations. (d) Effective nanodisc rim charge densities, p(r)cir,

as functions of NaCl concentrations.
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4. Electroneutral polymers for membrane-protein research

Summary (Manuscript 3)

In Manuscript 3, two electroneutral copolymers forming lipid-bilayer nanodiscs from model
and cellular membranes were introduced. A zwitterionic sulphobetaine (SB) side chain was
attached to the polymer backbone of DIBMA and SMA(2:1), resulting in sulphobetaine
maleimides termed as DIBMA-SB and SMA(2:1)-SB copolymers, respectively (Figure 1.4). In
general, the reduction of polymer charge densities becomes increasingly important, because
anionic copolymers such as SMA(2:1) and DIBMA can interfere with specific bioanalytical

techniques and native protein/lipid interactions through Coulombic attractions/repulsions.

The equilibrium solubilisation efficiency of DIBMA-SB and SMA(2:1)-SB towards model
membranes in the form of saturated DMPC was quantified by DLS and 3P NMR spectroscopy.
It was shown that DIBMA-SB was threefold more efficient than DIBMA, whereas SMA(2:1)-SB
showed a similar high efficiency than SMA(2:1). Particularly interesting is the solubilisation
power of the zwitterionic polymers towards anionic 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (POPG) vesicles, underlining the polymers’ compatibility with
highly charged membranes through reduced Coulombic repulsions. The formation of
nanodiscs was validated by transmission electron microscopy (TEM) and the electroneutrality
of both polymers as well as corresponding nanodiscs was confirmed by {-potential
measurements. Furthermore, it was found that, like DIBMA, DIBMA-SB and SMA(2:1)-SB have

a mild effect on the lipid-bilayer integrity in the nanodisc core.

The performance of the new polymers was further addressed by solubilisation and extraction
experiments of membrane proteins from complex human (HelLa) membranes. As gauged from
SDS-PAGE and a colorimetric assay, the derivatised polymers were able to solubilise ~25% of
the total membrane protein mass from Hela membranes. In addition to the total protein
extraction yields, the solubilisation of specific membrane proteins was elucidated by means
of SEC and liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS).
Importantly, it was shown that DIBMA-SB preserves both homo- and heteromeric membrane-
protein complexes. These protein assemblies were extracted from various cellular membranes
and pertain to distinct structural classes. Furthermore, the new polymers are suitable for the

cell-free membrane-protein synthesis, as shown by producing two functionally folded large
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membrane proteins in the presence of these electroneutral polymer nanodiscs. Importantly,
DIBMA-SB and SMA(2:1)-SB are also amenable to protein/lipid interaction studies because of
their reduced Coulombic repulsions, as demonstrated using microfluidic diffusional sizing
(MDS). Taken together, these findings underline the broad applicability of the herein

presented electroneutral polymers in membrane-protein research.

61



4.1. Manuscript 3

Electroneutral amphiphilic copolymers forming lipid-bilayer nanodiscs for
investigating membrane proteins

Anne Grethen,* David Glueck,* Manabendra Das,* Ogochukwu Patricia Mmeka, Eugenio
Pérez Patallo, Annette Meister, Ritu Rajender, Jana Strate, Stefan Kins, Markus Réaschle,
Julian Victor, Manuel Etzkorn, Zoe Kock, Frank Bernhard, Jonathan Oyebamiji Babalola,
Carolyn Vargas, and Sandro Keller

*shared first authorship

2021, in preparation

Contribution
For this work, | designed, performed and analysed multi-detection SEC experiments, created
all figures and wrote the original draft of the manuscript. Furthermore, | assisted with

{-potential measurements and their interpretation as well as with DLS experiments.

62



Electroneutral amphiphilic copolymers forming lipid-bilayer nanodiscs for
investigating membrane proteins

Anne Grethenl,* David Glueck®™ * Manabendra Das',* Ogochukwu Patricia Mmeka'?,
Eugenio Pérez Patallo', Annette Meister®, Ritu Rajender’, Jana Strate’, Stefan Kins’, Markus
Rédschle®, Julian Victor®, Manuel Etzkorn®, Zoe Kéck®, Frank Bernhard'®, Jonathan Oyebamiji
Babalola®, Carolyn Vargas™, and Sandro Keller'™

*shared first authorship

IMolecular Biophysics, Technische Universitdt Kaiserslautern (TUK), Erwin-Schrédinger-Str. 13,
67663 Kaiserslautern, Germany

2 Biophysics, Institute of Molecular Biosciences (IMB), NAWI Graz, University of Graz,
Humboldtstr. 50/1ll, 8010 Graz, Austria

3 Field of Excellence BioHealth, University of Graz, Graz, Austria
4 BioTechMed-Graz, Graz, Austria
°> Department of Chemistry, University of Ibadan, 200284 Ibadan, Nigeria

¢ HALOmem and Institute of Biochemistry and Biotechnology, Martin-Luther-University Halle-
Wittenberg, Kurt-Mothes-Str. 3a, 06120 Halle (Saale), Germany

7 Human Biology, Technische Universitdt Kaiserslautern (TUK), Erwin-Schrédinger-Str. 13,
67663 Kaiserslautern, Germany

8 Molecular Genetics, Technische Universitit Kaiserslautern (TUK), Paul-Ehrlich-Str. 24,
67663 Kaiserslautern, Germany

J Institut fiir Physikalische Biologie, Heinrich-Heine-Universitdt Diisseldorf, Universitdtsstr. 1,
40225 Diisseldorf, Germany

10 Centre for Biomolecular Magnetic Resonance, Institute for Biophysical Chemistry, Goethe
University of Frankfurt/Main, Max-von-Laue-Str. 9, 60438 Frankfurt/Main, Germany
Abstract

Polymer-encapsulated nanodiscs formed by amphiphilic copolymers are unique tools for
structural and functional studies of membrane proteins. Unlike other membrane mimics,
these nanodiscs self-assemble directly from cellular membranes and retain a native-like lipid-
bilayer environment that is amenable to in vitro techniques otherwise restricted to soluble or
detergent-solubilised proteins. However, existing polymers such as diisobutylene/maleic acid
(DIBMA) and styrene/maleic acid (SMA) copolymers have high charge densities, which
interfere with important biomolecular interactions and bioanalytical techniques through
unspecific interactions. Designing electroneutral polymers that offer both high solubility and

good protein-extraction efficiency has proven difficult. Herein, we describe neutral polymers
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that are accessible through facile post-polymerisation modification of DIBMA and SMA
backbones to furnish sulphobetaine maleimides. These copolymers quantitatively solubilise
phospholipids, extract membrane proteins from bacterial and human cells, and preserve
membrane-protein complexes. Unlike other polymeric membrane mimics, the new nanodiscs

can be used in microfluidic protein/lipid interaction assays and cell-free protein translation.
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Introduction

Amphiphilic copolymers such as diisobutylene/maleic acid (DIBMA)! and styrene/maleic acid
(SMA)? copolymers are playing increasing roles in membrane-protein research. Unlike other
membrane-mimetic systems, these polymers directly extract integral membrane proteins
from cellular membranes to form protein/lipid nanodiscs that retain a native-like lipid-bilayer
architecture surrounded by a copolymer belt.3* Therefore, these polymers have emerged as
alternatives to conventional detergents for the solubilisation, extraction, and purification of
integral membrane proteins in a more native-like environment than that afforded by a
micellar assembly.> By contrast, other bilayer-based membrane mimics such as membrane-
scaffold protein (MSP) nanodiscs® or liposomes require conventional detergents in time-

consuming and potentially deleterious initial steps.”

SMA is a negatively charged random copolymer that exists in various styrene/maleic acid
ratios and chain lengths, with SMA(2:1) being the most efficient lipid and protein solubiliser.?°
In general, SMA nanodiscs render membrane proteins amenable to structural, dynamical, and
functional analyses requiring nanoscopic particles.’>'2 DIBMA is an alternating copolymer
that tends to solubilise membrane proteins in a milder but often less efficient manner than
SMA(2:1). This nonaromatic polymer does not suffer from the strong far-UV absorbance
typical of SMA and is compatible with fairly high concentrations of divalent cations.>1314
However, DIBMA is even more polyanionic than SMA(2:1). The high charge density of both
polymers leads to unspecific Coulombic interactions with charged proteins and lipids, thus
interfering, on the one hand, with labile protein/protein and protein/lipid interactions or
enzymatic and ribosomal activities and, on the other hand, with many preparative and
analytical techniques. The latter include cell-free protein translation, gel electrophoresis, and

microfluidic diffusional sizing (MDS).

To overcome these bottlenecks, several attempts have been made at designing electrically
neutral polymers. However, post-polymerisation modification of commercial SMA backbones
thus far has produced polymers that are water-soluble only in pH ranges in which they carry
a net charge.' By contrast, zSMA17 js an electroneutral yet water-soluble copolymer bearing
phosphocholine pendant groups that was successfully generated through de novo
polymerisation and subsequent modification. Notwithstanding these favourable properties,

the tedious synthetic route necessary to produce this polymer so far has prevented its

65 3



widespread use in membrane-protein applications. Here, we present the first examples of
electroneutral polymers derived by straightforward post-polymerisation modification of
DIBMA and SMA(2:1) backbones. Briefly, zwitterionic sulphobetaine (SB) side chains were
attached to the maleic anhydride forms of DIBMA and SMA(2:1) to generate DIBMA-SB or
SMA(2:1)-SB copolymers, respectively. We show that DIBMA-SB and SMA(2:1)-SB polymers
efficiently but mildly solubilise phospholipid bilayers and extract membrane proteins from
human cells. The new nanodiscs are amenable to gel electrophoresis without prior polymer
removal, to studies of protein/lipid interactions by MDS, and to cell-free membrane-protein

translation.
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Results

Design and synthesis of electroneutral sulphobetaine copolymers

Description of the synthesis of both polymers (Figure 1). Size exclusion chromatography (SEC)
coupled to a refractive index (RI) detection yielded mass-average molar masses of

M = 14 kDa for DIBMA-SB and My, = 12.6 kDa for SMA(2:1)-SB (Figure S5).
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Figure 1. Structures and synthesis of (b) DIBMA-SB and (a) SMA(2:1)-SB.
Solubilisation of phospholipid membranes and nanodisc formation

We elucidated the ability of DIBMA-SB (Figure 2) and SMA(2:1)-SB (Figure S1) to solubilise lipid
bilayers by subjecting unilamellar vesicles composed of the zwitterionic, saturated
phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) to increasing polymer
concentrations. The formation of polymer/DMPC nanoparticles was monitored by dynamic
light scattering (DLS). Particle size distributions thus obtained (Figure 2a) showed that the
hydrodynamic particle diameter (d) initially increased with increasing polymer/lipid mass ratio
(mp/mi) but then steeply dropped to ~15 nm and further smoothly decreased to ~8 nm
(Figure 2b). In comparison with commercially available, unmodified DIBMA, the neutral
derivative DIBMA-SB formed 2—4-fold smaller and more narrowly distributed nanodiscs at a
given my/m; value, as deduced from particle diameters and peak distribution widths,
respectively (Figure 2b). The solubilisation efficiency of SMA(2:1)-SB was similar to that of
unmodified SMA(2:1) (Figure S1), which is intrinsically more efficient than unmodified
DIBMA.? Crucially, both derivatised polymers also proved effective in solubilising the anionic,

unsaturated, long-chain phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
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glycerol) (POPG; Figure 2c and Figure S1). This finding underlines that, unlike polyanionic
DIBMA and SMA(2:1), the new polymers are capable of efficiently solubilising negatively

charged lipid bilayers exhibiting large lateral pressures among their acyl chains.

Nanoparticle formation was dissected in quantitative detail with the aid of 3P NMR
spectroscopy (Figure 2d and Figure S2). In the absence of polymer, the signal of large, slow-
tumbling DMPC vesicles was broadened beyond detection; however, sharp, isotropic peaks
gradually appeared upon titration with polymer, thereby evidencing the formation of small,
fast-tumbling particles. In the language of the three-stage model commonly invoked for lipid-
solubilisation equilibria,® the first DIBMA-SB nanodiscs formed at a saturating (SAT) mp/m,
ratio of RS’SAT =0.038, and solubilisation (SOL) was complete at R?’SOL =0.26 (Figure S2). As
gauged by the latter value, the equilibrium solubilisation efficiency of DIBMA-SB was threefold
higher than that of DIBMA (R'S"'SOL =0.77),! in support of the above DLS data (Figure 2b). In
spite of the displayed elevated solubilisation power of SMA(2:1)-SB by DLS, the latter

(R'S"'SOL = 0.60) was found to have an equilibrium solubilisation efficiency similar to that of

SMA(2:1) as determined by 3P NMR (Rg"'SOL =0.52) (Figure S1).

