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Chapter I

General Introduction
In the 17th century, by applying microscopic investigation a new view of the 
natural world was revealed. Robert Hooke was the first to discover cells.1 
He coined the term cell, referring to their resemblance of small rooms, or 
cells, inhabited by monks in a monastery. In this analogy, the walls of the 
rooms are the cell membranes. These biological membranes are composed of 
lipids as well as membrane proteins. Together they form an essential part of 
a cell and are vital to the survival of all organisms. Functions of membrane 
proteins are greatly varied, ranging from transporters, enzymes, anchors, 
to sensors and receptors. Membrane proteins form a significant proportion 
(~25%) of an organism’s proteins. Unfortunately, their structures are difficult 
to study. The reason for this problem and a potentially revolutionary solution 
will be explained further below. Background information will be given and 
ultimately the scope of the thesis will be outlined.

1. Biological Membranes1. Biological Membranes
The cell is the simplest structural and functional unit of life (Figure 1A). 
The barrier that separates the internal cellular environment (cytoplasm) 
from the outside is the cell membrane, also called the plasma membrane.2 

There is a multitude of internal membranes within the cell, forming many 
compartments. This compartmentalization gives rise to organelles such as 
the lysosome and mitochondrion. Eukaryotes are organisms whose cells have 
a clearly defined nucleus, demarcated by the nuclear envelope. Although the 
membrane is only two molecules or several nanometres thick,3 it delineates 
the whole outer boundary of the cell and forms a crucial semipermeable 
barrier. This barrier property is due to the molecular composition of the 
membrane, particularly its lipid bilayer structure (Figure 1B).

1.1.  Lipids1.1.  Lipids
Lipids are lipophilic molecules and include fats, waxes, and oils. Specifically, 
they are very soluble in non-polar (i.e., organic) solvents and are poorly or 
completely insoluble in water, i.e., they are hydrophobic. There are many 
types of lipids and they perform a variety of functions such as structure, 
energy storage, signalling, and nutrients to cells.4,5 Approximately 5% of a cell’s 
genes are dedicated to the synthesis of lipids,6 resulting in a vast repertoire of 
cellular lipids.7 This diversity in structure implies an assortment of different 
functions. In addition, the lipid species are not homogenously distributed.8 

Membranes have a high degree of asymmetry, both in the lateral distribution 
and between the individual leaflets.9 Different organisms and even organelles 
all have their unique lipid composition as well as distribution.10–12 In the case 
of the lipid bilayer in biological membranes glycerophospholipids are the key 
players.13
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Figure 1. (A) Schematic depiction of an animal (eukaryotic) cell showing the surrounding plasma 
membrane as well as various membrane-bound organelles within the cell. (B) Illustration of a 
biological membrane, in this case, the cellular plasma membrane showing the phospholipid bilayer 
structure. Figure created with BioRender.com.

PhospholipidsPhospholipids
Glycerophospholipids, or phospholipids for short, contain a glycerol unit, a 
phosphate unit, and one or more fatty acid chains (Figure 2). This structure 
gives the phospholipids an amphipathic nature, i.e. they have both lipophilic 
and hydrophilic properties.14 This allows them to form the supramolecular 
architecture of the lipid bilayer. Here the two leaflets are arranged such that 
the fatty lipophilic tails are paired together in the centre and are shielded 
at the peripheries with the hydrophilic head groups orientated towards the 
aqueous phases inside and outside the cell (Figure 1B).15
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Phospholipids are highly diverse and can be divided into different classes based 
on the headgroup present. The simplest phospholipid is phosphatidic acid 
(PA). The PA lipid may be further functionalized on the phosphate head group 
to form other classes of phospholipids, for example, phosphatidylcholine 
(PC) or phosphatidylethanolamine (PE). PC and PE have both one positive 
and one negative charge and are overall net neutral (zwitterionic). Lipids can 
also be negatively charged as is the case for PA as well as phosphatidylserine 
(PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI). Additionally, 
the inositol sugar moiety can be further phosphorylated to form various 
phosphatidylinositol phosphate(s) (PIPs). These PIPs may play an important 
role in lipid signalling as second messengers.16,17 Cardiolipin (CL) has a unique 
structure comprised of two phosphate groups and therefore possesses a 
double negative charge, as well as four fatty acyl tails.18 CL is commonly 
found in bacteria and it is also abundant in mitochondria, specifically in the 
inner mitochondrial membrane.19

Figure 2. Chemical structure of glycerophospholipids and the various head groups: 
phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidic acid (PA), 
phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), and cardiolipin 
(CL). Also shown is a hydrolysed phospholipid, namely lyso-lipid and the cleaved free fatty acid. 
Finally, the general structure of sphingomyelin and cholesterol, two other common membrane 
lipids are depicted. The hydrophobic parts are highlighted in red and the hydrophilic groups in blue.

Membrane composition is not only limited to different classes of 
phospholipids, the complexity of the molecular makeup of individual lipids 
can also be extremely varied. The fatty acid acyl chain component can vary 
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in both length of the fatty acid tails as well as the degree of unsaturation. 
Moreover, the two (or in the case of CL, four) fatty acid chain species need 
not be identical. When one of the fatty acid tails is cleaved from the glycerol 
backbone then a lyso-lipid is formed.

Although phospholipids are the main lipid species in the membrane, they 
are not the only ones. Sphingolipids, as well as sterols, are amongst the other 
commonly found lipids in eukaryotic membranes. Together this results in 
a wide variety of combinations of lipid species to be found in a membrane. 
Indeed, organisms are known to fine-tune their precise lipid composition to 
their physical properties.20

Biological membranes are maintained in a fluid-like state.21 As mentioned above 
they are a semipermeable barrier between the intracellular compartment and 
the extracellular environment. In some cases, it is possible for small lipophilic 
compounds to transverse the membranes by passive diffusion. However, for 
larger or more polar molecules and especially for charged species this is 
not possible, and they require the action of membrane proteins (MPs). In 
addition to their vital role in transport as pumps and channels, MPs have a 
multitude of other essential functions as will be discussed next.

1.2.  Membrane Proteins1.2.  Membrane Proteins
MPs can be divided into two categories. Integral MPs are tightly associated 
with the membrane and are permanent residents, whereas peripheral MPs 
are only transiently bound to the membrane (see Figure 3). Of these, the 
integral MPs are harder to study. These proteins, which are embedded in the 
membrane, are the focus of this thesis. Typically, α-helices, either single pass 
or multi-pass form the transmembrane domains. It is also possible to have 
β-sheets in the membrane, in the form of β-barrels. The MPs can interact with 
each other via protein-protein interactions, forming oligomeric structures.

Figure 3. Membrane proteins can be divided into two classes. Integral membranes are tightly 
bound to the membrane and often have transmembrane spanning domains or are anchored to 
the membrane via lipids, e.g. glycosylphosphatidylinositol (GPI). Peripheral membrane proteins 
are only loosely or transiently associated with the membrane. Figure created with BioRender.com.
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MPs are responsible for the transport of ions and protons across the 
membrane, thereby allowing the rhythmic beating of a heart, the transport 
of information in the form of an action potential down a neuron, as well as 
the production of energy (ATP). One example of an ion channel is the KcsA 
protein. KcsA has a prominent history in the structural biology field as it 
was the first ion channel of which the crystal structure was elucidated.22 

KcsA is found in the soil bacterium Streptomyces lividans. KcsA is an integral 
membrane protein of 160 amino acids and has a mass of 19.3 kDa. KcsA 
has two transmembrane α-helices that come together to form a symmetrical 
tetrameric structure, having a central pore that functions as a selective 
potassium ion channel (Figure 4).23,24 MPs also transport essential nutrients 
and building blocks (i.e., sugars, amino acids, and nucleic acids) into cells, as 
well as drugs or toxins into and out of the cell. These pumps, channels and 
transporters may be passive or active in their mechanism. Passive channels 
work simply by diffusion across concentration gradients, whereas active 
transporters use energy in the form of ATP.

In addition to transport, MPs also perform a variety of other essential 
functions. For instance, as receptors and sensors, transmitting signals 
between and within cells. They have crucial roles in structure, functioning 
as anchors or adhesion proteins. Furthermore, MP can act as motors, as well 
as enzymes catalysing a host of diverse reactions. Constituting up to a third of 
the entire human proteome, MPs play an indispensable role in a multitude of 
processes.25,26 For example, all our senses require the working of one or more 
dedicated MPs. Moreover, MPs are a key component of the immune system.

Figure 4. Structure of the potassium-ion channel KcsA and its tetrameric arrangement. (A) Side-on 
view with membrane-spanning domain highlighted in the grey box, shown are also the tryptophan 
and other aromatic residues which tightly anchor the membrane protein in the membrane. Figure 
is adapted from 27. (B) Top view of protein with each monomer highlighted in a different colour, 
clearly showing the central pore region forming the potassium ion channel (PDB entry 3EFF)28. 
Figure created with BioRender.com.

Undeniably by having all these different functions MPs are vital to all 
organisms and cells. This is exemplified by the fact that 20-30% of genes 
encode for integral MPs.29 Furthermore, they are important pharmacologically 
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as more than 50% of drugs target MPs.30 In terms of the biological membrane, 
proteins can make up to ~75% of the mass for protein-rich membranes such 
as in mitochondria.31 Despite the obvious relevance of MPs only ~5% of all 
known protein structures are represented by MPs.32 This discrepancy is due 
to the difficulties involved in the study of MPs.22

1.3.  Lipid-Protein Interactions1.3.  Lipid-Protein Interactions
The role of lipids goes far beyond being a matrix or solvent for the MPs to reside 
in.33 Indeed, they can alter the MPs activity, localization, and functions.34 They 
achieve this through lipid-protein interactions.35 These interactions may be 
highly specific through designated binding sites. A more a-specific mechanism 
is also possible, which involves the alternation of the physical properties 
of the membrane, like fluidity, thickness, lateral pressure or curvature.36 In 
the case of KcsA it was found that anionic lipids are important for protein 
stability, tetramerization, clustering, and membrane integration.37–39 Indeed, 
it was established that KcsA undergoes strong protein-lipid interactions with 
the anionic lipids PG and CL.40–42 The interplay between lipids and MPs is 
inseparable and the importance of lipid-protein interactions therefore can 
not be overstated.43,44

2. Membrane Solubilization2. Membrane Solubilization
To study a MP it first needs to be solubilized and isolated from the myriad of 
other proteins present in the biomembrane.45 There are many different ways 
to do this and they have different advantages and disadvantages.

2.1.  Detergents2.1.  Detergents
The most commonly employed technique to isolate MPs is by detergents, 
as shown in Figure 5.46 Detergents are comparable to lipids in that they 
are also amphiphilic molecules, i.e. they have both a hydrophobic tail as 
well as a hydrophilic head. The polar head group can be charged, e.g. the 
anionic detergent sodium dodecyl sulfate (SDS). Detergents can also be non-
ionic, such as n-dodecyl β-D-maltoside (DDM). Above a certain threshold 
concentration, known as the critical micelle concentration (CMC), detergent 
molecules aggregate to form micelles. When added to a suspension of cells 
detergent molecules will initially insert into and perturb the lipid bilayer. 
At concentrations equal to or above the CMC the membrane will become 
saturated with detergent molecules and the cell will be lysed. The result is that 
the membrane completely breaks apart and its components are distributed 
into the hydrophobic cores of the detergent micelles.

Unfortunately, the globular detergent micelle complexes are poor mimics 
of the lamellar lipid bilayer. Detergents are harsh solubilizers and although 
they do effectively isolate the MPs into micelles they have the undesirable 
side effect of stripping away the lipids.47 This loss of lipids, or delipidation, 
has severe consequences for the MPs as they tend to denature and lose their 
structure and function.48 Much work has been done to improve the properties 
of detergents,49 but unfortunately, they remain a non-ideal system as the 
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artificial environment of detergent-protein micelles are poor mimics of the 
native lipid bilayer.50

Figure 5. Detergent based solubilization of membrane proteins into micellular complexes (top). 
Chemical structures of two detergents, sodium dodecyl sulfate (SDS) and n-dodecyl β-D-maltoside 
(DDM) are shown (bottom). The hydrophobic tails are highlighted in red and the hydrophilic 
heads in blue.

Due to the limitations of micelles other systems have been developed. 
One involves transferring the proteins from micelles into an amphipol (a 
portmanteau of amphiphilic polymer) as shown by Popot et al.51 Several 
options include reconstituting the MPs back into a lipidic environment. 
These include bicelles,52 liposomes,53 and nanodiscs stabilized by membrane 
scaffolding proteins (MSP) derived from apolipoprotein A as developed by 
Sligar et al.54,55 More recently, saposin A-lipoprotein (Salipro) nanoparticles 
have been explored for the study of MPs.56–58 All of these systems unfortunately 
still require the initial step of detergent solubilization and the associated 
problems it entails.59
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2.2.  Amphipathic Copolymers2.2.  Amphipathic Copolymers
A breakthrough discovery for milder membrane solubilization came in the 
form of amphipathic copolymers such as styrene-maleic acid (SMA) (Figure 
6). In 2001 it was discovered that SMA is capable of forming discoidal 
nanoparticles with a lipidic bilayer core wrapped by the polymer belt.60 

Subsequent studies in 2009 found that when added to cells or biomembrane 
suspensions SMA copolymers can spontaneously insert into the lipid 
membrane and extract the MPs together with an annulus of endogenous 
lipids.61 The resulting native nanodiscs are bounded by a belt of copolymer 
molecules that stabilize the nanoparticles.62 The native nanodiscs are also 
often referred to as styrene-maleic acid lipidic particles (SMALPs).61,63,64 MPs 
show significantly improved stability in the native-like lipidic environment 
of the nanodiscs.65 In addition to increased stability the MPs also display more 
native-like functionality and activity as compared to detergent micelles.66,67 

Also other types of amphipathic copolymers have been developed as will be 
discussed later.

Figure 6. Biomembrane solubilization and membrane protein extraction into native nanodiscs by 
amphipathic copolymers such as styrene-maleic acid (SMA) (Figure is adapted from 68).

A molecular model describing three steps that occur during the solubilization 
process has been proposed by Scheidelaar et al. (Figure 7).69 First, the 
copolymers make contact and bind to the membrane surface. Subsequently, 
the copolymers insert deep into the hydrophobic core of the membrane 
and destabilize the membrane. Finally, there is the formation of stabilized 
nanodiscs.

2.3.  Vesicles (Liposomes) as Model Membranes2.3.  Vesicles (Liposomes) as Model Membranes
Most phospholipids spontaneously form bilayers in the presence of water. This 
is due to the hydrophobic effect, through which the interactions with water 
are minimized.70 The resulting spherical vesicles (Figure 8), or liposomes, 
serve as useful models to mimic cells and cell membranes. Liposomes can 
vary in the number of lipid bilayers or lamellae of which they are composed. 
Ranging from one (unilamellar), several (oligolamellar vesicles, OLV), up to 
many (multilamellar vesicles, MLV). There can even be liposomes within 
liposomes (multivesicular vesicles, MVV). Furthermore, vesicles also vary in 
size from small (< 100 nm diameter, SUV), through large (~200 nm, LUV), up 
to giant (> 1 µm, GUV).

One significant advantage of the use of synthetic vesicles is that their 
composition is known and controllable. Indeed, it is possible to use only 
one lipid species in their preparation. This is particularly useful as it allows 
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systematic studies on the importance of physical parameters. For example, 
when investigating the role of lipid packing (Figure 9). Lipids can be packed 
tightly and in a very ordered way in a gel phase (Lβ) with slow diffusion. 
They can also be present in a much more fluid state in the liquid crystalline 
phase (Lα) with fast diffusion possible. For an individual lipid species, at a 
certain temperature there is a sharp transition between these two states. This 
is defined as the main phase transition temperature (TM), and it is where the 

Figure 7. Model of membrane solubilization by amphipathic copolymers. The process occurs in 
three steps. First, the copolymers bind to the membrane surface. Subsequently, the copolymers 
insert into the hydrophobic core and destabilize the membrane. Finally, there is the formation of 
nanodiscs. The figure is adapted from 69 and created with BioRender.com.
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membrane has the most packing deficits and is the leakiest (i.e., allowing the 
most diffusion across the membrane). Indeed, every specific lipid species has 

Figure 8. Many phospholipids spontaneously combine into bilayers in water, forming spherical 
vesicles (liposomes). These are initially heterogeneous in size and composed of multilamellar 
vesicles (MLVs), oligolamellar vesicles (OLVs), and multivesicular vesicles (MVVs). Through 
various techniques, e.g., extrusion or sonication, unilamellar vesicles can be formed of varying 
sizes: small (SUV, ~20 – 100 nm diameter), large (LUV, ~100 – 1000 nm), and giant (GUV, 
~1 – 50 µm). Vesicles are good mimics of cellular membranes and serve as simple model systems 
to study the characteristics and behaviour of membranes. In this research, they are frequently used 
to investigate the solubilization of membranes. Figure is adapted from 71.
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its own characteristic TM.72 Another benefit of synthetic vesicles is that the 
membrane can be doped with a second lipid species, thereby providing the 
opportunity to alter the physico-chemical properties of the membrane (i.e., 
charge, packing, size).

Tm

Figure 9. Schematic figure demonstrating lipid packing at various temperatures. The two most 
relevant lipid phases are the tightly packed and highly ordered gel phase (Lβ), and the more fluid 
and more disordered liquid crystalline phase (Lα). Each lipid species has a specific temperature 
termed the main phase transition temperature (TM) where there is a sharp transition between these 
two phases (figure adapted from 73).

Vesicles are frequently used as convenient models to investigate the 
solubilization of well-defined, simple, and tuneable lipid membranes in 
systematic studies. Here, SMA-lipidic particles (SMALPs) refer specifically to 
nanodiscs prepared of only (synthetic) lipids (Figure 10), and native nanodiscs 
as protein-containing particles prepared from biomembranes.

Figure 10. Model membrane solubilization into discoidal lipid particles (i.e., SMALPs) by 
amphipathic copolymers (figure adapted from 68).

2.4.  Factors Relevant for the Solubilization Process2.4.  Factors Relevant for the Solubilization Process
A convenient method to monitor the process of solubilization is through a 
turbidimetry assay, see Figure 11.61,69 By using a UV-Vis spectrophotometer to 
monitor the decrease in apparent absorbance over time the rate of solubilization 
can be quantified. How the kinetics of solubilization are affected by various 
factors can thereby be followed. Several of such factors are discussed below.

2.4.1.   Environmental Factors2.4.1.   Environmental Factors
Environmental conditions can play an important role in the process of 
solubilization. These include temperature, salt concentration, and pH of 
the solution.69,74 Elevated temperatures increase the kinetic energy of the 
system, accelerating the process in general, but if the temperature is equal 
to or greater than the TM of the membrane the solubilization is significantly 
faster. If the copolymers and membranes are both negatively charged, it is 
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beneficial to have a certain amount of ionic species in the solution to allow 
for charge screening and thereby minimize the energy barrier for initial 
contact between the polymers and membrane. Finally, the pH of the solution 
is important as it can influence the charge density of the polyelectrolytes, 
i.e., polymers that have ionizable groups.74,75 The pH may also influence the 
charge of the membrane itself.

2.4.2.   Composition of Target Membrane2.4.2.   Composition of Target Membrane
The composition and properties of the target membrane plays a critical 
role in the solubilization thereof. Factors such as membrane phase, charge, 
thickness, and packing are all relevant.69 Interestingly, the membrane as 
a whole seems to be important, rather than the individual lipid species.76 

Thus, the solubilization of the membranes is not lipid specific but the 
overall properties of the membrane are the determinant factor, i.e., when 
homogeneously distributed all lipids are equally solubilized. In the case 
of phase-separated bilayers, membranes in the fluid phase are solubilized 
in favour of more rigid membranes in the gel or liquid-ordered phase. 
Furthermore, SMA was found to be able to solubilize not only the plasma 
membrane but also all major intracellular compartments.77 Interestingly, 
the rate of solubilization of the plasma membrane is somewhat slower as 

Figure 11. Schematic representation of a turbidimetry assay. Vesicles are large and scatter light, 
thereby having a milky opaque suspension with high apparent absorbance. At a given time, an 
amphipathic copolymer such as SMA is added, as indicated by the dashed line. The formation of 
smaller particles (nanodiscs) results in a decrease of scattering and a drop in the optical density 
and eventually a completely transparent solution is formed. (Figure reproduced from 61).
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compared to the subcellular organelles, and certain plasma membrane proteins 
were resistant to solubilization, possibly due to their localization in ordered 
domains (lipid rafts). The polymers are thus able to isolate the membrane 
proteins either in soluble native nanodiscs or enrich them within pelleted 
solubilization-resistant membranes. Particularly protein-rich membranes 
may be difficult to solubilize. In this situation, the addition of synthetic lipids 
such as dimyristoylphosphatidylcholine (DMPC) may be beneficial.61,78

One of the first membrane proteins to be solubilized by the SMA copolymer 
and which served as a proof of principle was the K+ ion channel, KcsA.40 

Remarkably, the protein retains its tetrameric structure even in the presence 
of harsh detergents such as SDS and it can therefore be investigated in 
its oligomeric state by standard gel electrophoresis. KcsA is capable of 
spontaneous tetramerization in the presence of only a model lipid bilayer 
system.79 Through heterologous expression in Escherichia coli, which is now 
well established, a relatively high yield of the protein can be obtained, allowing 
quantification on SDS-PAGE through simple Coomassie-staining.80 For all 
of the above-mentioned reasons, KcsA overexpressed in E. coli serves as an 
excellent model system for the experimental investigation of solubilization of 
novel polymers or under various conditions.

2.4.3.   Polymer Properties2.4.3.   Polymer Properties
Since the establishment of SMA and its variants, other copolymers such as 
diisobutylene-maleic acid (DIBMA) have been developed. Copolymers capable 
of solubilizing membrane proteins into stabilized nanodiscs vary in chemical 
composition and length. Essentially, one thing that the copolymers have in 
common are repeating units containing both hydrophobic and hydrophilic 
units. How the composition and properties of the copolymers affect 
solubilization will be discussed in detail below.

3. Styrene-Maleic Acid Copolymers3. Styrene-Maleic Acid Copolymers
The first amphipathic copolymer that was found to be capable of spontaneous 
membrane solubilization was SMA.63 SMA is the most commonly employed 
copolymer for the study of MPs.81

3.1.  Synthesis: Copolymerization and Hydrolysis3.1.  Synthesis: Copolymerization and Hydrolysis
SMA is obtained by the hydrolysis of styrene-maleic anhydride (SMAnh). 
SMAnh copolymers are thermoplastics with low toxicity, good heat resistance, 
and dimensional stability. As such they are applied to a range of industrial 
applications.82 SMA(nh) copolymers are used as surfactants, dispersing agents, 
compatibilizers, adhesives, metal ion adsorbents, and engineering plastics.83 

Furthermore, they can also be used as drug conjugates and carriers.84–86 

To become water-soluble SMAnh parent copolymers need to undergo 
hydrolysis, that is anhydride ring opening by water or hydroxide ions to 
form a dicarboxylic acid (see Scheme 1). This produces the membrane-active 
SMA copolymers.87
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SMAnh copolymers are synthesized in a free-radical copolymerization of 
styrene and maleic anhydride (Scheme 1). In such a reaction the copolymers 
are formed by the successive addition of the comonomer building blocks. 
The reaction proceeds via free radicals, these radicals have unpaired valence 
electrons and are therefore unstable and highly reactive intermediates. The 
radical polymerization technique induces a high degree of heterogeneity in 
size as will be discussed further below.

Scheme 1. Reaction scheme showing the preparation of the membrane active copolymer styrene-
maleic acid (SMA), via the hydrolysis of the parent copolymer styrene-maleic anhydride (SMAnh), 
which itself is synthesized via a free-radical copolymerization reaction of styrene (S) and maleic 
anhydride (MAnh) comonomers.

There are essentially three main steps in a radical polymerization reaction, as 
shown in Scheme 2. First, the free-radical species need to be generated, this is 
referred to as initiation (i). The radical source, or initiator species, is commonly 
an organic peroxide such as benzoyl peroxide or an azo compound such as 
azobisisobutyronitrile (AIBN). These radical sources can undergo homolysis, 
typical under thermal initiation, thereby decomposing into reactive radical 
species. For every molecule of initiator two free radicals are formed. Once 
a radical species is formed it can react with one of the comonomer units, 
specifically with the π-electrons, upon which a new σ-bond is formed while 
the other carbon atom originally involved in the π-bond becomes the radical 
site. This activated (free-radical) monomer can then react with another 
comonomer unit. This process of polymer growth by monomer addition 
is continuously repeated in the main phase of the polymerization process, 
known as propagation (ii). The different chains will not all initiate at the 
same time and neither will they necessarily propagate at the same rate. This 
is one of the reasons for the dispersity in size for copolymers synthesized 
in a radical copolymerization. The final reaction step (iii) is the termination 
of the growing chains. This is where two radical species combine. Hence, 
there is no more propagation of a new radical formed on the end of the 
polymer chain, and this non-reactive product is referred to as a dead chain. 
One major way that termination occurs is when two growing polymer chains 
react with one another, combining to form a single dead chain. There are also 
other possible routes for termination, for example, when a growing polymer 
chain reacts with an activated initiator molecule or when disproportionation 
occurs. The termination step is another significant cause of copolymer 
heterogeneity, as growing chains do not all terminate in the same manner 
or at the same time. In addition to the main reaction steps described, there 
are also potential side reactions that can occur, such as chain transfer which 
is a significant contributor to copolymer heterogeneity. In chain transfer 



2020

Chapter I

Scheme 2. (A) The general chemical structures of an initiator (I), azobisisobutyronitrile (AIBN), 
and the comonomers (M) styrene and maleic anhydride. (B) Reaction mechanism of free-radical 
mediated copolymerization of poly(styrene-alt-maleic anhydride). Radical polymerization 
proceeds via three main steps. (i) Initiation: formation of free-radicals species from radical sources, 
known as the initiator e.g., AIBN. The activated initiators (I•) react with comonomer (M) units, 
transferring the radical to the monomer (IM•). The activated comonomers can then react with 
more comonomers. (ii) Propagation: the copolymer chains (Pn•) continue to grow via iterative 
additions of comonomer in this main phase of the copolymerization process. (iii) Termination: 
combining of two radical species to form dead chains (Pn).
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reactions the propagating polymer chain reacts with another species (solvent, 
initiator, monomer, polymer), mainly by hydrogen abstraction. This results 
in the transfer of the radical from the polymer chain to the reacting species. 
This leads to shorter chains and can also result in branching.  Despite the 
broad distribution in copolymer lengths, free-radical copolymerization is a 
very useful technique to make a wide variety of different (co)polymers.

3.2.  Copolymer Heterogeneity3.2.  Copolymer Heterogeneity
SMAnh that is produced by radical polymerization tends to form very 
heterogeneous mixtures, i.e. the copolymers are ill-defined and have a high 
degree of dispersity in their composition and length.

3.2.1.   Composition3.2.1.   Composition
In contrast to homopolymers (made up of only one species of monomer), 
for copolymers, there are different ways that the comonomers can combine 
to make various sequences along the chains (Figure 12). One possible 
arrangement is strictly alternating where each comonomer precedes the 
other type, i.e. repeated 1:1 composition.88 Copolymers can also be made up 
of blocks, i.e., different segments where one pattern is exchanged for another 
(e.g. alternating stretches of homopolymers, or an alternating block followed 

Alternating

Block

Periodic

Random

Gradient

(Co)Monomers

Homopolymer

Copolymers

Figure 12. Schematic representation of different types of copolymers. Maleic anhydride units are 
shown as blue balls, and styrene units are shown as red balls. Maleic anhydride does not self 
homopolymerize, whereas styrene can (forming polystyrene). Copolymers can form well-defined 
repeating units of alternating (1:1) or periodic (e.g. 2:1) copolymers. It is also possible to have block 
copolymers of different segments, e.g. alternating block followed by a polystyrene block. A random 
copolymer consists of a completely arbitrary arrangement of comonomers, displaying a high degree 
of chemical composition distribution. Finally, copolymers may have a gradient composition, with a 
gradual change in composition along the chains.
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by a homopolymer stretch). Another ordered repeating pattern can be found 
in periodic copolymers, this is where a specific sequence is repeated over, e.g. 
2:1 periodic copolymer. As opposed to the well-defined character of alternating 
or periodic copolymers, copolymers can also be composed of an entirely 
arbitrary combination of comonomers to make a random copolymer. The 
final type of copolymer is a gradient copolymer, showing characteristics of all 
of the above-mentioned types: there is a gradual change in the comonomer 
sequence along the chains.89

Maleic anhydride practically does not homopolymerize, whereas polystyrene 
is a very common plastic.90 In the case of SMA copolymers, the reactivity 
kinetics of the comonomers are such that they have a high affinity for one 
another and thus a tendency to form alternating copolymeric structures.91,92 

Unfortunately, in terms of membrane protein isolation and lipid bilayer 
solubilization, these relatively hydrophilic (~1:1 styrene-to-maleic acid) SMA 
copolymers are not effective solubilizers.74,93,94 Indeed, more hydrophobic 
copolymers were found to be required for effective membrane solubilization, 
the optimal being SMA 2:1, followed by SMA 3:1 copolymers.95 Importantly, 
these commercially available copolymers are not periodic 2:1 or 3:1 
copolymers, rather they are random or gradient copolymers with an average 
comonomer ratio of e.g. 2:1.

When all of the starting materials are present at the start in a closed 
system (e.g. a flask), it is known as batch copolymerization. Alternatively, 
in a continuous polymerization, there is a constant addition of starting 
materials and some of the reaction mixture is continuously isolated from the 
reactor vessel throughout the process. Continuous polymerization requires 
specialized equipment such as continuous stirred-tank reactors (CSTR) and 
is more suited to large scale operations, whereas batch polymerization 
can be done on a small scale, is easier to perform, and is more accessible 
to research laboratories. Standard batch copolymerization will result in 
relatively more ill-defined materials as compared to the commercial SMA 
copolymer products that are prepared in CSTR where a steady state can be 
achieved.96 With CSTR the 2:1 copolymers will have a reasonable fraction 
of comonomers that follow the periodic arrangement. However, there will 
also be alternating and random segments, as well as polystyrene stretches.97 

Therefore, the copolymers still have a high degree of chemical composition 
distribution (CCD).

3.2.2.   Size3.2.2.   Size
Free-radical polymerization is inherently a random process. As outlined 
above, there will be a large variation in the length of the different polymer 
chains within a single batch. This heterogeneity in size is reflected by a broad 
dispersity (Ð) or molecular mass distribution (MMD). Polymers do not have a 
well-defined molecular weight, and therefore their mass is given as an average 
value. This is expressed either as the weight-average molecular weight (Mw) 
or the number-average molecular weight (Mn). The Ð is calculated as the ratio 
of Mw to Mn.
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Commercial SMA products (e.g., XIRAN®) range in size (Mw) from ~5 up to 
100+ kDa and have a Ð of 2 or higher, as is typical for polymers produced 
in free-radical polymerization reactions.61,82,98 It was found that relatively 
small copolymers (Mw < 10 kDa) are the most effective in isolating various 
membrane proteins.93,94 Furthermore, copolymers of even smaller size and 
somewhat improved Ð could be obtained by differential fractionation in 
organic solvents of the most effective commercial SMA variants. It was found 
that these shorter polymer lengths are even more effective at solubilizing 
lipid bilayers. Conversely, nanoparticles bounded by larger polymer chains 
were found to be more stable.99

Reversible Addition-Fragmentation Chain-Transfer (RAFT)Reversible Addition-Fragmentation Chain-Transfer (RAFT)
In the 1980s, it was discovered that by using certain additives during a radical 
polymerization the size and dispersity of the product can be controlled.100 

These additives, known as chain transfer agents (CTA), work through a 
reversible reaction with the propagating radical chains. Whilst bound they 
stabilize the radical and temporarily cause the growing polymer chains to be 
in a dormant (inert) state for most of the time. This results in a much more 
controlled rate of growth and suppression of side and termination reactions. 
Thereby the produced polymers have a much narrower size distribution. 
These reactions are known as reversible-deactivation radical polymerization 
(RDRP).101

Figure 13. Reversible addition-fragmentation chain-transfer (RAFT) copolymerization is a type 
of controlled radical copolymerization that allows significantly improved control over copolymer 
size and dispersity. Schematic depiction demonstrating the improved molecular mass distribution 
of a RAFT copolymer over a conventionally (free-radical) prepared copolymer, in an example of an 
idealized batch containing only three copolymer chains. Hydrophobic styrene monomers are shown 
as red balls and hydrophilic maleic anhydride monomers as blue balls. Insert depicts the same 
principle of improved Ð by RAFT polymerization as determined by size exclusion chromatography 
(SEC). Figure adapted from 107,108.

First reported in 1998,102 reversible addition-fragmentation chain-transfer 
(RAFT) is one of the most convenient and versatile RDRP techniques (Figure 
13).103,104 Here the CTA, or RAFT agents, are thiocarbonylthio or trithiocarbonate 
compounds (see Scheme 3A). The use of a RAFT agent effectively controls 
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the propagation such that the chains grow at roughly the same rate. This 
is achieved by the reversible addition and fragmentation of the growing 
polymer chains to the RAFT agent which keeps the chains dormant. Overall 
the reaction takes longer as the chains spend a majority of the time bound to 
the CTA in the inert state. The resulting RAFT copolymers have low Ð, down 
to ~1.1.105 Additionally, by adjusting the ratio of RAFT agent to (co)monomers 
a specific target size of the copolymer can selectively be synthesized.106

The general mechanism of RAFT polymerization is shown in Scheme 
3.103,108 The first two steps (i, ii) are the same as in a traditional free-radical 
polymerization reaction, namely initiation from the radical source followed 
by addition and transfer of the radical to a monomer unit. Next, the initiated 
monomer or polymer chain can react with a CTA, in a RAFT pre-equilibrium 
step (iii). In a reversible chain transfer/propagation, this RAFT-adduct 
intermediate can undergo fragmentation to either release the starting species 
or release a new radical on the R group of the CTA (R•). The newly formed 
radical species (R•) can then undergo a re-initiation step with a monomer 

Scheme 3. (A) The general chemical structure of a thiocarbonylthio RAFT agent is shown, with a 
specific example of a RAFT agent given as 2-(dodecylthiocarbonothioylthio)-2-methylpropionic 
acid (DDMAT). (B) The proposed mechanism of RAFT-mediated copolymerization. The first two 
steps (i, ii) including initiation are identical to a conventional free-radical polymerization reaction. 
In a reversible chain transfer/propagation step (iii), the propagating chain (Pn•) can add to the 
RAFT agent. The polymer-RAFT adduct can fragment into the original species or release the R 
group (R•) as an active radical alongside the dormant polymer-RAFT adduct. This activated R 
group can then react with a monomer forming a new propagating polymer chain (Pm), in step (iv). 
In the main chain equilibration/propagation step of the RAFT process (v), an active chain (Pn• or 
Pm•) temporarily not adducted to the RAFT agent can propagate by the addition of a monomer. 
This process repeats itself and all of the polymer chains have equal probabilities for growth, 
ultimately resulting in a narrow size Ð. Figure is adapted from 103,108.
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to form a new active polymer chain (iv). The next step, chain equilibration/
propagation (v), is the main phase of the RAFT process. Again in a reversible 
equilibrium, the polymer-RAFT adduct can fragment to release either one 
of the polymer chains (Pn•, or Pm•). These free active radical chains can 
propagate with monomer or again react with the CTA agent in a reversible 
addition reaction. This process repeats itself throughout the chain growth 
of the polymers, with all polymers having roughly equal opportunities for 
chain growth. At the end of the reaction, most of the polymer chains will 
retain the RAFT unit (trithiocarbonate) as an end-group.

By using RAFT polymerization it is possible to control the MMD. This is only 
true for batch reactions though, as in CSTR due to the variation in residence 
time of the molecules there will again be a broad size dispersion. If SMA is 
prepared in a batch process by RAFT polymerization it is theoretically easy 
to synthesize an alternating copolymer by simply starting with an equimolar 
amount of comonomers. Unfortunately, as mentioned these 1:1 copolymers 
are not effective solubilizers. When an excess of styrene is used in a batch 
RAFT copolymerization block copolymers are synthesized. Initially, the chains 
start growing as alternating copolymers, until all of the maleic anhydride 
monomers are consumed. Subsequently, the chains continue growing with 
polystyrene tails.109–112 The problem of making well-defined copolymers that 
are effective solubilizers remains.

3.3.  Alternative Amphipathic Copolymers3.3.  Alternative Amphipathic Copolymers
The commercial SMA copolymers are heterogeneous, having broad MMD and 
CCD. Nonetheless, despite or perhaps owing to this heterogeneity, SMA (2:1) 
is a good solubilizer of biological membranes. In general, the SMA copolymers 
do suffer from several drawbacks, though. For example, the aromatic styrene 
moieties may interfere with some UV spectroscopy analysis, and the broad size 
Ð means that the copolymers tend to form smears on SDS-PAGE, potentially 
hindering protein analysis. Furthermore, under certain conditions, the SMA 
copolymers are not suitable for solubilization. For example under acidic pH 
or in the presence of even millimolar concentrations of divalent cations (such 
as calcium or magnesium) the copolymer precipitates and is unavailable for 
solubilization. The chelation of the copolymer to divalent cations also can 
be problematic during affinity-based purification by Ni columns/beads, as it 
competes with the protein of interest binding to the nickel ions. Moreover, 
due to the heterogeneity of the copolymers, the resulting nanodiscs are also 
less well-defined.107,109,113

Due to the potential limitations of SMA, alternative amphipathic copolymers 
have been explored for the solubilization of membranes (Figure 14). The first 
one reported for membrane solubilization was the commercially available 
DIBMA copolymer (tradename Sokalan® CP 9) as investigated by Keller et 
al.114–117 One major advantage of DIBMA is that it is more resistant to divalent 
cations. Moreover, as an aliphatic copolymer lacking aromatic groups, it does 
not have the same issues with UV spectroscopic analysis as compared to SMA. 
Other explored aliphatic copolymers include polymethacrylate (PMA)118,119 
and hydrophobically modified polyacrylic acid (PAA).120
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Figure 14. Various amphipathic copolymers applied for membrane solubilization. Styrene-maleic 
acid (SMA), poly(acrylic acid-co-styrene) (AASTY),107 2-methylstilbene-maleic acid (2-STMA),113 

4-methylstilbene-maleic acid (4-STMA),113 SMA-sulfhydryl (SMA-SH),121,122 SMA-EA,123 

SMA-ED,124 SMA-MA, SMA-Glu,125 SMA-Neut,125 SMA-Pos,125 styrene maleimide quaternary 
ammonium (SMA-QA),126 poly(styrene-co-maleimide) (SMI),127 SMAd-A,124 esterified-SMA,128 

zwitterionic styrene-maleic amide (zSMA),129,130 diisobutylene-maleic acid (DIBMA),114–117 glyco-
DIBMA,131 sulfobetaine-DIBMA (SB-DIBMA),132 polymethacrylate (PMA),118,119 polyacrylic acid 
(PAA),120 fructo-oligosaccharides(FOS)/inulin,133 SMA-EA-DOTA.134,135
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Scheme 4. Reaction scheme showing the modification of styrene-maleic anhydride (SMAnh) 
copolymers. SMAnh can be functionalized with nucleophiles, such as (primary) amines (R-NH2), 
to open the anhydride ring forming a functionalized amide (SMAd) and a carboxylic acid group. 
The amide moiety can then be cyclized again in a ring-closing reaction to form maleimide (SMAI) 
derivatives.