Negative-stain transmission electron microscopy (TEM; Figure2e and Figure S1) of
polymer/DMPC nanoparticles demonstrated the presence of homogenously sized nanodiscs
with an average diameter of (11.5+2.0) nm and a lipid-bilayer thickness of (4.9+0.8) nm, as
shown by face-on and edge-on views, respectively. {-potential measurements confirmed the
absence of a significant negative charge, both on the bare DIBMA-SB polymers and on
nanodiscs formed in mixtures with zwitterionic DMPC (Figure 2f). In stark contrast with this,
polyanionic DIBMA and its nanodiscs displayed substantially negative {-potentials of —(15—
20) mV. Similar results were obtained for the SMA(2:1) polymers and the corresponding

nanodiscs (Figure S1).
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Figure 2. Solubilisation of lipid vesicles and nanodisc formation by DIBMA-SB. (a) Intensity-
weighted particle size distributions, f(d), of agueous mixtures of DIBMA-SB and the
zwitterionic, saturated phospholipid DMPC at various polymer/lipid mass ratios, mp/mi, as
obtained from DLS. (b) z-Average particle diameters, d, as functions of mp/m| derived from
particle size distributions such as shown in panel a. “Error” bars denote peak widths of particle
size distributions as given by o = /PDI z, with PDI being the polydispersity index. (c) Intensity-
weighted particle size distributions, f(d), of aqueous mixtures of DIBMA-SB or DIBMA and the
anionic, unsaturated phospholipid POPG at various my/m as obtained from DLS. (d) 3P NMR
spectra of 4 mg/mL DMPC in the presence of increasing concentrations of DIBMA-SB.
(e) Negative-stain EM images of DIBMA-SB/DMPC nanodiscs at my/m;=1 prepared on a
carbon-coated copper grid (top) or on a Formvar-coated copper grid (bottom). Representative
face-on and edge-on nanodisc views are highlighted by red and black arrows, respectively.

69 7



(f) Z-potentials of polymers and polymer-encapsulated DMPC nanodiscs in the presence of
100 mM NaCl. All other experiments were carried out at 50 mM Tris, 200 mM NaCl, pH 7.4.

Enhanced tolerance towards changes in pH and divalent cations

Across the pH range of 6.5-8.3, DIBMA-SB nanodiscs formed at similar mp/mi ratios
(Figure 3a), attesting to a robust, pH-independent solubilisation efficiency. In stark contrast
with this, polyanionic DIBMA suffers from decreasing solubilisation power with increasing
pH.3 Moreover, DIBMA-SB nanodiscs exhibited excellent colloidal stability in the presence of
Mg?* or Ca?* concentrations as high as 80 mM, which manifested both in a clear visual
appearance (Figure 3b) and in particle size distributions that remained unaffected by these
divalent cations (Figure S4). A similarly high colloidal stability was observed for SMA(2:1)-SB
(Figure S4), whereas DIBMA and SMA(2:1) precipitate in the presence of considerably lower
concentrations of divalent cations.'® Thus, in contrast with their polyanionic counterparts, the
electroneutral polymers do not strongly interact with Mg?* and Ca?* and, consequently, are

less susceptible to conformational transitions and precipitation induced therefrom.
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Figure 3. Tolerance towards pH and divalent cations as well as thermotropic phase transitions
in DIBMA-SB nanodiscs formed from DMPC. (a) z-Average diameters, d, as functions of my/m;
at different pH values. (b) Visual appearance of nanodiscs in the presence of increasing Mg?*
concentrations. (c) DSC thermograms showing excess molar isobaric heat capacities, ACp, of
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4 mg/mLDMPC LUVs and DIBMA-SB or DIBMA nanodiscs at mp/m; = 1.0. (d) Gel-to-fluid phase
transition temperatures, Tm, of 4 mg/mL DMPC at various mp/m). Experiments were carried
out at 50 mM Tris, 200 mM NaCl, pH 7.4 unless noted otherwise.

Gentle effects on lipid-bilayer phase transitions

We exploited differential scanning calorimetry (DSC) to elucidate the temperature-dependent
behaviour of DMPC upon encapsulation by DIBMA-SB (Figure 3c,d) or SMA(2:1)-SB (Figure S7).
With increasing temperature, DMPC vesicles exhibit a gel-to-fluid transition at ~24°C, which is
reflected in a sharp peak in the isobaric heat capacity (Cp; Figure 3c). The expected and
observed broadening of this peak upon addition of DIBMA-SB (Figure 3c) confirmed the
formation of nanoscale bilayer patches with a much smaller cooperative unit than in vesicular
bilayers.?®?° |n spite of this alteration in peak shape, the phase transition temperature (Tm) of
DMPC increased only slightly and monotonically with increasing concentrations of DIBMA-SB,
whereas titration with DIBMA resulted in an initial increase followed by a sudden drop of T,
(Figure 3d). For SMA(2:1)-SB nanodiscs, Tm also slightly increased, whereas SMA(2:1) caused
a significant decrease in the main phase transition temperature (Figure S7). In conclusion, the
observation that the T, of DMPC was not lowered by DIBMA-SB or SMA(2:1)-SB indicates that
these polymers have only mild effects on the acyl chain packing of the phospholipids that they
encapsulate.?! The modest rise in Tm most likely reflects partial dehydration of lipid

headgroups.?

Extraction of human membrane proteins

The polymers’ performance in fragmenting complex cellular membranes and, thus, their
usefulness for membrane-protein research was studied using Hela cells (Figure 4 and
Figure S8). Across the human membrane proteome, we found DIBMA-SB to extract 25% of the
entire protein mass at polymer concentrations as low as 4 mg/mL (corresponding to 24% of
the membrane concentration (w/w); Figure 4a). For comparison, the “gold-standard”
detergent n-dodecyl-B-D-maltopyranoside (DDM) was about twice as efficient in terms of total
membrane-protein mass extracted. Importantly, SDS-PAGE revealed that DIBMA-SB extracted
membrane proteins of largely different sizes (Figure 4b), as was also found for SMA(2:1)-SB

(Figure S8).

To dissect the protein-extraction behaviour of DIBMA-SB in greater detail, we turned to

fractionation of whole-cell Hela extracts by means of size exclusion chromatography (SEC)
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followed by in-depth analysis using liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). In total, we identified 2424 proteins that were extracted by
DIBMA-SB, corresponding to 24% of the entire Hela proteome.?? In spite of these large
numbers of distinct membrane proteins, DIBMA-SB nanodiscs revealed a narrower, more well-
defined size distribution (Figure 4c) than conventional DIBMA nanodiscs (Figure 4d). While the
latter spanned an apparent molecular weight range of 200—2000 kDa, DIBMA-SB nanodiscs
were more homogeneous in size, covering a range of 100-500 kDa. This observation in
complex samples derived by fragmentation of cellular membranes correlates well with the
above finding that chemically defined, single-lipid nanodiscs made with the aid of DIBMA-SB
are both smaller and more narrowly distributed in size than their DIBMA counterparts

(Figure 2b).
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Figure 4. Extraction of membrane proteins from human cells using DIBMA-SB. (a) Overall
yields of extracted membrane proteins as functions of polymer or detergent concentration as
determined by a colorimetric protein assay. Lower abscissa: surfactant concentration (cs);
upper abscissa: surfactant/membrane mass ratio (R); ordinate: solubilised protein yield.
(b) SDS-PAGE showing membrane proteins extracted from Hela cells by increasing DIBMA-SB
concentrations. (c) SEC elution profiles of whole-cell extracts obtained by subjecting Hela cells
to 12 mg/mL DIBMA-SB. Lower abscissa: elution volume (Ve); upper abscissa: apparent
molecular weight (MW.app) of protein-containing nanodiscs; left ordinate/solid lines: UV
absorbance (A) at 280 nm and 240 nm; right ordinate/bars: total membrane-protein mass
(mprot) found in each elution fraction. (d) SEC elution profiles of HeLa whole-cell extracts using
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DIBMA,; axes as in panel c. Protein extraction and SEC experiments were carried out at 50 mM
Tris, 150 mM NaCl, pH 7.4.

Preservation of membrane-protein complexes

After addressing the whole-proteome extraction capability of the new polymers, we focused
on a set of structurally and functionally diverse examples of membrane proteins pertaining to
various cellular membranes. To this end, we analysed the SEC elution profiles of select
proteins as obtained from LC-MS/MS after extraction by DIBMA-SB: (i) Noncovalent
membrane-protein complex: The Na*/K* ATPase (ATP1) is a heterotrimeric membrane-protein
complex crucial for maintaining an electrochemical potential difference across the plasma
membrane.?® Importantly, the a- and B-subunits of this complex, which have largely different
molecular weights of 113 kDa and 35 kDa, respectively, were found to co-elute in a single peak
exhibiting a maximum at ~700 kDa (Figure 5a). The excellent correlation between the elution
profiles of these two subunits strongly indicates that DIBMA-SB extracted the intact complex
from Hela cells. In contrast with the a- and B-subunits, the y-subunit consists of a single
transmembrane helix. Such small and hydrophobic peptides oftentimes cannot be detected
by mass spectrometry, which was also the case here. (ii) Covalent membrane-protein
complex: The insulin receptor (INSR) and the insulin-like growth factor receptor (IGF1R) are
receptor tyrosine kinases that exist in the plasma membrane as covalently bound homo- or
heterodimers having very similar molecular weights of ~310 kDa.?* As thus expected, both
proteins were found to co-elute with high correlation, exhibiting maxima at ~1500 kDa
(Figure 5a). (iii) Multipass B-sheet membrane protein: The voltage-dependent anion channel 1
(VDAC1) is an abundant B-barrel protein localised predominantly to the mitochondrial outer
membrane. This protein, which has been implicated in Alzheimer’s and Parkinson’s disease,?®
occurs in monomeric, homodimeric, and homotrimeric forms.2® Indeed, we observed a broad
elution profile peaking at ~110 kDa but with a pronounced shoulder on the left-hand side
indicative of oligomeric species (Figure 5b). (iv) Single-pass a-helical membrane protein:
Cytochrome C450 reductase (POR) is found in the membrane of the smooth endoplasmic
reticulum, to which it is anchored through a single transmembrane helix.?’” Previous
investigations on a POR fragment in MSP nanodiscs after solubilisation with the harsh
detergent Triton showed that the presence of a native-like lipid bilayer is crucial for protein

function.?® Here, we found that the full-length protein can readily be extracted without the
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use of conventional detergents to form well-defined lipid-bilayer nanodiscs, as demonstrated

by the observation that the protein eluted in a fairly narrow peak at ~205 kDa.

In general, for all membrane proteins and membrane-protein complexes studied, the elution
profile peaked at an apparent molecular weight, MWapp, that amounted to 3-5 times the
nominal molecular weight of the bare protein constituents. This finding suggests that the
contribution of the lipid-bilayer patch and the polymer belt to the overall size of the
protein/lipid/polymer assembly scales in a roughly linear fashion with the size of the
encapsulated protein component(s). Taken together, we conclude that DIBMA-SB nanodiscs
are compatible with broad-band fractionation of inherently complex samples by SEC and,
crucially, preserve both homo- and heteromeric membrane-protein complexes extracted from

various cellular membranes.
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Figure 5. SEC elution profiles of (a) membrane-protein complexes and (b) monomeric
membrane proteins extracted from Hela cells as determined by LC-MS/MS. ATP1A1/B1: a/B
subunits, respectively, of Na*/K* ATPase; INSR: insulin receptor; IGF1R: insulin-like growth
factor 1 receptor; VDAC1: voltage-dependent anion channel 1; POR: NADPH/cytochrome P450
reductase. Lower abscissa: elution volume (V.); upper abscissa: apparent molecular weight
(MW app) of protein-containing nanodiscs; ordinate: normalised raw peptide intensity (/).
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Reliable protein/lipid interaction studies without unspecific interactions

We assessed the usefulness of DIBMA-SB and SMA(2:1)-SB polymers for protein/lipid
interaction studies by means of MDS, a recent powerful method capable of detecting small
changes in hydrodynamic particle size.?®>3! First, we titrated the soluble but membrane-
interacting protein a-synuclein in its monomeric form either with mixed DMPG/DMPC
nanodiscs carrying an anionic surface charge or with zwitterionic DMPC nanodiscs, both
formed from SMA(2:1)-SB (Figure 6a). Crucially, the apparent hydrodynamic radius of
a-synuclein remained unaffected in the presence of DMPC nanodiscs but increased to a value
of rn=8nm in the presence of DMPG/DMPC nanodiscs, thereby reflecting the charge-
dependent lipid specificity of a-synuclein.3? Second, we used guanine nucleotide-binding
protein subunit B1 (GB1) as a negative control, which indeed showed no interactions with
lipid-bilayer nanodiscs formed from SMA(2:1)-SB (Figure 6b). Third, we found the peptidic
adrenocorticotropic hormone (ACTH) to bind to anionic DMPG in a lipid-concentration-
dependent manner but not to zwitterionic DMPC encapsulated by either SMA(2:1)-SB or
DIBMA-SB (Figure 6¢,d). In sharp contrast with this expected observation,3? lipid specificity
was lost when the same membrane-interaction assay was performed using nanodiscs
encapsulated by conventional SMA(2:1). In the latter case, ACTH indiscriminately bound to
both DMPC and DMPG nanodiscs, suggesting unspecific interactions of the peptide hormone
with the polyanionic polymer (Figure 6c). Taken together, these three examples demonstrate
that the new, electroneutral polymers do not interfere with native-like protein/lipid
interactions and, thereby, enable sensitive membrane-interaction assays that are inhibited by

existing polymer-based nanodiscs.

Q

- SMA(2:1)-SB

gl DMPG ..
| SMA(2:1)-SB
§ g _ [ ompre
£ £ E°r g
=) = £
= 4 a4 =4t .
A 2 B .
2 o 3 o %, ¢
o o [~
a-syn DMPC DMPG GB1 DMPC DMPG ACTH DMPC DMPG DMPC DMPG DMPC DMPG 3
— — ] L ] L 1 L 1
+ SMA(2:1)-SB + SMA(2:1)-SB +SMA(21}SB  + DIBMA-SB + SMA(21) log([lipidsJ[ACTH])

Figure 6. Hydrodynamic radii, ru, of indicated nanodiscs and proteins as derived from
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Suitability for cell-free membrane-protein synthesis

The co-translational insertion of membrane proteins synthesised in a cell-free manner into
preformed nanoscopic membranes is a new and straightforward strategy for generating
membrane-protein samples in native-like lipid environments without the use of conventional
detergents.3* Although the implementation of polymer nanodiscs would offer substantial
benefits, previous approaches have almost exclusively relied on MSP nanodiscs. This is
because the addition of existing, polyanionic copolymers such as DIBMA and SMA(2:1)
adversely affects the concentration of free Mg?*, which needs to be tightly controlled during
cell-free protein synthesis (Figure S9a). By contrast, we observed that the electroneutral
polymers DIBMA-SB and SMA(2:1)-SB were readily tolerated by the cell-free system, as
exemplified by the efficient synthesis of green fluorescent protein (GFP). A variety of
nanodiscs formed by different polymer/DOPG ratios were screened for their suitability in
supporting cell-free membrane-protein production. DOPG was used for nanodisc formation
because it has previously been found to perform best on the selected membrane proteins
with MSP nanodiscs.>® For both DIBMA-SB and SMA(2:1)-SB, SEC indicated the most
homogenous nanodiscs at a polymer/DOPG molar ratio of 1:10, which was thus used for the
following experiments (Figure S9b and c).

The light-gated proton pump proteorhodopsin (PR) was used as a first model protein for cell-
free synthesis in the presence of increasing nanodisc concentrations (Figure 7a).3® PR
expression was quantified by measuring its specific UV absorbance at 530 nm directly in the
cell-free reaction. With SMA(2:1)-SB, we obtained a PR concentration of 65 uM at a nanodisc
concentration of 80 UM, meaning that, on average, >80% of all nanodiscs harboured a PR
monomer. With DIBMA-SB, the nanodisc concentration had to be doubled to obtain a similar
PR concentration (Figure 7a). PR-containing nanodiscs were then affinity-purified by taking
advantage of the C-terminal Strep-tag attached to the protein. Subsequent SEC profiles
revealed that PR/DIBMA-SB nanodiscs eluted as a single peak comparable to that observed
for PR embedded in nanodiscs encircled by the MSP variant MSP1E3D1 (Figure 7b). By
contrast, PR/SMA(2:1)-SB nanodiscs eluted predominantly in the void peak, indicating the
presence of relatively large aggregates.

As a second model system, the turkey B1-adrenergic receptor (TB1AR) was investigated as a
representative of G-protein coupled receptors (GPCRs). To this end, we synthesised a

thermostabilised, GFP-coupled variant of TB1AR in the presence of increasing concentrations
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of polymer-bounded lipid-bilayer nanodiscs (Figure 7¢).3> The TB1AR construct was modified
by fusion of GFP to its C-terminal end.3> The cell-free synthesized and solubilized TB1AR-GFP
fusion could thus be quantified by measuring the GFP fluorescence. Finally, we assessed the
functional folding of the TB1AR—GFP fusion construct directly in the cell-free reaction mixture
by radioligand binding of the specific antagonist [*H]-alprenolol, which binds TB1AR in a 1:1
stoichiometry.3> As gauged by the fraction of ligand binding, the yield of active (i.e., binding-
competent) TB1AR in the presence of 240 uM DIBMA-SB nanodiscs amounted to ~13%, in
comparison with ~18% in the presence of MSP1E3D1 nanodiscs (Figure 7c). With SMA-SB
nanodiscs, the yield of active receptor amounted to only ~4.7%, even at the highest nanodisc

concentration of 240 uM (Figure 7c).
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Figure 7. Cell-free synthesis of membrane proteins into preformed electroneutral polymer
nanodiscs. (a) Synthesis yields of PR in the presence of increasing concentrations of DIBMA-SB
or SMA(2:1)-SB nanodiscs. (b) SEC elution profiles of PR synthesised in the presence of 160 uM
nanodiscs and of a PR reference synthesised in the presence of MSP1E3D1 nanodiscs.
(c) Binding of [3H]-alprenolol to TB1AR-GFP as quantified by a filter binding assay. Shown is
the percentage of TB1AR—GFP that can bind the ligand. Error bars indicate standard deviations
of experimental triplicates.
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Discussion

We have developed electroneutral DIBMA-SB and SMA(2:1)-SB polymers that can be
synthesised by simple modification of commercially available polymer backbones of DIBMA
and SMA(2:1), respectively. This allows a low-cost and straightforward production of these
polymers in non-specialised laboratories. Previously reported zwitterionic polymers have
found limited application because they are produced by laborious and expensive de novo
polymer synthesis'® or because they have low aqueous solubility within the rather narrow pH
range typically used for in vitro studies of membrane proteins.’> Here, we demonstrate that,
starting from polyanionic, commercial precursors, electroneutral polymers can be obtained
that are sufficiently water-soluble, possess a high tolerance towards changes in solvent
conditions such as pH and ionic strength, and—most importantly—extract individual
membrane proteins, entire membrane-protein complexes, as well as surrounding lipids
directly from cellular membranes to form lipid-bilayer nanodiscs in an efficient yet gentle
fashion. Our observation that the electroneutral polymers, in contrast with their precursors
DIBMA and SMA(2:1), efficiently solubilise anionic lipids such as POPG and DOPG is readily
explained by the fact that Coulombic repulsion between polymer and lipid molecules is

abolished upon derivatisation of the polymer’s carboxylate moieties.

In addition, the electroneutral polymers introduced herein offer considerable advantages for
membrane-protein research. On the one hand, they significantly extend the range of
bioanalytical and preparative techniques compatible with lipid-bilayer nanodiscs to include
methods such as MDS and cell-free protein production, which otherwise would suffer from
unspecific Coulombic interactions. Herein, we show by MDS that electroneutral polymers do
not interfere with native-like protein/lipid interactions and, thus, enable sensitive membrane-
interaction assays. Furthermore, functionally folded forms of large integral membrane
proteins can be synthesised in a cell-free manner at levels and in qualities similar to those
previously reported for MSP nanodiscs.3>3° Even for a method as simple and common as SDS-
PAGE, DIBMA-SB and SMA(2:1)-SB provide substantial benefits, as they do not need to be
removed prior to gel electrophoresis in order to avoid smearing on the gel. In addition to the
favourable properties and new applications demonstrated above, the absence of a net charge
on the new sulphobetaine polymers bodes well for other applications. These may include, for
example, protein purification by affinity chromatography, where unspecific Coulombic

interactions with the column matrix can cause inefficient separation or loss of protein,3’
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and surface plasmon resonance (SPR) spectroscopy, which tends to suffer from repulsive

interactions between highly charged nanodiscs and fixation chips.3®
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Supporting Information

Materials and Methods

Materials. DMPC was a kind gift from Lipoid (Ludwigshafen, Germany), POPG and DOPG were
purchased from Avanti Polar Lipids (Alabaster, USA). SMA(2:1) hydrolysed from
styrene/maleic anhydride (2:1) (tradename Xiran SZ30010) was kindly provided by Polyscope
(Geleen, Netherlands). DIBMA (Sokalan CP9) was a kind gift from BASF (Ludwigshafen,
Germany). D20 was purchased from Deutero (Kastellaun, Germany), COmplete (EDTA-free),
adenosine triphosphate (ATP), tRNA from E. coli MRE 600, and pyruvate kinase (PK) from Roche
Diagnostics (Rotkreuz, Switzerland), and formic acid from Honeywell (Morristown, USA).
Acetonitrile (ACN), chloroacetamide, MS-grade H,0, and NaCl were purchased from VWR
(Darmstadt, Germany). 85% (w/v) H3PO4in D,0, NaxHPOa, acetyl phosphate (AcP), Mg(OAc),,
KOAc, cytidine triphosphate (CTP), guanosine triphosphate (GTP), uridine triphosphate (UTP)
and polyethyleneglycol (PEG) 8000 were from Sigma—Aldrich (Steinheim, Germany), and
ammonium bicarbonate (ABC), CaCl;, Coomassie Brilliant Blue G250, dithiothreitol (DTT),
ethylenediamine tetraacetic acid (EDTA), MgCl,, NaH,POs, sodium dodecyl sulphate (SDS),
sucrose, tris(hydroxyl-methyl)amino-methane (Tris), Tris—HCI, all aminoacids, bovine serum
albumin (BSA) folinic acid, 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfonic acid (HEPES),
CaCl; and NaNs; were from Carl Roth (Karlsruhe, Germany), and KH,POs; and
phosphoenolpyruvic acid (PEP) were from AppliChem (Darmstadt, Germany). DDM was from
Glycon (Luckenwalde, Germany), urea was from Grissing (Filsum, Germany), standard
polymers (poly(ethylene oxide) (PEQO) 24k, Dextran 65k, Dextran 73k, Pullulan 105k) were from
Malvern Panalytical (Malvern, UK) and RiboLock RNase Inhibitor was from Thermo Scientific

(Langenselbold, Germany). All chemicals were purchased in the highest purity available.
Polymer synthesis.

Preparation of polymer stock solutions. Polymer powders were lyophilised using a Martin
Christ Alpha 2—4 LSCplus (Osterode am Harz, Germany) and suspended in either Tris buffer
(50 mM Tris, 150 or 200 mM NaCl, pH7.4 or 8.3) or phosphate buffer (50 mM
NazHPO4/NaH2P0O4, 200 mM NaCl, pH 6.5). Samples were then transferred to a preheated
ultrasonic bath (Bandelin Sonorex RK 52 H, Berlin, Germany) at 50-70°C for 15-60 min with

vortexing steps in between until the solutions cleared up. Polymer stock solutions were sterile-
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filtered using 0.45-um poly(vinylidene fluoride) syringe filters (Carl Roth, Karlsruhe, Germany).

Vesicle preparation. DMPC or POPG powders were suspended in either Tris buffer (pH 7.4 and
8.3) or phosphate buffer (pH 6.5) to a final lipid concentration of 50—-100 mg/mL. Suspensions
were vortexed for 10 min prior to at least 31-fold extrusion through two stacked
polycarbonate membranes with a nominal pore diameter of 100 nm. Lipid suspensions were
then extruded at 30°C using a block-heated Mini-Extruder (Avanti, Alabama, USA) to form
large unilamellar vesicles (LUVs). Particle size distributions were obtained by DLS (see below),

yielding hydrodynamic LUV diameters of ~140 nm.

Dynamic light scattering. Samples containing 4 mg/mL DMPC or POPG—which was added in
the form of LUVs—and 0—12 mg/mL DIBMA-SB or SMA(2:1)-SB in either Tris buffer (pH 7.4 or
8.3) or phosphate buffer (pH 6.5) were incubated for at least 16 h at 30—35°C (DMPC) or 25°C
(POPG). DLS measurements were carried out on a Zetasizer Nano S90 (Malvern Panalytical,
Malvern, UK) equipped with a 633-nm He—Ne laser and a detection angle of 90°. Samples were
thermostatted for 2 min at 30-35°C (DMPC) or 25°C (POPG) before measurements were
performed in a 45-uL quartz glass cuvette with a cross-section of 3 mm x 3 mm (Hellma
Analytics, Millheim, Germany). Each sample was measured twice: first, with the attenuator
position automatically optimised for determination of particle size distributions and, second,
with the attenuator set to the maximum to guarantee comparability of total light scattering
intensities. Effects of buffer components and concentrations on the viscosity and Rl of the
solvent were accounted for during data analysis. Autocorrelation functions were fitted using
a non-negatively constrained least-squares function®® to yield intensity-weighted particle size
distributions and by cumulant analysis*! to obtain z-average particle diameters and associated
polydispersity indices (PDIs). Distribution widths of z-average diameters, o, were calculated as
o0 =+/PDI z. In the case of multimodal distributions, the hydrodynamic particle diameter was
taken as the location of the first peak corresponding to the smallest size, which is justified by

the steep dependence of light scattering intensity on particle size.

31p NMR spectroscopy. Samples containing 2, 4, 6, or 8 mg/mL DMPC LUVs and 0-24 mg/mL
DIBMA-SB or SMA(2:1)-SB were prepared from stock solutions in Tris buffer at pH 7.4. 10%
D,0 (v/v) was added to the sample buffer to provide a lock signal. DMPC/polymer mixtures
were incubated at 30°C for at least 16 h. NMR measurements were performed at 30°C on an

Avance 600 spectrometer (Bruker Biospin, Rheinstetten, Germany) operating at a 3'P
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resonance frequency of 243 MHz using a 5-mm broadband inverse probe. 128 scans were
acquired with an inverse-gated decoupling sequence using an acquisition time of 2.2s, a
sweep width of 7310 Hz, and a relaxation delay of 10 us. Data were multiplied by an
exponential function with a line-broadening factor of 1.0 Hz before Fourier transformation.
Chemical shifts were referenced to 85% (w/v) H3POs in D20 as external standard at 0 ppm.

Signal peaks were integrated using the software Bruker Topspin 4.0.5.