SMAnh copolymers themselves can be functionalized by reaction with 
nucleophiles (e.g. R-NH2 or R-OH, see Scheme 4). The resulting amide/
ester and acid copolymers can have interesting properties themselves, such 
as SMA-sulfhydryl (SMA-SH) which can be further functionalized via click 
chemistry on the thiol group,121,122 or SMA-EA, as developed by Ramamoorthy 
et al., which is capable of forming larger nanoparticles (>20 nm diameter) 
termed macro-nanodiscs.123 Remarkably, these macro-nanodiscs are capable 
of spontaneously aligning in a magnetic field, a useful characteristic for 
structural biology in combination with solid-state NMR.136 A systematic study 
of esterified SMA derivatives having different lengths of alkoxy ethoxylates 
in combination with varying degrees of esterification was performed by 
Brady et al.128 Other SMA derivatives with amide functionalities include 
SMA-ED,124 SMA-EA-DOTA,134,135 and SMA-MA. Lorigan et al. studied several 
SMA amide derivatives of different overall charges. Bearing either negative 
charges and functionalized with a sugar moiety (SMA-Glu), zwitterionic and 
net neutral (SMA-Neut), or net positive charge (SMA-Pos).125 The amide group 
can potentially be cyclized with the carboxylic acid in a ring-closing reaction, 
forming a maleimide moiety (Scheme 4). Several copolymers bearing such a 
maleimide group include styrene maleimide quaternary ammonium (SMA-
QA),126 poly(styrene-co-maleimide) (SMI),127 and SMAd-A.124 In recent studies, 
DIBMA has been modified to glyco-DIBMA131 and sulfobetaine-DIBMA (SB-
DIBMA).132 Many of the mentioned copolymers are capable of overcoming the 
buffer limitations of SMA (acidic pH, divalent cations), another copolymer 
designed for this is zwitterionic styrene-maleic amide (zSMA).129,130 

The copolymerization reaction can also be performed using alternative 
comonomers, such as is the case when substituting maleic-anhydride for 
acrylic acid in poly(acrylic acid-co-styrene) (AASTY) copolymers.107 Another 
such example is the use of (methylated) stilbene monomers instead of 
styrene, allowing for the formation of well-defined poly(methylstilbene-alt-
maleic acid) (STMA).113 Recently, the first semi-synthetic and non-ionic (bio)
polymers were described, namely hydrophobically functionalized fructo-
oligosaccharides(FOS)/inulin.133
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Many of the alternative amphipathic copolymers have advantages over 
SMA. However, they are often not very effective solubilizers of membranes. 
Therefore, a sacrifice of the yield of precious membrane protein needs to 
be weighed against other potential benefits. Having a single copolymer as 
a panacea or silver bullet for all membrane proteins remains an elusive 
goal. Indeed, despite the many advances, a detailed understanding of the 
solubilization mechanism and in particular how environmental factors and 
copolymer structure affect the process remains somewhat obscure.

4. Scope and Outline of the Thesis4. Scope and Outline of the Thesis
SMA and other amphipathic copolymers are proving to be a paradigm shift 
to the field of membrane protein research. However, as mentioned above the 
SMA copolymers still have several disadvantages and limitations. Although 
many alternative copolymers have been explored, they are not always 
effective solubilizers, and ultimately it is unclear what exactly determines 
the efficiency of solubilization.

The thesis aims to gain a deeper understanding of the mechanism of 
membrane solubilization by amphipathic copolymers and the parameters 
that are relevant to the process. Furthermore, the toolbox of amphipathic 
copolymers for the study of membrane proteins is expanded and made more 
accessible to a wider range of users.

In Chapter II a convenient method for the hydrolysis of maleic anhydride 
copolymers into the membrane active acid forms is described. This simple 
and user-friendly approach opens up the SMA toolkit for users without a 
chemical background. Details are given to relevant and optimal reaction 
conditions.

Chapter III it is investigated how various environmental factors such as 
ionic strength, temperature, polymer concentration, and pH affect the 
solubilization process of biomembranes containing proteins. KcsA is used 
as a model membrane protein and expressed in E. coli. The work has an 
emphasis on the pH dependency, as a striking contrast is observed between 
model membranes and biological membranes for this particular factor.

Next Chapter IV describes a novel method based on iterative RAFT for the 
preparation of periodic poly(styrene-co-maleic acid) 2:1. A series of these 
periodic (2:1) SMA copolymers with different lengths and narrow size Ð is 
synthesized. These well-defined copolymers are used to examine the role 
of polymer size in the solubilization of lipid membranes, as well as the 
properties of the resulting nanodiscs.

Chapter V describes the synthesis and evaluation of a library of well-
defined alternating poly(styrene-alt-maleic acid) analogues. The amphipathic 
copolymers are prepared by RAFT copolymerization and as such, they 
have well-defined lengths and excellent size Ð. Moreover, as alternating 
copolymers, they have a narrow CCD. Through systematic variation in the 
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chemical structures, these novel copolymers are utilized to gain insight into 
the role of copolymer composition in membrane solubilization and stability. 
To this end, several biological membranes and model membranes are 
investigated. Ultimately, the library contributes to the rational and targeted 
design of copolymers for the study of membrane proteins.

The findings are summarised and discussed in a broader context in Chapter 
VI. The chapter explores the current frontiers and gives an outlook on 
potential perspectives in the field.
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AbstractAbstract
Styrene-maleic acid (SMA) copolymers are increasingly gaining attention in 
the membrane protein field due to their ability to solubilize lipid membranes 
into discoidal nanoparticles. The copolymers are synthesized as styrene-maleic 
anhydride (SMAnh), and need to be converted to the free acid form (SMA) 
before they are capable of solubilizing membranes. This hydrolysis reaction 
is traditionally performed under rather cumbersome reflux conditions. Here 
we report an alternative method for the hydrolysis reaction using simple and 
readily available equipment found in virtually all biochemical laboratories, 
namely an autoclave. Based on the results we propose an optimum set of 
standard conditions for the hydrolysis reaction, that should make the method 
easily accessible to a wide scope of researchers.

KeywordsKeywords
SMAnh, SMA, Hydrolysis Reaction, SMALPs, Native Nanodiscs, Autoclave
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1. Introduction1. Introduction
The use of styrene-maleic acid (SMA) copolymer as an alternative to 
detergents for the solubilization of membrane proteins is increasing rapidly. 
This is due to the ability of the polymer to solubilize membrane proteins into 
discoidal nanoparticles, referred to as native nanodiscs or SMA lipid particles 
(SMALPs), while retaining part of the native membrane environment (see 
e.g. 1–4). SMA is derived from styrene-maleic anhydride (SMAnh) copolymers, 
which are synthesized from styrene and maleic-anhydride comonomers in 
a free-radical polymerization reaction.56 To be able to solubilize membranes, 
the hydrophobic SMAnh then needs to be converted to the water-soluble 
amphiphilic membrane-active acid derivative (SMA) in a hydrolysis reaction 
(see Figure 1).

Figure 1. Reaction scheme demonstrating the hydrolysis reaction whereby SMAnh is converted 
into SMA, illustrated here for a SMA 1:1 (styrene-alt-maleic acid) copolymer. The hydrolysis is 
performed under alkaline aqueous conditions.

Traditionally, this hydrolysis reaction is performed under refluxing 
conditions.7 There are several factors that influence the rate of the hydrolysis 
of the anhydride to the acid, including particle size (i.e., the reaction is faster 
for the copolymer in the powder than in the granulate form), temperature, 
and the use of base (either NaOH or KOH), see e.g. 4.

Only recently some SMA preparations have become commercially available 
in the hydrolyzed form as solutions (i.e., Xiran® SL). However, not all of the 
different SMA variants are available in the acid form. Furthermore, one may 
wish to acquire the copolymers in the anhydride form, e.g. for characterization, 
fractionation, purification or modification, and then perform hydrolysis in 
a later stage. Unfortunately, the traditional hydrolysis requires the use of 
equipment and glassware that is not found in all laboratories, and that is 
overall a rather cumbersome procedure. Here we explore the use of a piece of 
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equipment that is ubiquitous in all biochemistry laboratories: the autoclave 
(pressure cooker) as an alternative SMAnh hydrolysis system. While autoclaves 
are generally used for sterilization purposes, they can also be used to perform 
chemical reactions, such as SMAnh hydrolysis8 at elevated temperatures and 
pressures. As the pressure inside of the autoclave is higher than atmospheric 
pressure it is possible to heat the solvent, in this case water, above its normal 
boiling point of 100 °C, thereby also accelerating the reaction time.

Here we use different conditions to investigate details of the hydrolysis reaction 
of SMAnh using an autoclave. The SMAnh copolymer used in this study has 
a styrene-to-maleic acid ratio of 2:1 (Xiran SP 30010), as previous research 
has found this to be the most favorable for lipid membrane solubilization as 
well as for the stability of the resulting SMALPs.9,10,11,12 Based on the results 
we will propose an optimal set of conditions for the hydrolysis reaction, 
including time, temperature, and amount and nature of the base used. This 
will make the method more easily accessible to the growing number of 
researchers exploring the use of SMA for solubilization and characterization 
of membrane proteins.

2. Materials and Methods2. Materials and Methods
SMAnh copolymer (Xiran SP 30010, Mw = 10 kDa) was a kind gift from 
Polyscope Polymers (NL). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (di-
14:0 PC, DMPC) was purchased from Avanti Polar Lipids (USA). All other 
chemicals were purchased from Sigma-Aldrich (DE). MilliQ water is simply 
referred to as water, or H2O.

2.1.  SMAnh hydrolysis reactions2.1.  SMAnh hydrolysis reactions
2.1.1.   Reflux2.1.1.   Reflux
As a control experiment SMAnh copolymer was hydrolyzed under reflux 
conditions as described in 7. Briefly, the starting material (SMAnh, 1 g) was 
suspended at 10% (w/v) in H2O containing 1 mol equivalent of NaOH (NaOH-
to-carboxylic acid groups). The round-bottomed flask was connected to the 
reflux condenser and the reaction mixture heated to reflux (100 °C) with 
constant stirring using a Teflon coated magnetic stir bar. The mixture was 
refluxed for 3 hours, during which time the solid material completely 
dissolved and the solution took on a slight yellow color. For work-up, the 
reaction mixture was allowed to cool down to room temperature and the SMA 
product was precipitated by the addition of HCl (4 mL, 1M). The precipitated 
polymer was centrifuged and the resulting pellet was washed twice with 
dilute HCl (~ 25 mL, 10 mM), then once with H2O (~ 25 mL). After the final 
centrifugation step, the supernatant was removed and the pellet, consisting 
of styrene-maleic acid copolymer, was dried under a constant flow of N2 with 
heating (~ 40 °C). Finally, the SMA product was dried further in a vacuum 
desiccator.

2.1.2.   Autoclave2.1.2.   Autoclave
SMAnh was hydrolyzed in an autoclave similarly as described in 8. SMAnh 
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copolymer (1 g) was placed in a Schott bottle and suspended at 10% (w/v) in 
H2O containing 1 mol equivalent of NaOH. For titration experiments samples 
of SMAnh (0.5 g) were suspended at 10% (w/v) with varying amounts of base 
(NaOH or KOH). The reaction mixtures were subjected to ’standard’ autoclave 
sterilization cycles, each consisting of 15 min at 125 °C, in a CertoClav 
(Traun, Austria) table top autoclave, for a total of 3 cycles. After each cycle 
the mixtures were allowed to cool down to room temperature and the pH 
determined. After the final heating cycle the crude reaction mixtures were 
worked-up as described above (2.1.1. Reflux).

2.2.  Stock solutions of hydrolyzed copolymers2.2.  Stock solutions of hydrolyzed copolymers
The hydrolyzed SMA copolymers were dissolved in an alkaline aqueous 
solution (0.6 M NaOH) to a concentration of 5% (w/v). This stock solution 
was used directly for lipid solubilization studies, or diluted further with H2O 
for ultraviolet (UV) spectroscopy experiments. 

2.3.  Ultraviolet spectroscopy2.3.  Ultraviolet spectroscopy
UV spectra were obtained for diluted SMA solutions (final concentration 
0.025% (w/v)) in a total volume of 1 mL of H2O. Measurements were performed 
using quartz cuvettes, with 10 mm path length, that were equilibrated at 21 
°C. Scans were recorded in the wavelength range of 230-290 nm, at a speed 
of 120 nm/min, with data points measured every 0.25 nm. Measurements 
were performed using a Lambda 18 Spectrophotometer (PerkinElmer, USA). 

2.4.  Infrared spectroscopy2.4.  Infrared spectroscopy
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR) was performed on solid samples of the SMAnh starting material, as 
well as the hydrolyzed SMA products. Spectra were recorded in the range of 
500-4000 cm-1 and taken as an average of 4 scans, with a resolution of 1 cm-1. 
Data was obtained using a PerkinElmer Spectrum Two FT-IR spectrometer 
with an UATR accessory, ATR correction was not performed. Relative 
maleic anhydride/acid ratios were obtained from the ratio A1775cm-1/A1705cm-1, 
corresponding to the vibration modes of C=O anhydride stretching at 1775 
cm-1,13,14 and the C=O acid stretching at 1705 cm-1.15,16

2.5.  Preparation of multilamellar vesicles2.5.  Preparation of multilamellar vesicles
Phospholipid (DMPC) stock solution was prepared in chloroform at a 
concentration of 20 mM. The solvent was removed with mild heating (~ 
35 °C) under a stream of N2. The resulting lipid film was dried further in a 
vacuum desiccator for at least 1 hour. Next, the lipid film was hydrated with 
buffer (Tris-HCl 50 mM, NaCl 150 mM, pH 8) to a concentration of 20 mM 
and incubated for 1 hour at 37 °C (T > Tm), well above the Tm of DMPC (24 °C).17 
The sample was then subjected to 10 freeze-thaw cycles, using a cold bath of 
dry ice in ethanol and thawing in a water bath at 37 °C (T > Tm).

2.6.  Kinetics of solubilization of phosphatidylcholine vesicles2.6.  Kinetics of solubilization of phosphatidylcholine vesicles
Aliquots (700 µL) of 0.5 mM dispersions of DMPC multilamellar vesicles 
(MLVs) in buffer (Tris-HCl 50 mM, NaCl 150 mM, pH 8) were left to equilibrate 
for at least 1 minute, at 15 °C (T < Tm). The temperature was controlled using 
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a Peltier cuvette holder and the suspensions were constantly stirred with a 
Teflon coated magnetic stir bar. 15 µL of SMA 5% (w/v) was added to yield a 
final SMA-to-lipid mass ratio of ~ 3. Solubilization kinetics was followed at 
a fixed wavelength of 350 nm by monitoring the decrease of the apparent 
absorbance.18 Absorbance values were recorded every 0.4 s for a total of 15 
minutes using a Lambda 18 spectrophotometer (PerkinElmer, USA).

3. Results and Discussion3. Results and Discussion
3.1.  Extent of polymer hydrolysis and functional activity of 3.1.  Extent of polymer hydrolysis and functional activity of 
hydrolyzed polymer are independent of the method used to hydrolyzed polymer are independent of the method used to 
perform the hydrolysis reactionperform the hydrolysis reaction
Two different methods were used for the hydrolysis of SMAnh to SMA. The 
reaction conditions were similar, i.e., one equivalent of sodium hydroxide to 
give an alkaline aqueous environment with a polymer concentration of 10% 
w/v. What differed between the techniques was the apparatus used to heat 
the reaction mixture. The first method involved the use of a reflux setup 
(heated to reflux, 100 °C). This setup required several hours of reacting to 
completely dissolve the polymer despite the vigorous stirring. The second 
method was the use of an autoclave (heating to 125 °C). Although the mixture 
in the autoclave had no stirring, the polymer was dissolved within two 
standard cycles (total of 30 min at 125 °C). Since hydrolysis implies that the 
polymer becomes water soluble, these results suggest that the temperature 
of the reaction is more important for efficient hydrolysis than stirring of the 
reaction mixture. Indeed, when the reaction was performed in an oven at 80 
°C with constant mixing, the polymer required several days to dissolve.

The polymers were next analyzed by IR spectroscopy (Figure 2A). Specifically, 
by comparing the intensities of the peaks at 1775 cm-1 and 1705 cm-1 one can 
obtain information on the extent of hydrolysis. These peaks correspond to 
the stretching of the carbonyl (C=O) in the anhydride and in the acid form, 
respectively. The SMAnh starting material has a major peak at 1775 cm-1, while 
the polymers after refluxing or autoclave treatment showed a high intensity 
at 1705 cm-1, indicating conversion to the hydrolyzed form. Importantly, the 
hydrolyzed products have identical spectra regardless of which method was 
used to perform the reaction, demonstrating that both of the methods are 
equally suitable to perform the hydrolysis.

Two other features are notable from the spectra in Figure 2A. First, the 
hydrolyzed products have a shoulder at the position corresponding to the 
anhydride. This may be due to weak aromatic signals from C=C in mono-
substituted rings such as observed for polystyrene,19 which is obscured by 
the C=O stretch vibration in the anhydride form. In any case it is unlikely to 
correspond to unhydrolyzed product as this spectrum seems to correspond 
to that of the end product after hydrolysis under many different conditions 
(see e.g. forthcoming spectra). Second, the anhydride form has a small 
shoulder at 1705 cm-1, indicating that it already has some of the anhydride 
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rings hydrolyzed. This is important to consider when functionalizing the 
polymer by amide/ester connections, as only the anhydride will be readily 
reactive to nucleophiles (R-NH2 or R-OH); thus if one desires to have 100% 
conversion then all of the material should be converted to the anhydride 
form first. To achieve this the acid needs to be activated using reagents such 
as acetic anhydride or acetyl chloride.20,21 Similarly, when the polymer has 
been modified with primary amines to form an amide linkage, the ring can 
be closed again under the same conditions to form the maleimide moiety.22,23
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Figure 2. (A) IR analysis of hydrolyzed SMA polymers obtained using different hydrolysis methods 
(reflux vs autoclave), compared to the anhydride (SMAnh) starting material (dashed line). 
Indicated are the positions of the peak corresponding to the anhydride (C=O stretching 1775 cm-1) 
versus the peak of the acid (C=O stretching 1705 cm-1). (B) Phospholipid membrane solubilization 
as tested on multilamellar vesicles (MLVs) composed of DMPC. Hydrolyzed SMA from either the 
reflux setup, or autoclave was used to solubilize MLVs at 15 °C (gel phase) over a period of 15 min, 
polymers were added at the 1 min mark. The process was followed at a wavelength of 350 nm and 
all measurements were normalized to the absorbance of the MLVs at the start of the experiment. 
The maximum error found from three experiments was in the range of ~ 6%.

Next, it was investigated whether the hydrolyzed polymers obtained from 
the different methods for the hydrolysis are equally suited to solubilize lipid 
bilayers. To test this, synthetic model membranes consisting of DMPC (di-
14:0 PC) MLVs were used at 15 °C, where the lipids are in the gel phase17 
and solubilization is slowed down to provide a convenient time window.18 
The solubilization kinetics were followed with a turbidimetry assay, which 
monitors the decrease in apparent absorbance of UV light due to reduced 
scattering as the particles become smaller (Figure 2B). It can be seen that 
the polymers behave comparably, with no significant differences in the time 
traces. An average error of three experiments was observed of less than ~ 6%, 
which is mainly attributed to small fluctuations between experiments (e.g., 
exact moment of injection or efficiency of mixing). Thus, the polymers are 
equally capable of solubilizing lipids, with complete solubilization of DMPC 
vesicles after 15 min.

We would like to emphasize here, that the method of hydrolysis by itself 
indeed should not affect the properties of the hydrolyzed product. Therefore 
the lipid solubilizing capability of these polymers should be similar as for 
the SMA polymers used in previous studies on membrane solubilization, i.e. 
they should be able to solubilize bilayers of lipids with different head groups, 
acyl chain lengths, and degrees of unsaturation,3,18,24,25 as well as native 
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biological membranes from various sources, including bacteria,26,27 yeast,28 
and mammalian cells.29

3.2.  Aqueous hydrolysis is improved by hydroxide ions, with 3.2.  Aqueous hydrolysis is improved by hydroxide ions, with 
an optimum at sub-stoichiometric concentrationsan optimum at sub-stoichiometric concentrations
To investigate the role that hydroxide ions play in the hydrolysis reaction 
of SMAnh to SMA, titration experiments were performed. SMAnh was 
subjected to varying amounts of hydroxide (0 – 3.3 mol equivalents NaOH-
to-carboxylic acid groups). The reactions were performed in the autoclave 
using a total of three standard cycles, where each cycle consists of heating 
at 125 °C for 15 min. After each cycle the pH was measured (Figure 3). Two 
important conclusions can be drawn from the results. First, the progress of 
the reaction at a specific base concentration can be followed by monitoring 
the decrease in pH. This is because hydroxide ions are consumed by either 
reacting with the anhydride ring (i.e., as nucleophiles), and/or deprotonating 
the resulting carboxylic acids that are formed when the anhydride is ring 
is opened (i.e., as base). This loss of hydroxide ions results in a decrease of 
pH. As there is an initial drop in pH between the first and second cycle, 
but no difference in pH between the second and third cycle, this means 
that the hydrolysis reaction is complete after the second autoclave cycle. 
Second, the final pH of the solution can be conveniently controlled by adding 
a specific amount of base. For example, if one wishes to achieve a final pH 
of 8 at the completion of hydrolysis, then approximately 0.6 equivalents of 
hydroxide should be used. This results in the polymer being exposed to less 
harsh conditions, as well as having a much higher atom efficiency (i.e., less 
waste of material, since less base is required for performing the reaction 
and less acid is required to acidify for work-up). Furthermore, it is then 
possible to directly use the hydrolyzed copolymer without performing a 
work-up (precipitation). However, one should then keep in mind that all 
impurities such as unpolymerized comonomers, initiator, etc. will remain 
in the mixture. If the mixture is slightly turbid it may be filtered through 
a 0.45 µm filter to remove any undissolved impurities. Another alternative, 
although time consuming, would be to perform dialysis to remove any low 
molecular weight impurities.25

The hydrolyzed products from the titration experiments were further 
characterized and investigated by spectroscopic analyses (Figure 4). IR 
spectroscopy (Figure 4A) revealed that even in the complete absence of base 
there is still significant hydrolysis as shown by the strong reduction of the 
anhydride peak at 1775 cm-1 and the high intensity of the acid peak at 1705 cm-

1. This finding is quite remarkable given that the polymer is not completely 
dissolved under these conditions. This demonstrates the high reactivity of the 
anhydride, that can be hydrolyzed by water alone. By the addition of catalytic 
amounts of hydroxide (0.01 – 0.25 eq.) the extent of hydrolysis is improved, 
with maximal hydrolysis achieved at ~ 0.5 equivalents and higher, where the 
peaks at 1775 cm-1 and 1705 cm-1 do not further change in intensity (Figure 
4A). It is important to note that even when the copolymers are completely 
hydrolyzed, there may be a clear plastic solid present on the bottom of the 
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flasks. This is likely due to the absence of mixing during the reactions, and 
the solid material may be dissolved by incubating in a 100 °C water bath 
while swirling vigorously.
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Equivalents NaOH

pH

1st cycle
2nd cycle
3rd cycle

The lipid membrane solubilization efficacy of the polymers (Figure 4B) appears 
to be rather similar after treatment with different amounts of base, especially 
if one takes into account the error of the experiments (~ 6%). Nonetheless, 
the polymers hydrolyzed with larger amounts of hydroxide (particularly 
the polymers hydrolyzed using an excess of base (≥ 2 eq.)), appear to be 
somewhat less functionally active. This phenomenon is probably due to an 
overestimation of the amount of polymer present in these samples, despite 
the fact that the polymer stocks were all dissolved at 5% w/v and used at a 
final concentration of ~ 0.1% w/v. An indication for this comes from the yields 
of the hydrolyzed polymers (Figure 4C). Although most of the reactions gave 
near quantitative yields, when using excess base the apparent yields exceeds 
the theoretical maximum (100%). The reason for this may be that the excess 
base (NaOH) present will react with the hydrochloric acid used in the work-
up to form sodium chloride, and despite several washing steps, the additional 
salt is probably trapped within the polymer precipitate. This hypothesis is 
validated by the UV spectra (Figure 4D), which show that despite being at 
the same concentration (~ 0.025% w/v), the polymers hydrolyzed with larger 
amounts of base have lower levels of absorbance, indicating that less polymer 
is present. Indeed, when the spectra are normalized at A259nm they all show 
identical spectra (Figure S1). These findings demonstrate not only that an 

Figure 3. Residual pH in the solution upon titration of polymer solutions with varying amounts of 
base (NaOH) after an increasing number of cycles in the autoclave (circles = 1, squares = 2, and 
triangles = 3). Error bars represent the standard deviation from three independent experiments, 
trendlines are added between the data points to help guide the eye.
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amount of hydroxide of around 0.6 equivalents is sufficient for efficient 
hydrolysis, but they also warn of the potential pitfall of using an excess of 
base such as is standard practice, as this may result in a product that consists 
not solely of polymer but also contains a significant fraction of salt.
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Although the anhydride ring is reactive enough to be spontaneously 
hydrolyzed by water, it is a lengthy process and the reaction is greatly 
accelerated by the use of hydroxide ions.30 It is important to realize that the 
hydroxide can not only act as a nucleophile (taking part in the reaction) but 
also as a base, deprotonating the resulting carboxylic acids (COOH 6 COO-

). This deprotonation of the acidic groups is important for dissolving the 
copolymer, particularly for the larger and/or more hydrophobic variants of 
the copolymer.11 The source of the hydroxide ion can be either potassium 
hydroxide or sodium hydroxide, and indeed both have been used in the 
past.15,31 Therefore, we compared the effect of these two bases. To this end 
the same titration experiments were performed using potassium hydroxide 

Figure 4. (A) IR analyses of hydrolyzed SMA using various amounts of base, compared to the 
SMAnh starting material (dashed line). Indicated are the positions of the peak corresponding to 
the anhydride (C=O stretching 1775 cm-1) versus the peak of the acid (C=O stretching 1705 cm-1). 
(B) Phospholipid membrane solubilization as tested on MLVs composed of DMPC. Hydrolyzed 
SMA from titration experiments were used to solubilize MLVs at 15 °C (gel phase) over a period 
of 15 min, polymers were added at the 1 min mark. The process was followed at a wavelength of 
350 nm and all measurements were normalized to the absorbance of the MLVs at the start of the 
experiment. The maximum error found from three experiments was in the range of ~ 6%. (C) The 
apparent yield (weight %) for the polymers obtained from the titration experiments. Error bars 
represent the standard deviation from three independent experiments. (D) UV scans in the range 
of 230 to 290 nm of the hydrolyzed polymers. All spectra were measured at a final concentration 
of 0.025% (w/v) SMA.
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instead of sodium hydroxide. Very similar results were obtained in terms 
of efficiency and kinetics of hydrolysis as well as functional activity as 
monitored by lipid solubilization (Figure S2). Nevertheless, as it appears that 
some of the salt will be trapped with the polymer, we recommend the use 
of sodium hydroxide as base instead of potassium hydroxide. The reasons 
are simply that NaOH is cheaper, that it has a smaller mass, thereby giving 
a smaller error in apparent polymer mass, and probably most importantly, 
that having a slight increase of sodium ions is generally less intrusive for 
experiments under physiological conditions.

4. Conclusions4. Conclusions
The hydrolysis of SMAnh into the membrane active SMA form can easily 
be achieved through the use of an autoclave. Compared to refluxing, the 
method presented here uses more widely available equipment, is faster, and 
also has the advantage of being applicable for ‘high-throughput’. The method 
would also be suitable for other amphipathic copolymers containing the 
maleic anhydride moiety (e.g. DIBMAnh). The use of hydroxide helps the 
hydrolysis reaction, although an excess of base is discouraged as it may lead 
to overestimation of the apparent yield and amount of polymer present. As 
a base, either NaOH or KOH can be used. We however recommend the use 
of NaOH, and specifically at sub-stoichiometric amounts of ~ 0.6 equivalents 
base to carboxylic acid groups. As an example: for a 2:1 (S:MA) copolymer, 
such as Xiran 30010, the polymer can be suspended at a concentration of 10% 
w/v in an aqueous solution of sodium hydroxide with a molar concentration 
of ~ 0.4 (based on a molecular weight of ~100 g/mol per maleic-anhydride 
monomer and a yield of two COOH groups upon hydrolysis). The suspension 
will have a high pH initially (pH ~13), but after hydrolysis is complete the 
final pH will be only moderately alkaline (pH ~8).

Finally we wish to emphasize that the lipid solubilizing capability of 
the hydrolyzed polymers was tested here on DMPC vesicles as proof of 
‘bioequivalence’. Nonetheless, they will have the same ability to solubilize 
other types of membranes as SMA copolymers used in previous studies, as 
the method of hydrolyzation will not affect the chemical composition or 
properties of the hydrolyzed polymers.
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Figure S1. Normalized UV spectra of hydrolyzed SMA copolymers, performed with titrations of no 
to excess base (NaOH/KOH). Wavelength range 230-290 nm, spectra absorbance normalized at 
259 nm. Experiments performed using a polymer concentration of 0.025 % (w/v) in H2O.
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Figure S2. Results from titration experiments performed using KOH as base. (A) Residual pH in 
solution after increasing number of cycles in the autoclave (circles = 1, squares = 2, and triangles 
= 3). Error bars represent the standard deviation from three independent experiments. (B) The 
apparent yield (weight %) for the polymers obtained from the titration experiments. Error bars 
represent the standard deviation from three independent experiments. (C) IR analyses of hydrolyzed 
SMA, compared to the SMAnh starting material (dashed line). Indicated are the positions of 
the peak corresponding to the anhydride (C=O stretching 1775 cm-1) versus the peak of the acid 
(C=O stretching 1705 cm-1). (D) Ratio of IR spectra A1775cm-1/A1705cm-1 for titration experiments 
using NaOH (black) and KOH (grey), compared to SMAnh starting material (white box). Ratio 
representative for the maximal hydrolysis is indicated by dashed line. Error bars are the standard 
deviation from three independent experiments. (E) UV scans in the wavelength range of 230 to 
290 nm of the hydrolyzed polymers. All spectra were measured at a final concentration of 0.025% 
(w/v) SMA. (F) Phospholipid membrane solubilization as tested on MLVs composed of DMPC. 
Hydrolyzed SMA from titration experiments were used to solubilize MLVs at 15 °C (gel phase) 
over a period of 15 min, polymers were added at the 1 min mark. The process was followed at a 
wavelength of 350 nm and all measurements were normalized to the absorbance of the MLVs at 
the start of the experiment. The maximum error found from three experiments was in the range of 
~ 6%.
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AbstractAbstract
Styrene–maleic acid (SMA) copolymers are a promising alternative to 
detergents for the solubilization of membrane proteins. Here we employ 
Escherichia coli membranes containing KcsA as a model protein to investigate 
the influence of different environmental conditions on SMA solubilization 
efficiency. We show that SMA concentration, temperature, incubation time, 
ionic strength, presence of divalent cations and pH all influence the amount 
of protein that is extracted by SMA. The observed effects are consistent with 
observations from lipid-only model membrane systems, with the exception 
of the effect of pH. Increasing pH from 7 to 9 was found to result in an 
increase of the solubilization yield of E.coli membranes, whereas in lipid-only 
model systems it decreased over the same pH range, based on optical density 
(OD) measurements. Similar opposite pH dependent effects were observed 
in OD experiments comparing solubilization of native yeast membranes and 
yeast lipid-only membranes. We propose a model in which pH-dependent 
electrostatic interactions affect binding of the polymers to extramembraneous 
parts of membrane proteins, which in turn affects the availability of polymer 
for membrane solubilization. This model is supported by the observations 
that a similar pH dependence as for SMA is observed for the anionic detergent 
SDS, but not for the nonionic detergent DDM and that the pH dependence 
can be largely overcome by increasing the SMA concentration. The results 
are useful as guidelines to derive optimal conditions for solubilization of 
biological membranes by SMA.

KeywordsKeywords
Styrene-Maleic Acid (SMA), Native Nanodisc, KcsA, Solubilization Efficiency, 
Environmental Factors, pH-Dependence.
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1. Introduction1. Introduction
In the past years, styrene–maleic acid (SMA) copolymers have been used to 
isolate a wide range of membrane proteins differing in size and properties 
in the form of native nanodiscs (e.g. 1–7). These nanodiscs provide a stable 
environment for membrane proteins, which facilitates their isolation and 
purification. In addition, the nanodiscs offer a convenient platform for 
structural and functional characterization of the entrapped protein (e.g. 8–14). 
For some of these downstream applications it may be a challenge to obtain 
a sufficiently high yield of purified nanodiscs. To a large extent this yield 
will be determined by the efficiency with which the copolymers are able to 
solubilize the target membrane.

Much information on factors that determine the efficiency of solubilization 
has been obtained from studies on model membrane systems.15–17 It was found 
that solubilization generally increases with increasing SMA concentration 
and temperature, and that also the presence of salt promotes solubilization. 
However, the presence of divalent cations impedes solubilization by inducing 
aggregation18–20 and a similar effect was found for a low pH.21–23 In addition, 
it was shown that the nature of the target membrane plays a key role in 
determining the efficiency of solubilization, with solubilization for example 
being less efficient for lipids when they are in a liquid-ordered or in a gel 
phase or when the lipids contain negatively charged head groups.15,16,24

A particular intriguing parameter for solubilization is the pH value. SMA 
has two acid groups per maleic acid unit, which have different pKa values 
(pK1 ~5.5, pK2 ~8.6).21 As a result SMA polymers have an optimal pH range 
in which they are active. At lower pH increasing protonation of the maleic 
acid groups leads to aggregation, while at higher pH the increasing charge 
density of the polymers makes them more hydrophilic and may affect their 
conformational behavior, ultimately resulting in a decreased solubilization 
efficiency.21 The optimal pH range was tested in phosphatidylcholine vesicles 
for SMA copolymers with different average styrene-to-maleic acid ratios and 
it was found that SMA copolymers with a ~2:1 ratio of styrene-to-maleic acid 
are most efficient for solubilization over a large pH range and provide the 
highest stability for the nanodiscs.25

While model membrane studies have yielded many insights into the role of 
different parameters on solubilization efficiency of SMA, systematic studies 
on biological membranes are still scarce. Available reports so far focused 
mainly on comparison of the solubilization efficiency of commercially 
available polymer variants that differ in composition and average length.26–28 
Here it was found that polymers with an average styrene-to-maleic acid 
ratio of ~2:1 and a relatively short length are most efficient in solubilizing 
native membranes, followed by polymers with a ~3:1 styrene-to-maleic acid 
ratio.27–29 This is very similar to results obtained in model membrane studies 
with respect to both composition21,30 and length.31

In order to rationalize membrane protein solubilization by SMA from 
biological membranes we here use a SMA copolymer with an average styrene-
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to-maleic acid ratio of ~2:1 and a relatively short length (Mn ~2.5 kDa)27–29 to 
systematically investigate the influence of various environmental parameters 
on the solubilization efficiency of Escherichia coli membranes overexpressing 
the tetrameric channel protein KcsA as a model protein.

KcsA was chosen as a model protein because of several reasons: (i) it can 
be obtained in membranes at high copy numbers due to its spontaneous 
membrane insertion and oligomerization, constituting one of the most 
abundant proteins after initiated gene expression,3,32,33 (ii) the robustness of 
the protein allows studies at a wide range of conditions with small impact on 
structural integrity of the protein, and (iii) the stability of the KcsA tetramer 
during sodium dodecylsulfate polyacrylamide gel-electrophoresis (SDS–
PAGE)32,34 allows for a simple means of identification of the target protein 
band.

The KcsA solubilization experiments were complemented with turbidimetric 
measurements to compare the kinetics of SMA solubilization in E.coli with 
those in other membrane systems, including model membranes of synthetic 
lipids. The results help to identify relevant parameters for membrane 
solubilization and to determine optimal experimental conditions for 
solubilization of membrane proteins by SMA or other copolymers.

2. Materials & Methods2. Materials & Methods
2.1.  Materials2.1.  Materials
All phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL). 
The lipids used were: 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),  
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), E.coli polar lipid extract, 
and yeast (S. cerevisiae) polar lipid extract. n-Dodecyl-beta-D-Maltopyranoside 
(DDM) was obtained from Anatrace (Maumee, OH). The styrene–maleic 
anhydride copolymer, Xiran 30010 (number-average molecular weight 
(Mn) of ~2.5 kDa, weight-average molecular weight (Mw) of ~6.5 kDa, with 
corresponding polydispersity index (PDI) of ~2.6, and a styrene-to-maleic 
anhydride ratio of ~2), was a kind gift from Polyscope Polymers (Geleen, NL). 
Sodium dodecyl sulfate (SDS) and all other chemicals were obtained from 
Sigma Aldrich (St. Louis, MO).

2.2.  Preparation of SMA solutions2.2.  Preparation of SMA solutions
Conversion of the polymers into the acid form was achieved by hydrolysis 
under base-catalyzed conditions as described earlier.35 Lyophilization was 
generally omitted since it was not found to have a significant effect on sample 
quality. SMA stock solutions were prepared at final concentrations of 1% or 
5% (w/v) in Tris base solution at 10 mM (pH unadjusted) per 1% (w/v) of SMA. 
The desired pH of the solution was adjusted by adding NaOH. 

2.3.  Preparation of 2.3.  Preparation of E. coliE. coli membranes membranes
Total membrane fractions of E. coli cells producing KcsA were obtained 
as described previously.4 Briefly, cells were transformed with the plasmid 
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containing the His tagged KcsA gene and were grown with or without 
IPTG induction of gene expression until cultures reached an OD600 of ~0.8. 
Cells were then harvested by centrifugation and stored as pellets at –80 °C. 
Membrane preparations were obtained by differential centrifugation after cell 
wall lysis and mechanical disruption through French press.3 To remove any 
remaining soluble proteins, the obtained membrane pellet was resuspended 
in buffer (5 mM Tris-HCl, pH 8, 150 mM NaCl, 10 mM KCl) and sedimented 
again by ultracentrifugation at 100,000 x g.

Membrane pellets corresponding to 800 mL of cell culture were resuspended 
in 2–4 mL buffer (5 mM Tris-HCl in order to be able to readily adjust the 
pH, 300 mM NaCl, 15 mM KCl, pH 8) to an OD600 of ~4. After lipid extraction 
according to a modified version of the method of Bligh and Dyer,36 the total 
phosphate content was determined to be 10 mM using the method of Rouser.37 
Membrane suspensions were aliquoted and stored at –20 °C until further use.

2.4.  Solubilization of KcsA from2.4.  Solubilization of KcsA from E. coli  E. coli membranesmembranes
Membrane pellets were thawed on ice and diluted into solubilization buffer (50 
mM Tris-HCl at the desired pH, 300 mM NaCl, 15 mM KCl) to a final volume 
of 100 µL, with the membrane material corresponding to a final phosphate 
content of 1.5 mM, and a total protein concentration of approximately 1 mg/
mL of which ~25% is KcsA (determined using BCA protein assay kit and 
densitometry of SDS-PAGE with BSA as standard, respectively). Standard 
solubilization was performed in buffer of 50 mM Tris-HCl, pH 8.0, 300 mM 
NaCl and 15 mM KCl and different final concentrations of SMA or other 
solubilizing agent. For standard experiments, samples were incubated for 2 
h in an Eppendorf sample mixer that was set to shaking at 600 rpm at a 
temperature of 25°C. Variations were made in one parameter at a time, while 
keeping other conditions constant.

After incubation at the desired conditions, the suspensions were subjected to 
centrifugation at 21,000 x g for 60 min at 4 °C to pellet the non-soluble material. 
The pellet was then resuspended in 100 µL solubilization buffer containing 
1% SDS. Since the presence of SMA was found to influence densitometric 
analysis, buffers for resuspending pellets of SMA-containing samples were 
supplemented with the corresponding amount of polymer. Both supernatant 
and pellet samples were then mixed with 4x concentrated SDS–PAGE (non-
reducing) Laemmli sample buffer and aliquots were loaded on 13% acrylamide 
gels. After ~1 h of electrophoresis at 175 V, gels were fixed and stained in a 
0.1% (w/v) solution of Coomassie Blue R-250 in water:methanol:acetic acid 
(70:20:10 by volume) for 1 h. Destaining was achieved by gentle agitation 
overnight in a solution of water:methanol:acetic acid (70:20:10 by volume). 

For the evaluation of the effect of different parameters on solubilization 
efficiency the standard solubilization conditions were adjusted in the 
following ways: (i) In experiments with different incubation times, an optimal 
comparison was ensured by using relatively large sample volumes of 300 
µL, of which aliquots were centrifuged after different periods of incubation, 
(ii) experiments to assess salt concentration dependence, a constant ratio of 
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NaCl and KCl of 20:1 was used to ensure protein stability. The sample devoid 
of NaCl contained a final concentration of 5 mM KCl, (iii) for experiments 
at different pH values, SMA stock solutions at 1% (w/v) in 10 mM Tris were 
prepared at every pH value used. In addition, 100 mM Tris stock solutions 
were prepared at the same pH values. Samples were then mixed in a ratio 
that yielded a final Tris concentration of 20 mM at the desired pH. Control 
experiments were performed with 0.25% (w/v) DDM instead of SMA at 
otherwise identical conditions.

2.5.  Densitometric analysis2.5.  Densitometric analysis
Destained gels were scanned using an Epson Perfection V850 Pro scanner 
(Long Beach, CA) at 600 dots per inch (dpi) for general validation. The area 
of the gel containing KcsA bands was additionally scanned at 1200 dpi for 
densitometry. The band intensity was determined using the Quantity One 
software package (Biorad, Hercules, CA) using the volume contour tool. 
Values were corrected for background intensity that was determined by 
analyzing an area of approximately 4 times that of the band in its immediate 
surroundings.

For densitometric analysis of the solubilization efficiency of KcsA, we 
compared the intensity of the tetramer band in the solubilized fraction relative 
to the sum of the intensities of the solubilized and non-solubilized fractions. 
This procedure was chosen because, for reasons that are not understood, a 
straightforward comparison of the KcsA bands from the solubilized and initial 
samples before centrifugation often resulted in apparent solubilization yields 
far above 100% (up to 150%) for SMA-containing samples. For all data shown, 
KcsA bands from every independent sample were analyzed in duplicate pairs 
of solubilized and non-solubilized fractions, with each pair being loaded on 
a different gel.