Negative-stain transmission electron microscopy. TEM samples were prepared by loading
5 uL polymer-bounded nanodiscs at mp/m = 1 onto Quantifoil Cu grids (300 mesh) coated with
carbon film (Quantifoil Micro Tools GmbH, GroRl6bichau, Germany) or on Cu grids coated with
Formvar film (Plano, Wetzlar, Germany). Excess liquid was blotted off with a strip of filter
paper after 30 s followed by staining with 5 uL 1% (w/v) aqueous uranyl acetate solution.
Specimens were dried and examined in an EM 900 transmission electron microscope (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany), and micrographs were recorded with an SM-

1k-120 slow-scan charge coupled device (SSCCD) camera (TRS, Moorenweis, Germany).

{-potential measurements. Samples containing 4 mg/mL polymer, 4 mg/mL DMPC in the form
of LUVs, or polymer-bounded nanodiscs made from 4 mg/mL DMPC and 4 mg/mL polymer in
Tris buffer (50 mM Tris, 100 mM NaCl, pH 7.4) were incubated at 35°C for at least 16 h.
Measurements were performed on a Zetasizer Nano ZS (Malvern Panalytical) equipped with
a 633-nm He—Ne laser and a backscatter detection angle of 173°. Polymers, nanodiscs, or
DMPC LUVs were thermostatted at 35°C for 2 min before measurements were performed at
the same temperature in a folded capillary cell DTS1070 (Malvern Panalytical). A monomodal
measurement protocol was used, which applies a rapidly alternating electric field, from which
the mean -potential was derived. To avoid Joule heating caused by high conductivity, the
voltage was manually reduced to 10 V. To ensure correct operation and verify the cleanliness
of the cells, a polystyrene latex standard DTS1235 (Malvern Panalytical) having a {-potential

of —(42 + 4) mV was measured after at least every third new sample.

Differential scanning calorimetry. Samples containing 4 mg/mL DMPC LUVs and 0—-4 mg/mL
polymer in Tris buffer (pH 7.4) were incubated at 35°C for 16 h. Sample and reference cells
were filled with buffer and were repeatedly heated and cooled at a rate of 30°C h™*. With usual
exception of the first upscan, successive heating and cooling scans overlaid very closely. Data

were averaged, blank-subtracted, and normalised against the molar amount of DMPC in the
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sample using the software MicroCal Origin 5.0 (OriginLab, Northampton, USA). The melting
temperature, Tm, was determined as the temperature at which the excess molar isobaric heat

capacity, ACp, reached a maximum.

Solubilisation of HeLa membranes. Confluent Hela cells were harvested at 4°C by aspiration
of the cell medium, followed by two washing steps with 5 mL phosphate-buffered saline
(140 mM NaCl, 2,7 mM KCl, 10 mM NazHPO4, 1.8 mM KH3PO4) and 5 mL Tris buffer (150 mM
NaCl, pH 7.4) and scraping using a sterile cell scraper. Cells were collected, pelleted at 800 g
for 10 min, resuspended in 3 mL Tris buffer supplemented with 250 mM sucrose and
homogenised in a precooled Potter—Elvehjem tissue grinder (Corning, New York, USA). The
cellular crude extract containing the membranes was ultracentrifuged at 265’000 g for 30 min.
The pellet was washed in 3 mL Tris buffer, and the centrifugation step was repeated once. To
maintain a uniform membrane protein concentration across all experiments, the pellet was
weighed and resuspended in an appropriate volume of Tris buffer to a membrane
concentration of 60 mg/mL (wet weight), which was further diluted to 16.7 mg/mL upon
addition of polymer or detergent. After overnight incubation of the solubilisation mixture at
room temperature on a rotary wheel, samples were ultracentrifuged at 100’000 g and 20°C
for 80 min. Pellets containing unsolubilised material were resuspended in Tris buffer
containing 2% (w/v) SDS in equal volumes as supernatant samples containing nanodiscs. Both
supernatant and pellet samples were subjected to SDS-PAGE and a BCA protein assay (see

below).

SDS-PAGE. Protein-extraction yields were determined by SDS-PAGE using a NUPAGE Bis—Tris
precast gel with a polyacrylamide gradient of 4-12% (Thermo Fisher Scientific, Schwerte,
Germany). Pellet and supernatant samples were diluted with SDS buffer (25 mM DTT, 106 mM
Tris-HCI, 141 mM Tris, 2% (w/v) SDS, 10% (w/v) glycerol, 0.51 mM EDTA, 0.22 mM Coomassie
Brilliant Blue G250, and 0.175 mM Phenol Red, pH 8.5), denatured at 95°C for 10 min and
centrifuged at 10’000 g for 2 min. A voltage of 200 V was applied for 45 min at 50 W. Gels
were stained for 60 min in 3.2 mM Coomassie Brilliant Blue R250 in 40% methanol and 10%
(v/v) ethanoic acid, destained for 48 h in water with a paper towel to remove excess

Coomassie dye, and photographed.

Multiple-detection size exclusion chromatography. Mass-average molar masses of

DIBMA-SB, SMA(2:1)-SB, and the corresponding polymer nanodiscs were determined by SEC
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on an OmniSEC system (Malvern Panalytical) equipped with a Superose 6 Increase 10/300 GL
column (GE Healthcare, Freiburg, Germany) and coupled to UV, static light scattering, and
refractive index detectors. The column was equilibrated at 30°C with 3 column volumes (CVs)
Tris buffer (pH 7.4) under a steady flow rate of 0.5 mL/min. 50-uL aliquots of 2.5, 5, 7.5, or
10 mg/mL polymer and polymer/DMPC nanodiscs with mp/m ranging from 0.5 to 2.0 were
injected. Polymer standards (PEO 24k, Dextran 65k, Dextran 73k, and Pullulan 105k, all
Malvern Panalytical) were used to generate a calibration curve to estimate mass-average
molar masses of lipid-free polymers. Chromatograms of polymer nanodiscs were analysed

with the software OmniSEC 11.0.

Size exclusion chromatography of solubilised Hela proteins. SEC was carried out on an Akta
Purifier 10 system equipped with a Superose 6 Increase 10/300 GL column and a UV detector
(both GE Healthcare) at 8°C. For DIBMA-SB and SMA(2:1)-SB, supernatant samples containing
nanodiscs were concentrated using Amicon tubes (Merck, Darmstadt, Germany) with a 10-kDa
cut-off. The column was equilibrated with 2 CVs precooled Tris buffer (150 mM NaCl, pH 7.4)
before 500-pL aliqguots of polymer-extracted membrane proteins were injected. 500-uL
fractions were collected at a flow rate of 0.3 mL/min. UV absorbance was recorded at 280 nm
for protein detection, 220 nm for DIBMA detection, and 240 nm for DIBMA-SB detection.

Collected fractions were lyophilised and stored at -80°C.

Protein assay and precipitation. Lyophilised SEC fractions were resuspended in 110 uL water.
To determine the total amount of protein in each fraction, 10 pL of each sample was subjected
to a BCA protein assay*? (Thermo Fisher Scientific) performed on a FLUOstar Omega plate
reader (BMG Labtech, Ortenberg, Germany). Proteins in the remaining 100 pL were
precipitated using a modified variant of a published chloroform/methanol precipitation
procedure.*? Briefly, 400 uL methanol was added to 100 pL ice-cold sample, and the mixture
was vortexed for 3 's. 200 pL chloroform was added, the mixture was vortexed again for 3 s,
and 300 uL water was added. The sample was vortexed thoroughly for 10 s and centrifuged at
14’000 g for 3 min in a precooled centrifuge at 4°C. The upper aqueous phase was removed
before addition of another 4 volumes of methanol, vortexing for 15 s, and centrifugation at
5000 g and 20’000 g for 1 min and 4 min, respectively. The supernatant was discarded, and
the protein pellet was dried either in a vacuum desiccator (DWK Life Sciences, Wertheim,
Germany) at room temperature over night or in a Jouan RC1010 vacuum concentrator

(Thermo Fisher Scientific) at 40°C for 45 min.
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In-solution digest and sample clean-up. Precipitated SEC fractions were resuspended in 25 L
urea ABC buffer (8M urea, 25 mM ammonium bicarbonate). DTT and chloroacetamide were
added separately to final concentrations of 12.5 mM and 25 mM, respectively, and the sample
was incubated for 30 min. Samples were diluted to 4 M urea with ABC buffer, Lys-C was added
to reach a final Lys-C/protein mass ratio of 1:100, and the mixture was incubated at 37°C for
at least 3 h. After the initial digest, the urea concentration was further diluted to 1 M, ACN
and trypsin were added to a final concentration of 5% (v/v) and a trypsin/protein mass ratio
of 1:100, respectively, and the mixture was incubated at 37°C for at least 12 h. An additional
digest was performed by addition of trypsin to a final trypsin/protein mass ratio of 1:50
followed by another incubation at 37°C for 3 h. Samples were acidified by addition of formic
acid to a final concentration of 2% (v/v). Sample clean-up and desalting were performed
following a modified version of the STAGE tipping protocol.** To this end, STAGE tips were
prepared with 2 layers of Empore C18 filter extraction discs and equilibrated with 25 mM ABC
and 0.1% (v/v) formic acid, which was also used for column washing after sample loading.
Peptides were then eluted by pushing 25 mM ABC, 80% (v/v) ACN, 0.1% (v/v) formic acid
through the tips. The eluate was dried in a RVC 2-25 CD plus vacuum concentrator (Martin
Christ, Osterode am Harz, Germany) at 30 mbar and 40°C for 60 min and submitted to mass

spectrometry.

Mass spectrometry. Protein identification and quantification were performed on an Easy-nLC
1200 HPLC coupled to a Q Exactive HF Mass Spectrometer (Thermo Fisher Scientific). Peptides
were separated on reversed-phase columns with a 75-um inner diameter (New Objective,
Woburn, Massachusetts, USA) packed with ReproSil-Pur 120 C18-AQ (Dr. Maisch,
Ammerbruch-Entrigen, Germany) and injected directly into the mass spectrometer. After
resuspension in 5 puL 2% (v/v) ACN and 0.1% (v/v) formic acid in MS-grade H;O, 4 uL of each
fraction was loaded onto 30-cm columns and eluted with a 1.5-h gradient. For all MS runs,
data were acquired in a data-dependent fashion using a top 15 method for peptide

sequencing.

MS data were analysed with MaxQuant (version 1.6.3.3) using a label-free algorithm.* A false-
discovery rate (FDR) of 0.01 for peptides and a minimum peptide length of 7 amino acid
residues were required. For Andromeda search, trypsin allowing for cleavage N-terminal of
proline was chosen as enzyme specificity. Cysteine carbamidomethylation was selected as a

fixed modification, and protein N-terminal acetylation and methionine oxidation were
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selected as variable modifications. A maximum of two missed cleavages was allowed. Initial
mass deviation of precursor ion was limited to 7 ppm and mass deviation for fragment ions to
0.5 Da. Protein identification required at least one unique in each protein group. “Match
between run” was used to transfer identities within all replicate samples of the unfractionated
samples and between adjacent SEC fractions. For data analysis, an Excel spreadsheet and the
Solver were used for non-linear least-squares fitting*®. MS data matrices were processed with

the MaxQuant companion software Perseus.’

Microfluidic diffusional sizing. MDS measurements with post-separation labelling*® using
injection-moulded disposable plastic chips were performed on a Fluidity One instrument
(Fluidic Analytics, Cambridge, UK). Triplicate measurements for each sample were carried out
and averaged hydrodynamic radii with standard deviations were plotted. Nanodisc and

protein concentrations were in the range of X uM.%.

Assembly of DOPG nanodiscs for cell-free protein expression assays. DOPG LUVs extruded
to a size of 200 nm and polymer stock solutions (50 mM Tris, 150 mM NaCl, pH 7.4) were
mixed in various molar copolymer:lipid ratios (1:2.5, 1:5, 1:10 and 1:20) and incubated at RT
for 24 h. Nanodisc formation was monitored by clearance of the turbid solution. Subsequently,
the mixtures were centrifuged at 20,000 g to remove larger aggregates. Supernatants were

concentrated using Amicon tubes (Merck, Darmstadt, Germany) with a 10-kDa cut-off.

To monitor the size of formed polymer nanodiscs, SEC was carried out at 12 °C using a
Superdex 200 Increase 3.2/300 GL column connected to an Akta purifier system (both GE
Healthcare, Freiburg, Germany). Prior injection of X mL nanodisc samples, the column was
equilibrated in pre-cooled buffer (50 mM Tris, 150 mM NaCl, pH 7.4). The chromatography

was conducted at a flow rate of 0.05 mL/min and UV absorbance was recorded at 240 nm.

Cell-free protein expression. Cell-free expression was carried out as described in detail
previously.3#3> Briefly, S30 lysates were prepared from E. coli A19 strain. Analytical scale
reactions were performed in 55 pL reaction mixtures (RM) separated from a feeding mixtures
(FM) with dialysis membranes with a MWCO of 12-14 kDa (Carl Roth, Karlsruhe, Germany).
The volume ratio of RM to FM was 1:15. For membrane protein expression, preformed
copolymer nanodiscs were added into the RM in final concentrations of 30-240 uM. Reactions
were incubated at 30°C for 16—20 h with shaking. After expression, RMs were collected and

centrifuged at 18,000 g and 4°C for 10 min to remove precipitates.
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Size exclusion chromatography of cell-free expressed PR. After expression, PR was purified
via a C-terminal Strep-tag. The PR solution was diluted 1:3 in buffer X (100 mM Tris, 100 mM
NaCl, pH 8.0), loaded and reloaded twice on a Strep column pre-equilibrated with the same
buffer. The column was washed with 10 CV buffer and PR was eluted using buffer
supplemented with 25 mM d-Desthiobiotin (Sigma-Aldrich, Steinheim, Germany). The purified
protein was concentrated in Amicon tubes (Merck, Darmstadt, Germany) with a 10-kDa cut-

off and centrifuged at 20,000 g and 4°C for 10 min before injecting onto the SEC column.