2.6.  Preparation of lipid model membranes 2.6.  Preparation of lipid model membranes 
Lipids were dried from a chloroform stock solution under a stream of N2 in a 
heated (~40 °C) bath and further dried in a desiccator under high vacuum for 
at least 1 h. Multilamellar vesicles were obtained by hydrating the lipid films 
in H2O containing 150 mM NaCl at a concentration of 20 mM, the hydration 
process was performed at 37 °C for at least 30 min, with occasional swirling, 
followed by 7 freeze-thaw cycles. The concentrated lipid stocks were diluted 
to 0.5 mM in buffer consisting of 50 mM Tris-HCl (at desired pH, 7-9), 300 
mM NaCl, 15 mM KCl, and then subjected to a further 3 freeze-thaw cycles. 

2.7.  Turbidimetry experiments2.7.  Turbidimetry experiments
Turbidimetry experiments were conducted as described previously15 on 
biological as well as lipid-only membranes. SMA polymers and samples were 
diluted separately in buffer (50 mM Tris-HCl Buffer, 300 mM NaCl, 15 mM 
KCl) with the desired pH and temperature. For the lipid-only vesicles a 0.5 
mM phospholipid concentration was used, and a final SMA concentration 
0.1% (w/v). For the biological membranes the concentration of phospholipid 
used was estimated to be 0.5 mM, based on total phosphate basis,37 and a final 
SMA concentration of 0.25% (w/v) was utilized. All experiments were also 
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performed at a SMA concentration of 1% (w/v). Changes in the absorbance at 
350 nm were detected using a UV-Vis spectrometer Lambda 18 from Perkin 
Elmer. After each experiment the pH of the samples was measured and the 
change in pH was not greater than 0.2 units at most.

2.8.  Isolation of yeast mitochondria 2.8.  Isolation of yeast mitochondria 
For turbidimetry experiments mitochondria were isolated from yeast strain 
D273-10B as described.38 Briefly, yeast cells were grown in semisynthetic 
lactate media to an OD of ~2. After zymolyase treatment and mechanical 
disruption mitochondria were isolated by differential centrifugation. 
Mitochondrial pellets were then resuspended in 10 mM Tris-HCl, 300 mM 
NaCl, pH 8.2 and the phosphate content was determined after the protocol 
of Rouser.37

3. Results 3. Results 
3.1.  SMA efficiently solubilizes KcsA3.1.  SMA efficiently solubilizes KcsA
To determine the amount of KcsA that can be solubilized from E. coli inner 
membranes under a given set of conditions, we employed densitometric 
analysis of the tetramer band (~67 KDa)33 after separation via SDS–PAGE. 
Representative results are shown in Figure 1A for the addition of 0.5% (w/v) 
of either SMA or DDM, a commonly-used head-and-tail detergent to E. coli 
membranes. Quantification of the bands showed that in both cases more than 
90% of the total amount of KcsA tetramer is solubilized upon incubation for 
2 h at 25 °C. In case of DDM, all E. coli membrane proteins are solubilized 
efficiently. By contrast, some abundant proteins seem to be resistant against 
solubilization by SMA, including a band at ~30 kDa of unknown origin and a 
broad band pattern in the molecular weight range above 100 kDa. These latter 
bands are assigned to oligomers of outer membrane proteins (OMPs), based 
on their abundance and their conversion into an intense (monomeric) band 
at ~37 kDa upon heating in the presence of SDS (Figure 1B).

Importantly, the results show that SMA efficiently solubilizes KcsA, which 
resides in the inner membrane. Figure 1B shows that heating converts the 
KcsA tetramer into monomers (~18 kDa),33 serving as an additional tool 
for identification of the KcsA band. Next, we set out to determine optimal 
parameters for efficient KcsA extraction by SMA by systematically varying a 
set of environmental conditions.

3.2.  Effects of SMA concentration, incubation time, temperature 3.2.  Effects of SMA concentration, incubation time, temperature 
and ionic strength on efficiency of KcsA solubilizationand ionic strength on efficiency of KcsA solubilization
In a first set of experiments the SMA concentration was varied. Figure 2A 
shows that increasing the SMA concentration increases yield and efficiency 
of KcsA solubilization up to a maximal solubilization capacity at a SMA 
concentration of 0.5% (w/v). For variations of other experimental conditions, 
a SMA concentration of 0.25% (w/v) was chosen, since this is sufficient for 
significant solubilization and allows a convenient window to detect deviations 
in solubilization yield in both directions.
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As shown in Figure 2B, the solubilization yield of KcsA increases with 
increasing temperature. Prolonging the solubilization time has a favorable 
effect, in particular at 4 °C, where longer incubation times improve the 
solubilization yield by more than 2-fold. At incubation temperatures of 25 °C 
and 37 °C solubilization conditions are quite favorable already and prolonging 
incubation times does not lead to a drastic improvement.

The presence of salt strongly influences solubilization yield (Figure 2C). Hardly 
any solubilization is detected in the absence of NaCl, when only 5 mM KCl 
is present to ensure KcsA stability. Addition of increasing amounts of NaCl 
results in higher solubilization yields with a broad optimum range between 
300–450 mM, where SMA solubilization is most efficient. Concentrations of 
NaCl exceeding this range, however, lead again to a decrease in solubilization 
yield.

SMA solubilization is hampered by the presence of divalent cations (Figure 
3D). All tested concentrations of divalent cations, even down to 0.5 mM, are 
detrimental to protein yield. In both cases there is a concentration dependency. 
SMA is however more sensitive to calcium as compared to magnesium, with 
a complete loss of solubilization at 5 mM and 10 mM, respectively. The trend 
and magnitude of this effect is comparable with previous studies.18–20,27

Figure 1. (A) Representative coomassie-stained acrylamide gel showing solubilization of E. coli 
membranes by 0.5% (w/v) of DDM and SMA under standard conditions of 2 h incubation at 25 
°C at pH 8 in 10 mM Tris buffer, containing 300 mM NaCl and 15 mM KCl. Total (T) samples are 
shown next to the supernatant (S) after ultracentrifugation and the pellet (P) that was resuspended 
in SDS-containing buffer. The KcsA tetramer band is highlighted by a dashed box. (B) Control 
experiment showing the conversion of the KcsA tetramer band (T) into a monomer band (M) as 
well as the conversion of oligomeric complexes of outer membrane proteins (OMPs) into monomers 
upon heating for 15 min at 95 °C in the presence of SDS.
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Figure 2. Influence of various environmental parameters on solubilization of KcsA in 10 mM Tris 
buffer at pH 8. Other parameters were varied as indicated in the figure, with standard conditions 
being:  0.25% (w/v) SMA, 2 h incubation at 25 °C in 300 mM NaCl, 15 mM KCl. (A) Influence 
of SMA concentration. The amount of membrane material was kept constant and SMA was added 
at different final concentrations in the range of 0.05–1% (w/v). (B) Influence of incubation time 
and temperature. (C) Influence of salt concentration. Different amounts of NaCl were added at a 
constant ratio of NaCl/KCl of 20. The sample devoid of NaCl contained 5 mM KCl to ensure the 
structural stability of the KcsA tetramer. (D) Influence of divalent cations (M2+). CaCl2 or MgCl2 
was used at a concentration of 0-10 mM, all samples contained 15 mM KCl in Tris-HCl 50 mM, 
pH 8. Data are averages of 2 independent samples, with the error margin indicating the difference 
in solubilization between both samples.

3.3.  Effects of pH on efficiency of KcsA solubilization3.3.  Effects of pH on efficiency of KcsA solubilization
A major determinant of SMA properties is pH,21,39 and hence this parameter 
in particular might strongly influence the solubilization efficiency of KcsA. 
Effects of pH were monitored in the range of pH 7-9, close to physiological 
pH and are shown as representative gels in Figure 3A. Further quantification 
shows that for SMA the solubilization yield at pH 7 is relatively low but 
increases dramatically at higher pH, with maximum solubilization efficiency 
being reached around pH 8 or 8.5. A similar pH dependency appears to 



6464

Chapter III

occur for other proteins on SDS-PAGE (Figure 3A, e.g. 17, 30, and 150 kDa), 
suggesting that it is not a KcsA-specific effect.

To check whether the pH dependence for SMA may be related to the charge 
of the polymer, we tested the effect of the non-ionic detergent DDM and 
the anionic detergent SDS. Solubilization by DDM shows a very different pH 
dependence, with no appreciable changes in the solubilization of KcsA in 
the same pH range, while in case of SDS a similar pH dependence for KcsA 
solubilization is observed as for SMA (Figure 3B). These results suggest that 
the effects indeed are charge related.

Similar pH dependent results were obtained at a lower concentration of 
SMA or when the NaCl concentration was reduced (Figure S1A,B), further 
supporting the generality of the effect. However, at high SMA concentration 
the pH dependence is much less pronounced and the same holds for SDS 
(Figure 3C). Thus, the lower yield of solubilization of KcsA by SMA or SDS 
at neutral pH can be overcome by adding higher concentrations of the 
solubilizing agents.

The pH value used for solubilization did not appear to affect the size of 
the formed nanodiscs, as indicated by dynamic light scattering (Figure S2), 
which showed average nanodisc sizes of hydrodynamic diameter varying in 
the range of 12-14 ±2.5 nm.

The increase in SMA solubilization efficiency with increasing pH is in striking 
contrast with the situation in PC bilayers where solubilization as followed by 
turbidimetry was found to become slower with increasing pH.21 There, the 
effect was attributed to the charge density on single polymer chains that 
leads to a higher overall hydrophilicity that impairs membrane binding and 
insertion.21 However, the two systems cannot be directly compared, because 
the KcsA solubilization experiments performed here employ relatively long 
incubation times and hence this can be considered mostly an equilibrium 
effect, while vesicle solubilization kinetics in model membranes typically is 
followed on a short timescale21 and hence the results may mostly represent 
a kinetic effect.30

To gain a better understanding of the observed pH dependencies, we directly 
compared the solubilization kinetics in different systems by performing 
turbidimetry experiments on model membranes and biological membranes. 
In line with previous results,21 solubilization of PC model membranes was 
less efficient upon increasing pH. This was observed both for saturated DMPC 
lipids in the gel phase (Figure 4A) as for unsaturated DOPC lipids in the fluid 
phase (Figure 4B), indicating that the observed pH effect is not related to 
lipid packing. Importantly, also model membranes of E. coli polar lipids did 
not show an increased efficiency of solubilization at higher pH (Figure 4C). 
However, when the same experiment was performed with vesicles of native 
E. coli membranes overexpressing KcsA (Figure 4D), a reverse pH dependence 
was found, in line with that observed for KcsA solubilization based on 
densitometric analysis (Figure 3B). Control experiments on the solubilization 
of native membranes from E. coli not overexpressing KcsA showed a similar 
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Figure 3. pH effect 
on the solubilization 
of KcsA by SMA. 
(A) Representative 
SDS-PAGE showing 
solublization of 
KcsA (highlighted by 
dashed box) for the 
total sample (ctrl) 
and the resulting 
supernatants after the 
addition of SMA, SDS 
or DDM at different 
pH values (pH 7-9), 
using a concentration 
of solubilizing agent 
of 0.25% (w/v). 
Quantification of 
solubilization for 
samples containing 
either (B) 0.25% 
(w/v) or (C) 1% (w/v) 
solubilizing agent, 
50 mM Tris-HCl, 
adjusted to the desired 
pH, 300 mM NaCl 
and 15 mM KCl. 
All concentrations 
expressed are as % w/v. 
Error bars indicate 
the difference in 
solubilization between 
two independent 
experiments, data 
points are given as 
average value.
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pH dependency (Figure S4).

Turbidimetry experiments were also performed at higher SMA concentrations 
(1% w/v). As before with gel-based assays the pH dependency was greatly 
diminished. However, also at these elevated polymer concentrations the 
reverse pH effects between model and native membranes were still detectable 
(Figure S5).

Opposite pH dependent effects were also observed for vesicles made of the 
lipid extract of yeast and native yeast mitochondrial membranes (Figure 4 
E,F), which have a very different protein and lipid composition.40,41 Together, 
these results indicate that there is a fundamental difference between SMA 
solubilization of model membranes and biological membranes. The reason 
for these differences is most likely related to the high protein content in 
biological membranes, as will be further discussed below.

4. Discussion4. Discussion
The results in this study indicate that the efficiency of SMA solubilization of 
E. coli membranes is highly susceptibile towards changes in environmental 
conditions. Here we will first discuss the importance of the different parameters 
that were varied and then zoom in on the pH dependent effects. Finally we 
will present a schematic model to explain the observed pH dependent effects 
for native membranes as compared to synthetic membranes.

4.1.  Role of SMA concentration 4.1.  Role of SMA concentration 
A straightforward finding of our studies is that increasing SMA concentration 
increases yield and efficiency of KcsA solubilization, which is line with 
observations in model membrane studies.15,42 Importantly, for SMA it 
was found that already at concentrations of around 0.25% (w/v) efficient 
solubilization can be achieved, indicating that the high concentrations of 
around 2.5–3% (w/v) SMA that are typically used for membrane protein 
extraction3,18,43,44 may be excessive. It therefore may prove useful to reevaluate 
these concentrations in order to avoid negative effects of free polymer on 
purification or other downstream processes.

It should be noted that at concentrations where KcsA was solubilized 
efficiently, SMA was unable to solubilize OMPs. A likely reason for this is 
that the E. coli outer membrane is highly asymmetric, with its outer leaflet 
containing high amounts of negatively charged lipopolysaccharide (LPS) and a 
network of branched sugars, that shields the membrane surface.18 In addition, 
OMP porins are abundant proteins in E. coli45 and a high (local) protein 
content may impair SMA solubilization in similar ways as in photosynthetic 
membranes.28,46

The high protein content is probably also the reason why native membranes 
typically require more SMA for solubilization as compared to lipid-only 
model systems, as also shown in this study. It should be noted however, 
that it is not only the concentration of SMA that is important, but also the 
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Figure 4. pH effect on the solubilization of different membranes by SMA as observed by turbidimetry. 
Optical density traces at different pH values are shown for multilamellar vesicles made from 
DMPC (A), DOPC (B), E. coli polar lipid extract (C), or yeast polar lipid extract (E), as well as 
for E. coli-derived intact membrane vesicles containing KcsA (D), and native membranes from 
isolated mitochondria from yeast cells (F). Data are shown as normalized optical density at 350 
nm (OD350 nm). SMA is added to the suspensions at 1 minute, resulting in the high frequency 
noise. Data are shown as averages of two experiments. All experiments were done at a phosphate 
(lipid) concentration of 0.5 mM. Model membranes were tested at a final SMA concentration of 
0.1% (w/v), and biological membranes were subjected to a SMA concentration of 0.25% (w/v). 
DMPC (A) and DOPC (B) vesicles were solubilized at 15 °C and all other experiments were 
performed at 25 °C.
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ratio of SMA-to-lipid, or SMA-to-protein. For this reason it may be useful 
to experimentally determine the optimum amount of SMA per particular 
application.

4.2.  Role of solubilization temperature and incubation time4.2.  Role of solubilization temperature and incubation time
At higher temperature a more efficient solubilization of KcsA was observed 
by SMA. Partly this will be simply due to the increase in thermal energy. 
However, changes in membrane fluidity are likely to play a larger role. Lipid 
extracts of the bacterial inner membrane generally show a very broad gel-
to-liquid crystalline phase transition, with midpoints between 20 and 30 
°C for E. coli cells grown at 37 °C.47,48 At 25 and 37 °C, the membrane thus is 
expected to be rather fluid, facilitating efficient solubilization, and making 
long incubation times unnecessary. Thus, it may be worthwhile to adjust the 
conditions in order to optimally balance favorable solubilization kinetics to 
potentially unfavorable consequences such as protein degradation, when the 
sample is exposed to higher temperature or longer incubation times.

4.3.  Role of ionic strength and divalent cations4.3.  Role of ionic strength and divalent cations
Moderate salt concentrations in the range of 300–450 mM NaCl were found 
to lead to most efficient solubilization of KcsA by SMA, with both lower and 
higher salt concentrations causing a decrease in solubilization yields. We 
propose that this may be a result of different processes. Most importantly, 
the ionic strength may affect polymer conformation. Due to charge repulsion 
between the maleic acid groups, a low ionic strength could promote a long-
stretched shape of the polymer that is incapable of membrane solubilization. 
The presence of salt ions might then make this conformation energetically 
less favorable, thus making SMA competent for membrane interaction and 
solubilization. A high ionic strength, however, may lead to the adoption 
of a collapsed globular conformation of SMA, since the exposure of its 
hydrophobic styrene units becomes more unfavorable in an increasingly 
polar environment. The high ionic strength might then prevent efficient 
solubilization by acting as a “barrier” for unburying the styrene units, which 
is essential for membrane binding and insertion. A preferred adoption of a 
collapsed conformation would be in line with the observation that at high 
salt concentration SMA molecules tend to aggregate and precipitate over a 
larger pH range (at pH < 7) than at low salt concentration.21

Other factors that are likely to contribute to the effects of ionic strength on 
SMA solubilization efficiency are electrostatic interactions between SMA and 
negatively charged membrane lipids and between SMA and charged amino 
acids in the aqueous parts of membrane proteins. At low ionic strength, 
any repulsive or attractive electrostatic forces will be relatively strong, 
while increasing the ionic strength of the solution will result in screening 
of electrostatic interactions, thereby reducing both electrostatic repulsion 
and attraction and hence likely affecting solubilization.15 Typically, these 
contributions to the effects of ionic strength will vary with the properties of 
the target membrane.

In addition to NaCl, also the presence of divalent cations can lead to aggregation 
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and hamper solubilization. These cations will coordinate with the carboxylates 
of the maleic acid units, thus efficiently neutralizing their charge and thereby 
strongly increasing the effective hydrophobicity of SMA.7,19,27 This may 
become a problem when using SMA to study membrane proteins that require 
divalent cations for function. Although studies have found that low millimolar 
concentrations of such cations may actually improve solubilization for the 
related but more hydrophilic copolymer, DIBMA,19 all tested concentrations 
used here had a negative effect on protein extraction by SMA. The absolute 
resistance of SMA to divalent cations is likely dependent on the presence and 
strength of (monovalent) salt as well as polymer composition, concentration, 
and pH. Thus, in cases where such divalent cations are required, further 
optimization of environmental conditions may be beneficial. Alternatively 
one could explore new developments that have been reported in the design 
and synthesis of related copolymers, specifically aimed to circumvent these 
effects, e.g. neutral polymers or polymers with positive charges.20,23,49–51 

Furthermore, several of these polymers have the additional benefit of being 
tolerant to a wider pH range compared to conventional SMA. However, their 
application for the solubilization of complex biological membranes still 
remains to be explored.

4.4.  pH dependence: native membranes versus model 4.4.  pH dependence: native membranes versus model 
membranesmembranes
Our most remarkable finding with E. coli membranes is the increase in 
solubilization efficiency with increasing pH in the range from pH 7 to 9, 
which is in striking contrast with the findings for model membranes where 
solubilization kinetics slow down with increasing pH.21 The latter was also 
observed for model membranes consisting of the polar lipid extract from E. 
coli membranes, suggesting that it is not related to lipid properties, but to 
the presence of proteins in the native membrane. This is supported by the 
observation that the same opposite trend occurs in yeast native membranes 
as compared to a polar extract of yeast lipids.

Interestingly, this effect was observed both by quantification of solubilization 
of KcsA by gel electrophoresis and by simple turbidimetry measurements 
on membrane fractions. This indicates that also in biological membranes 
turbidimetry can be a useful tool to monitor solubilization efficiency of 
different polymers or the effects of different solubilization conditions.

In model membranes, the pH dependent effect was attributed to the higher 
charge density on single polymer chains at high pH, leading to a higher 
overall hydrophilicity and a long-stretched conformation that impairs 
membrane insertion. As the pH decreases, polymer molecules become 
more hydrophobic, making them more prone to interact with and insert 
into membranes, and hence increasing their solubilization efficiency. Upon 
further lowering the pH (at pH < 7), the increased hydrophobicity at some 
point will lead to precipitation of SMA. The pH of this aggregation point will 
be strongly dependent on polymer composition and on salt concentration.21 

However, polymer aggregation is likely not the cause for the lower 
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solubilization yield at lower pH for E. coli membranes under the experimental 
conditions used here. If it were the case, decreasing the salt concentration 
should help since it decreases the pH of aggregation of SMA. However, a 
reduction of the ionic strength did not alleviate the negative effect of 
decreasing pH but led to a further decrease in solubilization yield (Figure 
S1B). Altogether one can conclude that a different effect is at play in E. coli 
membranes which involves electrostatic interactions and is dominated by 
properties of the targeted membrane, but not by properties of the lipids. The 
results in this study suggest that this is a general effect when comparing 
solubilization of native membranes and lipid-only membranes. The most 
likely explanation for the reverse pH effect in native membranes therefore is 
that it is due to the presence of membrane proteins. 

4.5.  Role of membrane proteins4.5.  Role of membrane proteins
One factor that varies with pH will be the net charge on the extramembraneous 
parts of membrane proteins. For individual integral membrane proteins pI 
values have been reported from ~4.5 to 10.52 The E. coli proteome has a similar 
range, showing a bimodal distribution with peaks around 5.5 and 9.53–55 Thus 
in general the membrane as a whole will have an overall charge, as contributed 
to by all proteins in a membrane will gradually shift from positive (through 
net neutral) to negative upon increasing pH. We propose that this is the 
reason underlying the pH dependent effects for SMA solubilization in intact 
membranes as observed here, according to the simplified model in Figure 5.

Figure 5. Schematic drawing of proposed electrostatic model. The simplified model illustrates 
the interaction of negatively charged SMA copolymer with native membranes at low pH and at 
high pH. (A) At pH 7, the membrane proteins will have an overall positive charge. The negatively 
charged SMA molecules will tend to bind to these oppositely charged extramembraneous regions. 
These bound polymers will be unavailable for lipid insertion, and furthermore may hinder the 
binding of other polymer molecules. (B) At pH 9 the net charge of the membrane proteins will have 
shifted to be less positive to net neutral or even slightly negative, making them unattractive for SMA 
binding. This allows the polymers with their hydrophobic styrene moieties to bind to and insert into 
the lipidic core of the membrane, allowing for initiation of the solubilization process and ultimately 
the formation of native nanodiscs.
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According to this model, upon addition of SMA to the membrane the polymer 
will initially encounter extramembraneous protein domains where it will 
tend to bind to positive charges which will be abundant at low pH. Bound 
SMA molecules will not be able to participate efficiently in the solubilization 
process, and hence less SMA will be available for solubilization. Moreover, 
bound SMA will decorate the membrane with an overall negative surface 
charge and thus may even repel binding of other polymer molecules. Upon 
increasing the pH, more and more proteins will become overall neutral 
or negatively charged and thereby become unattractive for SMA binding. 
Instead, at these higher pH values SMA will then preferably sample the lipid 
surface of the membrane and insert with its hydrophobic styrenes to initiate 
the solubilization process.

At high pH the polymer itself will be more charged, and thus its solubilized 
form becomes more favorable.21 While this is the dominant feature to explain 
model membrane solubilization as a function of pH, the effect appears to 
be small for biological membranes where electrostatic interactions between 
polymer and protein seem to be more dominant. In addition, polymer 
concentration plays a crucial role. In general biological membranes require 
more polymer to be effectively solubilized compared to model vesicles (e.g. 
0.25% w/v versus 0.1% w/v, respectively, at a phosphate concentration of 
0.5 mM as in the present study). At these concentrations the pH is a critical 
factor for both systems. However, the effect is greatly diminished at elevated 
amounts of polymer (i.e., 1% w/v).

The model in Figure 5 is supported by the observation that SMA behaves 
similar as SDS, but not DDM, both with respect to pH dependence as with 
respect to concentration dependence. DDM is a neutral detergent and has no 
pH dependency. For the anionic detergent, SDS, the pH dependent effects 
are dominant when it is present at a low concentration of 0.25% w/v (8.67 
mM). This concentration is only slightly above the CMC of SDS of 0.236% w/v 
(8.2 mM).56,57 Importantly, SDS is still able to completely solubilize lipid-only 
vesicles at this concentration, irrespective of pH (Figure S6). Binding of SDS to 
proteins at lower pH can thus be expected to reduce the amount of detergent 
available for membrane solubilization and thereby affect the solubilization 
efficiency, while using a higher SDS concentration (1% w/v) should relieve 
this pH dependency. A similar mechanism with electrostatically bound 
molecules being unavailable for solubilization and thereby requiring higher 
concentrations may hold for SMA. Thus, in considering optimal conditions for 
solubilization one can overcome negative effects of using high concentrations 
by performing experiments at higher pH and employing a lower polymer 
concentration, or vice versa, overcome negative effects of using lower pH by 
increasing the polymer concentration.
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5. Conclusion and Outlook5. Conclusion and Outlook
In summary, we show that many parameters affect the solubilization 
efficiency of SMA and that the majority of parameters derived from model 
membrane studies are transferable to the extraction of membrane proteins 
from bacterial membranes. However, pH shows a very different effect on 
solubilization yield and using a physiological pH of 7.4 for SMA solubilization 
may thus be far from the optimal to achieve efficient protein extraction. 
Based on the data underlying this study, a tentative recommendation for 
the conditions for solubilization of proteins from E. coli membranes can be 
made. This includes a moderate ionic strength (NaCl concentrations in the 
range of 200–500 mM), avoiding divalent cations if possible, a slightly basic 
pH between 8 and 9 and short incubations below 2 h at room temperature. 
To take into account differences in bacterial strains and culture conditions, 
initially trial experiments could be performed with variation of parameters 
that are likely to be most relevant for the particular study, such as e.g. SMA 
concentration or pH. The same holds for other biological membranes, where 
differences in membrane lipid and protein composition may change the 
optimal parameters for solubilization.
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Supporting InformationSupporting Information

Figure S1. Extended data on pH dependence of the solubilization of KcsA from E. coli membranes. 
(A) pH dependence at different SMA concentrations. (B) Influence of salt concentration on pH 
dependence. Data are averages of 2 independent samples (except for 100 mM NaCl), with the error 
margin indicating the difference in solubilization between both samples.
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Figure S2. Size (hydrodynamic diameter) distributions as number % of nanodiscs as determined 
by dynamic light scattering (DLS). Sizes are investigated as a function of pH used for the 
solubilization of membranes from E. coli. Incubations and size determinations performed at 25 
°C. Measurements taken on a Malvern zetasizer nano ZS and analyzed using Zetasizer software 
v7.13 with multiple narrow modes as the analysis model. Size determinations were done under the 
assumption of spherical particles. Detection was done using a backscattering angle of 173° and 
results are the average of 5 experiments each consisting of at least 11 sub-runs of 10 s. All samples 
had intercepts > 0.95 and showed a polydispersity index (PDI) < 0.35. 
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Figure S3. Further investigation of the pH and concentration effect on the solubilization of KcsA 
by SMA. SDS-PAGE showing solublization of KcsA (highlighted by dashed box) for the total 
sample (ctrl) and the resulting supernatants after the addition of SMA, SDS or DDM at different 
pH values (pH 7-9), using a solubilizing agent concentration of 1% (w/v).

Figure S4. Turbidimetry analysis of pH dependency on E. coli membranes not overexpressing 
KcsA. Data are shown as normalized optical density at 350 nm (OD350 nm). SMA is added to 
the suspensions at 1 minute, resulting in the high frequency noise. Data are shown as averages of 
two experiments. SMA added at a concentration of 0.25% (w/v), with a phosphate concentration 
of 0.25 mM, corresponding to a SMA:lipid ratio of ~15:1 (w/w). Experiment performed at 25 °C. 
In a buffer system comprising 50mM Tris-HCl, 300mM NaCl, 15mM KCl.
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Figure S5. pH effect on the solubilization of different membranes by SMA as observed by turbidimetry. 
Representative optical density traces at different pH values are shown for multilamellar vesicles 
made from DMPC (A), DOPC (B), E. coli polar lipid extract (C), or yeast polar lipid extract (D), 
as well as for E. coli-derived intact membrane vesicles containing KcsA (E, F). Data are shown 
as normalized optical density at 350 nm (OD350 nm). SMA is added to the suspensions at 1 
minute, resulting in the high frequency noise. Data are shown as averages of two experiments. All 
experiments were done at a phosphate concentration of 0.5 mM, as well as a SMA concentration of 
1% (w/v), except for (F) where 2.5% (w/v) SMA was employed. DMPC (A) and DOPC (B) vesicles 
were solubilized at 15 °C and all other experiments were performed at 25 °C.
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Figure S6. Solubilization of model vesicles by SDS at various pH values as observed by turbidimetry. 
Optical density traces at different pH values are shown for multilamellar vesicles made from 
DMPC at a detergent concentration of 0.25%. Data are shown as normalized optical density at 
350 nm (OD350 nm). SDS is added to the suspensions at 1 minute, resulting in the high frequency 
noise. All experiments were done at a phosphate concentration of 0.5 mM, and a temperature of 15 
°C. Data are shown as the averages of two experiments.
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AbstractAbstract
The use of poly(styrene-co-maleic acid) (SMA) for the solubilization of lipid 
membranes and membrane proteins is becoming more widespread and with 
this the need increases to better understand the chemical properties of the 
copolymer and how these translate into membrane solubilization properties. 
SMA comes in many different flavors that include the ratio of styrene to maleic 
acid, comonomer sequence distribution, average chain length, dispersity and 
potential chemical modifications. In this work the synthesis and membrane 
active properties are described of 2:1 (periodic) SMA copolymers with Mw 
varying from ~1.4–6 kDa. The copolymers were obtained via an iterative 
RAFT-mediated radical polymerization. Characterization of these polymers 
showed that they represent a well-defined series in terms of chain length 
and overall composition (FMAnh ~0.33), but that there is heterogeneity in 
comonomer sequence distribution (FMSS ~0.50) and some dispersity in chain 
length (1.1 < Ð < 1.6), particularly for the larger copolymers. Investigation of the 
interaction of these polymers with phosphatidylcholine lipid self-assemblies 
showed that all copolymers inserted equally effectively into lipid monolayers, 
independent of copolymer length. Nonetheless, smaller polymers were more 
effective at solubilizing lipid bilayers into nanodiscs, possibly because longer 
polymers are more prone to become intertwined with each other, thereby 
hampering their solubilization efficiency. Nanodisc sizes were independent 
of copolymer length. However, nanodiscs formed with larger copolymers 
were found to undergo slower lipid exchange, indicating a higher stability. 
The results highlight the usefulness of having well-defined copolymers for 
systematic studies.

KeywordsKeywords
SMA, SMAnh, RAFT, Synthesis, Copolymer Length, Dispersity (Ð), Sequence 
Distribution, Chemical Composition Distribution (CCD), Native Nanodisc, 
SMALP, Iterative Comonomer Addition, Periodic Copolymers
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1. Introduction1. Introduction
Cells and organelles are surrounded by a semipermeable lipid membrane 
which is home to a myriad of membrane proteins (MPs) that are responsible 
for a variety of essential cellular processes.1 A common first step in studying 
these MPs consists of their extraction from the native membrane environment 
by using detergents. However, this extraction method has the disadvantage 
that the detergents do not accurately mimic the native environment of the 
MPs.2 As a result, the MPs to some extent tend to lose their tertiary structure 
and functionality. In spite of significant developments in design and synthesis 
of detergents with improved properties,3 the loss of a native environment 
remains a weak point of detergent extraction. About a decade ago, a major 
breakthrough was realized in the isolation of MPs.4 This breakthrough entails 
the use of amphiphilic copolymers consisting of styrene and maleic acid 
units. These copolymers spontaneously insert into membranes and break 
them up into lipid nanodiscs, stabilized by an annulus of copolymers.5,6 In 
this process, MPs are directly transferred to nanodiscs with a diameter in the 
order of 10 nm, in which the MPs are surrounded by the closely associated 
lipids that form their native environment.7–9 As a result, the MPs isolated 
inside the native nanodiscs are more stable, largely functional and retain 
their tertiary structure.10,11

The commercially available poly(styrene-co-maleic acid) (SMA) products have 
a relatively low molar mass (weight average molecular weight (Mw) ~10 kDa) 
and a broad dispersity that is characteristic for a polymer synthesized via 
conventional radical polymerization (Ð ~2). Unfortunately, this means that 
commercially available SMA copolymers have a broad molar mass distribution 
(MMD). This broad dispersity is likely to affect the activity of SMA, since 
polymer length has been shown to play a key role in membrane solubilization. 
Relatively small SMA copolymers with a Mw of ≤ 10 kDa were found to be 
more efficient solubilizers than their larger counterparts and the resulting 
nanodiscs were found to exhibit more dynamic properties.12–14 In addition 
to molar mass, the chemical composition is an important parameter for 
membrane solubilization,14–17 with several studies showing that a styrene-to-
maleic acid ratio of 2:1 is most effective for nanodisc formation.13,15,16,18 Finally, 
yet another parameter that may be relevant for membrane solubilization is 
the chemical composition distribution (CCD) of SMA copolymers. However, 
not much is known about its role, given that it cannot be controlled in a 
regular synthesis. For these reasons we thought it of interest to synthesize 
SMA copolymers with variable molar mass, narrow MMD and narrow CCD 
and investigate their membrane solubilizing properties.

The synthesis of polymers with a narrow MMD is enabled by a range of 
techniques that are collectively referred to as reversible deactivation 
radical polymerization (RDRP). For the synthesis of poly(styrene-co-maleic 
anhydride) (SMAnh), which is the parent copolymer for SMA, two RDRP 
techniques have successfully been applied. The first one is nitroxide-
mediated polymerization (NMP)19,20 and the second one is reversible addition-
fragmentation chain transfer (RAFT) mediated polymerization.21 In nearly all 
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cases that have been reported until now, the focus was either on alternating 
SMAnh copolymers or on block copolymers with an alternating SMAnh 
block and a polystyrene block. The only exception that we are aware of is 
a recent publication in which gradient SMAnh is synthesized with variable 
steepness of the gradient.22 These RAFT-made block and gradient copolymers 
have conveniently low dispersities and furthermore, like the commercially 
available SMA products, they are capable of inducing formation of nanodiscs in 
membrane solubilization experiments. However, the RAFT-made copolymers 
synthesized thus far all have the disadvantage that they are not homogeneous 
in composition along the backbone.22–25

Here we explored a new approach to synthesize non-alternating SMAnh via 
an iterative RAFT-mediated polymerization reaction. Through this process 
it is theoretically possible to obtain periodic 2:1 SMAnh copolymers of 
various average sizes with both narrow MMD and CCD. The polymers were 
subsequently hydrolyzed to SMA and tested with respect to their efficiency to 
solubilize model phosphatidylcholine lipid membranes and their influence 
on the properties of the resulting nanodiscs, often referred to as SMALPs.26,27 

The results highlight the importance of systematic studies on well-defined 
systems to gain insight into fundamental principles that govern nanodisc 
formation by SMA copolymers.

2. Materials and Methods2. Materials and Methods
2.1.  Chemicals and reagents2.1.  Chemicals and reagents
Styrene monomer was obtained from Sigma-Aldrich (St. Louis, US) and 
passed through a basic aluminium oxide (Sigma Aldrich) column prior 
to use to remove the inhibitor. Maleic anhydride (Sigma-Aldrich) was 
recrystallized from toluene and purified by sublimation prior to use. 
2,2'-Azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich) was recrystallized 
from ethanol and dried under vacuum at room temperature overnight before 
use. Triethylamine and 1-bromoethylbenzene were obtained from Sigma-
Aldrich and used without any prior purification. All other reagents were 
used as received. Commercially available SMAnh copolymer, Xiran SZ 30010 
(ratio Styrene:Maleic Anhydride (STY:MA) ~2, Mw ~9.1 kDa, number average 
molecular weight (Mn) ~3.5 kDa, dispersity (Ð) ~2.6), was a kind gift from 
Polyscience (Polyscope, Geleen, NL). SMA2000 (ratio STY:MA ~2, Mw ~7.5 
kDa, Mn ~3 kDa, Ð ~2.5) was obtained from TOTAL Cray Valley (Puteaux, FR). 
Phospholipids (≥99% purity): 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(di-14:0 PC, DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (di-16:0 PC, 
DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (di-18:0 PC, DSPC), and 
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 
B sulfonyl) (N-rhodamine di-14:0 PE) were purchased from Avanti Polar 
Lipids (Alabaster, US). For MALDI-ToF-MS measurements, trans-2-3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenemalononitrile (DCTB, Sigma Aldrich) 
and 2,5-dihydroxybenzoic acid (DHB, Bruker Daltonics) were used without 
further purification.
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2.2.  Synthesis of RAFT agent: butyl-(1-phenyl ethyl) 2.2.  Synthesis of RAFT agent: butyl-(1-phenyl ethyl) 
trithiocarbonate (BPT)trithiocarbonate (BPT)2828

To a 250 mL round-bottom flask containing a Teflon coated stirrer bar was 
added 1-butanethiol (5.010 g, 56 mmol), carbon disulfide (8.450 g, 111 mmol) 
and chloroform (40 mL). Triethylamine (11.217 g, 111 mmol) was then added 
dropwise while stirring and the reaction was left to react for 5 hours at room 
temperature. 1-Bromoethylbenzene (10.360 g, 56 mmol) was then added 
dropwise and the reaction was left to react overnight at ambient conditions. 
The reaction mixture was then worked up by successively washing with 
distilled deionized (ddI) H2O (2 X 50 mL), 2 M H2SO4 (2 X 50 mL), ddI H2O 
(2 X 50 mL) and saturated brine (2 X 50 mL). This was followed by drying 
overnight with anhydrous magnesium sulphate and subsequent filtration. 
The solvent was then removed by rotary evaporator to give a quantitative 
yield of a viscous yellow/orange oil. The compound was analyzed by 1H-NMR 
(Figure S1) spectroscopy (CDCl3) and was found to be 96 % pure.

1H NMR (300 MHz, CDCl3): δ 7.35-7.40 (m, 2H, m-aromatic), 7.30-7.35 (m, 1H, 
p-aromatic), 7.23-7.28 (m, 2H, o-aromatic) 5.36 (q, J = 7.1 Hz, 1H, -SCH-), 3.35 
(t, J = 7.4 Hz, 2H, -SCH2-), 1.77 (d, J = 7.1 Hz, 3H, -S-CH-CH3), 1.68 (q, J = 7.4 
Hz, 2H, -CH2-CH2-CH2-), 1.43 (sext, J = 7.3 Hz, 2H, -CH2-CH2-CH3), 0.94 (t, J 
= 7.3 Hz 3H, -CH2-CH3)

2.3.  Iterative RAFT polymerizations2.3.  Iterative RAFT polymerizations
To a Schlenk flask containing a Teflon coated stirrer bar was added BPT (1.0036 
g, 3.71 mmol), styrene (0.7800 g, 7.42 mmol), maleic anhydride (0.3638 g, 3.71 
mmol), AIBN (0.1204 g, 0.74 mmol) and DMF (2 mL). The contents were 
degassed by purging with argon for 30 minutes before being placed in a pre-
heated oil bath at 90 °C for 7 hours. The reaction was stopped by exposing 
the contents to air and allowing it to cool to room temperature. To the flask 
was then added styrene (0.7800 g, 7.42 mmol), maleic anhydride (0.3638 
g, 3.71 mmol), AIBN (0.1204 g, 0.74 mmol) and DMF (2 mL). The contents 
were degassed by purging with argon for 30 minutes before being placed in 
a pre-heated oil bath at 90 °C for 7 hours. The reaction was again stopped 
by exposing the contents to air and allowing it to cool to room temperature. 
Various molecular weights were targeted by subsequent similar monomer 
additions. The polymer was precipitated in a large excess of isopropanol, re-
dissolved in dichloromethane and precipitated again. The yellow powder was 
then filtered and dried in vacuo at 50 °C overnight.

2.4.  SMAnh copolymer characterization2.4.  SMAnh copolymer characterization
1H and 13C NMR spectra were recorded in CDCl3 or acetone-d6 using a Varian 
VXR-Unity spectrometer (300 MHz, 400 MHz or 600 MHz). 13C DEPT NMR 
experiments were recorded using 10% w/v solutions (in acetone-d6) at 37 °C 
using a 2-s recycle time.29

Size exclusion chromatography (SEC) analysis was used to determine the size 
(Mn and Mw) and the Đ (= Mw/Mn) of the polymers using a Waters instrument 
equipped with a Waters 2487 dual λ UV detector, a Waters 1515 isocratic 
HPLC pump, Waters 410 differential refractometer (set at a temperature of 30 
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°C), Waters 717 plus autosampler and a Waters in-line degasser. The column 
set-up includes a PLgel 5 µm guard column and two PLgel 5 µm mixed-C 
columns. The column temperature was set at 30 °C. THF (HPLC grade, BHT 
stabilized) was used as the eluent at a flow rate of 1 mL/min at a pressure of 
941 psi. The system was calibrated using narrow polystyrene standards with 
a molecular weight range of 580 – 3,187,000 Da. Sample concentrations were 
2 mg/mL and all data are reported as polystyrene equivalents.