SEC was carried out at 12°C using a Superose 6 10/300 GL column connected to an Akta
purifier system (GE Healthcare, Freiburg, Germany). The column was equilibrated in pre-
cooled buffer X before injecting the PR sample. The run was conducted at a flow rate of

0.3 mL/min and UV absorbance was recorded at 280 nm.

Radioligand filter binding assay. Final concentrations of 10nM TB1AR and 50 nM
[*H]dihydroalprenolol (Biotrend, Kéln, Germany) were incubated in 30 pL volumes of binding
buffer (50 mM HEPES, pH 7.5, 1 mM, CaCl;, 5 mM MgClz, 0.2% (w/v) BSA) for 1 h at RT with
gentle shaking. Unspecific binding was determined by pre-incubating the samples with 40 uM
non-labelled alprenolol (Torcis, Bristol, UK) for 1 h before adding [*H]dihydroalprenolol. GF/B
glass fibre filters (Merck, Darmstadt, Germany) were pre-treated with 0.3% (w/v)
polyethyleneimine for 30 min and washed 5 times with 150 pL filter wash buffer (50 mM
HEPES, pH 7.5, 0.5% (w/v) BSA). Samples were transferred to glass fibre filters and
subsequently washed 7 times with 150 uL 50 mM HEPES, pH 7.5, 500 mM NacCl, 0.1% (w/v)
BSA). Filters were solubilised in 2 mL Rotiszint eco plus (Carl Roth, Karlsruhe, Germany) and
radioactivity was measured on a Hidex 300 SL liquid scintillation counter (Hidex, Turku,

Finland).
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Supplementary Figures
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Figure S1. Solubilisation of lipid vesicles and nanodisc formation by SMA(2:1)-SB. (a) Intensity-
weighted particle size distributions, f(d), of aqueous mixtures of SMA-SB and DMPC at various
polymer/lipid mass ratios, my/mi. (b) Corresponding volume-weighted particle size
distributions, f(d), at various my/mi. (c) Hydrodynamic particle diameters, d, as functions of
me/m derived from particle size distributions such as shown in panel (a). (d) Intensity-
weighted particle size distributions, f(d), of aqueous mixtures of SMA(2:1)-SB or SMA(2:1) and
POPG at various mp/m; as obtained from DLS. (e)Negative-stain EM images of
SMA(2:1)-SB/DMPC nanodiscs at my/mi=1 prepared on Formvar-coated Cu grids.
(f) -potentials of SMA(2:1), SMA(2:1)-SB, and the respective polymer-encapsulated DMPC
nanodiscs in the presence of 100 mM NaCl. Experiments were carried out at 50 mM Tris,
200 mM NaCl, pH 7.4 unless noted otherwise.
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Figure S2. Solubilisation of DMPC vesicles by DIBMA-SB at 30°C as monitored by 3P NMR.
(a) NMR spectra of 4 mg/mL DMPC vesicles upon exposure to increasing DIBMA-SB
concentrations. (b) Peak areas, A, at four different DMPC concentrations as functions of
DIBMA-SB concentrations, showing experimental data (circles) and global fits (solid lines).
(c) Phase diagram of DIBMA-SB/DMPC at 30°C showing the saturation (SAT) and solubilisation
(SOL) boundaries defining the onset and completion of nanodisc formation, respectively.
Experiments were carried out at 50 mM Tris, 200 mM NaCl, pH 7.4.
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Figure S3. pH tolerance of SMA(2:1)-SB nanodiscs at 50 mM Tris and 200 mM NaCl. Shown are
z-average diameters, d, of SMA(2:1)-SB/DMPC nanodiscs as functions of my/m at different pH
values as derived from DLS. Experiments were carried out at 50 mM Tris, 200 mM NaCl, pH 7.4

unless noted otherwise.
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Figure S4. Tolerance towards divalent cations of DIBMA-SB and SMA(2:1)-SB. (a) Volume-
weighted particle size distributions, f(d), of DIBMA-SB/DMPC nanodiscs at increasing Ca%*
concentrations. (b) Visual appearance of nanodiscs in the presence of increasing Ca®
concentrations. (c) Volume-weighted particle size distributions, f(d), of SMA(2:1)-SB/DMPC
nanodiscs at increasing Mg?* concentrations. (d) Visual appearance of nanodiscs in the
presence of increasing Mg?* concentrations. (e) Volume-weighted particle size distributions,
fld), of SMA(2:1)-SB/DMPC nanodiscs at increasing Ca®* concentrations. (f) Visual appearance
of nanodiscs in the presence of increasing Ca?* concentrations. Experiments were carried out
at 50 mM Tris, 200 mM NaCl, pH 7.4.
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Figure S5. (a) SEC elution profiles of DIBMA, DIBMA-SB, SMA(2:1), and SMA(2:1)-SB as
monitored by refractive index (Rl). (b) Calibration curve determined using polymer standards
PEO, Dextran, and Pullulan, yielding mass-average molar masses of M, =14 kg/mol for
DIBMA-SB and M, = 12.6 kg/mol for SMA(2:1)-SB. Experiments were carried out at 50 mM
Tris, 200 mM NaCl, pH 7.4.
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Figure S6. (a) SEC elution profiles of DIBMA-SB/DMPC nanodiscs at various my/mi, confirming
the absence of excess (“free”) polymer as well as a decrease in nanodisc size with increasing
mp/mi. (b) SEC profiles of SMA(2:1)-SB/DMPC nanodiscs at various my/mi. Experiments were
carried out at 50 mM Tris, 200 mM NaCl, pH 7.4.
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Figure S7. Thermotropic phase transitions in SMA(2:1)-SB nanodiscs. (a) DSC thermograms
showing excess molar isobaric heat capacities, ACp, of 4 mg/mL DMPC in the presence of
increasing concentrations of SMA(2:1)-SB. (b) Gel-to-fluid phase transition temperatures, Tn,
of 4 mg/mL DMPC at various mp/mi. Experiments were carried out at 50 mM Tris, 200 mM
NaCl, pH 7.4.
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Figure S8. Extraction of membrane proteins from human cells using SMA(2:1)-SB. (a) SDS-
PAGE showing membrane proteins extracted from Hela cells by increasing concentrations of
SMA(2:1)-SB. (b) Overall yields of extracted membrane proteins as functions of polymer or
detergent concentration as determined by a colorimetric protein assay. Lower abscissa:
surfactant concentration (cs); upper abscissa: surfactant/membrane mass ratio (R); ordinate:
solubilised protein yield.

92 30



R ¥ W
& > OO\Q)Q
. c
b 10 —1:25 1.09 —1:25
0.8 —1:5 0.8- —1:5
o —1:10 o —1:10
<067 —120 < 067 —1:20
S 044 © 0.4-
0.2 0.2+
0.0 T T T T 1 0.0 T T T T T 1
0 1 2 3 0 1 2 3
Elution volume [mL] Elution volume [mL]

Figure S9. (a) Cell-free GFP expression in the presence of, DIBMA, DIBMA-SB, SMA(2:1), and
SMA(2:1)-SB. DIBMA and SMA(2:1) disrupt the expression completely, while SMA(2:1)-SB and
DIBMA-SB are tolerated by the system. All experiments have been performed in independent
triplicates. (b) and (c) SEC elution profiles of preformed DIBMA-SB and SMA(2:1)-SB nanodiscs,
respectively. Particles have been formed with various polymer:lipid molar ratios (1:2.5, 1:5,
1:10 and 1:20). At a ratio of 1:10, both nanodisc types show the most homogenous
distribution.
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5. Discussion

5.1. Paving the way of polymer nanodiscs for membrane-protein applications

The majority of this work focused on the biophysical characterisation of the most popular and
commonly used anionic SMA(2:1) copolymer, two electroneutral sulphobetaine maleimide
copolymers SMA(2:1)-SB and DIBMA-SB, and the corresponding nanodiscs. To this end, the
solubilisation efficiency of these polymers towards model and cellular membranes was
elucidated as functions of pH, ionic strength, lipid unsaturation, lipid acyl-chain length, and
lipid charge. The presented data also include detailed studies on the integrity of the
encapsulated lipid-bilayers and the nanodisc charge. In addition, the lipid-transfer kinetics

among SMA(2:1) nanodiscs were quantified.

Taken together, the polymer- and membrane-dependent nanodisc properties thus deduced
provide indispensable information for the key application of polymer nanodiscs in membrane-
protein research. This is because these properties can, to a certain extent, be extrapolated to
nanodiscs formed from complex cellular membranes. In the end, they result in two key criteria
that govern the successful use of amphiphilic copolymers in membrane-protein studies. They
are, on the one hand, the protein extraction efficiency in terms of protein yield from cellular
membranes and, on the other hand, the protein stabilisation within nanodiscs over time and

under varying environmental conditions.

In a more global context, the polymer toolbox with various properties such as charge densities,
chain length, or monomer units progressively grows.3”:1% As different polymer properties lead
to a vast variety of nanodisc features, it is of utmost importance to provide an in-depth
characterisation of the specific polymers and their corresponding nanodiscs. As a
consequence, this allows for adjusting the nanodisc properties to specifically suit target

membrane proteins or experimental requirements.
5.2. Polymer concentration determination by refractometry and UV absorption

In order to use amphiphilic polymers for solubilisation studies, they need to be suspended in
an aqueous buffer. Here, however, the commercially available polymers SMA(2:1), SMA(3:1),
and DIBMA were present in a concentrated NaOH solution. Hence, they were dialysed against

the aqueous buffer of choice, which subsequently necessitates the determination of polymer
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stock concentrations. Refractometry and UV spectroscopy are complementary techniques
suited for quantitative measurements, because they both linearly depend on the
concentration. UV spectroscopy, however, is only valuable to molecules that have a
chromophoric activity such as phenyl rings in SMA(2:1), and, is thus less suited for aliphatic
DIBMA (Manuscript 1). Furthermore, UV absorption depends not only on the polymers’
chemical structure, but also on its chemical environment and thus can lead to intensity
differences or absorbance spectra shifts depending on solvent properties.® By contrast, the
refractive index, at a specific wavelength and temperature, only depends on the elemental
composition of the structure of interest.’®! Due to these reasons, refractometry was the

102

straightforward tool of choice to determine polymer concentrations!®? and is also widely used

in SEC for polymer characterisation (Manuscript 3).103
5.3. The equilibrium solubilisation efficiency of amphiphilic copolymers

In the following chapter, the equilibrium solubilisation efficiency of studied copolymers is
discussed and compared on a mass concentration scale. At first, the solubilisation capacity at
similar conditions among SMA, DIBMA, and their neutral derivatives is reviewed.
Subsequently, the effects of membrane and solvent properties are highlighted. It should be
emphasised that herein, the solubilisation efficiency is discussed from a thermodynamic

rather than a kinetic viewpoint.
A comparison of solubilisation efficiencies at similar conditions

At near-physiological conditions, SMA(2:1) (with an average S/MA molar ratio of 2:1) was
found to be the most efficient solubiliser followed by the less hydrophobic DIBMA (DIB/MA
ratio: 1:1) and the more hydrophobic SMA(3:1) (S/MA ratio: 3:1) towards saturated DMPC
model membranes (Manuscript 1). This was derived from 3P NMR and DLS studies showing
that a reduced polymer/lipid mass ratio was required for the onset and completion of
SMA(2:1) nanodisc formation. Here, the intrinsic polymer hydrophobicity, which arises
predominantly from the average hydrophilic (MA) to hydrophobic (S or DIB) group ratio,
seems to be the dominant factor governing the polymers’ solubilisation efficiency. The results
thus suggest that, among the compared polymers, SMA(2:1) possesses a near-optimal
hydrophobicity required for efficient lipid bilayer disruption and nanodisc formation. DIBMA,

on the one hand, presents a lower affinity to the membrane hydrophobic core due to the fairly
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high content of hydrophilic MA moieties (~*50%). SMA(3:1), on the other hand, contains less
MA (~25%) than SMA(2:1) (~33%), thus reducing the initial polymer interactions with

hydrophilic lipid head groups required for subsequent membrane insertion.