Matrix-assisted laser-desorption ionization time-of-flight mass spectrometry 
(MALDI-ToF-MS) was carried out with a Bruker Ultraflex Extreme using a 
smartbeam II laser (1000 Hz) in positive mode and a scan range (m/z) of 20 
– 5000 amu. Samples were prepared by mixing polymer sample with DCTB 
in a miniature mortar and pestle. The mixture is applied to the target plate 
with a spatula. Calibration is carried out with 1 mL polyalanine (5 mg/mL in 
water) and 1 mL DHB (10 mg/mL in MeOH/water, 1/1 (v/v)) as matrix, which 
were mixed on the target spot and air dried.

2.5.  Average chemical composition determination2.5.  Average chemical composition determination
The average copolymer chemical composition was determined via three 
independent techniques:

 1H-NMR spectra were integrated, and values calculated according to 
Equation 1.

 (1)

where δ5.90-8.00 is the integral of the aromatic STY protons (5), and δ0.80-3.71 is the 
integral of the total aliphatic protons (MAnh (2) and STY (3)).

 13C-NMR spectra were recorded with gated decoupling to remove 
nuclear Overhauser enhancement. Average composition was calculated from 
the relative areas of the carbonyl signal at ~172 ppm and the aromatic signal 
at 127–144 ppm.

 CH2-subspectra of 13C DEPT NMR were integrated as reported in the 
literature,29 and values manipulated according to Equation 2.

 (2)

Molecular weight determination via 1H-NMR spectroscopy was calculated 
according to Equation 3.
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 (3)

The methyl group of BPT (δ 0.80 – 0.95) was first integrated and set to a value of 3. The phenyl 
and aliphatic regions were then integrated relative to this.

2.6.  Hydrolysis of SMAnh to SMA2.6.  Hydrolysis of SMAnh to SMA
Hydrolysis experiments were performed as previously described.30 Briefly, 
the SMAnh polymers (0.6 g) were suspended in H2O to a final concentration 
of 5% (w/v) containing 1.2 equivalents NaOH (relative to maleic anhydride 
units). The reaction mixture was placed in an autoclave, run for two cycles 
(each 15 min at 125 °C), and then was left to stir at room temperature for a 
further 48 hours. As the solutions were slightly turbid (particularly for the 
lower molecular weight polymers), they were washed with Et2O (3 X 10 mL). 
SMA copolymers were then precipitated by the addition of 1 M HCl (2.5 mL). 
Suspensions were centrifuged (12,000g, 10 min, 4 °C) to pellet down the 
precipitate. The supernatant was decanted off and the resulting pellets were 
washed by resuspending in 10 mM HCl (10 mL) and centrifuging (the washing 
was repeated three times). After the final washing step, the pellets were dried 
under a stream of nitrogen gas and finally in the vacuum desiccator, which 
gave the products as yellow solids (yields ~85%). To dissolve the hydrolyzed 
products, they were initially suspended in H2O at a concentration of 10% (w/v), 
containing 0.6 equivalents NaOH to COOH units. After mixing thoroughly, 
the cleared solution was determined to have a pH of ~9. The mixtures were 
then diluted to a final concentration of 5% (w/w). Finally, the solutions were 
filtered through a 0.2 µm cellulose acetate membrane (VWR), to give the 
SMA stocks as transparent yellow solutions.

2.7.  Monolayer experiments2.7.  Monolayer experiments
Surface pressure isotherms versus time were recorded for lipid monolayers 
formed of either DMPC or DSPC upon addition of 20 µL SMA 5% (w/w), 
yielding a final concentration of ~0.005% (w/v). Phospholipid monolayers 
were assembled on an aqueous subphase in a 6 X 5.5 cm compartment 
of a homemade Teflon trough filled with 19 mL buffer (50 mM Tris-HCl, 
150 mM NaCl, pH 8). Aliquots from 0.5 mM phospholipid stock solutions 
in chloroform were carefully added dropwise to the surface of the buffer 
solution until an initial surface pressure of 25 mN/m was reached. SMA was 
injected into the aqueous subphase after at least 2 minutes of stabilization 
and the resulting increase in surface pressure was recorded for at least 
30 minutes using a MicroTrough XS monolayer system (Kibron, Helsinki, 
Finland). Surface pressure isotherms presented in this study are a result of 
the average of 2 independent experiments. All experiments were conducted 
at ambient temperature in a climate-controlled room (~21 °C).
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2.8.  Preparation of multilamellar vesicles (MLVs)2.8.  Preparation of multilamellar vesicles (MLVs)
Phospholipid stock solutions were prepared in chloroform at concentrations 
of 20 mM. The solvent was removed under a stream N2 with mild heating (35 
°C – 40 °C). The resulting lipid film was dried further in a desiccator under 
vacuum for at least 1 h. Next, the lipid films were hydrated with buffer (50 
mM Tris-HCl, pH 8, 150 mM NaCl) to the desired final concentration and 
equilibrated for at least 30 minutes at 30 °C for DMPC or 45 °C for DPPC, 
which for both is at T > Tm.31 Finally, the samples were subjected to 10 freeze-
thaw cycles, each consisting of 3 minutes freezing in a bath of solid CO2/
EtOH and 5 minutes thawing in a warm water bath at T > Tm.

2.9.  Preparation of nanodiscs2.9.  Preparation of nanodiscs
Dispersions of MLVs in solubilization buffer (50 mM Tris-HCl, pH 8, 150 
mM NaCl) were mixed with SMA 5% (w/w) (final SMA-to-lipid mass ratio of 
~3) overnight at T > Tm, with constant agitation using an Eppendorf shaker 
(600 rpm). The non-solubilized material was pelleted down by spinning at 
21,000g for 1 hour at 4 °C and the supernatant, containing the solubilised 
lipid material, was collected. Samples that were not analyzed immediately 
were stored in the fridge (4 °C). 

2.10.  Dynamic light scattering (DLS)2.10.  Dynamic light scattering (DLS)
The size of the nanoparticles was determined by DLS, using a Zetasizer 
nano ZS (Malvern instruments, Worcestershire, UK). Measurements were 
performed on nanodisc samples containing either DMPC or DPPC at a lipid 
concentration of ~1.5 mM, or on SMA only samples at a polymer concentration 
of 0.5% (w/v). All samples were dispersed in buffer (50 mM Tris-HCl, pH 8, 
150 mM NaCl), and experiments performed at 21 °C, after equilibrating for 
240 s. Detection of backscattering was performed at an angle of 173°, and the 
data were processed using the multiple narrow modes as the analysis model. 
Data were recorded as the average of six experiments, each consisting of at 
least 12 sub-runs of 10 s. The reported hydrodynamic size values are obtained 
from the number distributions, with the assumption that nanodiscs have a 
spherical shape.

2.11.  Transmission electron microscopy (TEM)2.11.  Transmission electron microscopy (TEM)
The morphology and size of the nanodiscs was further investigated by 
negative stain TEM. Aliquots of solutions used for DLS analysis were diluted 
to a lipid concentration of ~0.7 mM. Carbon-coated copper grids (200 mesh), 
were glow discharged for 30 s. Sample (5 µL) was applied to the grid and after 
60 s blotted off with (ashless) filter paper and subsequently washed, with 
H2O and uranyl acetate (UA, 2% in H2O), and then finally stained with UA 
for 60 s before blotting dry. Micrographs were taken on a Tecnai T10 electron 
microscope, using an operating voltage of 100 kV. The average size of the 
nanodiscs was estimated from at least 30 well-defined individual particles. 

2.12.  Kinetics of solubilization of phosphatidylcholine vesicles2.12.  Kinetics of solubilization of phosphatidylcholine vesicles
700 µL aliquots of 0.5 mM suspensions of DMPC MLVs in solubilization 
buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl) were left to equilibrate for 
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at least 1 minute, at 15 °C (T < Tm) or 30 °C (T > Tm). The temperature 
was controlled, and the mixture continuously stirred with a Peltier cuvette 
holder (Santa Clara, CA, USA). A 15 µL aliquot of SMA 5% (w/w) was added 
to achieve a final SMA-to-lipid mass ratio of ~3. Solubilization kinetics was 
followed at a fixed wavelength of 400 nm by monitoring the decrease of the 
apparent absorbance. Absorbance was measured at a wavelength of 400 nm 
instead of 350 nm as standard,5,13 this was done to avoid interference from 
the trithiocarbonate RAFT groups that themselves have an absorbance peak at 
~315 nm (Figure S2). Absorbance values were recorded every 0.4 s for a total 
of 15 minutes using a Lambda 18 spectrophotometer (PerkinElmer, MA, USA).

2.13.  Rhodamine fluorescence dequenching2.13.  Rhodamine fluorescence dequenching
In 10 mm quartz cuvettes aliquots of nanodiscs with a total of 2 mM of 
DMPC/N-rhodamine PE (4:1 mol/mol) nanodiscs were diluted to a final 
volume of 1 mL, yielding a final N-rhodamine concentration of 2.5 µM. The 
solutions were stirred and equilibrated for at least 2 minutes at 30 °C by using 
a Peltier cuvette holder (Santa Clara, CA, USA). Fluorescent nanodiscs were 
excited at 560 nm and mixed with aliquots of unlabeled DMPC nanodiscs. 
Unlabeled nanodiscs were added to a final lipid molar ratio of 1:5 of labeled-
to-unlabeled nanodiscs. Rhodamine was excited at 560 nm (λex = 560 nm) and 
fluorescence was monitored at 592 nm (λem = 592 nm) for 15 minutes using a 
Varian Cary Eclipse fluorescence spectrophotometer (Santa Clara, CA, USA). 
Experiments were performed using a salt concentration of 50 or 150 mM 
NaCl and repeated for two independent measurements.

3. Results3. Results
3.1.  Approach to synthesize SMAnh copolymers of well-3.1.  Approach to synthesize SMAnh copolymers of well-
defined chain length and with non-alternating sequence by defined chain length and with non-alternating sequence by 
iterative RAFT polymerizationiterative RAFT polymerization
In order to understand the lack of non-alternating SMAnh via RDRP, one should 
first consider its conventional radical copolymerization. SMAnh has a strong 
tendency towards alternating insertion of the monomers.32 This means that 
a batch copolymerization of a non-equimolar mixture of styrene and maleic 
anhydride leads to a copolymer with a broad CCD. In order to synthesize 
SMAnh with a narrow CCD, the process is conducted in a continuous stirred 
tank reactor (CSTR).33 There is a continuous feed of monomer, solvent and 
initiator into the (ideally mixed) reactor and a simultaneous extraction of 
reaction mixture from the reactor. After circa three times the mean residence 
time in the reactor, a steady state is established in which a certain overall 
monomer conversion is reached and a certain ratio of the two comonomers in 
the steady state residual monomer mixture is obtained. Due to the steady state 
character of the process, the narrowest possible CCD is obtained, the width 
of which is only dictated by the statistical nature of the copolymerization 
process, without any influence of composition drift. The MMD of SMAnh 
made in this process is not influenced by the residence time distribution in 
the CSTR, since the growth time of an individual chain is very short (order of 
a second) compared to the mean residence time (order of an hour). 
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It would be possible to use the CSTR process in order to create a RAFT 
mediated non-alternating SMAnh with a narrow CCD. However, in the case 
of any RDRP process, the growth time of an individual chain spans the 
duration of the polymerization process. In a CSTR process, that duration is 
dictated by the residence time distribution in the reactor. In other words, 
there are volume elements that will spend a very short time in the reactor 
and other volume elements that spend up to three or four times the mean 
residence time in the reactor.34 Since molar mass in RDRP is directly related 
to monomer conversion, which in turn is strongly related to reaction time, 
it will be obvious that the MMD of an RDRP-made polymer from a CSTR is 
largely dictated by the residence time distribution. In practice this means 
that such an MMD will have a dispersity close to that of a conventional 
radical polymerization (Ð ~2).

In summary, the dilemma of making non-alternating SMAnh with a narrow 
CCD and narrow MMD is that it cannot be conducted in a normal batch 
reaction due to the occurrence of composition drift and also not in a CSTR due 
to the residence time distribution (see Table 1 for an overview). As a solution 
to this dilemma, we propose an iterative process in which non-alternating 
SMAnh is built up in a stepwise series of chain extensions. Briefly, in order 

Table 1. Synthetic routes and their respective advantages and drawbacks.
STY:MA Synthetic

Route
MMD

(Đ)
CCD

(Sequence) Example b

0:1 Batch / CSTR
/ RAFT N/A N/A N/A

1:0
Batch / CSTR  N/A

RAFT  N/A

1:1
Batch / CSTR  

RAFT  

2:1

Batch  

CSTR  

RAFT  

Iterative
RAFTa  

aThis work. bExample of three (co)polymer chains making up a representative batch of 
polymers for each synthetic strategy shown. Blue dots represent maleic anhydride, red 
dots styrene, and black-green dots RAFT agent. The iterative RAFT strategy would 
combine the advantage of RAFT of having a narrower size distribution and that of 
CSTR of having a better distributed comonomer sequence.
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to target SMAnh with a 2:1 styrene-to-maleic anhydride ratio, narrow CCD 
and narrow MMD, we performed consecutive additions of two equivalents of 
styrene and one equivalent of maleic anhydride per equivalent of RAFT agent 
as well as supplemental initiator as a radical source. This procedure is similar 
to what was previously published for acrylate polymerizations by Perrier and 
co-workers.35 The number of monomer additions was dictated by the target 
molar mass of the copolymer. In the ideal scenario, the applied procedure 
could lead to sequence-controlled copolymers. In order for that to happen, the 
probability of monomer addition to the growing chains should be sufficiently 
discriminatory to prevent deviations from the intended monomer sequence. 
To be more specific, the addition of maleic anhydride should be very fast after 
each new monomer addition. Then, the first styrene should also be very fast, 
which is expected in view of the strongly alternating character of SMAnh. 
The uncertain factor is the addition of the second styrene. In order to obtain 
sequence control, the addition of the second styrene should be significantly 
faster than the third and subsequent styrene additions. Harrison, Perrier and 
co-workers have previously pointed at the limitations of precision placement 
of monomers in an RDRP process.36 We will come back to this later in this 
contribution.

Polymers of various average molecular weights were synthesized via the 
iterative process described above, with details as reported in Table 2. Iterative 
RAFT polymerization allows us to synthesize non-alternating SMAnh by 
repetitive addition of 1 maleic anhydride and 2 styrene molecules per RAFT 
moiety and subsequent repeated addition of monomer after full conversion 
of the previously added monomer (see Scheme 1). In this work, we selected 
1-phenylethyl as the R-group of the RAFT agent to ensure that maleic 
anhydride adds first with a high rate.37 The reaction vessel contains equimolar 
amounts of RAFT agent and maleic anhydride. Hence after the insertion of 
maleic anhydride into the RAFT agent, styrene is allowed to react due to it 
being the only monomer left in solution. From previous work we know that 
the first styrene addition to a MAnh radical is very fast.38 Furthermore, on the 
basis of previous kinetic studies of the conventional radical copolymerization 
of styrene and maleic anhydride, we believe that the second styrene addition 
is also slightly faster than subsequent styrene additions.37 This could possibly 
lead to the preferred formation of an MSS triad in each chain, which is 
subsequently chain-extended in the iterative process until the desired chain 
length is obtained.

In this fashion, we avoid the formation of gradient copolymers as maleic 

Scheme 1. Iterative BPT RAFT-mediated copolymerization of styrene and maleic anhydride, 
followed by the hydrolysis to poly(styrene-co-maleic acid).
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anhydride and styrene comonomers are periodically added to the reaction 
vessel.

3.2.  Characterization of chain length and dispersity of the 3.2.  Characterization of chain length and dispersity of the 
copolymerscopolymers
SEC results (Figure S3) indicate good control of MMD as evident by low Đ 
values (see Table 2). However, an increased molecular weight is accompanied 
by an increased Đ as can be seen in Table 2 and Figure S3. This gradual 
increase in Đ could be a sign of progressive termination of growing chains 
and therefore, an increasing fraction of dead copolymer chains.

Table 2. Molar mass and dispersity of synthesized copolymers.
Sample code (MSS)n* Mn, target (Da)* Mn, NMR (Da) Mn, SEC (Da) Ð

MSS2 2 884 1500 1300 1.1

MSS4 4 1496 2200 2000 1.2

MSS6 6 2109 2800 3000 1.3

MSS7 7 2415 3000 3000 1.3

MSS8 8 2722 3100 3800 1.4

MSS16 16 5173 4100 3700 1.6

*Targeted number of (MSS triad) sequence repeats and the corresponding theoretical masses. 

1H NMR spectroscopy confirms the synthesis of SMAnh as evidenced by the 
broad aromatic and aliphatic polymer signals that are very characteristic for 
SMAnh (Figure 1A).25 Quantification of the RAFT end-groups is hampered 
by overlapping polymer signals. The terminal methyl protons belonging to 
the RAFT Z group were used as a reference as they were the only RAFT-
associated protons that were resolved from the polymer backbone. The degree 
of polymerization (DP) and related number average molar mass (Mn) values 
were determined by integrating the polymer peaks relative to the RAFT end-
group, whereas the average chemical composition was determined from the 
ratio between aliphatic and aromatic proton signals in the 1H NMR spectrum. 
Chemical composition determined by 1H NMR (Figure S4A) spectroscopy 
was in close agreement with the feed composition of 2 STY:1 MAnh (Fs = 
0.66). This composition was confirmed by quantitative 13C NMR spectroscopy 
(Figure 1B) and is reported in Table 3.

3.3.  Characterization of sequence distribution3.3.  Characterization of sequence distribution
Further analysis by 13C DEPT NMR (Figure S4B) spectroscopy revealed 
the sequence distribution along the polymer backbone. Integration of the 
methylene sub-spectrum as reported by Barron et al. yields quantitative 
information pertaining to the styrene-centered triad distribution (Figure 
1B).29 The dominating sequence was found to be the MSS (+SSM) triad. 
Although there is some scatter in the experimentally determined triad 
distributions, the fraction of MSS triads is roughly FMSS ≈ 0.50, whereas those 
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of MSM and SSS are more or less equal at FMSM ≈ FSSS ≈ 0.25 (see Table 3). 
This holds across all synthesized polymer lengths, suggesting a homogenous 
chemical composition distribution. This is, however, far off the targeted 
MSS as dominating repeating sequence. The fraction MSS in a conventional 
SMAnh produced in a CSTR is also around FMSS ≈ 0.50 (Table 3) and therefore 
comparable to the described iterative process.

Figure 1. (A) 1H NMR (CDCl3) and (B) 13C DEPT NMR ((CD3)2CO) (CH2 subspectrum) spectra 
of synthesized copolymer (MSS7)

Table 3. Chemical composition and sequence distribution of synthesized copolymers

Sample 
code

FS

13C DEPT NMR                              
(CH2 subspectrum)

1H NMR 13C NMR DEPT 
NMR FMSM FMSS/SSM FSSS

MSS2 0.61 0.68 0.68 0.22 0.48 0.29

MSS4 0.60 0.56 0.55 0.28 0.57 0.15

MSS6 0.57 0.62 0.60 0.25 0.50 0.25

MSS7 0.66 0.68 0.69 0.22 0.45 0.33

MSS8 0.52 0.68 0.66 0.27 0.51 0.22

MSS16 0.59 0.70 0.73 0.15 0.42 0.43

SMA2000 0.37 0.50 0.13

Xiran SZ 
30010 0.42 0.49 0.09

MALDI-ToF-MS was used to further analyze the SMAnh copolymers. The 
results of sample MSS2 are shown in Figure 2 as a contour plot, calculated 
from the MALDI-ToF-MS raw data. The data shown is from the chains that 
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carry the trithiocarbonate chain end. There is a second population of chains 
that lack the trithiocarbonate end group, which can either be due to 
termination events, or can be an artefact due to the pulsed laser of the MALDI 
instrument. Both populations of chains show very comparable composition 
profiles. As can be seen from the contour plot in Figure 2, there is a distribution 
in chain length and chemical composition, although the average is close to 
the targeted 2:1 STY:MAnh ratio. These results confirm the NMR and SEC 
results. MALDI-ToF-MS on the longer chains proved to be challenging, which 
is in line with our earlier experience for SMAnh copolymers. As a consequence, 
we will not show the MALDI-ToF-MS results for the larger chain lengths.

Figure 2. Contour plot based on MALDI-ToF-MS results, showing the number of STY repeat units 
as a function of number of MAnh repeat units for sample MSS2. The colours from blue to red 
denote increasing peak intensities in MALDI-ToF-MS in arbitrary units. The dashed line is the 
theoretical prediction for a 2 : 1 STY/MAnh copolymer.

3.4.  What controls the dispersity and sequence distributions 3.4.  What controls the dispersity and sequence distributions 
of the copolymers?of the copolymers?
On the basis of NMR spectroscopy and SEC results it can be concluded that 
the copolymers possess a composition close to the targeted FMAnh = 0.33, and 
a molar mass that follows the theoretical predictions. However, the dispersity 
increases significantly with increasing chain extension steps in the iterative 
process (see Table 2), and importantly, for all chain lengths, the monomer 
sequence distribution deviates strongly from the targeted (MSS)n. There are 
two simultaneous processes that account for the observed behavior.
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The first process is the occurrence of irreversible termination of growing 
chains. Whereas the alternating copolymerization of STY and MAnh is 
characterized by high propagation rate coefficients, the homopolymerization 
of STY has a notoriously low propagation rate constant. After initial 
optimizations, we decided to work with a relatively high concentration of 
initiator to arrive at an acceptable polymerization rate in the regime where 
only STY is left to react. The consequence of the high initiator concentration 
is that a large and increasing fraction of the copolymer chains are dead. 
A theoretical assessment of the fraction of dead chains indicates that the 
fraction could range from 0.32 for the MSS2 sample to 0.79 for the MSS16 
sample. These calculations are detailed in the SI. The gradual increase in 
dispersity of the samples with increasing chain length is in agreement with 
the occurrence of irreversible termination.

The second process is the propagation reaction and the degree of control that 
we can apply to that. As indicated above, the first addition to an electron-rich 
radical (RAFT agent-derived radical or STY-terminal propagating radical) is 
by MAnh and is very fast. Similarly, the addition of STY to a MAnh-terminal 
propagating radical is also very fast. However, it is what comes next that may 
lead to deviations from the targeted MSS sequences. The first scenario that can 
lead to a deviation is the second addition of a MAnh and STY to a chain that 
has already added monomer in a specific chain extension step. The question 
at hand is, is it reasonable to expect that all chains adding one MAnh (plus 
STY) per chain extension step is preferred over some chains adding more than 
one, whereas others add none? The second scenario is the lack of selectivity 
for a second STY addition over the addition of the third and more STY units 
to an individual chain, leaving other chains with no STY to form the desired 
MSS triad. Detailed kinetic investigations that are beyond the scope of this 
contribution are currently carried out in our group to elucidate the exact 
origin of the absence of sequence control in our experiments. For now we 
believe that the statistical nature of the copolymerization, where additions are 
controlled by probabilities is responsible for the observed monomer sequence 
distribution. This explanation is in line with the previously mentioned study 
by Harrison, Perrier and co-workers.36

The copolymers were further analyzed by UV-Vis (Figure S2) as well as IR 
(Figure S5) spectroscopy. In both cases the synthesized SMA copolymers were 
compared to the commercially available Xiran 30010. All of the copolymers 
had the characteristic SMA spectrum according to IR13,39,40 as well as for UV in 
the region 230-280 nm.24,30,41 The newly synthesized polymers however also 
had a peak at 315 nm, owing to the RAFT agent on the terminus of the chains. 
The size of this extra peak relative to the peak at 254 nm (RAFT group vs 
styrene) also gives an indication that the copolymers increase in chain length 
going from MSS2 to MSS16. This is also macroscopically visible when looking 
at the copolymer solutions (Figure S6), where the smaller copolymers display 
a more intense yellow color, which is attributed to the higher concentration 
of the RAFT terminal groups.

Despite the heterogeneity in monomer sequence and the broader dispersity 
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in length for the longer copolymers, these SMA copolymers form a very well-
defined series in terms of total length and overall composition, suitable for 
systematic studies. We next investigated their interaction with lipids using 
several complementary approaches.

3.5.  Synthesized copolymers all have comparable insertion 3.5.  Synthesized copolymers all have comparable insertion 
into lipid monolayersinto lipid monolayers
For the formation of nanodiscs, polymers first need to bind to and insert 
into the lipid membrane.5 To investigate the efficiency of this first step in the 
solubilization process, lipid monolayer experiments were performed. Figure 
3A shows that all copolymers insert similarly well in monolayers of DMPC, 
which are present in a fluid-like (liquid-expanded) phase.42,43 The copolymers 
are highly surface active, increasing the surface pressure to a final pressure 
of ~42 mN/m. Experiments on monolayers of DSPC (Figure 3B), which form 
a gel-like (solid-condensed) phase42,43 similarly showed that all copolymers 
insert equally well, but now only to a final surface pressure of ~33 mN/m, 
presumably due to the tighter packing of the lipids. In both cases the surface 
activity of the copolymers is comparable to that observed for Xiran 30010. 
Remarkably, these findings differ from previous results on purified SMA 
fragments, which showed a larger increase in surface pressure for smaller 
fragments.13 Possible reasons for this discrepancy will be discussed later.

Although there is no obvious effect of polymer length on monolayer insertion, 
the surface activity of the length fragments in a buffer-only system (Figure 
S7) showed a very small but systematic trend. Here, smaller copolymers 
were found to partition more effectively at the water-air interface thereby 
disrupting the surface tension slightly more as compared to the longer chain 
copolymers. Importantly, for all copolymers a higher final surface pressure 
was observed in the presence of lipid monolayers as compared to only 
buffer at the air-water interface, testifying to their strong affinity towards 
phospholipid molecules (Figure S8). It is also this property that ultimately 
allows the solubilization and stabilization of membrane proteins.

3.6.  Faster solubilization kinetics are observed for SMA 3.6.  Faster solubilization kinetics are observed for SMA 
copolymers of smaller sizescopolymers of smaller sizes
The effect of the SMA copolymers on the solubilization process was 
investigated by turbidimetric analysis using DMPC MLVs. Experiments were 
performed as described previously.5 At 30 °C, with the membrane in the 
fluid (liquid-crystalline) phase, extremely fast solubilization was observed 
(Figure 4A). All of the copolymers induced complete solubilization within 60 
seconds after their addition.

The same experiments were performed at 15 °C, which is below the gel to 
liquid-crystalline phase transition temperature of these lipids.31 Figure 4B 
shows that in this case a general trend does occur, with shorter polymers 
having faster solubilization kinetics. MSS2 being the smallest polymer had 
the fastest rate, with complete solubilization at 900 seconds, while the largest 
polymer, MSS16, was the slowest solubilizer with ~50% solubilization at 



9999

Iterative RAFT (2:1) SMA

IV

900 seconds. The only deviation from the systematic correlation between 
solubilization efficiency and size can be seen for MSS7 and MSS8. We do not 
know the reason for this, but we note that MSS8 is the only copolymer that 
shows a significant discrepancy for Mn as determined by NMR compared to 
SEC, while also having a broad size dispersity. Xiran 30010 had solubilization 
kinetics between MSS16 and MSS7, indicating that it follows the same length 
correlation (Figure S9).

Figure 3. Increase in surface pressure as caused by insertion of SMA copolymers in monolayers 
composed of (A) DMPC, and (B) DSPC. The point of SMA addition to the aqueous subphase (50 
mM Tris-HCl, 150 mM NaCl, pH 8) is indicated with an arrow. Experiments were conducted at 
ambient temperature (~21 °C), with a final SMA concentration of 0.005% (w/v).
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Figure 4. Kinetics of solubilization of DMPC liposomes after addition of SMA copolymers. 
Experiments were performed at either (A) 30 °C (n = 1), or (B) 15 °C (n = 5). All measurements 
were conducted with 0.5 mM lipid, and 0.1% (w/v) SMA (final SMA-to-lipid mass ratio of ~3). 
Data are given as normalized apparent absorbance values at 400 nm and the curves at 15 °C 
represent the average value of five independent experiments, with standard deviations (not shown) 
less than 0.12 a.u. at any time point.

3.7.  The size of the formed nanodiscs is independent of the 3.7.  The size of the formed nanodiscs is independent of the 
size of the SMA copolymersize of the SMA copolymer
Next it was determined whether the length of the copolymers affects the size 
of the formed nanoparticles. To this end DMPC MLVs were incubated with 
the SMA copolymers and the resulting nanoparticles were characterized by 
DLS. As can be seen in Figure 5A, there is no correlation between the length 
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of the polymer and the size of the resulting nanodiscs, as all of the discs have 
a very homogeneous size distribution of around 5-6 nm in diameter.

Similar results were obtained when nanodiscs were prepared from DPPC 
lipids (Figure 5B and Table 4). Although within this series there was slightly 
more variation in size, again no obvious dependence on fragment length was 
observed. We noted however, that there can be some variation in particle sizes 
between independently prepared sample batches. As illustrated in Figures 5C 
and 5D, DLS experiments on a separate series of DMPC and DPPC-derived 
samples showed a similar result for DMPC, but a somewhat larger nanodisc 
size for DPPC (Table 4), which was confirmed by EM characterization (Figure 
6). We do not know the origin of this variation, but it likely arises from small 
differences in experimental procedures. The sizes are well within the range 
reported for these systems under similar conditions.5,13,44,45 Importantly, 
within each of these series there is no size difference based on copolymer 
length. Moreover, in all series of experiments, the copolymers in this study 
give similar outcomes as Xiran 30010, both in terms of average size as well as 
heterogeneity (Table 4). Together these results thus show that SMA copolymer 
length dispersity does not translate into size dispersity of the nanodiscs.

Previously it was shown that the size distribution of nanodiscs can be 
affected by the concentration of SMA copolymers relative to lipid. This was 
also observed for the RAFT SMA copolymers studied here (Figure S10) with 
lower SMA concentrations giving rise to larger particle sizes.

Figure 5. Number size distributions of nanoparticles as determined by dynamic light scattering 
(DLS). SMA-bounded nanodiscs were obtained at a polymer-to-lipid mass ratio of 3, using either 
(A, C) DMPC, or (B, D) DPPC lipids, prepared in two independent batches.
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Figure 6. Negative-staining transmission electron microscopic (TEM) images of DPPC (1) 
nanodiscs bounded by synthesized SMA copolymers. Nanoparticles were obtained at a SMA-to-
lipid mass ratio of ~3. The nanodiscs are discoidal in shape and have a diameter of ~9 nm. Scale 
bars represent 100 nm. Inserts are enlarged views of individual particles.

Table 4. Size distribution of nanodiscs prepared using DMPC or DPPC lipids, from two 
independent batches and analyzed using DLS or TEM.

  MSS2 MSS4 MSS6 MSS7 MSS8 MSS16 Xiran 
30010

DMPC (1) DLS 
Size (DH.nm) 5.2 ± 1.2 4.8 ± 1.2 4.8 ± 1.2 5.7 ± 1.3 4.5 ± 1.2 6.1 ± 1.3 5.3 ± 1.1

 DMPC (2) DLS 
Size (DH.nm) 5.3 ± 1.1 5.1 ± 1.1 5.0 ± 1.1 5.2 ± 1.3 5.1 ± 1.1 6.0 ± 1.3 4.9 ± 1.2

DPPC (1) DLS 
Size (DH.nm) 8.3 ± 1.2 8.8 ± 1.4 8.0 ± 1.3 9.2 ± 1.3 9.7 ± 1.6 9.0 ± 1.8 9.2 ± 1.7

DPPC (2) DLS 
Size (DH.nm) 7.6 ± 1.3 7.9  ± 1.5 5.2 ± 1.6 6.6 ± 1.5 5.9 ± 1.6 6.3 ± 1.5 5.6 ± 1.5

DPPC (1) EM 
Size (d.nm) 8.7 ± 2.0 9.5 ± 1.8 9.5 ± 2.1 9.4 ± 2.5 9.9 ± 1.8 10.1 ± 2.2 8.7 ± 2.4

3.8.  Particles stabilized by larger copolymers have better 3.8.  Particles stabilized by larger copolymers have better 
stability in terms of lipid exchangestability in terms of lipid exchange
The stability of the nanodiscs was investigated based on their lipid exchange 
rates. This was done at two different ionic strengths. Figure 7 shows that in 
both cases the longest fragments show the slowest exchange, suggesting that 
nanodiscs wrapped by larger copolymers have a higher stability. Indeed, when 
the time required to achieve 50% of total lipid exchange is plotted against 
polymer size, a linear relationship is observed (Figure S11). After 15 minutes 
all copolymers reach the same extent of lipid exchange, corresponding to 
complete mixing. At a low salt concentration (Figure 7A) the rate of lipid 
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exchange is slower as compared to higher salt concentrations (Figure 7B). This 
phenomenon has been observed before15 and is attributed to fewer particle 
collisions at low salt concentrations due to the reduced charge screening. 
Furthermore, faster exchange kinetics were observed when using a larger 

Figure 7. Fluorescence dequenching of rhodamine-PE (20 mol%) incorporated in DMPC 
nanodiscs with time upon addition of unlabeled (“empty”) nanodiscs. Experiments were recorded 
for 15 minutes with λex = 560 nm and λem = 592 nm at 30 °C. Nanodiscs were mixed in a ratio of 
5:1 (mol/mol) empty-nanodiscs/fluorophore-loaded-nanodiscs in a buffer system containing salt 
at a concentration of either (A) 50 mM NaCl, or (B) 150 mM NaCl.
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excess of unlabeled nanodiscs (Figure S12), as also shown previously,13,46 
indicating that the exchange involves particle collisions. Remarkably, for 
all RAFT synthesized copolymers faster fluorescence dequenching times 
were observed than for Xiran 30010. Likely reasons for this will be further 
discussed below.

4. Discussion and Conclusions4. Discussion and Conclusions
4.1.  SMAnh (2:1) periodic copolymer synthesis and 4.1.  SMAnh (2:1) periodic copolymer synthesis and 
characterizationcharacterization
Through the use of RAFT-mediated polymerization, it is possible to create 
polymers with a very narrow chain length distribution (Đ). In the case of SMA 
this works well for the synthesis of alternating 1:1 copolymers (altSMA) or 
otherwise (2:1, 3:1) block copolymers of altSMA followed by polystyrene tails. 
In a CSTR, using conventional radical polymerization one can make statistical 
2:1 SMA (coSMA) with a narrow chemical composition distribution (CCD) but 
a relatively broad chain length dispersity (Đ). In this work through the use 
of RAFT-mediated polymerization and an iterative addition process it was 
possible to create coSMA polymers that have well defined sizes of relatively 
low dispersity (Đ), as well as a fairly narrow CCD with an average STY/MAnh 
ratio of 2:1. There are two complications that limit the degree of control over 
this polymerization process. The first one is the necessity to use a relatively 
large amount of initiator, which is required to reach high STY conversion after 
each iterative chain extension step. This leads to an inevitable broadening of 
the molar mass distribution with increasing number of iterative steps. The 
second one is the statistical nature of the copolymerization, which limits 
the degree of control over the monomer sequence distribution. In depth 
kinetic analyses beyond the scope of this contribution are needed to get 
detailed insight in the chain growth process. Overall, the newly synthesized 
copolymers to our knowledge are still the best-defined 2:1 coSMA polymers 
made to date, in terms of chain length dispersity and chemical composition 
distribution. Notably, the only possibility so far to study copolymers with a 
precisely defined length and sequence has been through the use of molecular 
dynamics simulations.47–49

Spectroscopic analyses confirmed the SMA character of the newly synthesized 
copolymers when compared to the commercially available variant. 
Interestingly, when comparing the UV-spectra, specifically the relative 
intensities at 239 nm to 259 nm (valley-to-peak ratios) there is a difference 
between Xiran 30010 and the newly synthesized copolymers. For the RAFT 
copolymers, a lower ratio is found, which suggests that less contaminants 
may be present. How this may be of importance to the membrane active 
properties is discussed in the following sections.
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4.2.  Extent of lipid membrane insertion is not the rate limiting 4.2.  Extent of lipid membrane insertion is not the rate limiting 
step in solubilization by (RAFT synthesized non-alternating) step in solubilization by (RAFT synthesized non-alternating) 
SMA copolymersSMA copolymers
The monolayer experiments showed that there is no effect of polymer 
length on monolayer insertion. This is in contrast to the results of previous 
experiments, in which SMA length fractions were obtained by differential 
solubilization of Xiran 30010 in organic solvents and where insertion of 
smaller fractions led to a higher final surface pressure.13 The cause of this 
discrepancy is not clear at this point, but there may be several possible reasons. 
These include the presence of the end-groups in the RAFT synthesized 
copolymers, the presence of contaminants in commercial mixtures that are 
absent or less abundant in the RAFT synthesized copolymers, and subtle 
differences of comonomer composition, such as the presence and length of 
styrene sequences. Further investigation would be required to find out the 
exact cause of the discrepancy with SMA fractions derived from Xiran 30010.

Our experiments furthermore showed that all RAFT synthesized SMA 
copolymers are capable of solubilizing lipid membranes. Smaller polymers 
were found to have faster solubilization kinetics, consistent with results from 
literature.13 However, this cannot be ascribed to differences in the extent of 
insertion, since no clear length dependent differences were observed in the 
monolayer experiments as discussed above. How then could we rationalize 
this? At first sight a higher efficiency of membrane solubilization for shorter 
polymers even seems counterintuitive. This is because nanodisc formation 
will require a concerted effort of monomeric units of SMA polymers to 
disrupt the bilayer and to form nanodiscs, implying that longer polymers 
should be more efficient. Furthermore, in all cases the length of the polymers 
is still smaller than the circumference of the nanodiscs. Therefore, multiple 
polymers are required to stabilize a single disc and hence larger polymers 
may be expected to be more effective. In spite of this, a higher efficiency of 
nanodisc formation by shorter polymers was observed. We speculate that 
the following two factors may explain this finding. First, an increase in the 
length of the copolymers also increases the risk of polymer entanglement on 
the surface of the membrane. This may hamper the required concerted action 
for nanodisc formation, without necessarily affecting monolayer insertion of 
the styrene units. Second, the longer the polymers are, the easier they could 
become involved in more than one event of nanodisc formation at the same 
time, thereby decreasing the efficiency of the process. Thus, the rate limiting 
factor of membrane solubilization is not simply determined by the extent of 
insertion of SMA styrene units in the bilayer.

4.3.  Polymer size does not translate into nanodiscs size4.3.  Polymer size does not translate into nanodiscs size
In all measurements particle sizes were found to range between 5-10 nm in 
diameter. Although there was a small variation between different batches, 
the magnitude is well in agreement with nanodiscs from previous studies 
using a wide variety of lipids with different acyl chain lengths, head groups, 
and degree of unsaturation.5,13,17,44 The results of DLS and TEM were found to 
be in good agreement with one another, which is encouraging considering 
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that negative stain TEM is performed on dehydrated samples and that in DLS 
the hydrodynamic size is calculated based on diffusion coefficients with the 
assumption of spherical particles.

No correlation was found between the size of the copolymer molecules and 
the size of the resulting nanodiscs, in agreement with previous results on 
SMA copolymers of different length.13,50 Thus, the use of smaller copolymers 
presumably just requires a higher number of these polymers to shield the 
lipid acyl chains and form disc-like nanoparticles as compared to when using 
longer copolymers.

Thus far only two factors have been reported to influence nanodisc size. These 
are the composition of the copolymer15,50–53 and, as also shown in the present 
study, the ratio of polymer to lipid.46,54,55 Intriguingly, previous studies even 
have found no relation between the size of encapsulated membrane proteins 
and their respective nanodisc sizes.56 The size of protein encapsulated native 
nanodiscs was found to be around 13 nm in diameter for a relatively small 
protein with 7 transmembrane helices,4,57 as well as for a large super-
complex containing 48 transmembrane helices.11 Together with our findings 
on the newly synthesized polymers as studied here, it thus seems unlikely 
that polymer length will affect the size of protein encapsulated nanodiscs 
when applied to biological membranes. Whether and how the length of 
the polymers affects the extraction efficiency in native membranes or the 
stability of the encapsulated membrane proteins remains to be investigated.

4.4.  Copolymer properties shape nanodisc stability4.4.  Copolymer properties shape nanodisc stability
The exchange rate of lipids was found to be influenced by copolymer length, 
with larger copolymers resulting in nanodiscs that displayed slower lipid 
exchange.  Since the size of the nanodiscs was found to be independent of 
the length of the copolymers, differences in exchange rate can not simply be 
attributed to differences in number of particles and hence number of collisions, 
but rather they should be ascribed to the number of successful collisions in 
terms of lipid exchange. We propose that collisions of nanodiscs with shorter 
polymers are  more successful due to a lower stability of the nanoparticles. 
It should be noted here that nanodiscs are very dynamic structures, as in 
addition to transfer of lipids, exchange of copolymer molecules themselves 
has also been observed.41 It could therefore be interesting to study if 
copolymer exchange is dependent on copolymer length, and whether longer 
copolymers perhaps might be more tightly bound, thereby better stabilizing 
the nanodiscs.