The electroneutral SMA(2:1)-SB and DIBMA-SB polymers showed similarly high solubilisation
capacities as SMA(2:1) (Manuscript 3). These polymers were generated through attachment
of a zwitterionic sulphobetaine (SB) side chain to the maleic anhydride groups of SMA(2:1)
and DIBMA, respectively. In general, this renders the derivatised polymers more hydrophobic
than their anionic counterparts. This is because SB groups feature fairly long hydrocarbon
chains between the charged groups and are connected to the polymer backbone through
hydrophobic maleimide rings (Figure 1.4). Furthermore, as DIBMA has a higher maleic
anhydride content than SMA(2:1), DIBMA experiences a superior modification over SMA(2:1).
Accordingly, the resulting increase in hydrophobicity is more pronounced for DIBMA-SB, thus
shifting the hydrophobicity of the latter close towards the near-optimum of SMA(2:1). Hence,
the solubilisation power of DIBMA-SB noticeably increases, whereas for SMA(2:1)-SB, the

effect is less pronounced.
Effects of solvent properties on solubilisation efficiency

First, the influence of pH on the studied polymers is elucidated in more detail. SMA(2:1)
showed a superior equilibrium solubilisation efficiency towards phospholipids at pH 8.3 than
at pH 6.4 (Manuscript 1). This is because the pH value, among other solvent properties,
influences the previously discussed intrinsic polymer hydrophobicity, thus adjusting the
polymer solubilisation efficiency. More specifically, at neutral pH, SMA(2:1) is partially
protonated (~50%), because the pK; values of the carboxylate groups correspond to ~5.5 and
~8.6, respectively.3® Accordingly, at elevated or alkaline pH, the polymers’ maleic acid moieties
are largely deprotonated, thus reducing the effective hydrophobicity of SMA(2:1). This results
in stronger Coulombic repulsion among these moieties, provoking an extended polymer
conformation so that polymer chains more efficiently wrap around the lipid bilayer. As a
consequence, less polymer is required for complete encapsulation, which manifests in a
superior solubilisation capacity. By contrast, at moderately acidic pH, the largely protonated
carboxylate groups cause an elevated polymer hydrophobicity and a collapsed conformation,
which results in a reduced solubilisation efficiency. A strongly acidic pH < 5 leads to the total
collapse of polymer chains, resulting in polymer precipitation and loss of solubilisation
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capacity.337 The results from Manuscript 1 are strongly supported by SEC data showing that,
at similar polymer/lipid molar ratios, 30-40 % more SMA(2:1) is required at pH 6.4 than at
pH 8.3 to form nanodiscs (Figure 2.3).

For DIBMA, the opposite effect was observed; at slightly acidic pH, the equilibrium
solubilisation efficiency was elevated over moderately alkaline pH.”* For the same reasons as
elucidated for SMA(2:1), the effective hydrophobicity of DIBMA increases at acidic pH and
thus, renders the polymer more hydrophobic than at near-physiological conditions.
Accordingly, the effective hydrophobicity approaches the one of SMA(2:1), thus leading to an
improved solubilisation efficiency. At alkaline conditions, DIBMA turns even less hydrophobic
than at pH 7.4, thus further reducing its solubilisation capacity towards lipid membranes. This
underlines once more the postulation of an optimal polymer hydrophobicity required for a

high membrane solubilisation efficiency.

The solubilisation efficiency of SMA(2:1)-SB and DIBMA-SB was little to not affected by varying
pH values (Manuscript 3). This is because the SB side chain features a sulphonate group with
a pKa value corresponding to —1.91%41%5 and a trimethyl-ammonium group having a pKa value
close to ~10.1% Accordingly, in the studied pH range of 6-8.5, the derivatised polymers are
predominantly zwitterionic, i.e. carry a net neutral charge.!0”1% As a result, their
hydrophobicity and conformation is not considerably affected, rendering the solubilisation

efficiency of these polymers largely pH-independent.

Secondly, the effect of ionic strength on the equilibrium solubilisation efficiency is highlighted.
For SMA(2:1), varying NaCl concentrations had little effect on the solubilisation power
towards zwitterionic model membranes (Manuscript 1). It was however shown that the
solubilisation of KcsA from anionic E. coli membranes was more efficient at elevated ionic
strength.*® In general, elevated ionic strength leads to Coulombic screening of negatively
charged carboxylate groups by sodium ions, thus promoting the polymers’ effective
hydrophobicity. Accordingly, this results in an elevated membrane affinity, and, hence,
solubilisation efficiency. Although the solubilisation capacity of SMA(2:1) seems to be more
affected by protonation than by Coulombic screening, the latter enhances the solubilisation
of highly anionic E. coli membranes.% DIBMA also showed a superior solubilising efficiency at

elevated ionic strength, even towards zwitterionic phospholipids.’® In accordance with the pH-
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independence on the solubilisation efficiency of the electroneutral polymers, it is expected

that ionic strength also has little effect.

Finally, the influence of divalent cations such as Ca?* and Mg?* on DIBMA solubilisation
efficiency is briefly discussed. Elevated concentrations of divalent cations showed a
pronounced increase in equilibrium solubilisation efficiency towards model and cellular
membranes.'!? This effect cannot be explained by Coulombic screening only and is caused by
association of divalent cations to the maleic acid groups, thus leading to their partial
neutralisation. These experiments were not conducted for SMA polymers, as they are less
tolerant towards divalent cations and precipitate already at low millimolar concentrations.3?
It is again expected that divalent cations have little effect on the solubilisation efficiency of

derivatised polymers.

Taken together, it was shown that the intrinsic polymer hydrophobicity can be altered by
solvent properties such as pH, ionic strength, or divalent cations, thus adjusting the polymer
solubilisation efficiency towards membranes. The electroneutral polymers, however, are

generally less susceptible to changes of solvent properties.
Effects of membrane properties on solubilisation efficiency

The solubilisation efficiency of SMA(2:1), SMA(3:1), and DIBMA towards unsaturated POPC
was reduced compared with saturated DMPC (Manuscript 1). Moreover, electroneutral
SMA(2:1)-SB and DIBMA-SB also showed a decreased solubilisation efficiency towards
unsaturated lipid bilayers (data not shown). An explanation is that lipid unsaturation increases
the lateral pressure in the acyl-chain region of the bilayer, thus impeding the insertion of the
polymers’ hydrophobic moieties. For DIBMA, the effect is even more drastic than for SMA,
because the intercalation of bulky diisobutylene moieties is more drastically impeded than of

planar aromatic groups.”

Along these lines, it should be noted that the herein used unsaturated POPC carries longer
acyl chains than saturated DMPC. It can thus be deduced that the resulting superior
membrane thickness of POPC further enhances the observed reduced solubilisation
efficiency. In fact, the dependency of lipid acyl-chain length on DIBMA solubilisation efficiency
was confirmed in a systematic study.”® For SMA, a similar trend was observed from a kinetic

viewpoint.*® The reduced polymer efficiency is caused by stronger van der Waals forces and
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hydrogen bonds within thick bilayers.''! From a thermodynamic viewpoint, this results in
more unfavourable Gibbs free energies for the transfer of phospholipids from vesicular
bilayers to polymer nanodiscs, thus decreasing the polymers’ insertion power.”* Accordingly,

more polymer is required for the complete solubilisation of target membranes.

Importantly, the electroneutral polymers proved effective in solubilising negatively charged
lipid-bilayers formed by POPG, whereas SMA(2:1) and DIBMA were not able to form nanodiscs
from anionic model membranes (Manuscript 3). This demonstrates that the latter impede
polymer insertion into the membrane acyl-chain region due to Coulombic repulsions among
negatively charged polymers and charged lipid head groups. Electroneutral polymers are thus
able to solubilise the long-chained and unsaturated POPG, but show a reduced solubilising
efficiency towards its neutral counterpart POPC. This underlines that the membrane charge
might have a more drastic effect on membrane solubilisation than lipid unsaturation or
membrane thickness. Accordingly, electroneutral polymers potentially provide a considerable
advantage over anionic SMA and DIBMA in terms of membrane protein extraction from highly

anionic cellular membranes such as those of E. coli.4%109112

Altogether, it became clear that, in addition to solvent properties, membrane characteristics
such as membrane thickness, lateral pressure, or charge influence the polymers’ solubilisation

behaviour.
5.4. The nanodisc size

Previously, it has been shown that the size of SMA(3:1)-bounded nanodiscs decreases with
increasing polymer/lipid ratios.*>*® This is also valid for the polymer nanodiscs formed by
SMA(2:1), DIBMA, and their neutral derivatives (Manuscripts 1 and 3).”* In other words, at
similar lipid concentrations, elevated polymer concentrations lead to the fragmentation into
smaller nanodiscs. This can be readily explained by the fact that, as more polymer is available,
more polymer is involved in nanodisc formation, reducing the lipid number per nanodisc, and,
thus, the lipid-bilayer core. Accordingly, this results in a reduced nanodisc size and goes along
with a larger number of nanodiscs. This rationale is however only valid up to a specific
polymer/lipid ratio; increasing the polymer concentration above this limit, the nanoparticle
size remains constant at ~8 nm for SMA(2:1), SMA(2:1)-SB, and DIBMA-SB and at ~15 nm for
DIBMA. This indicates, at first glimpse, that a minimal nanodisc diameter is preserved.

However, a more nuanced picture is required, especially in the case of SMA(2:1) nanodiscs. In
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combination with data on the lipid-bilayer integrity showing that the latter is strongly
perturbed within SMALPs at high polymer concentrations, the question arises whether these
particles still can be defined as nanodiscs. It is likely that, at fairly high SMA(2:1)
concentrations, the polymer chains partition into the lipid bilayer, thus forming polymer/lipid
mixed micelles rather than nanodiscs with a well-defined, native-like lipid bilayer, in

accordance with conventional surfactant/lipid mixtures (see also Section 5.7).113

Generally, the nanodisc size is closely linked to the equilibrium solubilisation efficiency; a
superior solubilisation efficiency goes along with a reduced polymer concentration required
for nanodisc formation. As already mentioned, the pH value affects the solubilisation capacity
of SMA(2:1) and DIBMA and hence, also the nanodisc size. More specifically, at similar
polymer/lipid ratios, larger SMA(2:1) nanodiscs are formed at acidic (i.e., at a reduced
solubilisation efficiency) than at alkaline pH (i.e., at a superior solubilisation efficiency). By
means of SEC, it was observed that at pH 6.4, an excess SMA(2:1) fraction of only 5-30% was
present compared with >50% at pH 8.3 (Figure 2.3). As discussed earlier in great detail, the
increased effective hydrophobicity of SMA(2:1) at acidic pH leads to the adoption of a more
compact polymer conformation. Hence, a larger number of polymer chains is required to wrap
around the nanodisc, leading to an increase in nanodisc size. In general, this implies that, on
an absolute scale, the SMA(2:1) concentration effectively involved in nanodisc formation is

higher at acidic than at alkaline pH.

At a molecular level, a similar hypothesis holds for pH-, NaCl-, and divalent-cation-dependent
DIBMALP size that goes along with the polymers’ solubilisation efficiency.”#1 Slightly acidic
pH, NaCl concentrations above 2300 mM, or low millimolar divalent cation concentrations
reduce Coulombic repulsions among carboxylate groups. This renders the conformation of
DIBMA less extended yet not too compact, thus improving its membrane affinity. The resulting

reduction in required polymer leads to the formation of smaller nanodiscs.
5.5. The nanodisc charge

In the course of this thesis, the effective SMA(2:1) nanodisc charge was elucidated in great
detail by means of two independent methods, namely by an extended Debye-Hiickel equation

(Manuscript 2) and by -potential measurements (Figure 3.1).
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At near-physiological conditions, the carboxylate groups of SMA(2:1) are partially protonated,
as mentioned earlier.3® This means that theoretically, an SMA(2:1) polymer chain having a
number-average molecular weight of M, = 2.7 kg/mol contains on average eight carboxylate
repeating units and thus, eight negative charges. Assuming that the polymer makes up 40—
50% of the size-dependent nanodisc weight of 200-800 kDa, a nanodisc contains > 250
negative elementary charges.*’ In the following discussion, this theoretical charge is referred

to as the nominal nanodisc charge.

An extended version of the Debye-Hiickel equation describing the experimentally determined
collisional lipid-exchange rate constants, ke, as functions of ionic strength, /, provided an
effective nanodisc charge number of z=-33. This is, however, an order of magnitude lower
than the nominal charge number (Manuscript 2), because the reported effective charge
number describes the local charge at the nanodisc region of impact upon collision. At similar
hydrodynamic sizes, the effective DIBMALP charge number amounted to z=-47.11% This
reflects the increased maleic acid content of DIBMA over SMA(2:1), and, thus, the higher

charge density.

Complementary, the SMA(2:1) nanodisc charge was addressed by {-potential measurements.
At 0-100 mM Nacl, similar nanodisc sizes yielded effective charge numbers of z = =25, which
is in line with results obtained in Manuscript 2 (Figure 3.1). In this case, by contrast, the
effective nanodisc charge number arises from the partially sheared-off electrostatic double
layer, due to nanodisc movement in an electric field. Simply speaking, an absorbed stationary
phase of ions as inferred by Coulombic attractions screens the nominal nanodisc surface
charge, thus leading to a decreased effective nanodisc charge.?® Accordingly, it has to be
highlighted that the effective nanodisc charge is differently defined for both methods used;
while it results from local charges for best-fit values of the extended Debye-Hiickel equation,
it issues from the partial Coulombic screening in {-potential measurements. Notwithstanding
this caveat, the results obtained from these two complementary methods were in close

agreement.

Furthermore, the influence of nanodisc size on its effective charge and charge density was
studied by {-potentials. It was shown that large nanodiscs have a superior charge number z(r)
than their smaller counterparts (Figure 3.1.c). This can be readily explained by a reduced

amount of polymer required for small nanodisc encapsulation. Due to the smaller
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circumference, the curvature of small nanodiscs increases. Accordingly, this also leads to an
elevated polymer curvature to closely interact with lipid-acyl chains, reducing the required
polymer concentration and, thus, the effective nanodisc charge. This finding is however not
reflected in deduced charge densities at the nanodisc rim, p(r)crc, Wwhich were found to be fairly
constant over different nanodisc sizes (Figure 3.1.d). In fact, despite the decrease in polymer
concentration, it is plausible that p(r).rc does not significantly change due to the reduced
nanodisc area that can harbor negative charges. As discussed for DIBMALPs, it is even
probable that a higher charge density is found in small nanodiscs, even though on an absolute
scale, they carry less charges.!'* Taken together, the effective charge number and the charge

density of nanodiscs have to be considered independently.

In addition, the nanodisc charge is not only affected by its size, but also by the solvent
properties discussed previously. Here, the effect of ionic strength on the nanodisc charge was
studied. With increasing NaCl concentrations, the effective SMA(2:1) nanodisc charge number
decreased (Figure 3.1.c). This was expected, because Coulombic screening of the carboxylate
groups increases with elevated ionic strength. It is also illustrated by the nanodisc Debye
length that increases from Ap = 0.5 nm at 400 mM NaCl to 1.35 nm at 50 mM NacCl, underlining

an electric potential decay over a shorter distance at elevated ionic strength.1>116

Taken together, the nanodiscs formed by polyanionic SMA(2:1) and DIBMA were elucidated
in great detail regarding their effective charge numbers and charge densities. Finally, the net
neutral charge of zwitterionic SMA(2:1)-SB and DIBMA-SB polymers and corresponding
nanodiscs was validated by -potentials (Manuscript 3). Indeed, negligible {-potentials, going
along with insignificant charge numbers and densities, were found for both polymers and

nanodiscs at near-physiological conditions.
5.6. The colloidal stability of polymer nanodiscs

In general, the colloidal stability of particles is defined as the equilibrium stabilisation of
particles suspended in a medium. The so-called DLVO theory describes the combined effect of
attractive and repulsive forces on the colloidal stability of particles. In case the short-range,
attractive van der Waals forces outweigh repulsive forces, particles tend to aggregate or
agglomerate in order to reduce their surface energy.'” The following section sheds light on
the predominant stabilising repulsive forces among nanodiscs formed by SMA, DIBMA, and

the derivatised zwitterionic polymers.
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SMALPs and DIBMALPs can be stored, in the absence of protein, for long periods of time
(weeks or even months) by preserving their hydrodynamic size. Furthermore, they show a high
thermal stability, and, are fairly stable towards pH, ionic strength, and divalent cations
(Manuscript 1).3%3%74 Taken together, these observations, combined with the fairly negative
{-potentials of SMA(2:1) nanodiscs®”8 (Figure 3.1), underline a high colloidal stability that can
be readily explained by the nanodiscs’ polyanionic nature. As discussed in the previous
section, these nanodiscs have a highly negative charge number. Accordingly, it is
straightforward that SMALPs and DIBMALPs are largely stabilised through Coulombic

repulsions in an agueous environment.

The electroneutrality of SMA(2:1)-SB and DIBMA-SB underline that Coulombic forces are
drastically reduced among nanodiscs formed by these polymers. It has to be noted that, in
addition to Coulombic repulsions, the free solvation energy (or free Born energy; specifically
here: free hydration energy) of nanodiscs also has a strong stabilising effect.!'’ In more detail,
nanodiscs are enclosed by a hydration shell, as water molecules strongly interact with the
hydrophilic polymer groups, either anionic (SMA and DIBMA) or zwitterionic (SMA-SB and
DIBMA-SB), on the nanodisc surface. In fact, nanodiscs formed by the zwitterionic polymers
represent an accumulation of dipoles that display similar free solvation energies as
polyanionic SMALPs or DIBMALPs.'8 Thus, it is energetically highly unfavorable to break their
hydration shells in order to bring nanodiscs together.!'® Accordingly, even though Coulombic
forces are reduced among zwitterionic nanodiscs, they are stabilised in solution through

repulsive hydration forces.

A minor stabilising effect might be generated by the “free” or excess polymer in solution,
found for all nanodisc species expect those formed by DIBMA-SB (Figure 2.1 and
Manuscript 3). It was previously reported that the addition of non-adsorbing polymer leads to
superior nanoparticle stabilisation against aggregation and sedimentation through steric
hindrance. This effect is referred to as the gel network stabilisation, because the polymer
chains generate a stabilising “network” around the particles.'?%'2! However, in this case, this
seems to make, if any, only a small contribution to the colloidal stability of nanodiscs, because
SMALPs were shown to be stable in size after the removal of “free” SMA(2:1) (Figure 2.2 and

Section 5.9).
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5.7. The lipid transfer among polymer nanodiscs

In Manuscript 2, the lipid transfer behaviour of SMA(2:1) nanodiscs was elucidated in great
detail. In accordance with SMA(3:1) nanodiscs and DIBMALPs, it was shown that SMALPs
formed by SMA(2:1) exchange lipid molecules among each other predominantly through
collisions.”>114 At similar conditions, the collisional lipid transfer among SMA(2:1) nanodiscs is
more efficient than among DIBMALPs, but less efficient than among the more hydrophobic
SMA(3:1) nanodiscs. This is simply because SMA(3:1) nanodiscs are most hydrophobic,
followed by SMA(2:1) and DIBMA nanodiscs, as reflected by the effective SMALP and DIBMALP
charge numbers. Hence, SMALPs experience less Coulombic repulsions among each other
than DIBMALPs, resulting in more frequent collisions, and thus, increased lipid transfer
kinetics. Along this rationale, it is expected that nanodiscs formed by electroneutral polymers

are even more efficient in lipid exchange.

As discussed previously, solvent properties such as elevated ionic strength or acidic pH reduce
the effective nanodisc charge density through Coulombic screening. As expected, elevated /
accelerated the lipid transfer among nanodiscs, because increasing NaCl concentrations
enhance Coulombic screening of the polymers’ carboxylate groups. As a corollary, the collision
rate is elevated, and thus, the lipid transfer kinetics among nanodiscs, as shown for SMA(2:1)

and DIBMA (Manuscript 2).114

From a molecular viewpoint, it is a credible hypothesis that, upon collision, nanodiscs
transiently fuse at the region of impact to exchange lipid molecules. More specifically, the
polymer rim of each nanodisc has to “open” to enable the formation of a common nanodisc
core and thus, the direct contact of lipids from colliding nanodiscs.'?? If a collision takes place,
this transient fusion is possibly enabled because the polymer chains are shorter than the total
nanodisc circumference. Therefore, a notable yet minor effect that potentially plays a role in
lipid transfer kinetics, in addition to Coulombic screening, is the polymer chain length. As
SMA(2:1) (Mw =2.7 kg/mol) is significantly smaller than DIBMA (M. = 8.4 kg/mol), it is
plausible that the shorter polymer chains of SMA(2:1) facilitate the local disruption of the
polymer barrier. In fact, it was previously shown that short SMA(2:1) chains enable faster lipid
transfer kinetics than their long counterparts.’>® Accordingly, in addition to the favourable
SMA(2:1) hydrophobicity over DIBMA, the smaller SMA(2:1) chains possibly have an additional
enhancing effect on the nanodisc lipid exchange. Along this rationale, this explanation also
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holds for the effect observed at superior ionic strength. As already known, the effective
polymer chain length, or, in other words, the polymer conformation, is influenced by solvent
properties. Accordingly, enhanced Coulombic screening at elevated / not only reduces the
Coulombic repulsion among nanodiscs, but additionally reduces the effective polymer chain

length, thus further facilitating the nanodisc lipid exchange.

A completely different consideration that potentially influences the lipid exchange kinetics is
that SMA(2:1) perturbs the lipid-bilayer nanodisc core to a larger extent than DIBMA
(Manuscript 1), as discussed in more detail further below. Accordingly, this leads to a looser
lipid packing in SMALPs, thus increasing the lipid mobility. During a transient fusion of two

SMA(2:1) nanodiscs, this could also have an accelerating effect on the lipid transfer.

In a more general context, these results underline that, in spite Coulombic repulsion among
nanodiscs in combination with their free hydration energy, anionic polymer nanodiscs are
highly dynamic rather than kinetically trapped nanoparticles. In comparison with MSP
nanodiscs and vesicles, they exchange lipids considerably faster (Manuscript 2). Therefore,
polymer nanodiscs and, especially, nanodiscs formed by electroneutral polymers, are
promising tools to study native or specific protein/lipid interactions.”? This is because lipids
that strongly interact with harboured membrane proteins are impeded from the fast lipid

exchange, thus leading to a local enrichment in interacting lipid species.>*>>

5.8. The nanodisc lipid-bilayer architecture

The lipid-bilayer properties of polymer nanodiscs were investigated by differential scanning
calorimetry (DSC) (Manuscripts 1 and 3). For DMPC vesicles, the main gel-to-fluid phase
transition temperature, Tn, is close to 24 °C. DIBMA had the smallest effect on T, followed
by SMA(2:1) and SMA(3:1). More specifically, for SMA(3:1), T decreased drastically with
increasing polymer/lipid ratios and, strikingly, already at sub-solubilising polymer
concentrations. For SMA(2:1), however, a substantial drop in Tm was only observed at fairly
high polymer concentrations, that is, at small nanodisc sizes. DIBMA, by contrast, only
provoked a slight reduction in Tm (Manuscript 1). The electroneutral derivatives SMA(2:1)-SB
and DIBMA-SB behaved similarly to DIBMA and only insignificantly changed T (Manuscript 3).
These findings show that DIBMA and the derivatised polymers have a relatively mild effect
on the lipid acyl-chain packing in the nanodisc core, thus, predominantly preserving a vesicle-

like lipid-bilayer integrity.
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Regarding the commercially available polymers from Manuscript 1, the intercalation of
styrene moieties was suggested to be the cause of the superior lipid acyl-chain perturbation
in SMA nanodiscs. More specifically, SMA(3:1) has the highest styrene content, which
hydrophobically interacts with lipid acyl chains and, thus, perturbs the bilayer architecture to
the largest extent. DIBMA, by contrast, does not contain styrene at all and the interactions
with aliphatic DIB seem to be reduced due to its high flexibility and comparably small surface
area. Hence, DIBMA largely preserves the lipid-acyl chain integrity. In addition, this rationale
goes along with the polymers’ hydrophobicity, as SMA(3:1) is also the most hydrophobic
polymer, followed by SMA(2:1) and DIBMA. A more nuanced picture is however required since
SMA(2:1)-SB, which carries the same amount of styrene moieties than SMA(2:1), showed the
above-mentioned gentle effect on lipid-acyl chains. The hydrophilic sulphobetaine (SB) side
chains are likely to protrude from the nanodisc to interact with water molecules. In contrast
with the rather short maleic acid moieties that also orient away from the lipid acyl-chains, the
SB group is simply longer, thus reducing the polymer/lipid interactions at their interface.
Accordingly, for SMA(2:1)-SB and DIBMA-SB nanodiscs, on an absolute scale, a lower polymer

fraction is interacting with the lipid bilayer core, thus largely preserving its integrity.
5.9. “Free” or excess polymer after nanodisc formation

In general, a certain concentration of amphiphilic copolymer is excluded from the formation
of nanodiscs and thus termed as “free” or excess polymer.3*”° This phenomenon was
observed for all nanodisc species, except for DIBMA-SB (Manuscript 3).*1° For SMA(2:1), the
“free” polymer fraction was studied in detail by means of SEC (Figure 2.1 and 2.2). At near-
physiological conditions, 30-50% of the total SMA(2:1) concentration was present in the form
of “free” polymer, depending on the polymer/lipid ratio (Figure 2.3). Interestingly, this
fraction was found to be already present at and slightly above the SOL boundary, thus
underlining that excess polymer cannot be explained by the nanodisc saturation with polymer
only. Instead, a more likely scenario is the existence of a polymer fraction that does not or
less efficiently interacts with formed nanodiscs at any polymer/lipid ratio. An indication for
this hypothesis is that the “free” polymer fraction can be removed without having an effect
on the SMALP size. Furthermore, the comparison of the elution behaviour of the bare
SMA(2:1) polymer and the “free” SMA(2:1) fraction suggests that the excess polymer is

composed of shorter chains, as reflected by the peak shift towards higher elution volumes
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(Figure 2.1). As shorter SMA(2:1) chains are more hydrophobic than long ones due to their
elevated styrene content, it seems plausible that long polymer chains solubilise phospholipids
more efficiently.3* Accordingly, the short polymer chains are potentially less reactive towards
phospholipid membranes and, thus, remain to a large extent free in solution. This
explanation, however, is in stark contrast with a report showing that short polymer chains
more efficiently solubilise lipids than longer ones, at least from a kinetic viewpoint.'?® Taken
together, the properties of the “free” polymer fraction that is not involved in nanodisc

formation is not yet finally clarified.
5.10. Membrane protein solubilisation and stabilisation in polymer nanodiscs

This section focuses on the polymer-mediated membrane-protein solubilisation behaviour

deduced from the previously discussed polymer and nanodisc features.