In addition to copolymer size, it has also been found that average composition, 
that is, 2:1 vs 3:1 STY:MA plays an important role.13 The faster exchange rates 
that we observed for RAFT-synthesized SMA copolymers as compared to Xiran 
30010 suggests that stability may be further affected by the exact sequence 
distribution of the comonomers along the copolymer and in particular the 
content of SSS triads which is higher in the RAFT synthesized SMA (see Table 
3), and which could potentially act as a hydrophobic carrier for the transfer 
of lipids. However, also factors like the RAFT end groups present on the 
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copolymers, length dispersity, and contaminant molecules may play a role.

Finally we would like to note that although lipid nanodiscs as studied here 
exhibit (rapid) lipid exchange,46,58 for protein-containing native nanodiscs 
it was shown that they are able to retain an enrichment in certain lipid 
species for particular membrane proteins.7,59,60 This suggests that such lipids 
are more tightly bound as a result of specific protein-lipid interactions and 
hence that native nanodiscs formed by SMA copolymers can be a convenient 
tool to study such relationships.9,11,61

4.5.  Comparison to previously synthesized RAFT SMA 4.5.  Comparison to previously synthesized RAFT SMA 
(alternating block copolymers)(alternating block copolymers)
Previous studies on SMA synthesized via RAFT polymerization have focussed 
on so-called block copolymers, consisting of a block of alternating styrene-
maleic acid with the styrene excess forming a polystyrene tail. Due to this 
large difference in chain topology with the current non-alternating 2:1 SMA 
a direct comparison is difficult. However, all of the various subtypes of 
RAFT SMA copolymers synthesized so far were found to be capable of lipid 
membrane solubilization into nanodiscs and to exhibit other characteristic 
properties of alternating SMA polymers. For example, it was shown for 
these block copolymers that the size of the nanoparticles can be modified by 
titrating the ratio of copolymer to lipid,23 that smaller copolymers are better 
membrane solubilizers,22 and that membrane proteins can be incorporated 
and studied.23 Furthermore, it was found that the size of the nanodiscs varies 
depending on the CCD of the polymers.24  Importantly, A. A. A. Smith et 
al. probed the role of compositional gradient and they found that styrene 
homoblocks are mostly detrimental to protein solubilization.22

Besides a better defined MMD, another advantage of RAFT synthesized 
copolymers is their potential for conjugation chemistry. By hydrolyzing the 
terminal RAFT moiety to its free thiol, it is possible to selectively functionalize 
the copolymer end, i.e., attach a single fluorophore or an affinity tag to every 
polymer chain. An example of this coupling is through facile thiol-maleimide 
conjugation as performed by A. A. A. Smith et al.22  If the RAFT end group 
is not cleaved then it may be important what RAFT agent is employed. For 
example, especially when the copolymer is relatively short, the total mass and 
the physico-chemical properties of the copolymers can be strongly affected 
by whether the RAFT copolymer end is a phenyl, dodecyl, or butyl group.

In addition to modification of the copolymer end groups in RAFT copolymers, 
all styrene-maleic anhydride copolymers can be modified on the maleic 
anhydride monomeric units. Recently, K. M. Burridge et al. derivatized RAFT 
SMA groups in such a fashion in order to produce nanodiscs that were stable 
against a wide range of pH and high divalent cation concentrations and they 
showed that these modified RAFT SMA were capable of solubilizing the 
membrane protein KCNE1.25 
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4.6.  Prospects4.6.  Prospects
Through the use of RAFT-mediated synthesis, researchers will be able to 
obtain better defined SMA copolymers. This is certainly true in terms of 
copolymer size distribution, although RAFT-mediated synthesis of well-
defined sequence-controlled non-alternating SMA is still a challenge, as 
shown in the present study. RAFT-synthesized copolymers furthermore 
have the advantage that they lend well to chemical modification in a more 
controlled manner and the use of RAFT SMA is clearly showing promise for 
the solubilization of membranes as well as membrane proteins. Therefore, 
RAFT SMA potentially offers an economical alternative to some commercial 
products. Well-defined SMA copolymers of different length such as used in 
the present study, will thus offer many intriguing possibilities to gain further 
insights into how SMA copolymers solubilize different types of membranes 
and how they affect properties of nanodiscs.
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Supplementary informationSupplementary information

Calculation of dead polymer chain fractionCalculation of dead polymer chain fraction
The fraction of dead polymer chains can be calculated from this equation:

where ∑nrad is the cumulative number of radicals that have initiated 
polymerization and ∑nRAFT is the number of RAFT agent molecules in the 
reaction. Δ[I] is the decrease in initiator concentration due to thermal 
decomposition, f equals the efficiency factor of the initiator, i.e. the fraction 
of primary radicals that lead to initiation, and [RAFT]0 is the concentration 
of RAFT agent at the start of the reaction. The initiator efficiency was chosen 
as f = 0.6 for the purpose of this theoretical estimation.

As the reaction conditions are such that the initiator is completely decomposed 
after each iterative step of 7 hr, the fraction of dead chains can be estimated 
as shown in Table S1.

Table S1. Theoretical fraction of dead chains for MSSn samples.
∑nRAFT 
mmol

∑nrad     
mmol fdead

MSS2 3.71 1.78 0.32

MSS4 3.71 3.55 0.49

MSS6 3.71 5.33 0.59

MSS7 3.71 6.22 0.63

MSS8 3.71 7.10 0.66

MSS16 3.71 14.2 0.79
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RAFT agent: Butyl-(1-phenyl ethyl) trithiocarbonate (BPT)

Figure S1. 1H NMR (CDCl3) spectra of BPT

Figure S2. UV-Vis scans of SMA copolymers at a concentration of 0.025% (w/v) in water. 
Data points were obtained every 0.25 nm at a scan speed of 120 nm/min using a Lambda 18 
spectrophotometer. Spectra were normalized to the peak at 259 nm (styrene). The peak at 315 
nm corresponds to the RAFT terminal group, hence it is absent in the commercial products 
Xiran30010 and SMA2000.
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Figure S3. SEC traces of synthesised RAFT-SMAnh.
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Figure S4. (A) 1H NMR and (B) 13C-DEPT (CH2 sub-spectrum) spectra of synthesised RAFT-
SMAnh.



117117

Iterative RAFT (2:1) SMA

IV

1000200030004000
0

50

100

Frequency (cm-1)

Ab
s 

(a
.u

.) 
no

rm
MSS2

MSS4

MSS6

MSS7

MSS8

MSS16

X30010

Figure S5. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 
analysis of synthesised SMA copolymers, compared to commercially available Xiran 30010 
(dashed line). Spectra were recorded in the range of 450-4000 cm−1 and taken as an average 
of 4 scans, with a resolution of 1 cm−1. Data was obtained using a PerkinElmer Spectrum Two 
FT-IR spectrometer with an UATR accessory, ATR correction was not performed. Spectra were 
normalized to the peak at 700 cm-1 (styrene).

Figure S6. Solutions of SMA at a concentration of 5% (w/w). Demonstrating the loss of yellow 
colour moving from the smallest copolymer (MSS2) up till the largest (MSS16). The yellow colour 
is due to the RAFT terminal group.
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Figure S7. Surface pressure increase due to partitioning of SMA copolymers between air-water 
interface. After 100 s SMA solutions were injected into an aqueous buffer system of Tris-HCl 50 
mM, NaCl 150 mM, pH 8. Experiments were conducted at ambient temperature (~21 °C), with a 
final SMA concentration of 0.005% (w/v).

Figure S8. Correlation of monolayer insertion (or surface activity) to polymer size (Mn based on 
SEC).
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Figure S9. Correlation of optical density (O.D.400 nm) after 340 s from solubilization (n = 5, ±SD) 
to the size (Mn) of the copolymers. Closed circles represent the SMA polymers synthesized in this 
study compared to the open circle for the commercially available SMA, Xiran30010. (A) Mn sizes 
determined by SEC, and (B) Mn sizes as determined by NMR.



120120

Chapter IV

1 10 100 1000 10000
0

10

20

30

40

Size (DH.nm)

N
um

be
r d

is
tr

ib
ut

io
n 

(%
) 3:1

2:1

1.5:1

1:1

0.5:1

0.25:1

0.1:1

Ratio P:L (w/w) Size (DH.nm)
5.1 ± 1.2

5.3 ± 1.3

6.2 ± 1.4

7.0 ± 1.7

10.8 ± 3.1

20.7 ± 5.3

766.0 ± 148.7

Figure S10. Number size distributions of nanoparticles as determined by DLS. SMA(MSS2)-
bounded DMPC nanodiscs were obtained at various polymer-to-lipid mass ratios ranging from 
3:1 (w/w) to 0.1:1 (w/w) P:L.

0 1 2 3 4 5
1.6

1.8

2.0

2.2

2.4

2.6

Mn (kDa)

t 0
.5

 (m
in

)

Figure S11. Correlation of time required to reach 50% of total lipid exchange (t0.5) as a function of 
copolymer size, Mn (as determined by SEC).
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Figure S12. Lipid exchange as measured by fluorescence spectroscopy. Nanodiscs were mixed at a 
ratio (mol) of 20:1 empty-nanodiscs/fluorophore-loaded-nanodiscs.
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AbstractAbstract
Amphipathic copolymers such as poly(styrene-maleic acid) (SMA) are 
promising tools for the facile extraction of membrane proteins (MPs) into 
native nanodiscs. Here, we designed and synthesized a library of well-defined 
alternating copolymers of SMA analogues in order to elucidate polymer 
properties that are important for MP solubilization and stability. MP extraction 
efficiency was determined using KcsA from E. coli membranes, and general 
solubilization efficiency was investigated via turbidimetry experiments on 
membranes of E. coli, yeast mitochondria, and synthetic lipids. Remarkably, 
halogenation of SMA copolymers dramatically improved solubilization 
efficiency in all systems, while substituents on the copolymer backbone 
improved resistance to Ca2+. Relevant polymer properties were found to 
include hydrophobic balance, size and positioning of substituents, rigidity, 
and electronic effects. The library thus contributes to the rational design of 
copolymers for the study of MPs.

KeywordsKeywords
Amphipathic Copolymers, Copolymer Design, Membrane Proteins, Native 
Nanodiscs, Polymers
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1. Introduction1. Introduction
Membrane proteins (MPs) have a prominent biological and pharmacological 
importance. Nevertheless, their structures remain highly underrepresented 
as compared to those of water-soluble proteins,1,2 mainly because MPs tend 
to destabilize when taken out of their native lipid environment. The use 
of styrene-maleic acid (SMA) copolymers, as first described in 2009,3 has 
given a substantial impetus to the field of MP research, as these amphipathic 
polymers can solubilize MPs together with an annulus of native lipids, 
forming so-called native nanodiscs.4–7 This preservation of the endogenous 
lipidic environment confers high stability to the MPs and allows for the 
study of (native) lipid-protein and protein-protein interactions.7–11 The MPs in 
the nanodiscs furthermore are amenable to functional and structural studies 
with an array of biophysical techniques,12 including mass spectrometry,13 
mass photometry,14 NMR spectroscopy,15,16 and cryo-electron microscopy.5,17,18

The efficiency of membrane solubilization by SMA copolymers is determined 
by many factors, including environmental conditions such as ionic strength 
and pH,19,20 physicochemical properties of the target membrane,21–23 and 
properties of SMA, such as length and chemical composition.20,24–26 Copolymers 
with relatively short chains24,27 and with a ratio of styrene-to-maleic acid of 
~2:1 and ~3:120,28 generally are efficient at solubilization, while either more 
hydrophobic (~4:1) or more hydrophilic (~1:1) copolymers are not.20,25,26

Unfortunately, SMA copolymers that are efficient solubilizers (i.e., with a ~2:1 
or 3:1 styrene-to-maleic acid ratio) tend to be very heterogeneous in size27,29 
and composition20,24 with a highly irregular distribution of comonomers along 
the copolymer backbone.24 This is because during copolymerization styrene 
and maleic anhydride prefer to form alternating (1:1) copolymers and because 
the polymers are synthesized in a free-radical copolymerization reaction, 
which is a random process.29–31 To facilitate studies on MP solubilization 
by SMA, much work has been performed on preparing copolymers with 
more uniform size dispersity and/or with well-defined comonomer sequence 
distributions.24,27,32–35 Furthermore, by introducing various substitutions,36–38 

different types of copolymers have been developed to overcome some of 
the limitations of SMA, e.g., enabling use in a different pH range or in the 
presence of divalent cations.39–43 However, these copolymers are not always 
effective solubilizers, and ultimately, a clearer understanding that allows for 
a more comprehensive predictive and rational design has remained elusive.

Here, we present a library of well-defined, alternating (1:1) amphipathic 
copolymers with systematic substitutions to allow elucidation of polymer 
parameters that are important for biologically relevant properties, such as 
solubilization efficiency and divalent cation resistance. The new library 
expands the toolkit available for the isolation and characterization of MPs.
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2. Materials and Methods2. Materials and Methods
2.1.  Chemicals and reagents2.1.  Chemicals and reagents
The commercially available SMAnh (~2:1) with the product name XiranSZ30010 
was a kind gift from Polyscope Polymers (Geleen, Netherlands). Phospholipids 
were obtained from Avanti Polar Lipids (Alabaster, United States), namely, 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC). 4-Iodostyrene was purchased from Apollo Scientific 
(Stockport, United Kingdom). All other chemicals were sourced from Sigma-
Aldrich (Darmstadt, Germany). Demineralized water that has run through a 
Milli-Q water purification system is simply referred to as water. Styrene and 
acrylic acid were freshly distilled before use.

2.2.  SMAnh/SAA synthesis: RAFT mediated copolymerizations2.2.  SMAnh/SAA synthesis: RAFT mediated copolymerizations
The general procedure for RAFT copolymerizations was adapted from the 
literature.24,33–35,44–46 For the RAFT polymerization reaction, a round-bottom 
flask was charged with the hydrophilic monomer, either maleic anhydride or 
acrylic acid (5 mmol, 1 eq.), RAFT agent, 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid (DDMAT; 2 or 4 mol % eq.) and free-radical initiator, 
azobis(isobutyronitrile) (AIBN; [RAFT]/[initiator] 1:0.2 eq.). The hydrophobic 
monomer, styrene, or an analogue thereof (5 mmol, 1 eq.) was diluted in 
dioxane (anhydrous, [1.42 M]) and passed through a column of aluminium 
oxide (basic) to remove the inhibitor (i.e., 4-tert-butylcatechol) from the 
commercial monomer products. All chemicals were brought together, along 
with a Teflon coated magnetic stirring bar. The flask was connected to a 
Schlenk line, and to remove all oxygen from the solution, the mixture was put 
through freeze-pump-thaw cycles (4X) and then kept in an inert atmosphere 
of nitrogen. The reaction mixture was stirred and heated (80 °C) overnight. 
The yellow-coloured solution was then cooled before being added dropwise 
to diethyl ether to precipitate out the product. In some cases, precipitation 
was not possible in ether in which case either water or n-hexane was used. 
The suspension was then filtered under vacuum over a glass frit and washed 
several times with the appropriate solvent. The vacuum was left on for ~15 
min to dry the solids. Finally, the solid material was dried in an oven (~40 
°C) until the mass stabilized. This yielded the copolymers as (bright) yellow 
powders.

2.3.  SMA-PEA synthesis2.3.  SMA-PEA synthesis
The following synthesis was modified from literature procedures.16,39,42 The 
maleic anhydride starting material, SMAnh (1:1 copolymer) (0.65 g, ~3.32 
mmol MAnh, 1 eq.), was loaded in a round-bottom flask together with a Teflon 
coated stirring bar and dissolved in DMF (dry, 5 mL). Phenethylamine (0.51 
mL, 4 mmol, ~1.2 eq.) was added to the bright yellow solution, followed by 
triethylamine (1.12 mL, 8 mmol, 2.4 eq.). The flask was flushed with nitrogen 
gas. The reaction mixture was continuously stirred and heated (~60 °C) for 
3 days. The resulting dark red solution was added dropwise to diethyl ether 
(~250 mL) under stirring. The formed precipitate was filtered under vacuum 
with a glass frit, and the solids were washed first with acetone (3X, ~30 mL) 
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and then with diethyl ether (3X, ~30 mL). The material was left to dry on 
the filter under vacuum for ~15 min, followed by air drying for several days, 
yielding the amide product (SMA-PEA) as a cream coloured solid (0.9 g, 86% 
yield).

2.4.  Gel Permeation Chromatography (GPC)2.4.  Gel Permeation Chromatography (GPC)
Polymers were dissolved in THF at a concentration of 1 mg/mL, and the solution 
was filtered using a pore diameter of 0.45 µm. Then, 20 µL of the polymer 
solution was injected onto a Shimadzu gel permeation chromatography (GPC) 
system, using THF as the eluent and an isocratic flow with a flow rate of 1 
mL/min for a total run time of 14 min. The oven temperature was set to 30 
°C. Dual detection was done with a RI detector and a PDA detector with a 
wavelength range of 200 – 400 nm, looking specifically at 254 and 211 nm 
with a bandwidth of 4 nm. A calibration curve consisting of 13 polystyrene 
standards in the range of 266 – 300 000 Da was used to determine copolymer 
size and dispersity.

2.5.  SMAnh hydrolysis2.5.  SMAnh hydrolysis
The maleic anhydride (R/X-SMAnh) copolymers were suspended in an 
aqueous alkaline solution of NaOH (0.6 M) at a concentration of 10% (w/v). 
The reaction mixtures were heated (~42 °C) in a water bath with mild 
shaking overnight. When the solids had dissolved to make a bright yellow 
solution, the mixtures were left on a roller (42 rpm) overnight at ambient 
temperature. The hydrolyzed products were isolated by the addition of HCl (3 
M) to precipitate out the maleic acid copolymers, which were pelleted down 
by centrifugation at 3000g for 10 min, and the supernatant was discarded. 
The pellets were washed by the addition of HCl (1 M) and resuspended 
thoroughly, after which they were pelleted down again. The washing steps 
were repeated in succession with 0.1 M HCl and finally 0.01 M HCl. After the 
final washing step, the pellets were dried in an oven (~50 °C).

2.6.  Preparation of polymer stock solutions2.6.  Preparation of polymer stock solutions
The free acid copolymers were suspended in NaOH (0.4 M, aq.) at a 
concentration of 10% (w/v). The mixture was left on the roller at 42 rpm 
overnight to allow the complete dissolution of the solids. Once dissolved, 
the pH of the solutions was carefully titrated with NaOH/HCl to obtain pH 
8 ± 0.5. The solutions were then diluted with water to a concentration of 5% 
(w/w), and finally, the stocks were diluted further with buffer (50 mM Tris-
HCl, pH 8, 150 mM NaCl) to a final concentration of 1% (w/w).

2.7.  Fourier-Transform Infrared (FT-IR) Spectroscopy2.7.  Fourier-Transform Infrared (FT-IR) Spectroscopy
To characterize the copolymers and assess ring-opening from the anhydrides 
(C=O anhydride stretching 1775 cm-1) to the acids (C=O acid stretching 1705 cm-

1),47 they were analyzed using Fourier-transform infrared (FT-IR) spectroscopy. 
Data were obtained using a PerkinElmer Spectrum One FT-IR spectrometer 
with an UATR accessory; ATR correction was not performed. Analysis was 
performed on solid samples. The spectra were recorded in the range of 650-
4000 cm−1 with a resolution of 1 cm−1 and taken as an average of 4 scans.
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2.8.  Ultraviolet-visible (UV-Vis) Spectroscopy2.8.  Ultraviolet-visible (UV-Vis) Spectroscopy
Ultraviolet-visible (UV-vis) spectra were obtained for diluted copolymer 
solutions (final concentration 0.025% (w/v)) in a total volume of 1 mL of 
water. A calibration curve using DDMAT was prepared using a concentration 
range of 0 – 0.003% (w/v) in water. Measurements were performed using 
quartz cuvettes (10 mm path length) equilibrated at 21 °C using a Peltier 
system. Scans were recorded in the wavelength range of 200–500 nm with a 
slit width of 0.5 nm and a speed of 100 nm/min with data points measured 
every 0.1 nm. Measurements were performed using a PerkinElmer Lambda 18 
Spectrophotometer.

2.9.  Nuclear Magnetic Resonance (NMR) spectroscopy2.9.  Nuclear Magnetic Resonance (NMR) spectroscopy
The copolymers (anhydrides and acids) were characterized by nuclear 
magnetic resonance (NMR) spectroscopy. To this end, solid polymer samples 
(20 – 60 mg) were dissolved in 0.5 mL of deuterated solvent (DMSO-d6). 1H 
and 13C NMR spectra were recorded at 298 K using a Bruker Avance Neo (600 
MHz) spectrometer equipped with a cryogenic probe. Chemical shifts are 
reported with respect to residual solvent peaks. Data was processed using 
MestReNova software (Mestrelab Research S.L.).

2.10.  Preparation of Multilamellar Vesicles (MLVs)2.10.  Preparation of Multilamellar Vesicles (MLVs)
For the preparation of multilamellar vesicles (MLVs), the phospholipids were 
first dried from a chloroform stock under a stream of nitrogen gas in a 
heated (~45 °C) water bath. To remove traces of organic solvent, the films 
were further placed in a desiccator under a high vacuum for at least 1 h. 
The thin lipid films were then hydrated in buffer (50 mM Tris-HCl, pH 8, 
150 mM NaCl) at a lipid concentration of 20 mM. The hydration process 
was performed above the lipid phase transition temperature in a water bath 
with gentle shaking for ~1 h. Afterward, the MLVs stock suspensions were 
subjected to 10 freeze-thaw cycles and finally stored in the freezer (-20 °C). 
The phosphate concentration was determined using a Rouser assay.48

2.11.  Dynamic Light Scattering (DLS)2.11.  Dynamic Light Scattering (DLS)
Nanoparticle sizes and distributions were analyzed using dynamic light 
scattering (DLS) with a Malvern Zetasizer Nano-ZS machine equipped 
with a red laser (633 nm) detecting backscattering at an angle of 173°. All 
measurements were performed at 25 °C with an equilibration time of 60 s 
before the experiment. Data are the average from 7 measurements, consisting 
of at least 10 subruns of 10 s each. The analysis model applied was general 
purpose (normal resolution) with the assumption of spherical particles. All 
samples were diluted in buffer consisting of 50 mM Tris-HCl, pH 8, 150 
mM NaCl (viscosity 0.96066 cP, RI 1.332), and the material was approximated 
as polystyrene latex (RI 1.59, abs 0.01). Nanodisc samples contained ~2 mM 
phospholipid (DMPC) and ~0.4% (w/v) polymer and were allowed to reach 
equilibrium by incubation at 30 °C for 1 h with shaking at 650 rpm, followed 
by incubation in the fridge (4 °C) for at least 1 day. Polymer only samples had 
a concentration of ~0.4% (w/v) polymer and were allowed to equilibrate by 
the same treatment as performed on the nanodiscs.
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2.12.  KcsA containing membranes from 2.12.  KcsA containing membranes from E. coli E. coli 
Biological membranes with overexpressed KcsA protein were obtained from 
E. coli, as previously described.7,49 Briefly, E. coli strain BL21(λDE3) cells were 
transformed via a heat shock protocol with a plasmid for KcsA containing 
N-terminal His-tag from pT7-KcsA.50,51 Protein expression was induced with 
IPTG, and the bacteria were cultured in LB medium until an OD600 of ~0.8 
was reached. Cells were harvested by centrifugation and lysed by mechanical 
disruption through a French press. Soluble proteins were removed, and 
whole membranes (mixture of both inner and outer membrane fragments) 
were obtained via ultracentrifugation (100 000g). These membrane pellets 
were resuspended in buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl, 15 mM 
KCl) to an OD600 of ~4. A small sample was taken, and the lipids were isolated 
following the extraction protocol of Bligh and Dyer,52 and the phosphate 
concentration was determined to be ~7 mM on the basis of the protocol 
of Rouser et al.48 The concentrated whole membrane stocks were stored at 
-20°C before being used for subsequent solubilization experiments.

2.13.  Densitometry: membrane protein solubilization2.13.  Densitometry: membrane protein solubilization
To assess membrane protein extraction efficiency, E. coli membranes 
overexpressing KcsA were used. The biomembranes were diluted to a 
phosphate (lipid) concentration of 1.5 mM in buffer (50 mM Tris-HCl, 
pH 8, 300 mM NaCl, 15 mM KCl). The copolymers were added to a final 
concentration of 0.25% (w/v) and incubated for 2 h in a shaking block set 
at 650 rpm and 25 °C.  Next, the samples were centrifuged at 21 000g at 4 
°C for 1 h. The supernatant (soluble) material was carefully removed from 
the pellet and subsequently taken up in solubilization buffer containing 1% 
(w/v) SDS. Laemilli sample buffer (4X, without reducing agent) was added 
to all samples before loading on a gel of 13% acrylamide. SDS-PAGE was run 
initially at 75 V for 15 min and then at 175 V for ~55 min. The gels were 
stained using Coomassie Brilliant Blue R-250 for 1 h followed by destaining 
overnight. Gels were scanned in grayscale at 1200 dpi for quantification. 
Densitometric analysis was performed, and the percentage of KcsA extracted 
was determined by comparing the density of the supernatant relative to 
the sum of the densities for the supernatant and pellet for each copolymer 
sample. The whole solubilization experiment was repeated in triplicate for 
all copolymers.

2.14.  Isolation of yeast mitochondrial membranes2.14.  Isolation of yeast mitochondrial membranes
A yeast strain expressing the chromosomally encoded GFP-tagged voltage-
dependent anion channel VDAC (Por1, encoded by ORF YNL055C) in the 
BY4741 strain background (MATaz his3Δ1 leu2Δ0 met15Δ0 ura3Δ0)53 was 
purchased from Thermo Fisher and maintained on YPD (1% w/v yeast extract, 
2% w/v peptone, 2% w/v dextrose).

Yeast cells precultured overnight in 5 mL of YPD at 30 °C were transferred 
to 20 mL of semisynthetic lactate medium (SSL) containing 0.3% (w/v) yeast 
extract, 0.1% (w/v) glucose, 2% (w/v) lactate, and various salts,54 adjusted to 
pH 5.5 by the addition of KOH, and incubated for 4 h at 30 °C. An aliquot 
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corresponding to 2 OD600 units was used to inoculate 800 mL of SSL and 
cultured overnight under aerobic conditions at 30 °C. Cells were harvested at 
an OD600 value of 2 and washed with 1 mM EDTA, pH 7.4.

The isolation of mitochondrial membranes was based on Daum et al.54 Briefly, 
after incubating the cells in 0.1 M Tris-HCl, pH 9.4, 10 mM DTT for 10 min 
at 30 °C, spheroplasts were prepared by treatment with Zymolyase 100T 
(Seikagaku Corporation, Tokyo, Japan) at 0.5 mg/g cells (wet weight) in 1.2 M 
sorbitol and 20 mM KH2PO4, pH 7.4 for 30 min at 30 °C while shaking. After 
a wash step in 1.2 M sorbitol and 20 mM KH2PO4, pH 7.4, the spheroplasts 
were resuspended in ice cold 0.6 M sorbitol, 10 mM Tris-HCl, pH 7.4, and 1 
mM PMSF at a concentration corresponding to 0.075 g cells (wet weight)/mL, 
and broken by 20 strokes in a 40 mL glass Dounce homogenizer with a tight-
fitting pestle. The homogenate was centrifuged for 5 min at 1400g to remove 
unbroken spheroplasts and nuclei. Mitochondria were pelleted from the 
supernatant by centrifugation for 15 min at 20 000g, resuspended in 10 mM 
Tris-HCl pH 8.2, 300 mM NaCl, 0.6 M sorbitol at a phosphate concentration 
of ~20 mM (based on the protocol of Rouser et al.48) and stored at -80 °C.

2.15.  Turbidimetry: kinetics of solubilization of (bio)membranes2.15.  Turbidimetry: kinetics of solubilization of (bio)membranes
Turbidimetry experiments were conducted to study the kinetics of lipid 
membrane solubilization, as previously described by Scheidelaar et al.,22 except 
that a wavelength of 430 nm was used instead of 350 nm to avoid interference 
from the RAFT end-groups (see Figure S3). A PerkinElmer Lambda 18 UV/vis 
Spectrophotometer was used, equipped with a Julabo PC pump and a PTP-
1+1 Peltier System to ensure constant stirring and temperature control. In all 
experiments, a total volume of 700 µL was used. The concentration of lipid 
membranes was adjusted to an absorbance lower than 1, and the polymer 
concentration was adjusted accordingly using a 1% (w/w) stock solution (see 
Table 1 for an overview of the experimental conditions). The membrane 
suspensions were temperature-equilibrated for 5 min before starting the 
measurement.  At t = 1 min, the polymer was added using a micropipette; all 
was mixed with a 200 µL pipete and the measurement was left to run to a 
total time of 15 min unless stated otherwise. All turbidity experiments were 
performed in duplicate.

Table 1. Experimental conditions of turbidimetry experiments
membrane buffer temperature 

(°C)
phosphate 
[Pi] (mM)

[polymer] (final) 
(%)

DMPC 50 mM Tris-HCl pH 8        
150 mM NaCl

15 0.5 0.1

30 0.5 0.1

DSPC 50 mM Tris-HCl pH 8        
150 mM NaCl

30 0.5 0.1

60 0.5 0.1

E. coli 50 mM Tris-HCl pH 8 
300 mM NaCl 15 mM KCl

25 0.25 0.125

yeast 
mitochondria

50 mM Tris-HCl pH 8        
300 mM NaCl

25 0.125 0.0625
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2.16.  Affinity purification of KcsA native nanodiscs2.16.  Affinity purification of KcsA native nanodiscs
Eight polymers were chosen (4-BrSMA, 4-ClSMA, 4-CF3SMA, 4-tBuSMA, 
β-NMA and SAA with SMA and SMA (2:1) as a control/comparison) for 
purification and characterization of native nanodiscs from E. coli membranes. 
These polymers were selected because of their ability to solubilize membranes 
effectively. One mL of 1% polymer samples was added to 1 mL of a 1.5 mM 
(phosphate) E. coli membrane suspension so that a final polymer concentration 
of 0.5% was achieved. This was left to incubate in a heating block at 25 °C 
with 600 rpm shaking for 2.5 h. The samples were then transferred to a 
spinning disc for gentle agitation at 4 °C overnight. The next morning, the 
samples were centrifuged at 21 000g for 45 min to separate any undissolved 
membrane fragments. His-Pur Ni-NTA agarose beads (Thermo Scientific, 8 
mL suspension) were transferred to buffer (50 mM Tris-HCl, 150 mM NaCl, 
10 mM KCl, 10 mM imidazole, pH 8). One mL of a bead suspension was mixed 
with 1 mL of supernatant, and the samples were placed in a spinning disc 
for gentle agitation at 4 °C overnight. The samples were centrifuged (700g, 2 
min, 4 °C); the supernatant was collected, and the beads were resuspended 
in buffer containing 10 mM imidazole. This was repeated with 10 and 50 mM 
imidazole, and finally, the nanodiscs were separated from the beads using 
a buffer with 300 mM imidazole. Buffer exchange was done using Amicon 
Ultra, 2 mL 3 kDa filter Eppendorf tubes (Merck Millipore) with 10 mM Tris-
HCl, 100 mM NaCl, 5 mM KCl, pH 8.

2.17.  Ca2.17.  Ca2+2+ stability stability
To quantify the stability of the polymers in the presence of Ca2+, the minimum 
calcium concentration at which each polymer precipitates was determined. 
A 1 M CaCl2 solution was made with buffer (50 mM Tris-HCl and 150 mM 
NaCl, pH 8) and titrated in a flat-bottom 96-well plate with concentrations 
of  0-200 mM Ca2+. Buffer was used to bring all samples to volume; samples 
were then mixed well. The polymer was added to a final concentration of 
0.5%, and all samples were mixed using a 200 µL 8-channel pipete. A Ca2+ 
titration was done without any polymers as a negative control. The well 
plates were covered with a lid, and the edges were sealed off using parafilm 
to prevent possible evaporation, and subsequently, the plates were left to 
incubate at 30 °C overnight. Directly before measurements, parafilm and the 
lid were removed and any bubbles in the samples were popped using a clean 
pipete tip, after which the absorbance in the plates was measured at 430 nm 
using a BMT Labtech CLARIOstar PLUS microplate reader. The plates were 
temperature-equilibrated to 30 °C for 10 min, followed by a 300 rpm double-
orbital shake for 30 s and subsequent absorbance measurement adjusted for 
focal height. All experiments were done in duplicate.

2.18.  Transmission Electron Microscopy (TEM)2.18.  Transmission Electron Microscopy (TEM)
Nanodiscs were prepared by incubating MLVs composed of DPPC with 
various copolymers at a polymer-to-lipid mass ratio of 1.125:1 on the basis 
of a protocol by Dominguez Pardo et al.55 The final concentration of the 
samples was ~0.8 mg/mL (polymer + lipid) in a buffer of 50 mM Tris-HCl, 
pH 8, and 150 mM NaCl. The samples were incubated at 41 °C for 1 h before 
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being centrifuged at 115 000g for 1 h at 4 °C. The supernatant was isolated and 
stored at 4 °C until analysis.

For transmission electron microscopy (TEM), samples were prepared by the 
negative stain-mica-carbon flotation technique (MFT), Valentine procedure.56 
Briefly, samples were absorbed to the clean side of a carbon film on mica, 
stained, and transferred to a 400-mesh copper grid. Samples were stained 
using sodium silico tungstate (SST) H4Na4O40SiW12 at 2% in distilled water 
(pH 7-7.5). The images were taken under low dose conditions (<10 e-/Å2) 
with defocus values between 1.2 and 2.5 µm on a Tecnai 12 LaB6 electron 
microscope at 120 kV accelerating voltage using a CCD Camera Gatan Orius 
1000. Micrographs were taken at 13 000X and 30 000X magnification. The 
average size of the nanodiscs was estimated from at least 120 particles per 
sample and determined using the software MeasureIT (Olympus).

3. Results and Discussion3. Results and Discussion
3.1.  Synthesis and characterization of a library of amphipathic 3.1.  Synthesis and characterization of a library of amphipathic 
copolymerscopolymers
A library of amphipathic copolymers was synthesized according to the general 
procedure in Scheme 1. The aim was to make alternating SMA copolymer 
analogues that are more lipophilic by systematically varying their chemical 
composition. This was done either by using styrene analogues with a more 
hydrophobic nonpolar moiety or by making the polar maleic acid moiety less 
hydrophilic.

Three sets of copolymers were synthesized in a living free-radical 
reaction via Reversible-Addition-Fragmentation Transfer (RAFT)-mediated 
copolymerization. R-SMA was synthesized by copolymerizing styrenic 
analogues (R-S) with maleic anhydride (MAnh) to obtain R-SMAnh copolymers, 
followed by hydrolysis (Scheme 1a,b respectively). It has modifications of the 
hydrophobic moiety (highlighted in red), either on the pendant group (R’) 
or on the backbone (Rα/β). X-SMA is a special subset of R-SMA where the 
derivatives (R’) represent halogen atoms (X). R-SAA has only one carboxylic 
acid group (highlighted in blue) and was obtained by copolymerization with 
acrylic acid (AA) (Scheme 1c). A separate type of modification is SMA-PEA, 
in which the copolymer was made less hydrophilic by opening the maleic 
anhydride rings with phenethylamine (PEA, highlighted in blue) (Scheme 1d).

The modifications in the synthesized library are illustrated in Figure 1, 
and the full chemical structures are shown in Figure S1. The copolymers 
were fully characterized by FT-IR (Figure S2), UV-vis (Figure S3), and NMR 
spectroscopy (Figure S4-S8). NMR spectra reveal extremely broad peaks that 
are characteristic of (SMA and related) copolymeric materials.24,34,35,37,44,57 The 
relative purity of the copolymers is estimated to be >95%. Subsequently, 
copolymer size (Mn, Mw) and dispersity (Ð) were determined by gel permeation 
chromatography (GPC) (Figure S9). Table 2 summarizes the properties of the 
polymers. Most copolymers gave roughly the targeted peak sizes as well as 
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good size distributions (Ð < 1.3, as expected for RAFT polymerization, with 
only α-MeSMA having a slightly larger Ð of 1.57). For stilbene (StbMA) and 
β-naphthalene (β-NMA), the GPC experiments showed bimodal distributions 
with the main peak coinciding with the anticipated smaller RAFT-copolymer 
size and Ð. The second peak represented a much longer polymer and more 
disperse fraction, which could be due to standard free-radical polymerization 
occurring alongside living (RAFT) polymerization. Finally, it should be noted 
that in all copolymer syntheses the comonomers were added together at 
an equimolar ratio, and it is assumed that the copolymers are alternating 
(i.e., 1:1). Whereas SMA analogues indeed probably have a highly alternating 
character, based on the reactivity ratios of styrene and maleic acid, the styrene 
acrylic acid analogues likely have somewhat less of an alternating character. 
However, this was not explicitly determined.

3.2.  Efficiency of membrane protein solubilization from 3.2.  Efficiency of membrane protein solubilization from E. coliE. coli
The ability of the copolymers to solubilize biomembranes was first tested 
using the tetrameric K+-channel KcsA as a model protein, overexpressed in 
Escherichia coli.7,19 The solubilization efficiency was quantified by densitometry 
on SDS-PAGE gels.7,19 To create an optimal window for the evaluation of the 
efficacy of all substitutions, also with respect to the commercially available 
“gold standard” Xiran SZ30010 (SMA 2:1, styrene-to-maleic acid ratio), a 
relatively low concentration of copolymer (0.25% w/v) was used, at which 
SMA (2:1) does not give complete solubilization. Another advantage of using a 
relatively low polymer concentration is that it reduces the chance of artifacts 
due to the solubility issues of the polymers.

Scheme 1. General synthetic scheme showing the synthesis of different sets of SMA analoguesa

aStyrenic derivatives (R-S) were copolymerized either with maleic anhydride (MAnh) to obtain 
R-SMAnh copolymers (a) or with acrylic acid (AA) to obtain R-SAA copolymers (c). Following 
copolymerization, R-SMAnh parent copolymers were hydrolyzed to the water-soluble free acid 
forms (R/X-SMA) under aqueous alkaline conditions (b). SMA-PEA was prepared by reacting 
SMAnh with phenethylamine (PEA) (d). Comonomers were added at an equimolar concentration 
(1:1 mole ratio). Other reaction conditions included the use of azobisisobutyronitrile (AIBN) as 
radical source, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) as the RAFT 
agent (highlighted in pink), anhydrous dioxane as solvent, and a reaction temperature of 80 °C.
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3.2.1.   R-SMA analogues3.2.1.   R-SMA analogues
The first set of analogues, referred to as R-SMA, contains aliphatic or aromatic 
substituents to increase the hydrophobicity of the alternating SMA copolymers 
(Figure 2A). As expected, SMA (2:1) yielded only partial solubilization (~42% 
KcsA extraction), while the unsubstituted SMA (alternating, 1:1) was unable 
to solubilize the membranes (<3%). The aliphatic copolymer DIBMA also 
showed negligible solubilization (~1%) under these suboptimal conditions. 

Homologues of SMA containing an extra methyl group, either on the 
backbone in the α-position (α-MeSMA) or on the para position of the aromatic 
ring (4-MeSMA), gave slightly increased yields (~6%) compared to the 
underivatized SMA. Interestingly, a tert-butyl group on styrene (4-tBuSMA) 
showed a solubilization efficacy of ~55%, outperforming the commercial 
SMA (2:1).

The aromatic substitutions yielded pseudo “2:1” SMA copolymers. The 
introduction of a second phenyl ring, either by opening up the maleic 
anhydride ring using phenethylamine (SMA-PEA) or by grafting it on the 

Figure 1. Library of SMA copolymer analogues, showing the three different classes (R-SMA, 
X-SMA, and R-SAA) and their subdivisions. Modifications of the styrene units are highlighted in 
red and those of the hydrophilic units, in blue.
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β-position of the backbone (StbMA), resulted in negligible solubilization 
(~1%), in agreement with previous studies, where a StbMA copolymer was 
found to be ineffective in dissolving lipid vesicles.45 However, when the 
phenyl was grafted directly to the styrene on the para position (4-PhSMA), 
the polymer had a solubilization efficacy of ~34%. Finally, an analogue where 
two aromatic rings are fused into a rigid naphthalene group (β-NMA) was 
found to be the best solubilizer (~63%) in the series. The addition of another 
aromatic ring in the 3:1 mimic benzhydryl (4-BzhSMA) did not result in 
any membrane activity (~0%), possibly because the groups are either (i) too 
hydrophobic and readily form a hydrophobic core whereby the lipophilic 
monomers are shielded and unavailable for membrane insertion or (ii) too 
bulky for efficient insertion due to the three large phenyl rings.