The solubilisation of E. coli membrane proteins using SMA(3:1), SMA(2:1), and DIBMA showed
that SMA(2:1) is the most efficient polymer in terms of total protein extraction yields
(Manuscript 1). These results validate the findings on the polymers’ equilibrium solubilisation
efficiency using model membranes, as addressed above. Furthermore, the pH-dependent
solubilisation efficiency of SMA(2:1) follows the same trend for both model and E. coli
membranes. Specifically, lipid solubilisation and protein extraction was most efficient at
moderately alkaline pH for both model and cellular membranes. Complementary to the
findings from Manuscript 1, the superior SMA(2:1) performance with respect to yield, purity,
and stability towards specific membrane proteins was previously reported.®* It is
straightforward that high protein extraction yields and stabilities are of utmost importance for
downstream bioanalytical or structural analysis.®®'2* As a consequence, it can be concluded
that SMA(2:1) is, among anionic polymers and despite its high far-UV absorbance or low
divalent cation tolerance, particularly suitable for membrane-protein research. However, a
general drawback in using SMA and DIBMA is that native or specific protein/lipid interactions
are often difficult to study, because anionic copolymers might interfere through unspecific
interactions. Accordingly, in spite their reduced protein extraction yield, electroneutral
SMA(2:1)-SB and DIBMA-SB display promising tools to tackle these questions, as gauged from
interaction studies of a-synuclein using microfluidic diffusional sizing (Manuscript 3). The

sulphobetaine side chains were demonstrated to be exceptionally resistant to nonspecific
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protein interactions, possibly due to the tightly bound water molecules to both zwitterionic

groups 108,125

In addition to the protein extraction yield and stability, the protein size that can be solubilised
in a nanodisc is an additional important criterion. Whereas SMA(2:1) extracts a greater
amount of proteins, DIBMA is able to solubilise larger membrane proteins and membrane-
protein complexes (Manuscript 1). The electroneutral polymers, especially DIBMA-SB, also
proved effective in solubilising large membrane-protein assemblies of varying types
(Manuscript 3). As discussed above, this is possibly due to the preservation of a native-like
lipid-bilayer integrity, especially at elevated polymer concentrations. Furthermore, an
additional benefit of DIBMA is the formation of slightly larger nanodiscs than SMA and the

derivatised polymers, thus granting more space for large membrane proteins.

Along this rationale, used polymer concentrations are crucial for providing a native-like
nanodisc core, and, thus, high membrane protein stability. This seems to be especially
important for SMA(2:1), because it is the most popular and efficient polymer thus far, yet has
a potentially perturbing effect on the lipid-bilayer integrity. Accordingly, increasing the
polymer concentration on target membranes does not necessarily lead to elevated protein
yields or stability in nanodiscs (Manuscript 3).*¢ Reduced protein stabilities were even
reported when using high SMA concentrations for membrane solubilisation.®! In other words,
the “less is more” approach should be considered when solubilising membrane proteins using
amphiphilic polymers. This is because, as already discussed, reduced yet solubilising polymer
concentrations result in an elevated lipid-bilayer integrity within nanodiscs and an increased
particle size. They hence offer a large and more native-like nanodisc core, accordingly
enhancing membrane protein stability. In addition, unspecific polymer/protein or

polymer/lipid interactions can be reduced to a certain extent.

Importantly, the “free” or excess polymer fraction was found to interfere with enzyme activity
assays or other bioanalytical studies, possibly through unspecific Coulombic interactions.>®
Accordingly, the removal of excess polymer is recommended and feasible through SEC,
dialysis, or filtration.'23126 For the mentioned applications, the absence of “free” polymer in
DIBMA-SB nanodiscs possibly displays an advantage over other polymers, because

intermediate removal steps can be omitted (Manuscript 3).
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In a global context, the present findings imply that the polymers studied in this thesis all have
advantages and drawbacks with respect to specific scientific questions or target membrane
proteins. Accordingly, the polymer choice for extracting and stabilising a target protein should

be taken after careful consideration and depending on the respective research goals.
5.11. Future directions

Currently, the variety of amphiphilic copolymers that form polymer-bounded nanodiscs for
the use in membrane-protein research is rapidly growing.3¢ The scientific community is striving
to improve polymer properties with respect to protein extraction, purification, and
stabilisation. To this end, one major goal is to decrease the polymer charge density. On the
one hand, charged nanodiscs can have masking or perturbing effects on native protein/lipid
or protein/ligand interactions, because anionic polymer might unspecifically interact with
those components. Accordingly, gentle yet efficient electroneutral polymers would
potentially enhance the stabilisation of notoriously challenging yet important drug targets
that are highly prone to aggregation once extracted, such as class B G-protein coupled

receptors.t27,128

On the other hand, electroneutral polymers or those with a reduced charge density facilitate
or allow the use of specific applications that are hampered by polyanionic polymers. To name
an example, surface plasmon resonance (SPR) spectroscopy enables quantitative membrane
protein/ligand binding affinity and kinetic studies.'?® Thus far, SPR could only be used with an
immobilised ligand whilst the protein-containing nanodisc was free in solution, as the
adsorption of negatively charged nanodiscs on the anionic sensor chips was impeded due to
Coulombic repulsions.’3® However, the immobilisation of nanodiscs containing membrane
proteins would enable high-throughput screening for potential drug targets in the
pharmaceutical industry. Electroneutral polymers such as DIBMA-SB or SMA(2:1)-SB are

therefore promising candidates to overcome this bottleneck.

More specifically for the group of Prof. Dr. Sandro Keller, the promising SMA(2:1)-SB and
DIBMA-SB copolymers will be further characterised. For instance, the lipid exchange
behaviour among nanodiscs or the solubilisation efficiency towards various bacterial, plant,
insect, or human cell membranes will be tackled in the near future. Furthermore, the group
focuses on additional DIBMA derivatives by modification of the maleic acid moiety. This is

particularly interesting, because, ideally, the benefits of DIBMA such as low UV absorbance or
113



mild effect on lipid acyl-chains can be preserved all by reducing its charge density and
increasing its solubilisation efficiency. These derivatives carry either zwitterionic groups such
as amino acids or neutral groups such as sugars attached to an open ring structure. This is in
contrast with SMA(2:1)-SB and DIBMA-SB that carry the sulphobetaine group attached to a

maleimide group (i.e., closed ring structure, Figure 1.4).
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6. Conclusions

SMA(2:1), having an average S/MA molar ratio of 2:1, is thus far the most commonly used

amphiphilic copolymer to extract and solubilise membrane proteins into native-like nanodiscs.

Accordingly, an in-depth characterisation of SMA(2:1) nanodiscs was performed and

quantitatively compared with those formed by SMA(3:1) and DIBMA. Furthermore, two

alternative electroneutral polymers, termed SMA(2:1)-SB and DIBMA-SB, were designed from

SMA(2:1) and DIBMA backbone modifications, respectively. The solubilisation behaviour and

nanodisc properties formed by the existing and derivatised above-mentioned polymers were

discussed and highlighted as follows:

From a thermodynamic viewpoint, SMA(2:1) was found the most efficient solubiliser
towards both model and E.coli membranes as compared with the more hydrophobic
SMA(3:1) and the more hydrophilic DIBMA. This finding can be ascribed to the intrinsic
polymer hydrophobicity: a favourable hydrophobicity, as reached in SMA(2:1), seems
to be required to attain high membrane solubilisation efficiencies. Along this rationale,
being more hydrophobic than their anionic counterparts, DIBMA-SB was more efficient
in solubilising model membranes than DIBMA, whereas SMA(2:1)-SB and SMA(2:1)
showed comparable efficiencies.

The intrinsic polymer hydrophobicity is, to a certain extent, adjustable by solvent
properties such as pH, ionic strength, or divalent cation concentrations. This is because
they lead to (de)protonation, charge screening, or charge neutralisation of the
polymers’ carboxylate groups, thus affecting membrane affinities. Along these lines,
electroneutral polymers are, by contrast, less susceptible to solvent changes.
Membrane properties such as charge, thickness, or lateral pressure as caused by lipid
unsaturation or protein content also have an impact on the polymers’ solubilisation
performance.

The nanodisc size decreases with superior polymer/lipid ratios, and is thus, critically
linked to the polymer solubilisation efficiency. It was shown that, at reduced
solubilisation power, more polymer is required to efficiently encapsulate the lipid-
bilayer core, thus leading to larger nanodisc diameters.

Electroneutral polymers and DIBMA only had a gentle effect on the vesicle-like lipid-

bilayer architecture, thus providing a near-native lipid environment for extracted
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membrane proteins. High concentrations of SMA(2:1), however, affected the lipid acyl-
chain order, underlining that the used polymer concentration for protein extraction
and stabilisation is crucial.

The effective SMALP and DIBMALP charge numbers amounted to —(20-50), as
evidenced by two complementary methods. Their nominal charge, however, is
estimated to be an order of magnitude higher than their effective charge. This is
because the latter either represents a local nanodisc charge or SMALPs/DIBMALPs that
are partially screened by sodium ions.

All polymer-bounded nanodiscs studied are colloidally stable nano-assemblies, caused
by their free hydration energies, which are largely independent of the nanodiscs’
charge. Polyanionic nanodiscs formed by SMA(2:1) and DIBMA are additionally
stabilised through Coulombic repulsions.

SMA(2:1) nanodiscs are highly dynamic assemblies, as they rapidly exchange
phospholipids by collisional transfer. On a time scale of seconds to minutes, lipid
transfer kinetics among SMA(2:1) nanodiscs were shown to be faster than among
DIPMALPs and slower than among SMA(3:1) nanodiscs. This finding can be readily
explained by the difference in polymer hydrophobicity, and thus, nanodisc charge,
accordingly tuning Coulombic repulsions among nanodiscs. This characteristic renders
polymer nanodiscs promising tools for specific protein/lipid interaction studies.

The “free” or excess SMA(2:1) fraction increases with elevated total polymer
concentrations and seems to represent a polymer fraction that does not interact with
the lipid membrane. It is plausible that this fraction is composed of short polymer
chains with increased hydrophobicity and thus, reduced membrane affinity. In
membrane-protein research, it is recommended to remove excess polymer as it might
interfere with protein functional assays.

The new electroneutral polymers provide an advantage over existing polymers
regarding specific protein assays or experimental requirements, as demonstrated by
cell-free protein production or protein/lipid interaction studies. Unspecific
interactions of existing polyanionic polymers with lipids or proteins might mask native

ones.
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Zusammenfassung

Zur in vitro Funktions- und Strukturaufklarung miissen Membranproteine aus Zellmembranen
extrahiert und in Membran-mimetischen Systemen stabilisiert werden. Amphiphile
Kopolymere erreichten die letzten Jahre beachtliches Interesse, da sie Membranproteine
mitsamt ihrer umgebenden Lipide aus komplexen Biomembranen ko-extrahieren und
sogenannte Polymer-Nanodiscs bilden. Letztere enthalten somit eine native
Lipiddoppelschicht, welche durch einen Polymerrand stabilisiert wird. Aus diesem Grund
verleihen diese Membran-Mimetika den eingebetteten Membranproteinen eine erhdhte

Stabilitat im Vergleich zu herkdmmlichen Detergens-Mizellen.

In dieser Arbeit wurde die Bildung von Nanodiscs mithilfe des meist benutzten Styrol-
Maleinsdure-Kopolymers SMA(2:1) im Detail untersucht. Zu diesem Zweck wurde dessen
Gleichgewichts-Solubilisierungseffizienz gegentiber Modell- und Biomembranen quantifiziert
und mit dem hydrophoberen SMA(3:1) sowie dem hydrophileren Diisobuten-Maleinsdure-
Kopolymer (DIBMA) verglichen. Es wurde gezeigt, dass SMA(2:1) aus thermodynamischer
Sicht der effizienteste Solubilisierer ist in Bezug auf die Lipid- und Proteinextraktion.
Losungsmitteleigenschaften  (pH-Wert, lonenstarke) oder Membraneigenschaften
(Seitendruck, Ladung oder Dicke) kénnen die Solubilisierungseffizienz der Polymere allerdings
in gewissem MalRe beeinflussen. Zuséatzlich wurde der Lipidtransfer zwischen SMA(2:1)
Nanodiscs untersucht. Trotz ihrer hohen effektiven negativen Ladung tauschen diese
Nanodiscs Phospholipide schneller untereinander aus als Vesikel oder Protein-Nanodiscs, was

sie als hochdynamische Membran-mimetische Systeme auszeichnet.

Zudem wurden zwei alternative elektroneutrale Polymere vorgestellt. SMA(2:1)-SB und
DIBMA-SB wurden durch Polymergrundgerist-Modifikationen aus SMA(2:1) bzw. DIBMA
hergestellt. Es wurde gezeigt, dass die derivatisierten Polymere Modell- und Biomembranen
qguantitativ solubilisieren und wie DIBMA nur einen geringen Einfluss auf die Integritat der
Lipiddoppelschicht haben. DIBMA-SB solubilisiert Membranprotein-Komplexe
unterschiedlicher Strukturklassen aus unterschiedlichen Zellmembranen. Hervorzuheben ist,
dass die elektroneutralen Polymere fiir Protein/Lipid-Wechselwirkungsstudien zuganglich
sind, im Gegensatz zu den anionischen Polymeren, welche unspezifische Wechselwirkungen
eingehen. Zusammenfassend ermoglicht die eingehende Charakterisierung von Polymer-

Nanodiscs deren Anpassung an spezifische experimentelle Anforderungen.
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