Table 2. Characterization of RAFT synthesized amphipathic copolymersa

# name R Rα Rβ hydrophilic 

moiety

yield 

(%)

DP Mn 

(kDa)

Mw 

(kDa)

Ð

R-SMA

1 SMA H H H MA 93 42 4.6 5.3 1.15

2 α-MeSMA H Me H MA 63 25 3.1 4.8 1.57

3 4-MeSMA 4-Me H H MA 100 46 5.4 6.3 1.17

4 4-PhSMA 4-Ph H H MA 71 24 3.8 4.9 1.29

5 4-BzhSMA 4-Bzh H H MA 90 35 6.8 8.8 1.29

6 4-tBuSMA 4-tBu H H MA 100 51 6.9 8.3 1.20

7 DIBMA DIB Me H MA 57 27 3.2 3.6 1.12

8 StbMA H H Ph MA 58 29, 

1621b

4.5, 

226b

5.3, 

457b

1.19, 

2.02b

9 β-NMA Np H H MA 70 16, 

3315c

2.4, 

419c

2.9, 

1520c

1.23, 

3.63c

10 SMA-PEA H H H AA-PEA 86 42 4.7 5.4 1.15

X-SMA

11 SMA H H H MA 76 17 2.1 2.6 1.21

12 4-FSMA 4-F H H MA 75 20 2.6 3.1 1.17

13 4-ClSMA 4-Cl H H MA 68 15 2.2 2.6 1.19

14 4-BrSMA 4-Br H H MA 63 11 1.9 2.4 1.24

15 4-ISMA 4-I H H MA 49 9 1.8 2.2 1.24

16 3-BrSMA 3-Br H H MA 61 11 1.9 2.3 1.21

17 2-BrSMA 2-Br H H MA 64 13 2.2 2.6 1.16

18 4-CF3SMA 4-CF3 H H MA 77 14 2.3 2.7 1.17

19 PFSMA 2,3,4,5,6-F H H MA 60 10 1.8 2.1 1.14

R-SAA

20 SAA H H H AA 46 11 1.4 1.6 1.17

21 4-BrSAA 4-Br H H AA 46 11 1.7 2.0 1.18

22 PFSAA 2,3,4,5,6-F H H AA 60 18 2.7 3.2 1.18

23 4-tBuSAA 4-tBu H H AA 59 23 3.0 3.8 1.25
aDP, degree of polymerization; Mn, number average molecular weight; Mw, weight average molecular weight; 
Ð, dispersity; MA, maleic acid; AA, acrylic acid. b12% (AUC), c45% (AUC). 
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3.2.2.   X-SMA halogenated analogues3.2.2.   X-SMA halogenated analogues
A well-established phenomenon in the drug discovery field is that 
halogenation of compounds increases their lipophilicity58 and enhances 
membrane binding and permeation.59 This inspired us to synthesize a subset 
of R-SMA copolymers bearing halogen substitutions (X-SMA). As shown in 
Figure 2B, upon replacement of the proton at the 4-position with fluorine 
(the least hydrophobic halogen), the solubilization efficiency increases slightly 
but remains poor (~7%). However, substitution with chlorine, bromine, and 
iodine all result in a remarkable jump to near-complete solubilization (~86%, 
~84%, and ~79%, respectively).

The importance of the position of the substitutions was investigated by 
preparing regioisomers of BrSMA. While 3-BrSMA shows a similar high 
solubilization efficiency (~85%) as that of 4-BrSMA, for 2-BrSMA an ~2-fold 
drop in extraction efficiency (~37%) is observed, which still is comparable to 
that of SMA (2:1) (~41%).

To further probe substitution with fluorine, two more analogues were tested. 
Substitution of all aromatic protons by fluorine in perfluoro (PFSMA) resulted 
in a complete loss of MP extraction ability (~0%). Surprisingly, substitution 
by trifluoromethyl (4-CF3SMA) again resulted in a copolymer with very good 
solubilization capability (~73%).

3.2.3.   R-SAA analogues3.2.3.   R-SAA analogues
In the R-SAA set of polymers, the hydrophobicity of SMA is increased by 
replacing the dicarboxylic acid in maleic acid (MA) by a monoacid derived 
from acrylic acid (AA), as first reported by Appel and co-workers.46 Figure 2C 
shows that, whereas SMA and PFSMA both are inefficient solubilizers (<3%), 
SAA is highly active, and also, PFSAA shows significant activity (~86% and 
~32% extraction, respectively). In contrast, whereas 4-BrSMA and 4-tBuSMA 
are efficient solubilizers (~80% and ~55%, respectively), their acrylic acid 
equivalents, 4-BrSAA and 4-tBuSAA, both show negligible membrane protein 
extraction (<3%). Presumably, these acrylic variants are too hydrophobic, 
highlighting that a suitable hydrophobic balance is marked by sharp 
boundaries.

3.3.  Dose-response curves3.3.  Dose-response curves
The efficacy of the best performing copolymers was tested via a dose-response 
curve (Figure 3). For all tested copolymers, the solubilization performance 

Figure 2 (left). Solubilization of the membrane protein, KcsA, from E. coli membranes by R-SMA 
(A), X-SMA (B), and R-SAA (C) copolymers. The general scaffolds are circled on the right 
with deviations from styrene marked in red and depicted above the bars and deviations from the 
maleic acid moiety marked in blue. Insets on the right show representative SDS-PAGE lanes for 
selected polymers (for complete overview see Figure S10) with the dashed box highlighting the 
band corresponding to the KcsA tetramer. M, molecular weight marker; S, supernatant; P, pellet. 
Solubilized KcsA (%) determined from the density of the KcsA band in S relative to the sum of S 
plus P. Data points indicate the mean ±SD (n ≥ 3 independent experiments). Densitometry data 
were obtained 2 h post-solubilization at 25 °C with a polymer concentration of 0.25% (w/v) 
(polymer-to-lipid ratio of ~2.3:1 (w/w)).
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increased with increasing concentration. The tested copolymers all plateau 
between 60% and 100% solubilization. Interestingly, at 0.25% (w/v), which is 
the concentration used in all previous experiments, a large window is achieved 
in which to assess differences between the various copolymers. Having more 
potent copolymers, such as SAA or some of the halogenated derivatives (4-
Br/Cl/CF3-SMA), will be advantageous as a lower amount of copolymer can 
be employed for maximal solubilization. Hence, there will be less excess 
copolymer which could potentially interfere with downstream applications 
or analyses, including affinity purification, structural determination, or size 
characterization.
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Figure 3. Dose-response curves showing the (%) solubilization of KcsA for several selected 
copolymers, (A) controls, (B) R-SAA, (C) R-SMA, and (D) X-SMA, at various concentrations 
ranging from 0.025% to 1% (w/v). The dashed line highlights a concentration of 0.25% (w/v) 
as used in previous experiments. KcsA was extracted using whole E. coli membranes at a lipid 
concentration of 1.5 mM, and solubilization was performed at 25 °C for 2 h.

3.4.  Efficiency of membrane solubilization in different systems 3.4.  Efficiency of membrane solubilization in different systems 
as measured by turbidimetryas measured by turbidimetry
The membrane solubilizing efficacy of the copolymers thus far was based on 
extraction and quantification of KcsA from the E. coli inner membrane. We 
next explored turbidimetry as a more general approach to gain insight into 
the membrane solubilizing properties of the polymers. For these experiments, 
an excess of copolymer relative to lipid was used to allow monitoring of 
solubilization properties on a relatively short time scale.

3.4.1.  Solubilization of biological membranes3.4.1.  Solubilization of biological membranes
Figure 4A-C shows the percentage decrease in optical density (OD) after 
incubation with E. coli membranes (mixture of inner and outer) for the three 
polymer sets. Importantly, for all three polymer sets, good correlations (R2 of 
0.7 – 0.9) are found when the percentage of KcsA extracted is plotted against 
the percentage decrease in OD (Figure 4D-F), indicating that turbidimetry is 
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a valuable tool to analyze solubilization efficiency. Notably, solubilization of 
E. coli membranes generally appears to be less efficient than KcsA extraction, 
likely because of the shorter incubation times and because the turbidimetry 
measurements also include outer E. coli membranes, which are more difficult 
to solubilize.

Additional turbidimetry measurements on mitochondrial membranes from 
Saccharomyces cerevisiae showed that most of the polymers are able to also 
solubilize these yeast membranes (Figure 4G-I). The polymers generally 
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Figure 4. Whole membrane solubilization as determined by turbidimetry for E. coli (A-C) and yeast 
mitochondria (G-I) and the correlation with membrane protein (KcsA) extraction as determined 
by SDS-PAGE densitometry (D-F and J-L). The percentage of membrane solubilized is based 
on the relative decrease in optical density after 14 min (data are the average of 2 independent 
experiments ±range). Solubilization data are shown for analogues of R-SMA (left panels), X-SMA 
(middle panels), and R-SAA (right panels). Dashed lines indicate the line of linear fit, and the 
corresponding correlation coefficients (R2) are given in the left upper corner. For the complete 
turbidimetry traces, see Figure S11.
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appear more efficient than with E. coli membranes, likely due to differences 
in membrane composition. For R-SMA and X-SMA, again, good correlations 
(R2 of 0.8 and 0.65, respectively) are found with E. coli solubilization, as 
based on KcsA extraction, while for R-SAA, rather surprisingly, the variation 
(R2 of 0.17) is much larger (Figure 4J-L). Overall, these data suggest that 
yeast membranes tolerate a broader hydrophobic balance range than E. coli 
membranes.

3.4.2.  Solubilization of model lipid membranes3.4.2.  Solubilization of model lipid membranes
Model membranes are frequently used test systems to investigate the 
solubilization efficiency of amphipathic copolymers.16,22,60 Here, we used 
dimyristoylphosphatidylcholine (DMPC) vesicles at different temperatures 
(see Figure S12 for traces and Figure S13 for bar graphs) and plotted the 
solubilization efficiency against that observed for E. coli inner membranes 
(based on KcsA extraction) and yeast mitochondrial membranes.

Figure 5A,B shows that both in the gel phase at 15 °C and in the fluid phase 
at 30 °C there is a poor correlation (R2 of 0.2) between KcsA extraction and 

20 40 60 80 100

20

40

60

80

100

DMPC solubilized (%) at 15°C

Kc
sA

 s
ol

ub
ili

ze
d 

(%
)

R2=0.20

20 40 60 80 100

20

40

60

80

100

DMPC solubilized (%) at 30°C

Kc
sA

 s
ol

ub
ili

ze
d 

(%
)

R2=0.20

20 40 60 80 100

20

40

60

80

100

DMPC solubilized (%) at 15°C

Ye
as

t m
ito

 s
ol

ub
ili

ze
d 

(%
) R2=0.29

20 40 60 80 100

20

40

60

80

100

DMPC solubilized (%) at 30°C

Ye
as

t m
ito

 s
ol

ub
ili

ze
d 

(%
) R2=0.42

R-SMA
X-SMA
R-SAA
SMA (2:1)

A B

C D

Figure 5. Comparison of KcsA solubilization from E. coli (top) and yeast mitochondria 
solubilization (bottom) to model lipid-only vesicle solubilization. Data are shown for DMPC at 15 
°C (A, C) and 30 °C (B, D). The different classes are depicted as follows: R-SMA, black circles; 
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and the corresponding correlation coefficients (R2) are given in the left upper corner.
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DMPC vesicle solubilization. For yeast membranes (Figure 5C), which contain 
a substantial amount of PC lipids,61,62 the correlation is somewhat better (R2 
of 0.29), particularly at 30 °C (R2 of 0.42, Figure 5D). Correlations are further 
improved when using distearoylphosphatidylcholine (DSPC) (Figure S14), in 
particular when compared to yeast mitochondrial membranes (R2 of 0.60-
0.67), most likely because these longer PC lipids better represent the lipid 

-100%

-0%

Figure 6. Heatmap summarizing membrane solubilization properties of the polymers in the 
copolymer library in different membrane systems. KcsA membrane protein solubilization is based 
on densitometric analysis of protein bands on SDS-PAGE, i.e., the percentage of KcsA extracted. 
Solubilization of all other (whole) membranes is based on turbidimetric analysis with the percentage 
of solubilization given as a relative decrease in OD.
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composition of yeast membranes. These results thus highlight the importance 
of membrane properties for solubilization efficiency.21,22

Strikingly, for solubilization of both DMPC and DSPC in the fluid phase, 
a sharp transition is observed between poor solubilization and complete 
solubilization when plotted against KcsA solubilization (Figure 5B and S14B). 
The transition is less sharp for yeast membranes, but here, the correlation 
between solubilization efficiencies in the two systems tends to be better 
(Figure 5D and S14D).  Together, these results suggest that polymers that are 
not able to efficiently solubilize DMPC or DSPC vesicles in the fluid phase 
can be considered poor biomembrane solubilizers. Hence, this may serve as a 
convenient screening assay to test new copolymers.

3.5.  Summary of membrane solubilization properties of the 3.5.  Summary of membrane solubilization properties of the 
different polymersdifferent polymers
Figure 6 summarizes the solubilization data and gives an overview of the 
structure-activity relationships for the various copolymers and the different 
membrane systems tested, biological as well as synthetic. The map illustrates 
the huge variation in solubilization efficiency of the different copolymers 
as well as the variation for each polymer with respect to solubilization of 
different lipid systems.

3.6.  Nanoparticle sizes3.6.  Nanoparticle sizes
From each set of copolymers, we selected efficient solubilizers to compare 
the sizes of the purified KcsA nanodiscs by dynamic light scattering (DLS). 
As shown in Figure 7A, most of the nanodiscs have a homogeneous size 
distribution and a small particle size of d ~8-10 nm. Exceptions were the 
controls of the nanodiscs prepared from SMA, which were significantly 
Figure 8 (right). Negative-stain transmission electron micrographs of nanodiscs composed of 
dipalmitoylphosphatidylcholine (DPPC) lipids and various amphipathic copolymers, images taken 
at 30 000X magnification. Solubilization was performed at a polymer-to-lipid ratio of 1.125:1 
(m/m). Nanodisc sizes are reported as the mean diameter ± standard deviation of at least 100 
particles. Insets show enlarged (4X) views of several representative particles, i.e., rouleaux stacks 
of nanodiscs (blue), top view (black), and side view (white). Scale bars represent 50 nm.
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larger (d ~30 nm), 4-PhSMA which was smaller (d ~5 nm), and nanodiscs 
from SMA (2:1), which showed a less homogeneous size distribution.

When sizes of the KcsA nanodiscs are compared with those of the 
nanoparticles solubilized from the DMPC vesicles and copolymers only, the 
KcsA nanodiscs are larger (except for 4-CF3SMA) and the latter two appear to 
be rather similar (Figure 7B). This was also observed for the other copolymers 
in the library (Figure S15A and S16). Likely, the excess copolymer contributes 
to the scattering, influencing the apparent size of the particles, even though 
a relatively low polymer concentration was used. This is supported by the 
large size difference for 4-CF3SMA between lipid-only nanodiscs and affinity 
purified KcsA-containing nanodiscs (Figure 7B). Furthermore, while it is not 
clear what determines the size of the polymer aggregates or the nanodiscs, 
we do note that polymers that form small aggregates in aqueous solution are 
the most efficient membrane solubilizers with 4-CF3SMA and 3-BrSMA being 
the only exceptions (Figure S15B).

The morphology of the particles was also investigated using negative-stain 
transmission electron microscopy (TEM) (Figure 8). The copolymers together 
with lipids form nanodiscs as can be seen by the discoidal particles, both 
top views and side views (see SMA), as well as the formation of stacks of 
nanodiscs into rouleaux. This phenomenon is an artifact of the negative 
stain interacting with the phosphate headgroups and has previously been 
observed for nanodiscs under specific conditions (e.g., certain polymer-to-
lipid ratios, salt concentration, and the use of tungsten based stains with 
TEM).55,63,64 Importantly, the formation of these rouleaux suggests that the 
polymers surround the acyl chains of the nanodiscs but do not strongly 
interact with the phosphate headgroup region. Finally, it should be noted 
that the sizes of the nanoparticles are somewhat larger than determined by 
DLS. As mentioned above, this may be explained by the fact that DLS data 
are skewed toward smaller sizes due to interference from excess unbound 
copolymers. Furthermore, a lower copolymer-to-lipid (1.125:1 m/m) ratio was 
used for TEM, which can result in both having less free copolymer around as 
well as generally having larger particle sizes.39,65

3.7.  Resistance against Ca3.7.  Resistance against Ca2+2+-induced aggregation-induced aggregation
For studies on membrane proteins, it can be useful when the copolymers 
tolerate the presence of divalent cations. Therefore, aggregation induced by 
titration with calcium ions was analyzed by visual inspection and quantified 
by OD measurements (see Figure S17). Table 3 shows that most of the 
copolymers precipitated in the low millimolar range (≤ 10 mM). In agreement 
with the literature,43,66 DIBMA had a high resistance, remaining up to ~40 mM 
Ca2+ in solution. Of the SMA analogues, only StbMA and α-MeSMA showed 
high resistance to precipitation up to calcium concentrations of ~45 and 
~100 mM, respectively. Interestingly, these are the only three polymers with 
substitutions along the backbone: StbMA has a phenyl group on the β-position, 
while DIBMA and α-MeSMA have a methyl group on the α-position.
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Table 3. Maximum tolerated concentration of calcium ions where no polymer precipitation was 
observeda,b

R-SMA [Ca2+] (mM) X-SMA [Ca2+] (mM) R-SAA [Ca2+] (mM)

4-BzhSMA <1 PFSMA ~2 4-BrSAA ~1

SMA-PEA ~2 4-ISMA ~3 4-tBuSAA ~1

β-NMA ~5 3-BrSMA ~3 PFSAA ~3

4-PhSMA ~5 4-CF3SMA ~3 SAA ~5

4-MeSMA ~6 4-BrSMA ~4

4-tBuSMA ~6 2-BrSMA ~5

DIBMA ~40 4-ClSMA ~5

StbMA ~45 4-FSMA ~9

α-MeSMA ~100
aSee Figure S17. bThe control values for SMA (2:1) and SMA were ~5 and ~11 mM, respectively.

3.8.  Summary of relevant copolymer parameters3.8.  Summary of relevant copolymer parameters
Here, we will discuss how properties of the copolymer backbone and of the 
pendant chains may influence membrane solubilization and how this may 
help explain the results obtained from the three sets of copolymers.

3.8.1.   Amphiphilicity3.8.1.   Amphiphilicity
Acting at the interface between the hydrophobic fatty acid tails and the 
aqueous environment, the copolymers require a high degree of amphipathicity. 
They need to be sufficiently polar for solubility in water and sufficiently 
hydrophobic to drive insertion into the membrane and to allow the formation 
of stable nanodiscs. The balance between these two opposing parameters can 
be delicate, as clearly illustrated for example for the SAA analogues.

3.8.2.   Flexibility of the backbone and pendant chains3.8.2.   Flexibility of the backbone and pendant chains
In addition to amphipathicity, the copolymer must have sufficient flexibility 
to expose its hydrophilic groups to the aqueous phase and the hydrophobic 
groups to the lipid acyl chains without too many conformational constraints. 
This may be the reason hydrophobic substituents on the pendant chains seem 
much more effective in increasing solubilization efficiency than hydrophobic 
substituents on the backbone, such as in the “pseudo 2:1 R-SMA polymers” 
SMA-PEA and StbMA, where the substitutions may interfere with backbone 
flexibility.

In contrast, for the pendant chains, an increased rigidity may be advantageous 
for efficient solubilization, as it will reduce the loss of entropy upon 
membrane insertion. This can be achieved by having fewer rotatable bonds 
or more symmetrical substitutions, as in the β-NMA analogue or in the para- 
substituted halogen analogues.

3.8.3.   Size of the polymers and the pendant chains3.8.3.   Size of the polymers and the pendant chains
Previously, it was shown that copolymer sizes of <10 kDa are optimal for 
solubilization,25,26 likely due to steric hindrance in longer polymers and a 
tendency to form aggregates in the aqueous phase. This is in line with our 
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present observation that copolymers that form larger aggregates in solution 
generally are less efficient solubilizers. Importantly, the polymers in this 
study vary somewhat in length. To gain information on the influence of this 
variation for solubilization efficiency, we synthesized a series of 4-BrSMA 
copolymers with varying lengths (for full characterization and evaluation, 
see Figure S18). When a 4-BrSMA copolymer was prepared by standard free-
radical polymerization, a large and disperse batch was obtained (Mn = 35 
kDa, Ð = 2), which as expected, was inefficient at solubilizing KcsA (~6%) 
(see Figure S18L). However, when 4-BrSMA copolymers are prepared by 
RAFT synthesis in the size range of 1 – 5 kDa, they are effective solubilizers 
(~70%) and there is only a small variation (less than 15%) in membrane 
protein solubilization efficiency. This suggests that the size variation of the 
copolymers in the present library has only a minor influence and that the 
chemical composition is the dominant factor in determining solubilization 
efficiency. One caveat is that the RAFT synthesized copolymers still contain 
the alkyl tail terminus group, and it is not known if or to what extent this 
affects solubilization. Further research would be required in this regard.

Also, for the pendant groups, size plays an important role. To allow insertion 
into the membrane, a smaller size might be beneficial, combined with 
sufficient hydrophobicity. However, the formation of nanodiscs should be 
more favourable than insertion at the interface, and therefore, the polymer 
should also be able to destabilize the bilayer by disrupting lipid packing. This 
may be promoted by a larger size of the pendant chain or deeper penetration 
into the bilayer. Possibly, the halogen analogues as studied here strike an 
optimal balance, as they can introduce significant lipophilicity with an 
intermediate bulk and size and can efficiently solubilize a range of target 
membranes with different lipid packing properties. 

3.8.4.   Positioning of substitutions on backbone and pendant chains3.8.4.   Positioning of substitutions on backbone and pendant chains
Additional (hydrophobic) substituents on the backbone (i.e., DIBMA, α-MeSMA, 
and StbMA) do not result in efficient solubilization under the suboptimal 
environmental conditions used here. The main reason for this relatively low 
polymer concentration was to get an optimal window to compare the relative 
solubilization efficiencies of the copolymers with those of the traditional 
SMA (2:1) (Xiran). However, the dose-response curves in this study show that 
polymers that are not efficient at these suboptimal concentrations may still 
be good solubilizers at higher concentrations. Indeed, as demonstrated for 
DIBMA,43,66 at higher concentrations, such backbone-substituted analogues 
may be useful for biological systems, in particular, since they tolerate divalent 
cations. The reason for this tolerance is likely that steric hindrance prevents 
chelation of the cations to the carboxyl groups, either directly by physically 
obstructing access or by changing the backbone conformation and flexibility. 

Also, for the pendant groups, the positioning of the substituents is important. 
The attachment of the derivative on the 3- and 4-position of the phenyl ring 
is superior to the 2-position, as shown for the brominated SMA analogues. 
Possible reasons are that the closeness of the 2-position to the backbone 
results in steric hindrance, reducing the conformational freedom of the 
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polymer backbone and/or that a deeper penetration into the hydrophobic 
core for the 3- and 4-positions facilitates membrane disruption.

3.8.5.   Electronic effects3.8.5.   Electronic effects
Phenyl groups have an electronic surface potential that is negative above and 
below the ring and positive in the plane of the ring.67 This may play a role in 
membrane insertion of styrene-containing polymers, in particular since the 
membrane core has a positive dipole potential.68,69 Halogens generally have 
high electronegativities and are electron-withdrawing, thereby modifying 
the electrostatic surface potential of the aromatic rings.70 It is not clear how 
this would affect insertion, but we do note that substitution with F, which 
is the most electronegative element in the periodic table, does not result in 
efficient solubilization. Another property of the heavier halogens (Cl, Br, I) 
is that they have an electrostatically positive region (σ-hole) that can act as a 
Lewis acid and undergo halogen bonding with nucleophiles,71,72 either within 
the copolymer molecule(s) themselves or with lipids and proteins.

3.8.6.   Copolymer purity and the potential role of contaminants3.8.6.   Copolymer purity and the potential role of contaminants
The copolymers were used as crude products; i.e., they were used directly 
after precipitation from the reaction mixtures without further purification. 
This is standard practice in the use of commercial copolymer products. 
Nevertheless, at this point, it cannot be ruled out that the activities are due 
in part to the impurities present, and the same holds true for the commercial 
SMA copolymer products. Further research is required to investigate exactly 
to what extent and how impurities may be playing a part in the process.

3.8.7.   Implications for polymer design3.8.7.   Implications for polymer design
The solubilization efficiency of any copolymer obviously will depend on 
the membrane environment and on environmental parameters. However, 
for maximum solubilization efficiency in a wide range of target membranes 
under the conditions used here, the halogen substitutions seem most 
promising, together with the naphthalene variant and SAA polymers. 
Substitutions on the backbone, on the other hand, may improve activity in the 
presence of divalent cations. This raises the question of whether the different 
modifications can be combined to make a copolymer that is both highly 
effective at solubilization and resistant to divalent cations. As a first trial, we 
synthesized and tested an α-MeSAA copolymer via conventional free-radical 
copolymerization (for full characterization and evaluation, see Figure S19). 
Depending on the polymer concentration, the α-MeSAA copolymer showed 
moderate solubilization (35 – 57% KcsA extracted) with reasonable divalent 
cation resistance (~20 mM Ca2+), demonstrating overall properties indeed 
lying in between those of α-MeSMA and SAA. An even better approach may 
be to prepare halogenated (e.g., 4-Cl/Br/CF3)α-MeSMA copolymers.

The new library of copolymers offers several advantages over commercially 
available copolymers. First, the copolymers in the present study are well-
defined in terms of sequence distribution and size, which is useful for 
systematic studies to understand their mode of action. For example, it will 
help the accuracy of molecular dynamics simulations as it allows a better 
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representation of the polymers. Furthermore, through the size control of 
RAFT polymerization, copolymers can be employed without interference 
(band smearing) of longer copolymers on SDS gels. In addition, RAFT 
synthesized copolymers have the potential to be selectively modified on the 
end groups, allowing the incorporation of a single label such as a fluorophore 
or affinity-tag per copolymer molecule. Last but not least, halogenated 
copolymers may be useful for dedicated biophysical techniques, e.g., the use 
of (i) fluorinated copolymers, such as 4-CF3SMA, for 19F-NMR studies, (ii) 
brominated copolymers for MS experiments due to their convenient isotopic 
signature, and (iii) copolymers with heavier halogens (i.e., 4-BrSMA or 
4-ISMA) for EM microscopy where the polymers/particles could potentially 
be visualized more easily due to the scattering of the dense halogen atoms. 
Although beyond the scope of this work, it should be noted that varying 
copolymer properties may affect the functionality of membrane proteins.73

4. Conclusion4. Conclusion
We have introduced a library of poly(styrene-alt-maleic/acrylic acid) 
analogues with well-defined composition and length. The library contains 
several promising new analogues with equivalent or better membrane protein 
solubilization when compared to the benchmark of SMA (2:1) (Xiran30010). By 
systematic variation of the nature and positioning of different substituents, we 
obtained new insights into the parameters that govern efficient solubilization 
and tolerance of divalent cations. This knowledge can be utilized for the 
targeted and rational design of future copolymer generations for membrane 
protein solubilization. In addition, the library expands the toolbox for the 
study of membrane proteins, allowing improvement of yields and stability of 
precious membrane protein samples.
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Figure S1. Full chemical structures of the library of RAFT(DDMAT)-synthesized alternating 
amphiphilic copolymers.
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Figure S2. Fourier-transform infrared spectras of synthesized copolymers for the different classes: 
(A) R-SMAnh, (B) X-SMAnh, (C) R-SMA, (D) X-SMA, (E) R-SAA, and (F) control (SMA 2:1, 
Xiran30010). Maleic anhydride units are characterized by a strong absorbance band at ~1775 
and ~1855 cm-1 (C=O anhydride stretching), whereas the hydrolysed copolymers with carboxylic 
acid groups have a characteristic absorbance band at ~1705 cm-1 (C=O acid stretching). Styrene 
subunits can be observed by strong peak(s) in the range of 700 – 900 cm-1 (C-H bending, exact 
position(s) depending on the number and nature of the substitutions on the aromatic ring).



156156

Chapter V

250 300 350 400

R-SMA

Wavelength (nm)

Ab
s n

or
m

 (a
.u

.)

SMA

SMA-PEA

α-MeSMA

4-MeSMA

4-tBuSMA

4-PhSMA

β-NMA

StbMA
DIBMA

SMA(2:1)

250 300 350 400

X-SMA

Wavelength (nm)

Ab
s n

or
m

 (a
.u

.)

SMA

4-FSMA

4-ClSMA

4-BrSMA

4-ISMA

4-CF3SMA

3-BrSMA

2-BrSMA

PFSMA

SMA (2:1)

250 300 350 400

R-SAA

Wavelength (nm)

Ab
s n

or
m

 (a
.u

.)

SAA

4-BrSAA

PFSAA

4-tBuSAA

SMA (2:1)

250 300 350
0.0

0.5

1.0

DDMAT

WL

Ab
s (

a.
u.

)

0.0002

0.0004

0.0006

0.001
0.00125
0.00175
0.002

0.0025%

A B

C D

Figure S3. UV-vis wavelength scans of synthesized copolymers for the different sets: (A) R-SMA, 
(B) X-SMA, (C) R-SAA, and (D) DDMAT RAFT agent. Copolymers were measured in water at a 
concentration of 0.025% (w/v), DDMAT was dissolved in water at varying concentrations ranging 
from 0% - 0.0025% (w/v). The trithiocarbonate RAFT-end groups (DDMAT) have an absorbance 
peak at ~310 nm and the aromatic styrene analogues absorb in the range of 250 – 290 nm. The 
relative intensity at 310 nm can be used to infer information on the copolymer length. Furthermore, 
based on these results turbidimetry experiments were performed at 430 nm to avoid interference 
from the copolymer RAFT-end groups.
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Figure S4. 1H (left) and 13C (right) NMR analysis of (A) SMA (2:1) copolymer in hydrolyzed form 
(top) and anhydride form (bottom), (B) DDMAT (RAFT agent), and (C) R-SAA copolymers. 
Artifacts from NMR solvent include a quintet at 2.5 ppm (DMSO-d6) and a broad singlet at ~3.33 
ppm (H2O) for 1H NMR spectra. In the 13C NMR spectra DMSO-d6 is found as a septet at 39.52 
ppm and  the reference standard TMS is found as a singlet at 0.0 ppm for both proton and carbon 
spectra. Impurities include residual solvent (dioxane) from the polymerization reaction as a singlet 
at 3.57 ppm (1H NMR) and a singlet at 66.36 ppm (13C NMR), as well as unreacted monomer 
as evident in the region 5–6 ppm (1H NMR). The relative purity of the copolymers is estimated 
to be at least >95%, based on relative quantification of unreacted comonomer for the visibly most 
contaminated polymer (4-tBuSAA). Copolymeric material demonstrates characteristic broad 
peaks in both proton as well as carbon spectra. Assignment: acid group at 11-13 ppm (`1H) and 
170-180 ppm (13C), aromatic units at 6-8 ppm (`1H) and 110-160 ppm (13C), aliphatic units at 1-4 
ppm (`1H) and 20-60 ppm (13C), with the DDMAT terminal methyl (-CH3) end group specifically 
at ~0.85 ppm (`1H) and ~14 ppm (13C). See also Figure S5 – S8.
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Figure S5. 1H NMR spectra of X-SMAnh (top) and hydrolyzed X-SMA (bottom) copolymers.
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Figure S6. 13C NMR spectra of X-SMAnh (top) and hydrolyzed X-SMA (bottom) copolymers.
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Figure S7. 1H NMR spectra of R-SMAnh (top) and hydrolyzed R-SMA (bottom) copolymers.
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Figure S8. 13C NMR spectra of R-SMAnh (top) and hydrolyzed R-SMA (bottom) copolymers.
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Figure S9. Gel permeation chromatography (GPC) traces of synthesized copolymers for the different 
sets: (A) R-SMAnh, (B) “R-SMAnh” (2), (C) X-SMAnh, and (D) R-SAA. Sizes were determined 
based on polystyrene standards in the range of 0.3 – 300 kDa. Bimodal size distributions can be 
observed in (B) for StbMAnh, β-NMAnh, and DIBMAnh.



163163

R/X-SMA Analogue Library

V

Figure S10. SDS-PAGE analysis of KcsA solubilization from E. coli membranes. Solubilization by 
various copolymers with a polymer concentration of 0.25% (w/v) (polymer-to-lipid ratio of ~2.3:1 
(w/w)), for 2 h at 25 °C. Gels were prepared using 13% acrylamide and stained with Coomassie. 
M, molecular weight marker; S, supernatant; P, pellet.
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Figure S11. E. coli (left) and yeast mitochondria (right) membrane solubilization as based on 
turbidimetry for the three copolymer sets, R-SMA, (A, B) X-SMA, (C, D), and R-SAA (E, F).
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Figure S12. Turbidity data for vesicles of composed of DMPC (A - F) at 15 °C (A – C) and 30 °C 
(D - F), or DSPC (G - L), at 30 °C (G – I) and 60 °C (J - L), solubilized by different copolymer 
sets, namely R-SMA, (A, D, G, J) X-SMA, (B, E, H, K), and R-SAA (C, F, I, L). Data also 
shown as bar graphs in Figure S13.



166166

Chapter V

β-N
MA

SMA(2:
1) 

SMA-PEA

DIBMA
StbMA

4-M
eS

MA

α-M
eS

MA
SMA

4-P
hSMA

4-t
BuSMA

4-B
zh

SMA
0.0

0.2

0.4

0.6

0.8

1.0

DMPC 15C R-SMA
Ab

s 4
30

 (a
.u

.) 
no

rm

0.5 min
1
2
4
8
14

4-B
rS

MA

4-C
F 3S

MA

4-C
lSMA

SMA

4-F
SMA

2-B
rS

MA

SMA(2:
1) 

4-I
SMA

PFSMA

3-B
rS

MA
0.0

0.2

0.4

0.6

0.8

1.0

DMPC 15C X-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0.5 min
1
2
4
8
14

SAA

4-B
rS

AA

PFSAA

4-t
BuSAA

0.0

0.2

0.4

0.6

0.8

1.0

DMPC 15C R-SAA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,5 min
1
2
4
8
14

β-N
MA

SMA(2:
1) 

4-M
eS

MA

DIBMA

SMA-PEA

α-M
eS

MA

4-t
BuSMA

4-P
hSMA

StbMA

4-B
zh

SMA
SMA

0.0

0.2

0.4

0.6

0.8

1.0

DMPC 30C R-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4

4-C
lSMA

3-B
rS

MA

4-B
rS

MA

4-F
SMA

SMA(2:
1) 

4-I
SMA

2-B
rS

MA
SMA

4-C
F 3S

MA

PFSMA
0.0

0.2

0.4

0.6

0.8

1.0

DMPC 30C X-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4

SMA(2:
1) 

PFSAA
SAA

4-B
rS

AA

4-t
BuSAA

0.0

0.2

0.4

0.6

0.8

1.0

1.2

DMPC 30C R-SAA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4

StbMA

SMA(2:
1) 

SMA

4-M
eS

MA

4-P
hSMA

α-M
eS

MA

4-B
zh

SMA

SMA-PEA

4-t
BuSMA

β-N
MA

DIBMA
0.0

0.2

0.4

0.6

0.8

1.0

DSPC 30C R-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,5 min
1
2
4
8
14

4-C
F 3S

MA

2-B
rS

MA

3-B
rS

MA

4-B
rS

MA

SMA(2:
1) 

4-C
lSMA

4-I
SMA

4-F
SMA

SMA

PFSMA
0.0

0.2

0.4

0.6

0.8

1.0

DSPC 30C X-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0.5 min
1
2
4
8
14

SMA(2:
1) 

PFSAA

4-B
rS

AA
SAA

4-t
BuSAA

0.0

0.2

0.4

0.6

0.8

1.0

DSPC 30C R-SAA

Ab
s 4

30
 (a

.u
.) 

no
rm

0.5 min
1
2
4
8
14

SMA(2:
1) 

4-t
BuSMA

β-N
MA

SMA-PEA

4-P
hSMA

DIBMA

4-M
eS

MA

α-M
eS

MA
SMA

StbMA

4-B
zh

SMA
0.0
0.2
0.4
0.6
0.8
1.0

2
3
4

DSPC 60C R-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4
8
14

4-C
lSMA

3-B
rS

MA

SMA(2:
1) 

4-B
rS

MA

2-B
rS

MA

4-C
F 3S

MA

4-I
SMA

4-F
SMA

SMA

PFSMA
0.0

0.2

0.4

0.6

0.8

1.0

DSPC 60C X-SMA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4
8
14

PFSAA
SAA

4-B
rS

AA

4-t
BuSAA

0.0

0.2

0.4

0.6

0.8

1.0

1.2

DSPC 60C R-SAA

Ab
s 4

30
 (a

.u
.) 

no
rm

0,1 min
0,26
0,5
1
2
4
8
14

A B C

D E F

G H I

J K L

Figure S13. Turbidity data for vesicles of composed of DMPC (A - F) at 15 °C (A – C) and 30 °C 
(D - F), or DSPC (G - L), at 30 °C (G – I) and 60 °C (J - L), solubilized by different copolymer 
sets, namely R-SMA, (A, D, G, J) X-SMA, (B, E, H, K), and R-SAA (C, F, I, L). Plotted as bar-
graphs showing the normalized absorbance at selected time points (0.1 – 14 min).
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Figure S14. Comparison of the membrane protein, KcsA, solubilization (top) and yeast mitochondria 
solubilization (bottom) to model lipid-only vesicle solubilization. The data are shown for DSPC at 
30 °C (A, C) and 60 °C (B, D). The different classes are depicted as follow: R-SMA, black circles; 
X-SMA, red squares; R-SAA, blue triangles; SMA (2:1), gold stars. For systems T < TM the vesicle 
solubilization rate is derived after 14 min, and for T > TM time points are taken at 4 min. For the 
complete turbidity traces see Figure S12 and Figure S13. Dashed lines indicate the line of linear fit 
and corresponding correlation coefficients (R2).
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Figure S15. Nanoparticle sizes as determined by dynamic light scattering (DLS). Nanodisc 
(DMPC) Z-average sizes are directly correlated to copolymer Z-average sizes in (A), linear fitting 
provides a correlation coefficient (R2) equal to 0.96. In panel (B) the solubilization efficacy of KcsA 
is compared to the polymer aggregate sizes in solution. R-SMA, black circles; X-SMA, red squares; 
R-SAA, blue triangles, and SMA(2:1) gold stars. For number-distribution plots see Figure S16.
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Figure S16. DLS analysis of synthesized copolymers (A – D) and DMPC nanodiscs (E – F) 
formed thereof. Separated into the different copolymer sets, namely R-SMA, (A, E) X-SMA, (B, 
F) R-SAA (C, G), and controls (D, H). All of the samples contain ~0.4% (w/v) polymer, nanodisc 
samples also contain ~2 mM lipid (polymer-to-lipid ratio of ~3:1 (w/w)).
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Figure S17. Sensitivity 
to divalent cations 
(Ca2+) of the three 
copolymer sets (A) 
R-SMA, (B) X-SMA, 
and (C) R-SAA. Most 
of the copolymers 
precipitate and result 
in an increase of OD 
at a concentration 
of calcium ions in 
the range of 1 – 10 
mM. The copolymers 
DIBMA, StbMA, 
and α-MeSMA in 
the R-SMA series 
(A) have a higher 
resistance to the Ca2+ 
(40 – 100 mM).
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Figure S18. 4-BrSMA copolymer size series prepared using various concentrations of RAFT 
agent (DDMAT) ranging from 0% (standard free-radical copolymerization as control) up to 
8%.  (A) Chemical structure of 4-BrSMA(DDMAT) copolymers. (B) UV-vis wavelength scans. 
(C) FT-IR analysis of 4-BrSMAnh. (D) FT-IR analysis of 4-BrSMAnh. (E) 1H NMR spectra 
of 4-BrSMAnh. (F) 13C NMR spectra of 4-BrSMAnh. (G) 1H NMR spectra of 4-BrSMA. (H) 
13C NMR spectra of 4-BrSMA. (I) GPC analysis. (J) Characterization 4-BrSMA copolymer size 
series. (K) Representative SDS-PAGE analysis of KcsA solubilization from E. coli membranes. 
(L) Quantification by densitometric analysis of KcsA solubilization by 4-BrSMA copolymer size 
series.
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Figure S19. Characterization and evaluation of α-MeSAA copolymer. (A) Chemical structure of 
α-MeSAA (B) UV-vis wavelength scan. (C) FT-IR analysis. (D) 1H (top) and 13C (bottom) NMR 
spectra. (E) Investigation of divalent cation (Ca2+) resistance. (F) GPC analysis. (G) DLS analysis 
of polymer in solution at a concentration of 0.4% and KcsA nanodiscs bounded by α-MeSAA 
copolymer. (H) Characterization of α-MeSAA. (I) Quantification by densitometric analysis of 
KcsA solubilization from E. coli membranes by α-MeSAA copolymer and representative SDS-
PAGE. (J) Summary of solubilization of various membrane systems by α-MeSAA.
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Summarising Discussion & Perspectives
The results of this thesis are summarized and discussed in this chapter. 
The influence of environmental factors and copolymer properties relevant 
to the solubilization process will be covered. In addition, properties of the 
copolymer-bounded nanodiscs themselves will be discussed. Furthermore, 
based on the literature the findings are placed into a broader context and a 
perspective on the field is given.

1.  Membrane protein isolation by amphipathic 1.  Membrane protein isolation by amphipathic 
copolymerscopolymers
Membrane proteins (MPs) are abundant and vital to the survival of all cells 
and organisms. Despite their importance, MPs are notoriously difficult to 
study. Integral MPs have an amphipathic nature, containing hydrophobic 
membrane-spanning domains and water-soluble extramembranous parts. 
Therefore, if they are removed from their endogenous lipidic environment 
they tend to denature, aggregate, and lose their function. This makes the 
crystallization of MPs and their structure elucidation by X-ray diffraction a 
challenging endeavour. Thus, it is difficult to elucidate the structure of MPs. 
Hence MPs remain highly underrepresented in the PDB, regardless of their 
critical importance.

The use of styrene-maleic acid (SMA) and related copolymers allows for the 
spontaneous solubilization of MPs into native nanodiscs. These discoidal 
nanoparticles embed the MPs together with an annulus of native lipids, 
stabilized by a belt of copolymer molecules. Due to the lipid bilayer structure, 
the MPs display a high degree of stability. Furthermore, the MPs retain their 
essential protein-lipid interactions. Native nanodiscs allow the study of 
MPs by various biochemical and biophysical approaches, without the need 
for crystallization. High-resolution structures can be determined through 
single-particle cryo-electron microscopy. For example, sub-nm resolution 
was obtained for AcrB,1 and ACIII.2 Protein dynamics and structure can also 
be investigated by solution/solid-state nuclear magnetic resonance (NMR).3–

7 Moreover, the particles can be studied using a variety of spectroscopic 
techniques such as electron paramagnetic resonance (EPR),8–10 small-angle 
X-ray/neutron scattering (SAXS/SANS).11,12 Since the first MP was solubilized 
by SMA in 2009,13 the field has gained significant momentum. There are 
now many examples of a wide range of different MPs isolated from varying 
organisms using amphipathic copolymers. For more in-depth coverage 
on the subject please see the following reviews.14–16 Once synthesized in a 
copolymerization reaction the copolymers first need to be activated before 
they can be applied to lipid membrane solubilization.

2.  Activation of maleic anhydride copolymers to obtain 2.  Activation of maleic anhydride copolymers to obtain 
a solubilization competent forma solubilization competent form
Styrene-maleic anhydride (SMAnh) is formed in a copolymerization reaction. 
This (commercially available) SMAnh parent copolymer is not water-soluble 
and needs to be activated to obtain a water-soluble form that is capable 
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of solubilizing membranes. The same is true for other maleic anhydride 
containing copolymers, such as diisobutylene-maleic anhydride (DIBMAnh). 
This activation is a hydrolysis reaction to the water-soluble and potentially 
membrane-active (maleic) acid form, i.e. SMA. Conventionally, this reaction 
is performed under reflux conditions using specialized chemical equipment. 
To make the SMA copolymers more accessible, a new method was explored 
in Chapter II. This convenient approach uses equipment ubiquitous in 
biochemical labs, namely an autoclave. Furthermore, details of the hydrolysis 
reaction were studied. Although the anhydride rings are theoretically reactive 
enough to be hydrolysed by water alone, it was found that the reaction is 
greatly advanced by the addition of base (sodium hydroxide) and by using 
elevated temperatures. The hydroxide ions can act as nucleophiles reacting 
with and opening up the anhydride rings, as well as a base by deprotonating 
the resulting carboxyl groups. This deprotonation and formation of charged 
carboxylate groups greatly enhance the aqueous solubility of copolymers. It 
is interesting to note that sub-stoichiometric quantities of hydroxide readily 
result in complete hydrolysis, and even in the absence of hydroxide (i.e., in 
pure water) the copolymers can be nearly completely hydrolyzed. Therefore, 
the main reason for improving the reaction is that the base considerably 
improves the solubility of the copolymers: likely the deprotonation and 
resulting increased charge density allows the partially hydrolyzed copolymers 
to become slightly soluble and unfold enough to expose further anhydride 
units which allow water to react with them. Furthermore, it is recommended 
to not use an excess of base as it is not necessary. By using a limited amount 
of base there is a higher atom efficiency, and the desired final pH can be 
obtained without further adjustment before subsequent solubilization 
experiments. Furthermore, an excess of base can result in an overestimation 
of the amount of copolymer present. Indeed copolymer concentration is 
an important parameter. The role of various environmental factors on the 
solubilization of membrane proteins was the focus of Chapter III and will be 
discussed further below.

The exact method of activation will not affect the chemical composition 
of the hydrolyzed copolymers and also will not affect the solubilization of 
membranes. Once activated the copolymers can solubilize lipid membranes. 
Many studies, including the work of Chapter II, focus on the solubilization of 
lipid-only model membrane systems. The assumption is that the process will 
be the same or at least similar for biological membranes containing proteins. 
This was investigated in Chapter III and indeed in most cases, the assumption 
is true. Model systems have the significant advantage of being precisely 
defined and the composition can be adjusted to perform systematic research. 
Through such methodical investigation, insights into the mechanism of 
membrane solubilization have been attained.

3.  Mechanism of membrane solubilization3.  Mechanism of membrane solubilization
A three-step model has been proposed for the solubilization process of 
membranes by SMA copolymers (please see Figure 7 in Chapter I).17 The 
copolymers first bind to the membrane surface, they then insert deep into 
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the hydrophobic core and destabilize the membrane, and finally there is the 
formation of nanodiscs. Recent research especially by molecular dynamics 
(MD) simulations has given an unprecedented look into the mode of action of 
SMA on membranes.18,19 Initially, the copolymers bind to the lipid interface, 
driven by the hydrophobic effect. Following the concerted action of multiple 
adsorbed copolymers, large membrane defects appear, in particular, water-
filled pores. The copolymer molecules stabilize the rim of these pores, which 
then grow and disrupt the membrane further. Unfortunately, the time scale of 
the simulations did not allow for the complete solubilization of the membrane. 
The authors do however note that nanodiscs are the thermodynamically 
preferred end state as observed by self-assembly experiments,18 an observation 
also supported by experimental evidence.20 Another MD simulation study 
also found that 2:1 SMA copolymers form pores in the membrane, whereas 
3:1 SMA copolymers have a different mechanism of action. For these 
more hydrophobic copolymers, it was observed that they are capable of 
extracting lipid patches from the membrane, ultimately yielding SMALP-
like structures.19 Recent experimental studies have also confirmed the pore 
formation mechanism of SMA and related copolymers.21–23 These findings 
highlight how small changes in the copolymer composition can greatly affect 
their interactions with membranes. Of course, it is unlikely that either the 
pore or extraction mechanism is the sole route of solubilization. In reality, 
both processes will probably be occurring alongside one another. This is 
particularly true when one considers that the SMA copolymers have such 
a high degree of heterogeneity, i.e. even the 2:1 SMA copolymer will have 
polystyrene stretches of 3 or even more consecutive styrene units.24 Which 
mechanism is dominant will probably depend on various environmental 
factors as well as the properties of the copolymers.

According to the MD simulations,18 the terminal styrene units of the SMA 
copolymers initially bind to the membrane surface, followed by complete 
insertion of the copolymers’ hydrophobic side chains. Hydrophobic 
interactions drive the insertion of the copolymers into the core of the lipid 
bilayer, after which inserted copolymer molecules perturb the membrane and 
cause local undulations. Copolymers then translocate across the membrane to 
relieve the induced stress and transmembrane pores form that are stabilized 
by the copolymers, with the carboxyl moieties orientated towards the water 
pore and the phenyl groups intercalated in between the lipid tails. This 
probably destabilizes the membrane and favours nanodisc formation. Likely 
a similar mechanism is present for the other amphipathic copolymers. How 
subtle differences in chemical structure affect the process and ultimately 
the properties of the resulting nanodiscs is an exciting area of research. This 
was the focus of the research shown in Chapters IV and V. In addition to the 
properties of the copolymers and the membrane, also environmental factors 
have a defining role in the solubilization process.

Turbidimetry is useful as a tool to monitor the membrane solubilization 
process. It is a convenient technique that has previously been applied to 
study the solubilization of model membrane systems. In Chapters III and 
V, it is shown that it is also suitable for biological membranes. Indeed it is 
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applicable to rapidly and efficiently gain information on the solubilization 
of membranes as a whole, under various environmental conditions or using 
different copolymers. By exploring different copolymers it is possible to gain 
an understanding of how copolymer properties influence the solubilization 
of membranes. Below, the influence of environmental factors on the process 
of solubilization will be discussed first, followed by an overview of relevant 
copolymer properties.

4.  Environmental factors relevant to the solubilization 4.  Environmental factors relevant to the solubilization 
processprocess
Many environmental factors play a critical role in the solubilization of 
membranes by SMA copolymers. Studies on these factors have mostly 
focused on lipid-only model membrane systems.17,24,25 These investigations 
gave valuable insights, however, the question remained to what extent the 
findings were also translatable to biomembranes containing membrane 
proteins. To answer this we looked at biomembranes of E. coli (overexpressing 
the membrane protein KcsA) and yeast mitochondria in Chapter III.

For most of the experimental parameters an excellent agreement between 
the biomembranes and lipid-only model systems was found. For example, 
an increase in polymer concentration, temperature, or incubation time all 
resulted in an increased amount of protein solubilized. With respect to 
polymer concentration, maximum protein extraction was already achieved 
at 0.5% (w/v). This highlights that a large excess of copolymer (original 
typical recommendations ~2.5% (w/v))26 may not be necessary. Furthermore, 
such an excess of copolymer could be detrimental for further downstream 
applications, such as affinity purification. In terms of temperature and time, 
prolonging the incubation period is mainly useful at low temperatures (i.e. 
4 °C) where there is relatively low membrane protein solubilization. The 
ionic strength of the buffer is a key factor. With no salt being present, there 
is practically no solubilization. A broad optimum is observed at ~300-450 
mM NaCl, which is followed by a large decrease in solubilization efficiency 
for salt concentrations ≥ 600 mM. The reason is that the ionic strength has 
a significant effect on the conformation of the copolymers. If the copolymer 
and membrane have the same charge there will be substantial charge 
repulsion between them. This is indeed the situation for SMA and E. coli 
membranes which both are negatively charged. In such a case, the ions are 
necessary to shield the similar charges, allowing the copolymer to bind to the 
membrane and insert its hydrophobic pendant groups. Although monovalent 
ions such as in salt (NaCl) are required for solubilization, divalent cations 
such as calcium or magnesium are unfavourable for solubilization. The 
divalent cations chelate to the carboxylic acid units and effectively neutralize 
their charges. This results in an increased effective hydrophobicity of the 
copolymers and ultimately they precipitate out of solution and are thereby 
unavailable for solubilization. Before precipitation it could be that the divalent 
cation coordinated copolymers alter their conformation in a manner that 
is disadvantageous to solubilization. However, the extent to which this is 
detrimental may depend on the copolymer as for DIBMA it was observed that 
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low concentrations of divalent cations promoted solubilization.27 No such 
effects have been found for SMA.

The effects of the above-mentioned factors all agreed well between model 
membranes and biomembranes except for pH. For pH, there was disparate 
behaviour observed. pH has a profound effect on the conformation of 
the copolymers. SMA is a polyelectrolyte with ionizable groups. The 
two carboxylic acid units of the maleic acid each have their unique pKa 
values (pK1 ~5.5, and pK2 ~8.6),24 which also vary depending on the precise 
composition of the copolymer. At high pH, the copolymer will be completely 
deprotonated, have a high charge density, and adopt an extended random 
coil conformation. At low pH the carboxylate groups become protonated, 
decreasing the charge density, and the copolymer folds into a more globular 
collapsed conformation. If the pH becomes low enough (pH ~5-6), there is a 
critical point at which the copolymer aggregates (pHagg) and precipitates out 
of solution.

It is ultimately the change in charge density and copolymer conformation 
that is presumed to be the driving force for the observed pH dependency in 
lipid-only model membrane systems: namely, that a decrease in pH (pH > 
pHagg) results in an increased solubilization efficacy. For example, SMA (2:1) 
and (3:1) have optimum membrane solubilization in pH range 6-7, aggregate 
at lower pH (pHagg < 5.5), and are less effective at solubilization when the 
pH > 7.24  However, when membrane proteins are present, an opposite pH 
dependency is seen: an increase in pH (from 7 to 9) results in an increased 
solubilization efficacy. This effect can only be ascribed to the membrane 
proteins themselves. In Chapter III an electrostatic hypothesis is put forward 
to explain this phenomenon. The pH of the buffer does not only affect the 
copolymers but can also influence the charges of the membrane proteins. At 
lower pH, the membrane proteins are more positively charged. The negatively 
charged copolymers will thus be attracted to the extramembranous domains 
of the proteins. This binding of the copolymers to the proteins makes them 
unavailable for membrane insertion and solubilization. At elevated pH, the 
proteins will become less positively charged, overall net neutral, or even 
negatively charged. The copolymers will then be free to interact with the lipids 
and perform solubilization. It should be noted that this pH-dependent effect 
can largely be overcome by simply increasing the copolymer concentration.

Based on the results from Chapter III a tentative recommendation can be 
given for the solubilization of membrane proteins from E. coli. This includes 
the following conditions: a moderate ionic strength (NaCl concentrations in 
the range of 200-500 mM), avoiding divalent cations if possible, and short 
incubations below 2 hours at room temperature. Furthermore, depending 
on the amount of membrane, a copolymer concentration between 0.5 and 
1% (w/v), and finally an alkaline pH between 8 and 9. If a lower pH is used 
this might be compensated for by using a higher copolymer concentration, 
or vice-versa. For each specific application, a pre-screening of suitable 
conditions can be made using turbidimetric analysis.
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5.  Copolymers properties relevant to the solubilization 5.  Copolymers properties relevant to the solubilization 
processprocess
5.1.   Comonomer ratio and copolymer length: towards periodic 5.1.   Comonomer ratio and copolymer length: towards periodic 
2:1 poly(styrene-2:1 poly(styrene-coco-maleic acid)-maleic acid)
Copolymer composition plays an essential role in the solubilization of 
membranes and membrane proteins.24 For SMA, an average ratio of styrene-
to-maleic acid of 2:1 is optimal,20 followed closely by an S:MA ratio of 3:1. If 
the copolymers are more hydrophilic, that is that they contain a 1:1 monomer 
ratio, or more hydrophobic (4:1), then there is a substantial decrease in the 
solubilization efficacy.28 The reactivity kinetics of the comonomers are such 
that SMA prefers to form alternating copolymers, i.e. S-M-S-M-S-M-etc.29 A 
resulting complicating factor is that SMA copolymers with higher ratios of 
styrene have a broad chemical composition distribution (CCD). For example, 
SMA 2:1 will have in addition to S-S-M triads also alternating segments 
(M-S-M) and oligostyrene stretches (S-S-S).

Another complicating factor is that the copolymers can have different 
lengths. Indeed, SMA copolymer length has also been shown to be relevant 
for membrane solubilization. Specifically, the smallest size batches of 
commercially available copolymers (Mw ~7-10 kDa) were found to be most 
effective.30 Furthermore, even within a single batch the different copolymer 
molecules will have different lengths. This dispersity is referred to as 
molecular mass distribution (MMD). A study by Dominguez-Pardo et al. 
looked at the separation of SMA copolymers from one batch (Mw ~8 kDa, 
Ð 2.1) into fractions of different sizes (Mw ~2-10 kDa) with narrower MMD 
(1.6 < Ð < 2).31 It was found that even smaller copolymer molecules (Mw ~2 
kDa) are more efficient at dissolving membranes compared to their longer 
counterparts. Unfortunately, the copolymers still had a relatively broad CCD 
as they were derived from a starting material with broad CCD.

The SMA copolymers are heterogeneous mixtures, having broad CCD and 
MMD. Preparing well-defined SMA copolymers that are effective solubilizers 
is a daunting challenge. The only way to study copolymers of precisely 
defined composition and size has been through MD simulation. In Chapter 
IV a novel method of iterative RAFT-mediated copolymerization is described 
for the synthesis of periodic SMA 2:1 copolymers of different lengths (~1–5 
kDa). Despite the ingenious and labour-intensive approach, the copolymers 
unfortunately still had some heterogeneity in CCD and MMD, however, 
the copolymers did contain the correct overall composition (Fs ~0.66). 
Nonetheless, the synthesized copolymers represent the best-defined periodic 
SMA 2:1 copolymers prepared to date, having narrow CCD (FSSM ~0.5) and 
MMD (1.1 < Ð < 1.6). As the copolymers were prepared in different lengths it 
was possible to systematically investigate the influence of copolymer length 
on their membrane activities. It was found that all of the copolymers could 
solubilize liposomes into SMALPs of comparable size, irrespective of the 
length of the copolymers. Smaller copolymers solubilize lipid vesicles faster 
whereas SMALPs bounded by larger copolymers are more stable. All of these 
results are in agreement with what has been reported in the literature,31 
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except for lipid monolayer insertion. Previously smaller copolymer molecules 
were shown to insert more effectively in lipid monolayers, whereas here 
the different copolymer lengths all showed comparable insertion, this may 
be due to the hydrophobic RAFT-end groups. Other possibilities for this 
difference may be the presence of impurity molecules or subtle differences 
in the comonomer sequence distributions.

The findings from Chapter IV and the literature show that copolymer length 
is important for membrane solubilization.28,30,31 This is certainly the case for 
kinetic studies looking at lipid-only model systems. A similar result was 
found for RAFT-synthesized DIBMA copolymers, where an optimum size was 
found of 3 kDa < Mn < 7 kDa.23 What about membrane protein solubilization 
from biological membranes? For the RAFT-DIBMA copolymers (range Mn 
1–10 kDa), there was no significant difference, only the commercial non-
RAFT DIBMA had lower levels of protein extraction. In Chapter V (Figure 
S18) a similar result is found, 4-BrSMA copolymers prepared by RAFT (range 
Mn 1–5 kDa) exhibited good and comparable membrane protein solubilization 
efficacies (~70%) whereas a non-RAFT version (Mn ~35 kDa) led to negligible 
solubilization. For commercial SMA copolymers variants (range Mn ~3–48 
kDa) the smaller copolymers (Mn ~3 kDa) were the most efficient.28,30 These 
commercial copolymers are however very heterogeneous with a large size 
dispersity. Currently, no conclusion can therefore be drawn about SMA 
copolymers of smaller or well-defined sizes with respect to the solubilization 
of membrane proteins. It would be interesting to compare SMA copolymers 
of different and well-defined sizes, both with and without RAFT-end groups. 
Another important aspect to keep in mind is that the precise RAFT agent (e.g. 
length of alkyl tail) could also have a significant impact.

Previous studies have looked at SMA copolymers with higher ratios of 
styrene synthesized by RAFT mediated copolymerization.32–34 In those 
cases the copolymers were block copolymers, that is, an alternating SMA 
segment followed by a polystyrene tail. As RAFT copolymers they do have 
a narrow MMD, but unfortunately lack a homogenous composition along 
the copolymer backbone. Although the block copolymers were capable 
of solubilizing membranes, it was found that such polystyrene blocks are 
mostly detrimental.35 Importantly, the authors show that a higher degree of 
control of the copolymer architecture results in more homogenous samples.

5.2.   Copolymer chemical composition: analogues of alternating 5.2.   Copolymer chemical composition: analogues of alternating 
1:1 poly(styrene-1:1 poly(styrene-altalt-maleic acid)-maleic acid)
Since styrene and maleic anhydride comonomers intrinsically have a high 
affinity for one another, it is relatively straightforward to make well-defined 
SMA (1:1) copolymer molecules. MMD is minimized by controlled RAFT 
copolymerization where a specific target size can be achieved in addition to a 
low length Ð. The problem here is that SMA 1:1 copolymers are generally not 
very effective solubilizers as they are too hydrophilic. To overcome this issue 
analogues of styrene can be used that are more lipophilic. This principle is 
demonstrated in Chapter V.
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An entire new library of such poly(styrene-alt-maleic acid) copolymer 
analogues was prepared by RAFT copolymerization. Crucially, by exploring 
systematic variation in the chemical structures insights can be gained into 
relevant properties of the copolymers, as illustrated in Figure 1. These relevant 
properties include amphipathicity, size and position of the substituents, 
rigidity, and electronic effects. Remarkably, the halogen analogues showed 
dramatically improved solubilization efficiencies, while derivatization of the 
copolymer backbone improved stability in the presence of calcium. Overall 
the library contributes to the rational and targeted design of copolymers for 
the study of membrane proteins. The following sections will go into more 
detail about the design of copolymers for membrane solubilization.

Figure 1. Illustration of relevant properties of amphipathic copolymers for the solubilization of lipid 
membranes. Clockwise from the top; (i) amphiphilicity (balance between hydrophilicity and 
lipophilicity), comonomer ratio and distribution, copolymer length; (ii) size and nature of pendant 
groups (substitution); (iii) positioning of substituents (ring and backbone); (iv) conformation and 
flexibility, number of rotatable bonds in pendant groups and backbone; (v) electronic effects, charges 
and electrostatic potentials, halogen/hydrogen bonding.
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5.2.1.    Derivatization of SMA copolymers: location, location, location5.2.1.    Derivatization of SMA copolymers: location, location, location
Based on previous studies it was hypothesized that to make the relatively 
hydrophilic alternating (1:1) SMA membrane-active, it would need to be made 
more hydrophobic. Through the systematic derivatization of SMA copolymers 
it became evident that it is not merely the increased hydrophobicity that 
is required, but that the exact position of the substituents is pivotal. As 
anticipated even incremental increases in hydrophobicity are beneficial for 
membrane solubilization, as demonstrated by the methylated homologues 
that are slightly more hydrophobic due to the extra methyl (CH3) and 
perform marginally better at membrane protein isolation. However, a more 
hydrophobic character is required for really effective solubilization, e.g. as 
shown by 4-tBuSMA and the pseudo "2:1" SMA copolymers. Through the 
introduction of a second phenyl ring to make pseudo 2:1 SMA copolymers, 
the substituent positioning becomes decisive. The best result comes from 
derivatization directly on the phenyl ring of styrene (4-PhSMA/β-NMA). 
Again with the bromine series (ortho, meta, and para), it is clear that the exact 
positioning on the ring itself is also prominent, with substitutions on the 3- 
and 4-positions favoured. This all strongly suggests that it is desirable to put 
the substituents on the hydrophobic pendant group, in particular in a position 
where they would probe even deeper into the hydrophobic membrane core 
after copolymer insertion. This makes sense as it would allow for a kind 
of hydrophobic matching with maximal interaction between the lipophilic 
moieties and the fatty acid chains of the lipids.

In addition to the positioning of the substitution, rigidity and bulkiness of the 
pendant chain plays an important role. This is highlighted by the excellent 
performance of the planar and rigid β-NMA. Moreover, 4-tBuSMA with its 
bulky aliphatic group showed good solubilization, which would likely not be 
the case if the aliphatic group was simply an extended and less rigid n-butyl 
chain.

In summary, the copolymers require enough hydrophobic character to 
drive membrane insertion. However, the arrangement of the substitutions 
is important and in particular the exact position of the substitution in the 
copolymer structure.

5.2.2.    Amphipathic balance5.2.2.    Amphipathic balance
As stated above the copolymers require sufficient hydrophobicity to drive 
membrane insertion and disruption. It should be noted that it is not simply 
a case of more is better. Indeed, having too much hydrophobic character is 
detrimental. In the most extreme case, the copolymer will lose its aqueous 
solubility. The copolymer itself may not dissolve in the first place, or 
otherwise readily aggregate and precipitate out of solution. Even if it were to 
form nanodiscs it might not effectively keep these soluble in water. This is to 
say that an amphiphilic balance is essential.

This amphiphilic balancing act is demonstrated with the alternating SMA 
copolymer and its derivatives. By itself the (1:1) SMA lies just too much towards 
the hydrophilic facet, favouring the aqueous phase and/or just not having 
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enough hydrophobic character to be energetically driven towards nanodisc 
formation. This can be elegantly altered by one of two approaches as we have 
shown: i) the SMA copolymer can be made more hydrophobic by introducing 
lipophilic substituents, either in the form of extra alkyl/aryl groups or the 
introduction of a heavy halogen atom (e.g. chlorine), or ii) the SMA can also 
be made more hydrophobic by reducing the hydrophilic character, in the 
form of less charge density as well as potential for hydrogen bonding by 
removing one of the carboxylic acid moieties (MA 6 AA). This is highlighted 
by the excellent efficacy of SAA, shown here as well as in the literature.36 

Indeed if both approaches are done together, e.g. 4-BrSAA, then the balance 
gets shifted too much towards the hydrophobic side with the associated 
drop in membrane solubilization efficacy. The contrast between the maleic 
acid and their respective acrylic acid counterparts again demonstrates how a 
small chemical alteration can have drastic consequences for their membrane 
activity.

5.2.3.    The highly effective halogenated SMA derivatives5.2.3.    The highly effective halogenated SMA derivatives
Why does halogenation work so effectively? It is well established that halogen 
substituents increase a compound’s lipophilicity as well as hydrophobicity.37 

Thus, it may simply be that they add the required hydrophobicity to the 
copolymers, but there may also be other nuanced factors involved.

The halogen substituents are electron-withdrawing and affect the electron 
density of the aromatic ring. Fluorine is only slightly larger than a proton, 
and it is the most electronegative element in the periodic table. The 
electronegativity (electronegativity: F > Cl > Br > I ~ C > H) drops off as the 
size (size: H < F < Cl < Br < I) increases. The -CF3 group has an electronegativity 
comparable to that of bromine.38 The halogen atoms, therefore, have a high 
electron density. This negative electron cloud may favour the insertion of these 
heteroatoms deep into the membrane core that itself has a positive dipole 
potential.39,40 This does not entirely explain the phenomenon as fluorine (the 
most electronegative) substitution has poor solubilization. However, it has 
been found that for non-covalent interactions between organohalogens and 
proteins there is also a disparate behaviour between fluorine and the rest of 
the halogen series.41 Although the halogens have a high electron density the 
charge is not isotropically distributed. Rather the atom will have a negative 
belt with an electrostatically positive region directly opposite the aromatic 
ring, known as the σ-hole. This allows the halogens to be able to act as Lewis 
acids and undergo halogen-bonding with nucleophiles.42 Perhaps the halogens 
are undergoing halogen bonding with the electron-rich double bonds in the 
fatty acid chains of unsaturated lipids, or possibly with the oxygen atoms 
present in the lipid head groups. Another potential site for halogen bonding 
is with the aromatic rings themselves (either inter- or intra-molecularly). 
Substitution with fluorine does not result in a σ-hole and this would support 
this line of reasoning.43,44 However, the σ-hole and therefore strength of the 
halogen bond would increase going from Cl < Br < I, which is not observed 
here and thus argues against this being the only or main interaction.

The inspiration to halogenate the copolymers came from the drug discovery 
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field. Halogenation of organic molecules can significantly alter their 
pharmacological and biological properties. This is due to their ability to 
modulate physicochemical properties, such as lipophilicity.45,46 They do this 
exceptionally effectively and not surprisingly therefore ~50% of medicines on 
the market are halogenated.47 Halogenation of compounds can significantly 
enhance membrane binding and permeation.48 Pharmacological agents 
generally need to transverse at least one membrane to reach their intended 
site of action. This is particularly true for central nervous system active agents 
that also need to cross the blood-brain barrier. Also in this case it was found 
that halogenation of a peptide by Cl, Br, or I (but not F) increased lipophilicity 
and ultimately permeability across the barrier.49

Although the exact mechanism(s) remain convoluted it is an established 
phenomenon that incorporation of heavier halogen atoms (Cl, Br, I) may 
improve a molecule’s penetration into membranes. It may be for this reason 
that halogenation of the copolymers improves their membrane solubilization 
efficacy, by enhancing their binding as well as insertion into the hydrophobic 
lipid cores.

5.2.4.    The magic methyl and divalent cation resistance5.2.4.    The magic methyl and divalent cation resistance
Here it is shown that DIBMA is more resistant to calcium ions than SMA, 
in agreement with the literature on DIBMA and its tolerance of divalent 
cations.27,50 α-MeSMA was found to have exceptional resistance to divalent 
cations. What is conspicuous is that α-MeSMA and DIBMA both share 
structural similarities, namely a methyl group at the α-position in the 
copolymer backbone. Furthermore, StbMA also has divalent cation resistance 
and is also substituted on the copolymer backbone (in the β-position). This 
suggests that it is this particular feature that may be imparting the resistance 
to divalent cations. The exact mechanism of how this occurs is not known. It 
may be that the extra methyl (or phenyl) in the backbone acts as a steric block 
to the large divalent cations, physically obstructing them from chelating 
to the acid groups. Another possibility is that the substitution affects the 
backbone conformation or rigidity in such a manner as to hinder divalent 
cations from binding.

Even though α-MeSMA is a poor solubilizer of membranes and DIBMA is also 
a mild solubilizing agent, it could mean that one simply needs to add a methyl 
group in the α-position to a copolymer that does have excellent solubilization 
efficiency to create a copolymer that performs well at extracting membrane 
proteins and is resistant to divalent cations. Indeed, this was shown to be 
the case for α-MeSAA (see Chapter V Figure S19). Another example of such a 
potential copolymer could be 4-Cl,α-Me-SMA.

StbMA is a more rigid copolymer compared to SMA and the two phenyl rings 
are on adjacent carbon atoms. Here the copolymer showed poor solubilization 
under the conditions tested. StbMA was first described by Overduin et al. and 
they found a similar result,51 namely that the unsubstituted version such 
as used in Chapter V was incapable of clarifying lipid suspensions. Only 
when introducing homologues of methyl groups to the aromatic rings the 
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polymers were able to solubilize lipids and membrane proteins. This once 
again highlights the significant impact even a single methyl group can have. 
What would be the result of combing two homologues, i.e., having two methyl 
groups, one on the backbone and one on the ring? The starting material 
(p,α-dimethylstyrene) is commercially available for a reasonable price. We 
predict that the copolymer should have high divalent cation resistance, but it 
remains to be seen whether or not it would have enough hydrophobicity for 
effective membrane solubilization.

The library of novel SMA analogues described in Chapter V provides valuable 
insights into relevant copolymer properties for membrane solubilization, 
however, there may be more factors involved.

5.3.   Other potentially relevant factors5.3.   Other potentially relevant factors
During the copolymerization reaction, various side products can be produced. 
How these impurities affect the solubilization process is not known at this 
moment. They may hinder the process, in which case it would be useful 
to further purify the copolymers. Another possibility is that these small 
molecule contaminations, or some of them, in fact are active, perhaps 
working like detergents and aiding the solubilization process. Here it would 
be worthwhile to elucidate the precise identity and concentration of the 
contaminants, ultimately performing a systematic study on how they assist 
in membrane disruption and or nanodisc formation.

As demonstrated in Chapters IV and V, significant progress has been 
made on how the chemical structure, copolymer length, and comonomer 
sequence affect the solubilization process and properties of the resulting 
nanodiscs. Another aspect of the copolymer’s chemical structure that has 
thus far been overlooked is tacticity. That is the relative stereochemical 
configuration of adjacent chiral centers. As SMAnh is prepared by free-
radical copolymerization the macromolecule is likely atactic, i.e. the 
stereocenters are a random mixture. How would the copolymer properties 
change if there was a more ordered arrangement? For example, an isotactic 
macromolecule (all stereocenters same configuration, i.e. all R or all S), or 
syndiotactic (alternating configuration of stereocenters i.e., R-S-R-S-R-S). 
Tacticity can affect many of the physical properties of copolymers. Whether 
they are relevant for the solubilization of lipid membranes remains to be 
explored. As glycerophospholipids are chiral molecules an effect may be 
expected with the interaction between chiral copolymers. Indeed, it has 
been shown that lipid bilayers are enantioselectively permeable to labelled 
amino acids and dipeptides.52 It may be that the inherent randomness of the 
copolymers is advantageous or even required for effective solubilization. To 
prepare copolymers with defined configuration might not be synthetically 
straightforward. It is however possible to study any desired copolymer 
structure with MD simulations. For such fine detail as stereochemistry, 
the MD experiments would likely have to be based on all-atom simulations 
rather than on the coarse-grain models used so far, unfortunately requiring 
significantly more computing power and/or time.
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Another potentially relevant factor is the presence of RAFT end-groups in 
polymers. Copolymers prepared by RAFT mediated copolymerization can 
contain hydrophobic end-groups, e.g. alkyl tails up to twelve carbons in 
length for DDMAT. These lipophilic fatty-acid like tails may have a strong 
affinity for the membrane, inserting quickly and anchoring the copolymers 
to the membrane. Indeed, this may be a reason for the comparable lipid 
monolayer insertion for the various RAFT synthesized periodic (2:1) SMA 
copolymers as prepared in Chapter IV. Alternatively, if the potentially labile 
RAFT end groups are hydrolyzed, their free thiol ends will be exposed. 
Hence the copolymers may dimerize and thereby greatly extend the length 
distribution and batch dispersity. On the other hand, a possible advantage of 
exposed thiol groups would be to use them for targeted modification of the 
RAFT copolymers as will be discussed below.

5.4.   Further prospects5.4.   Further prospects
An alternative way of preparing new polymers would be to derivatize them 
on the hydrophilic moieties by opening up the maleic anhydride rings with 
a nucleophile, i.e., primary amine derivatives such as done for SMA-PEA in 
Chapter V. Moreover, the copolymers can be selectively functionalized on 
the RAFT-end groups by first cleaving off of the alkyl tail attached to the 
trithiocarbonate and subsequently clicking on a new moiety (e.g., affinity-
tag, fluorophore, radioligand) at the free thiol group via a thiol-ene reaction 
(Michael addition).

What other SMA derivatives will be developed in the future? The results from 
Chapter V suggest that the presence of electron-withdrawing substituents (such 
as halogens) on the aromatic ring may be favourable. Promising candidates 
may well include di-substituted derivatives, for example, 3,4-dichloroSMA, 
or other electron-withdrawing substituents, such as nitrile (-CN), azide (-N3), 
or nitro (-NO2) groups.

The work here focused on the SMA scaffold, but recently several other polymer 
scaffolds have been investigated for membrane protein solubilization. These 
are generally highly hydrophilic polymers such as fructo-oligosaccharides 
(inulin),53 and oligonucleotides (DNA),54 which are then modified to introduce 
hydrophobicity. The results here indicate that the exact positioning of such 
hydrophobic substitutions may be pivotal. Moreover, they might benefit 
from being rigid, possibly planar structures i.e. naphthalene. In particular, 
we would recommend investigation into halobenzene derivatives, such as 
chloro-, bromo-, or trifluoromethyl-phenyl.

Finally, the studies here concentrated on how the copolymer structure affects 
protein yield, as well as particle size, and stability towards divalent cations. 
It could be interesting to see if and to what extent they influence protein 
stability and/or function.55–58

The library of novel SMA analogues from Chapter V expands the available 
toolbox for the solubilization and study of membrane proteins. Many of the 
introduced copolymers have exceptionally good solubilization efficacies. 
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As the copolymers are of a well-defined composition there can be a more 
harmonious agreement with MD simulations as it allows a better representation 
of the copolymer’s true structures. Furthermore, the copolymers represent 
unique chemical modalities that may be particularly useful for specialized 
biophysical techniques, such as NMR, MS, and EM. The insights gained from 
the systematic study can be applied to the targeted and rational design of 
amphipathic copolymers for membrane solubilization into native nanodiscs.

6.  Native nanodiscs and amphipathic (macro)molecules: 6.  Native nanodiscs and amphipathic (macro)molecules: 
blurring the linesblurring the lines
The distinction between different amphipathic (macro)molecules and 
their ability to spontaneously solubilize lipid bilayers is not always a 
clear-cut line. As shown in Chapter III even for a specific copolymer its 
solubilization capability is highly dependent on environmental factors. The 
fine microstructure and length of a single copolymer family can influence 
the process of solubilization and properties of the resulting products as 
demonstrated for SMA (2:1) in Chapter IV. Finally, in Chapter V it is explored 
how even minor modifications to the chemical structure can have striking 
consequences for the solubilization efficacy and stability of the copolymers.

SMA was the first amphipathic copolymer that was described to spontaneously 
extract membrane proteins from biological membranes into native nanodiscs. 
This sets it apart from other systems such as amphipols, MSP, or salipro (SapA) 
which first require the action of detergents. However, recently a method was 
described for the solubilization of membrane proteins by SapA in a so-called 
DirectMX workflow involving digitonin to make native membrane lipid 
discs.59 Moreover, modified amphipols based on the structure of poly(acrylic 
acid) (PAA) have been shown capable of spontaneous membrane solubilization 
into nanodiscs.60,61 The use of small-molecule amphiphiles for the preparation 
of native nanodiscs has also been reported.62 As mentioned above scaffolds 
based on biomacromolecules such as oligosaccharides and oligonucleotides 
are also proving useful for membrane solubilization.53,54 Having a membrane 
protein in its natural lipidic bilayer environment is greatly beneficial. It is 
better still when the lipid bilayer is composed of the native and endogenous 
lipids. These studies show that there are several ways to obtain such native 
nanodiscs.

In addition to SMA, numerous other amphipathic copolymers have been 
developed for the extraction of membrane proteins (see Chapter I Figure 
14). SMA is the most commonly employed of these and there are now many 
examples of a wide range of membrane proteins originating from various 
organisms solubilized into native nanodiscs. Furthermore, research such as 
done in Chapter III has given us insights into how environmental factors 
affect the solubilization process. Chapters IV and V have allowed a deeper 
understanding of how copolymer properties affect membrane solubilization 
and how new generations of amphipathic copolymers can be developed. So far 
we have focused on the solubilization process itself and how environmental 
factors and copolymer properties can influence it, the next section will 
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discuss the properties of the resulting copolymer-bounded nanodiscs (the 
product of the solubilization process).

7.  Properties of copolymer-bounded nanodiscs7.  Properties of copolymer-bounded nanodiscs
7.1.   Nanodisc size7.1.   Nanodisc size
SMA copolymers make nanoparticles of approximately 10 nm in 
diameter.14,63,64 This holds for both lipid-only SMALPs and protein-containing 
native nanodiscs. Interestingly, the size of the embedded protein does not 
seem to be a major factor in determining the size of the nanodiscs.2,13,14,63 

Nevertheless, it is possible to make larger particles, this is achieved by using 
a limited amount of copolymer, i.e. a low mass ratio of copolymer-to-lipid, 
e.g., less than 1:1 (m/m).65 Under such conditions, disc sizes of around 20 nm 
in diameter can be reached (as shown in Chapter IV Fig S10). The size of the 
nanodiscs also depends on polymer properties, but the molecular mechanism 
behind this is presently not understood. Larger nanodiscs, so-called macro-
nanodiscs with sizes of 30 nm diameter and larger have been obtained, which 
are capable of spontaneously aligning in a magnetic field.5 Furthermore, the 
spatial alignment can be adjusted using lanthanide ions.66 This makes them 
particularly interesting for studies based on solid-state NMR experiments. 

A smaller disc size may be favorable for some applications, such as single 
particle analysis by cryo-em or solution-state NMR. When an excess of 
the copolymer is used, e.g., a ratio of polymer-to-lipid of 3:1 (m/m), the 
smallest possible disc size is obtained,20 which for SMALPs is around 5 nm in 
diameter.31 The reason for this dependency on the copolymer concentration 
is likely that the copolymers try to maximise their interactions with the lipid 
molecules. The reason for the lower size limit of the nanodiscs is perhaps 
due to the persistence length of the copolymers. This stiffness or restriction 
of the extent to which the copolymer backbone can bend may determine the 
curvature of the belt around the nanodiscs and therefore the lower size limit. 
Indeed, more rigid copolymers such as stilbene-maleic acid, alternating SMA 
and DIBMA form larger nanodiscs.51,67,68 The upper size limit of the nanodiscs 
may simply be dictated by the inherent instability of larger discs and the 
requirement to have a sufficient number of copolymer molecules in the belt 
to shield the lipid molecules under relatively low polymer concentrations.

7.2.   Copolymer-belt7.2.   Copolymer-belt
Using various biophysical techniques it has been established that the copolymer 
stabilizes the nanodiscs as a belt of copolymer molecules wrapped around the 
particles.22,64,69 However, it is not known how many copolymers molecules 
or even how many layers make up the belt. Experimental investigation is 
greatly hindered by the heterogeneity of the copolymers and their dispersity 
in length. Theoretical calculations can be done to approximate the values. 
For an average disc size of 10 nm diameter and a polymer size of Mn = 3 kDa, 
5 copolymer molecules would be needed to encircle the disc, assuming an 
extended chain conformation and a one layer thick belt.63 With better-defined 
copolymer molecules such as prepared in Chapters IV and V we are one step 
closer to being able to get an experimental value on the number of copolymer 
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molecules forming the belt. A few obstacles for such a determination are that 
there may still be free or unbound copolymers in solution, copolymers may 
only partially be bound to the discs (‘floppy ends’), and that the copolymer 
molecules can also insert into the faces of the nanodisc (in addition to the 
edges).22 It is worth noting that such face-on insertion is expected to be less 
favourable as there will be more steric hindrance from the lipid headgroups 
as compared to the edges of the particle. Labelling well-defined copolymers 
with a fluorescent probe may be a promising next step. Another potential 
caveat in determining the number of copolymer molecules comprising the 
belt is the dynamics of the system.

7.3.   Dynamics7.3.   Dynamics
Once formed nanodiscs do not remain as static entities, rather they 
are dynamic systems.70 It has been shown that, at least for the relatively 
hydrophobic SMA (3:1), there is an exchange of copolymer molecules.71 There 
is also a fast exchange of lipid molecules between nanodiscs.25,31,72–75 Research 
has demonstrated that the exchange dominantly occurs through collisions 
of the particles. Furthermore, the rate of exchange is determined by factors 
such as particle concentration, nanodisc size, ionic strength, copolymer 
composition and length. Overall the copolymer-bounded nanodiscs display 
much faster lipid exchange kinetics as compared to MSP-nanodiscs.

In addition to lipids exchanging between nanodiscs, they can also exchange 
between nanodiscs and copolymers in solution. Indeed the copolymers are 
not found only as individual molecules in solution but also as aggregates or 
micelles of copolymer molecules.11,24,31 Similar to how detergents form micelles 
above the critical micelle concentration (CMC), the concentration where 
the copolymers form such aggregates is known as the critical aggregation 
concentration (CAC) and is around 6 µg/mL for SMA (2:1): far below the 
standard copolymer concentrations used.24 This results in copolymer micelles 
that have hydrophobic domains. These may work as a sink for the extraction 
of lipid molecules from nanodiscs.18,19 Preliminary experiments have shown 
that the addition of polymer to a nanodisc solution readily results in rapid 
lipid exchange (data not published). It would be interesting to perform lipid 
exchange experiments on purified nanodiscs that do not contain any excess 
free or unbound copolymer. However, obtaining such samples may be a 
challenge.

It is also worth noting that all lipid exchange studies to date have been 
performed on model membrane systems composed of lipids only. How lipid 
exchange occurs in the presence of membrane proteins and with native lipids 
remains to be investigated. Remarkably, native nanodiscs are enriched in 
certain lipids despite the fast lipid exchange.76–80 This is further evidence that 
the membrane proteins have strong and specific protein-lipid interactions, as 
also confirmed by cryo-EM investigation of native nanodiscs.2,81,82

In summary, nanodiscs are the thermodynamic end product of membrane 
solubilization by SMA copolymers, however, they are dynamic systems. In 
certain environments, such as in the presence of divalent cations, SMA-
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bounded nanodiscs may lose their stability.

7.4.   Resistance to divalent cations7.4.   Resistance to divalent cations
A key drawback of SMA copolymers and SMA-bounded nanodiscs is their 
sensitivity to divalent cations such as calcium and magnesium (see Chapters 
III and V). The copolymers chelate these ions and lose their solubility, 
precipitating out of the solution. There have been copolymers developed 
that have a higher resistance to such ions, such as DIBMA. However, if the 
copolymers still bind the ions they will have a low free concentration and 
they will not be available for proteins. For both SMA and SAA copolymers 
at a concentration of 1% it was found that ~80% of calcium ions are bound 
by copolymer and therefore only a fraction is accessible to the membrane 
proteins.83 This may be an inherent problem with copolymers that 
chelate the divalent cations. One solution to this might be to use a higher 
concentration of the divalent cations if the copolymers are resistant enough 
to not precipitate. As shown in Chapter V backbone modification of SMA by 
an α-methyl group can impart significant resistance. An alternative approach 
would be to develop copolymers that do not chelate the ions, for example 
positively charged or even neutral copolymers, or otherwise to transfer the 
proteins into other more resistant solubilization systems.

8.  Reconstitution: transfer to other (lipidic) 8.  Reconstitution: transfer to other (lipidic) 
environmentsenvironments
One major limitation of nanodiscs is the functional study of channels. This 
is because both sides of the particles are in contact with the same aqueous 
bulk. This lack of compartmentalization precludes the applicability of the 
nanodiscs for functional studies of transporters. Fortunately, it is possible to 
reconstitute the MP into other compartment-forming lipid bilayer structures. 
One such system is the planar lipid bilayer. Following the addition of the 
native nanodiscs to one of the compartments, there is the spontaneous fusion 
of the nanodiscs with the bilayer. This setup has been successfully used for 
the functional analysis of two potassium ion channels, first for KcsA and 
more recently for ROMK.76,84 Another study showed that it is also feasible to 
reconstitute MPs from native nanodiscs to liposomes.85 

Membrane proteins can also be transferred from native nanodiscs into other 
protein solubilization platforms, such as demonstrated for amphipols and 
detergents.86 In the case of the amphipol reconstituted protein it was possible 
to identify at least one bound lipid using native-MS. Furthermore, once the 
protein is in detergent micelles it can be exchanged into other systems, e.g. 
MSP-bound nanodiscs and thus have the advantage of homogenous particle 
sizes. The main advantage of solubilization first in nanodiscs is that the 
detergents need only be added at the final crucial stage of bio-chemical/
physical analysis or reconstitution, thereby limiting the amount of time 
that the protein spends in the detergent micelles with the associated 
potential loss of protein. Furthermore, this would remove the need to have 
detergents present in all of the purification steps. Ideally, detergents would 
be avoided entirely. Thus, direct reconstitution from copolymer-bounded 
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native nanodiscs into homogenous MSP-nanodiscs remains to be explored. 
Theoretically, this should be feasible if the copolymer could selectively be 
removed from the solution in the presence of the MSP.

Overall, the copolymer-bounded nanodiscs have demonstrated a high degree 
of versatility, both in terms of direct applications and for reconstitution into 
other membrane protein solubilizing environments. Therefore, whether it be 
for direct application or as an intermediate host SMA and related amphipathic 
copolymers are here to stay.

9.  Sustainability: copolymers for the future9.  Sustainability: copolymers for the future
SMA and its parent copolymer SMAnh, are both industrially important 
copolymers with a variety of applications. In addition it has several biomedical 
applications, besides of course membrane protein isolation. For example, 
SMAnh is being trialled (RISUG®) as a reversible contraceptive for males.87 

Both the copolymer and nanodisc are highly versatile and can act as drug 
conjugates or drug delivery vehicles.88–97 Additionally, they may be used in 
immunotherapy as vaccines.98–100

In the 21st century, we can not afford to ignore the climate crisis. Sustainability 
and environmental impact should be considered in all human endeavours. This 
is especially true for large scale industrial activities. Ideally, starting materials 
originating from fossil fuels such as crude oil should be avoided. Recently, 
a study showed the feasibility of effectively preparing the polymer building 
blocks maleic anhydride and acrylic acid from biomass-derived furfural.101 

Styrene can potentially be biosynthesized from sugars via L-phenylalanine 
and trans-cinnamic acid intermediates.102 Another potentially useful 
monomer, p,α-dimethylstyrene, can be obtained from renewable sources 
such as limonene or p-cymene.103 These findings demonstrate the proof of 
principle that green chemistry is possible for the production of comonomers 
required for SMA and related analogues. Likely further research is required 
to scale up these processes. 

Another sustainable alternative to using “green” monomers is to use 
biologically derived polymers. A significant advantage of this approach is that 
biopolymers are biodegradable, and therefore are not environmental hazards 
that accumulate and contribute to the plastic soup. The first such bio-based 
polymer for membrane protein isolation has been described. In this case, 
the biopolymer is a fructo-oligosaccharide (inulin) extracted from chicory 
root.53 Unfortunately, the biopolymer can not be effectively used directly and 
requires hydrophobic modification with alkyl/aryl groups, probably obtained 
from non-renewable sources. Therefore, also here further work would be 
required to make the bio-based polymer entirely renewable. Nevertheless, 
such developments are certainly worthwhile advances towards sustainable 
and environmentally friendly polymeric materials which are valuable 
products in industry and highly useful tools for research.
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10.  Conclusion10.  Conclusion
Since the discovery of SMA copolymers for membrane solubilization just 
over a decade ago the field has gained significant momentum. The number 
of publications is growing exponentially, with presently over one hundred 
new works published annually. With this, the understanding of the 
mechanism of action and the process of solubilization is becoming clearer. 
Moreover, the number of membrane proteins extracted and investigated 
is growing rapidly. Being completely detergent-free, the SMALP method 
is tremendously convenient and simple. The fact that the copolymers are 
capable of spontaneously extracting the membrane proteins together with 
an annulus of endogenous lipids is of paramount importance. Protein-lipid 
interactions are vital to membrane protein stability, structure, dynamics, and 
function. Being able to study membrane proteins in their native lipidic bilayer 
environment has the potential to revolutionize the field of membrane biology, 
and hopefully remedy the vast underrepresentation of membrane protein 
structures in the PDB. With such protein structures, we can further develop 
our fundamental knowledge of biology and explore them as drug targets, 
hence potentially opening the doors to many unique medicinal therapies. The 
copolymers are exceptionally versatile and open up many opportunities for 
a range of biophysical and biochemical assays. The research presented in this 
thesis expands the toolbox of copolymers for the study of membrane proteins. 
It makes the use of SMA and related copolymers more accessible, furthers 
our understanding of environmental factors and copolymer properties for 
the solubilization of membrane proteins, and finally can be applied for the 
rational and targeted design of amphipathic copolymers for the solubilization 
of membrane proteins into native nanodiscs.
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Appendix

Layperson Summary

This chapter is dedicated to the “layperson”, that is a more general audience. 
As such the reader is not expected to have background knowledge or be 
familiar with the specialized jargon. If you are interested in what I have 
been doing for the better part of the last 4+ years, this is for you. Research 
can be a strange and exciting world – don’t panic - I hope to convey the 
spark of curiosity and rewards that such adventures may hold. Indeed, the 
microscopic world is truly fascinating.

Cells are the smallest unit of life. The name cell originates from when 
they were first observed under the microscope and were noted to have a 
resemblance to the small rooms or cells inhabited by monks in a monastery. 
All organisms are made up of cells. Some organisms such as bacteria are 
made up of only a single cell, whereas others such as humans are made up of 
many trillions (1012, that is 1000000000000) of cells. The cell’s outer boundary 
is defined by the cell membrane, a kind of envelope or wrapping, comparable 
to how our bodies are delimited by our skin. Both the skin of our body 
and cell membrane form a barrier to the outside world. The membrane is 
composed of lipids and proteins. Lipids are small fatty-like molecules. Fatty 
molecules such as beeswax or coconut oil do not dissolve in water; they are 
hydrophobic (water-fearing). For example, if you combine olive oil and water 
they do not mix but rather form two separate layers or phases. Compounds 
like salt on the other hand are hydrophilic (water-loving) and dissolve very 
well in water. Lipids are special in that they have hydrophobic tails and 
hydrophilic heads, we call such compounds amphipathic. Because of this 
amphipathic character many lipids combined to form a unique structure in 
watery environments (similar to how one can stack many individual bricks to 
form a larger structure such as a wall), they organize themselves in a bilayer, 
that is a two molecule thick layer. Within the bilayer, the fatty lipid tails 
orientate themselves toward each other creating a hydrophobic core, and the 
hydrophilic headgroups orientate such that they face the water on both sides 
of the bilayer (please see Figure 1). The other essential components of the 
membrane are proteins, specifically membrane proteins. They reside within 
the lipid-bilayer environment of the cell membrane.
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These membrane proteins are vital to life as they perform a wide range of 
essential functions. They act as transporters, channels, enzymes, motors, 
receptors, sensors, etc. To give some specific examples, membrane proteins 
are responsible for the transport of ions/salts (e.g., sodium, potassium, 
chloride, magnesium, calcium) and protons (hydrogen ions, H+) across the 
membrane, thereby allowing the rhythmic beating of a heart, the transport 
of information in the form of an action potential down a neuron (brain 
activity), as well as the production of ATP (that is the biological currency of 
energy, and you produce approximately your body’s weight in ATP everyday). 
Membrane proteins also transport essential nutrients and building blocks (i.e., 
sugars, amino acids, and nucleic acids) into cells, as well as drugs or toxins 
into and out of the cell. As receptors and sensors, membrane proteins allow 
communication as they transmit signals between and within cells. Indeed, all 
our senses require the working of one or more dedicated membrane proteins. 
Furthermore, membrane proteins can act as enzymes which facilitate the 
chemical conversion of substances. Finally, they are a major component of 
the immune system.

Considering all these functions of membrane proteins, it is clear that they 
are fundamental to the biology of life. It is therefore not surprising that 
membrane proteins are also medically important. More than half of all drugs 
on the market target membrane proteins. That is they selectively bind to 
specific proteins like a key fitting into a lock. This binding changes the shape 
or structure of the protein slightly resulting in a change in the function 
of that protein. Structure and function are inextricably linked.  Just as the 
precise structure of the drug (key) determines whether or not it will fit 
the protein (lock), ultimately the structure of the protein will dictate its 
function. Therefore, it is extremely useful to know the structure of a protein. 
If we know the structure of a protein, we can get a better understanding of 
its function and with this rationally develop drugs to bind to it and block, 
enhance, alter, or fine-tune its function. We have discovered the structure 
of many proteins, however, of these known structures, only around 5% are 
membrane proteins. This is despite the fact that about a third of our genetic 

Figure 1. Illustration showing the lipid bilayer structure. The membrane is composed of lipid 
molecules (light grey) and membrane proteins (dark blue). Figure created with BioRender.com.
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material (DNA) encodes for membrane proteins. This discrepancy is due to 
the difficulties involved in studying membrane proteins. 

Imagine wanting to study the behaviour of a plant in the wild. To bring it to 
the laboratory it would need to be pulled out of the ground. However, once 
the plant has been removed, it can not take up nutrients or water, it will wilt, 
lose its structure and will not survive long enough to study its behaviour. It is 
possible to wrap the plant’s roots up in some wet newspaper, but in the end, 
it is a poor mimic of its native environment. In this analogy, the plant is the 
membrane protein, and the natural soil environment is the lipid membrane. 
Generally, to study membrane proteins they are isolated and dissolved in 
water. This is traditionally done using detergents (soap). Like lipids, detergents 
are also amphipathic (=both hydrophilic heads and hydrophobic tails). Just 
like detergents used in the kitchen make it easier to clean greasy pans and 
pots by dissolving the fats, the detergents used in the lab will remove and 
replace the lipids surrounding the membrane proteins. Unlike lipids that 
form a flat two-dimensional bilayer structure, the detergent molecules 
form more spherical ball-like shapes. In the artificial environment of the 
detergent molecules, the membrane proteins are unstable, they tend to lose 
their structure and function, eventually aggregating, which is an irreversible 
process that renders the protein useless. This is the same principle that occurs 
when one boils an egg and the proteins fall out of solution and solidify, 
obviously undesirable when one intends to study the natural biological shape 
and function of a protein as it would be in vivo (meaning within a living 
organism). For our plant, it is possible to put it into a pot of soil, which 
would encourage it to behave more like a wild plant, but it is still a controlled 
and artificial model environment. Similarly, the membrane proteins can be 
transferred from the detergents back into a model lipid membrane. However, 
this process always requires the detergent step (exposed roots or ‘wet 
newspaper’ for the plant) risking the loss of structure or protein aggregation, 
and the native interactions between the original lipid molecules and other 
membrane proteins are lost. Similarly, for our plant, the pot of soil in the 
lab will not have the same nutrients, bacteria, fungi, insects, and companion 
plants like the native soil where the plant came from. The big step towards 
a solution of the problem is to remove the plant together with its native soil 
directly in a pot from the start at the point of origin: this principle is exactly 
what is done using the polymers described in this book. In this admittedly 
farfetched analogy, the polymers act as the spade and plant pot, removing the 
plant (membrane protein) together with the native soil (biological membrane 
lipids) and stabilizing the whole system to hold it together. Of course, this 
method is not perfect as it is still an artificial environment, thinking in the 
plant analogy, although containing the native soil the plant in the lab will not 
be exposed to the exact conditions as it would in the wild. This method does 
however have the advantage of being completely detergent-free (no exposed 
roots or wet newspaper) and represents a step in the right direction. This 
technique, or ‘solubilization solution’, is a very useful tool to scientists.

The action of the polymers on membranes can also be envisaged as a kind of 
molecular cookie-cutter. Just as a cookie-cutter cuts out cookies from dough, 
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the polymers cut out fragments from the membrane. These “molecular 
cookies” are referred to as native nanodiscs. Nano due to their small size of 
approximately 10 nanometers in diameter (roughly 10000 times smaller 
than the width of a human hair; 1 nanometer = 10-9 or 0.000000001 meter), 
disc due to their circular disc-like shape, and native because in addition to 
the embedded membrane protein they also contain the native lipids from 
the membrane. The protein remains in its membrane structure where it is 
surrounded by a ring of lipids. The entire disc is wrapped by a ring or belt of 
polymer molecules which stabilizes the particle and ensures that it remains 
water-soluble (please see Figure 2). The method is completely detergent-free 
and has major advantages due to this. The protein is in a native-like lipidic 
membrane environment and thus it retains a high degree of stability and is 
more likely to preserve its natural structure and function.

Polymers are large molecules, or macromolecules made up of many repeating 
units. Similar to how a chain is composed of many links. The repeating units 
(links) or building blocks are known as monomers. There are many biological 
polymers, or biomacromolecules: DNA/RNA that is made up of nucleotide 
monomers; starch or cellulose that is comprised of sugar monomers; and 
proteins like collagen or keratin (hair and nails) which are made up of amino 
acids. There are also many synthetic polymers, for example, polystyrene 
which is made up of styrene monomers. Many plastics are comprised of 
polystyrene, such as Styrofoam®, and they are not water-soluble. The synthetic 
polymers used for membrane protein solubilization into native nanodiscs 
are known as poly(styrene-maleic acid) (SMA) polymers and are made up of 
styrene (hydrophobic) and maleic acid (hydrophilic) monomers, as such they 
have an amphipathic character. The maleic acid units that form the polymer 
ensure that it can be dissolved in water, and the styrene units are responsible 
for the interaction of the polymer with the fatty tails of the lipids in the cell 

Figure 2. Illustration showing the solubilization of membrane proteins by SMA polymers into 
native nanodiscs. The lipids are shown in green, proteins are red and blue, and the polymer 
molecules in orange. Also shown is a magnified view of the polymer with its chemical structure 
composed of styrene (hydrophobic, red) and maleic acid (hydrophilic, blue).
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membrane. Chapter I of this thesis is a general introduction to the subject 
and gives detailed background information on membranes, lipids, membrane 
proteins, and polymers.

The polymers are initially synthesized as poly(styrene-maleic anhydride) 
(SMAnh). SMAnh is not water-soluble and therefore first needs to be activated 
by reacting it with a watery solution of sodium hydroxide (commonly 
used as drain cleaner), to form SMA. This chemical reaction is traditionally 
performed using specialized chemical equipment which are not available 
in many laboratories. In Chapter II (please see Figure 3) a simple method 
is described where the hydrolysis reaction can conveniently be performed 
in an autoclave (pressure cooker). This equipment is commonly found in 
biochemical laboratories. This simple approach makes the SMA polymers 
more accessible. Furthermore, the study investigated various aspects of the 
reaction to come up with a recommended standard procedure for making 
SMA polymers that are capable of solubilizing membranes. 

One technique used to investigate the solubilization process is a turbidity assay. 
Cells, membrane fragments, and liposomes are all relatively large structures 
and therefore they scatter visible light and the suspension appears opaque 
or turbid (like milk or muddy water). Once the membranes are solubilized 
into nanodiscs, they form smaller structures (smaller than the wavelength 
of light) that do not scatter the light and result in a transparent solution 
(like pure water). Therefore it is possible to follow the solubilization process 
by looking at how the solution becomes clearer over time. Such a turbidity 
assay can be performed to look at the influence of environmental factors or 

Figure 3. Illustration giving an overview of the experimental research chapters presented in this 
thesis. II) Hydrolysis reaction of SMAnh into SMA using an autoclave (pressure cooker). III) 
Influence of environmental factors (i.e., temperature, salt, amount of polymer, pH) on the process of 
membrane protein solubilization by SMA polymers. IV) Synthesis and investigation of SMA(2:1) 
polymers of different lengths. Styrene shown as red balls and maleic acid as blue balls. V) Synthesis 
and evaluation of a library of SMA polymer derivatives or analogues, depicted as different sizes, 
shades, shapes, and colours of red styrene units. Figure created with BioRender.com.
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different polymers on the solubilization process.

In Chapter III (please see Figure 3) we investigated how various environmental 
factors affect how well SMA polymers can solubilize membrane proteins. 
For this, E. coli bacteria (commonly found in the intestines) were cultured 
and made to produce a specific membrane protein (named KcsA) in high 
abundance. KcsA is a potassium ion (K+) channel. We found that during the 
solubilization process a higher amount of polymer, longer incubation times, 
or higher temperatures all increased the amount of protein solubilized. It 
was also observed that salt is required for the solubilization, however, there 
was an optimal concentration and too much salt resulted in a decrease in 
solubilization. All of these findings agreed well with what was previously 
described in the literature for the solubilization of lipid-only model membranes 
(liposomes), i.e., cell-like vesicular structures with a lipid membrane that do 
not contain proteins. There was however a discrepancy observed between 
the biological membranes and model membranes for the optimal pH for 
solubilization. Previously for lipid-only systems, it was seen that a lower 
pH value (i.e. more neutral/acidic environment) increased solubilization, 
whereas for the biological membrane the reverse was true, namely that a 
higher pH (i.e. more alkaline environment) favoured solubilization. This was 
further confirmed using model membranes of different lipid compositions 
and biological membranes derived from other organisms, as well as using 
complementary techniques. It was concluded that the disparate behaviour is 
due to the presence of membrane proteins and we hypothesize that it has to 
do with electrostatic interactions between the polymer and the proteins. pH 
influences the charges of the proteins. Proteins will have a positive charge at 
low (acidic) pH and as the pH increases they will reach a point where they 
have an equal number of positive and negative charges thereby being net-
neutral, finally, at high (alkaline) pH, they will become negatively charged. 
The polymers have negative charges. Therefore, at low pH, the polymer is 
attracted to the proteins (because they have opposite charges), whereas at 
higher pH the polymer is repelled by the proteins (as they have the same 
charge) and therefore the polymer becomes available to interact with the 
lipids of the membrane allowing solubilization.

As mentioned above, the SMA polymers are made up of styrene and maleic 
acid monomers. These do not have to necessarily be present in equal amounts, 
and it is possible to have different ratios of these monomers. With an equal 
ratio (1:1) of the monomers, the polymer is generally not good at solubilizing 
membranes. Of the commercial products, the most effective polymer for 
solubilization is SMA (2:1), which has two styrenes for every unit of maleic 
acid. One would imagine that this means the polymer is made up of a repeating 
chain of two styrenes followed by a maleic acid (S-S-M-S-S-M-…). However, 
the sequence of monomers that form the chain is not homogenous (i.e. the 
same) throughout the entire length of the polymer. There will be parts of the 
polymer with alternating monomers (S-M-S-M-S-M-S-..), but there will also 
be long stretches of polystyrene (S-S-S-S-S-S-..). Therefore, SMA (2:1) refers 
to the fact that, on average, there are twice as many styrenes in the sequence 
than maleic acids. So the polymers are made up of a random sequence of the 
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monomers and we say that the chemical composition is heterogeneous (i.e. 
not the same). Furthermore, the polymers are also heterogeneous in their 
length. That is, even within a single batch the different polymer molecules 
will not have a similar number of monomers and therefore neither will they 
have the same polymer size. Thus when talking about polymer length we 
refer to the average size. Commercially the polymers are available in different 
average sizes. Previous studies have found that relatively small polymers are 
the most effective at solubilization.

In Chapter IV (please see Figure 3) a new method is described to prepare 
SMA polymers that are more homogenous. The procedure involves a 
labour-intensive iterative (i.e. repetitive) process during the synthesis that 
theoretically would make it possible to improve the chemical composition 
to make well-defined 2:1 SMA polymers. Furthermore, by using a specific 
type of polymerization reaction, known as RAFT, the polymers have much 
less heterogeneity in their size, that is they are of a similar length. In RAFT 
polymerization an additive (extra ingredient) is used which makes for a much 
more controlled reaction. With this iterative RAFT polymerization technique, 
SMA (2:1) polymers of different and well-defined sizes were prepared. These 
were tested in a turbidity assay and it was found that even smaller polymer 
sizes are better at membrane solubilization. On the other hand, nanodiscs 
made from larger polymers tend to be more stable. Interestingly, polymer 
size does not affect the size of the nanodiscs. Although the polymers prepared 
were better-defined compared to the commercial variants they still had some 
heterogeneity in their chemical composition as well as size. Nonetheless, the 
polymers serve as useful tools to investigate the role of polymer length on 
the process of solubilization and the properties of the resulting nanodiscs.

Chapter V (please see Figure 3) describes the preparation and testing of a new 
library of polymers. The polymers were prepared by RAFT polymerization 
with an equal (1:1) ratio of monomers, thereby obtaining well-defined 
polymers. The polymers are based on the general structure of SMA but then 
prepared with variations in the precise chemical structure by adding (a group 
of ) atoms in different places. These analogues or derivates allow for insights 
into relevant polymer properties for the solubilization of membranes. It was 
found that the polymers require a high degree of hydrophobicity, however, 
they should not be too hydrophobic. Furthermore, the precise positioning 
and nature of the substituents are pivotal. The rigidity (stiffness or flexibility) 
of the monomer and polymer backbone is important. Furthermore, many 
proteins require calcium or magnesium for their stability and/or normal 
funcitoning. Unfortunately, SMA has the tendency to aggregate in the 
presence of these elements, which makes it inactive. Interestingly, a 
specific chemical alteration known as alpha-methylation (i.e. essentially an 
attachment of an extra carbon atom to the polymer backbone) results in much 
higher stability of the polymers in the presence of calcium or magnesium. 
Remarkably, halogenation, that is the introduction of a halogen atom (e.g., 
chlorine, bromine, or iodine: Group 17 in the periodic table) to the polymer 
dramatically improved solubilization efficacy. Overall the library expands 
the toolbox for the study of membrane proteins. That is, it introduces new 
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polymers that are highly efficient solubilizers as well as more stable polymers. 
Additionally, through systematic investigation, the gained insights contribute 
to the rational and targeted design of polymers.

The findings of the thesis are summarised and discussed in a broader context 
in Chapter VI. This chapter explores the current frontiers and gives an 
outlook on potential perspectives in the field of polymers for the study of 
membrane proteins. 

In conclusion, the work in this thesis expands the polymer toolbox and 
advances our understanding of the relevant environmental factors as well as 
polymer properties for the solubilization of membrane proteins. In general, 
the use of polymers such as SMA for the isolation and solubilization of 
membrane proteins into native nanodiscs is a versatile technique that holds 
great promise and indeed has the potential to revolutionize (‘solubilization 
solution’) the study of membrane proteins.
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Dit hoofdstuk is gewijd aan de “leken”, dat is een meer algemeen publiek. 
Van de lezer wordt dan ook niet verwacht dat hij achtergrondkennis heeft of 
bekend is met het vakjargon. Als je geïnteresseerd bent in wat ik de afgelopen 
4+ jaar heb gedaan, dan is dit iets voor jou. Onderzoek kan een vreemde en 
opwindende wereld zijn - geen paniek - ik hoop de vonk van nieuwsgierigheid 
over te brengen die dergelijke avonturen met zich mee kunnen brengen. De 
microscopische wereld is echt fascinerend.

Cellen zijn de kleinste eenheid van leven. De naam cel stamt uit de tijd dat 
ze voor het eerst onder de microscoop werden waargenomen en waarvan 
werd vastgesteld dat ze gelijkenis vertoonden met de kleine kamers of cellen 
die door monniken in een klooster werden bewoond. Alle organismen 
zijn opgebouwd uit cellen. Sommige organismen, zoals bacteriën, bestaan   
uit slechts één enkele cel, terwijl andere, zoals mensen, uit vele biljoenen 
(1012, dat is 1000000000000) cellen. De buitengrens van de cel bestaat uit 
het celmembraan, een soort omhulsel, vergelijkbaar met hoe ons lichaam 
wordt begrensd door onze huid. Zowel de huid van ons lichaam als het 
celmembraan vormen een barrière naar de buitenwereld. Het membraan is 
samengesteld uit lipiden en eiwitten. Lipiden zijn kleine vetachtige moleculen. 
Vetmoleculen zoals bijenwas of kokosolie lossen niet op in water; ze zijn 
hydrofoob (watervrezend). Als je bijvoorbeeld olijfolie en water combineert, 
vermengen ze zich niet, maar vormen ze eerder twee afzonderlijke lagen of 
fasen. Verbindingen zoals zout daarentegen zijn hydrofiel (waterminnend) 
en lossen heel goed op in water. Lipiden zijn speciaal omdat ze hydrofobe 
staarten en hydrofiele koppen hebben, we noemen dergelijke verbindingen 
amfipathisch. Vanwege dit amfipathische karakter vormt de combinate van 
veel lipiden een   unieke structuur in een waterige omgevingen (vergelijkbaar 
met hoe men veel individuele stenen kan stapelen om een   grotere structuur 
zoals een muur te vormen). De lipiden organiseren zichzelf in een dubbellaag, 
dat is een twee-molecuul dikke laag. Binnen de dubbellaag oriënteren de vette 
lipidestaarten zich naar elkaar toe, waardoor een hydrofobe kern ontstaat, en 
de hydrofiele kopgroepen oriënteren zich zodanig dat ze aan beide zijden van 
de dubbellaag naar het water zijn gericht (zie Figuur 1). De andere essentiële 
componenten van het membraan zijn eiwitten, met name membraaneiwitten. 
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Deze membraaneiwitten zijn van levensbelang omdat ze een breed scala aan 
essentiële functies vervullen. Ze fungeren als transporters, kanalen, enzymen, 
motoren, receptoren, sensoren, enz. Om enkele specifieke voorbeelden te 
geven, membraaneiwitten zijn verantwoordelijk voor het transport van 
ionen/zouten (bijv. natrium, kalium, chloride, magnesium, calcium) en 
protonen (waterstofionen, H+) door het membraan. Dit is belangrijk voor 
het ritmische kloppen van het hart, het transport van informatie in de vorm 
van een actiepotentiaal door een neuron (hersenactiviteit) en de productie 
van ATP (dat is de biologische valuta van energie: je produceert elke dag 
ongeveer je lichaamsgewicht in ATP). Membraaneiwitten transporteren 
ook essentiële voedingsstoffen en bouwstenen (d.w.z. suikers, aminozuren 
en nucleïnezuren) naar cellen, evenals medicijnen of toxines in en uit de 
cel. Membraaneiwitten zoals receptoren en sensoren maken communicatie 
mogelijk omdat ze signalen tussen en binnen cellen overbrengen. Al onze 
zintuigen vereisen de werking van één of meer speciale membraaneiwitten. 
Verder kunnen membraaneiwitten fungeren als enzymen die de chemische 
omzetting van stoffen bewerkstelligen. Ten slotte zijn ze een belangrijk 
onderdeel van het immuunsysteem.

Gezien al deze functies van membraaneiwitten, is het duidelijk dat ze 
fundamenteel zijn voor de biologie van het leven. Het is dan ook niet 
verwonderlijk dat membraaneiwitten ook medisch van belang zijn. Meer dan de 
helft van alle geneesmiddelen op de markt zijn gericht op membraaneiwitten. 
Dat wil zeggen dat ze selectief binden aan specifieke eiwitten net als een 
sleutel die in een slot past. Deze binding verandert de vorm of structuur 
van het eiwit enigszins, wat leidt tot een verandering in de functie van dat 
eiwit. De structuur en functie van eiwitten zijn onlosmakelijk met elkaar 
verbonden. Net zoals de precieze structuur van het medicijn (sleutel) bepaalt 
of het wel of niet in het eiwit (slot) past, zal uiteindelijk de structuur van het 
eiwit zijn functie bepalen. Daarom is het uiterst nuttig om de structuur van 
een eiwit te kennen. Als we de structuur van een eiwit kennen, kunnen we de 
functie ervan beter begrijpen en medicijnen ontwikkelen om eraan te binden 
en de functie ervan te blokkeren, verhogen, veranderen of verfijnen. Van 

Figuur 1. Illustratie die de structuur van de lipide dubbellaag toont. Het membraan is samengesteld 
uit lipidemoleculen (lichtgrijs) en membraaneiwitten (donkerblauw). Figuur gemaakt met 
BioRender.com.
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veel eiwitten is de structuur bekend, maar van deze structuren zijn slechts 
ongeveer 5% membraaneiwitten. Dit ondanks het feit dat ongeveer één derde 
van ons genetisch materiaal (DNA) codeert voor membraaneiwitten. Deze 
tegenstrijdigheid is te wijten aan het feit dat het heel moeilijk is om de 
structuur van membraaneiwitten te bestuderen.

Stel je voor dat je het gedrag van een plant in het wild wilt bestuderen. 
Om het naar het laboratorium te brengen, zou het uit de grond moeten 
worden getrokken. Als de plant eenmaal uit de grond is gehaald kan de plant 
geen voedingsstoffen of water opnemen, zal hij verwelken, zijn structuur 
verliezen en zal hij niet lang genoeg overleven om zijn gedrag te kunnen 
bestuderen. Het is mogelijk om de wortels van de plant in een natte krant 
te wikkelen, maar uiteindelijk is het een slechte nabootsing van zijn 
oorspronkelijke omgeving. In deze analogie is de plant het membraaneiwit en 
de natuurlijke bodemomgeving het lipidemembraan. Om membraaneiwitten 
te bestuderen, worden ze over het algemeen geïsoleerd en opgelost in water. 
Dit gebeurt normaliter met detergens (zeep). Net als lipiden zijn detergentia 
ook amfipathisch (d.w.z. ze hebben zowel hydrofiele koppen als hydrofobe 
staarten). Net zoals wasmiddelen die in de keuken worden gebruikt om 
het gemakkelijker te maken om vette pannen en potten schoon te maken 
door de vetten op te lossen, zullen de detergentia die in het laboratorium 
worden gebruikt de lipiden die de membraaneiwitten omringen verwijderen 
en vervangen. In tegenstelling tot lipiden die een platte tweedimensionale 
dubbellaagse structuur maken, vormen de detergensmoleculen bolachtige 
structuren. In de kunstmatige omgeving van de detergensmoleculen zijn de 
membraaneiwitten instabiel en ze hebben de neiging hun structuur en functie 
te verliezen en uiteindelijk te aggregeren, wat een onomkeerbaar proces 
is dat het eiwit onbruikbaar maakt. Dit is hetzelfde principe dat optreedt 
wanneer men een ei kookt en de eiwitten stollen, wat uiteraard ongewenst 
wanneer men van plan is de natuurlijke biologische vorm en functie van 
een eiwit te bestuderen zoals het in vivo zou zijn (d.w.z. binnen een levend 
organisme). Voor onze plant is het mogelijk om hem in een pot aarde te 
zetten, waardoor hij zich meer als een wilde plant zal gedragen, maar het is 
nog steeds een gecontroleerde en kunstmatige modelomgeving. Op dezelfde 
manier kunnen de membraaneiwitten na oplossing in detergentia terug naar 
een model lipidemembraan worden overgebracht. Dit proces vereist echter 
nog steeds de stap met detergentia (blootgestelde wortels of ‘natte krant’ voor 
de plant) met het risico op verlies van structuur of eiwitaggregatie, en de 
natuurlijke interacties tussen de oorspronkelijke lipidemoleculen en andere 
membraaneiwitten gaan verloren. Evenzo zal voor onze plant de pot aarde 
in het laboratorium niet dezelfde voedingsstoffen, bacteriën, schimmels, 
insecten en andere planten bevatten als de oorspronkelijke grond waar de 
plant vandaan kwam. Een grote stap naar een oplossing voor het probleem is 
om de plant samen met een stukje grond direct in een pot te verplaatsen: dit 
principe is precies wat wordt gedaan met de polymeren die in dit boek worden 
beschreven. In deze weliswaar vergezochte analogie, fungeren de polymeren 
als de schop en de plantenpot, ze verwijderen de plant (membraaneiwit) 
samen met de grond (biologische membraanlipiden) en stabiliseren het hele 
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systeem om het bij elkaar te houden. Natuurlijk is deze methode niet perfect, 
omdat het nog steeds een kunstmatige omgeving is. Denk aan de analogie 
van de plant: hoewel de plant in het laboratorium de oorspronkelijke bodem 
bevat wordt het nog steeds niet blootgesteld aan de exacte omstandigheden 
zoals in het wild. Deze methode heeft echter het voordeel dat het volledig 
onafhankelijk is van detergentia (geen blootliggende wortels of natte krant). 
Deze techniek, ook genaamd de ‘solubilisatie-oplossing’, is een zeer nuttig 
hulpmiddel voor wetenschappers.

De werking van de polymeren op membranen kan ook worden gezien als 
een soort moleculaire ’cookie cutter’. Net zoals een ‘cookie cutter’ koekjes 
uit deeg snijdt, snijden de polymeren fragmenten uit het membraan. Deze 
‘moleculaire koekjes’ worden native nanodiscs genoemd. Nano vanwege hun 
kleine formaat van ongeveer 10 nanometer in diameter (ongeveer 10000 
keer kleiner dan de breedte van een mensenhaar; 1 nanometer = 10-9 of 
0,000000001 meter), disc (=schijf in het Engels) vanwege hun cirkelvormige 
schijfachtige vorm en native (=natief in het Engels) omdat ze naast het 
membraaneiwit ook de natuulijke lipiden bevatten. Het eiwit blijft in zijn 
natuurlijke membraanstructuur waar het wordt omgeven door een ring van 
lipiden. De hele schijf is omwikkeld met een ring van polymeermoleculen 
die het deeltje stabiliseren en ervoor zorgen dat het in water oplosbaar blijft 
(zie Figuur 2). Het eiwit bevindt zich in een natuurlijke membraanomgeving 
en behoudt dus een hoge mate van stabiliteit wat het waarschijnlijker maakt 
dat het zijn natuurlijke structuur en functie behoudt.

Polymeren zijn grote moleculen, ofwel macromoleculen die uit vele herhalende 
eenheden bestaan, vergelijkbaar met hoe een ketting is samengesteld uit 
vele schakels. De herhalende eenheden (schakels) of bouwstenen noemen 
we monomeren. Er zijn veel biologische polymeren, of biomacromoleculen: 
DNA/RNA dat is opgebouwd uit nucleotidemonomeren; zetmeel of 

Figuur 2. Illustratie die de solubilisatie (oplossing) van membraaneiwitten door SMA-polymeren 
in 'native nanodiscs' laat zien. De lipiden zijn groen weergegeven, eiwitten zijn rood en blauw en 
de polymeermoleculen oranje. Ook wordt een vergroot beeld getoond van het polymeer met zijn 
chemische structuur bestaande uit styreen (hydrofoob, rood) en maleïnezuur (hydrofiel, blauw).
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cellulose dat bestaat uit suikermonomeren; en eiwitten zoals collageen of 
keratine (haar en nagels) die zijn opgebouwd uit aminozuren. Er zijn ook 
veel synthetische polymeren, bijvoorbeeld polystyreen dat is opgebouwd 
uit styreenmonomeren. Veel kunststoffen bestaan   uit polystyreen, zoals 
piepschuim (Styrofoam®), en zijn niet oplosbaar in water. De synthetische 
polymeren die worden gebruikt voor het oplossen van membraaneiwitten in 
natieve nanodiscs staan   bekend als poly(styreen-maleïnezuur) (SMA, =styrene 
maleic acid in het Engels) polymeren en bestaan   uit styreen (hydrofoob) en 
maleïnezuur (hydrofiele) monomeren. Ze hebben een amfipathisch karakter; 
de maleïnezuureenheden die het polymeer vormen zorgen ervoor dat het in 
water kan worden opgelost, en de styreeneenheden zijn verantwoordelijk 
voor de interactie van het polymeer met de vetstaarten van de lipiden in het 
celmembraan. Hoofdstuk I van dit proefschrift is een algemene inleiding 
tot het onderwerp en geeft gedetailleerde achtergrondinformatie over 
membranen, lipiden, membraaneiwitten en polymeren.

De polymeren worden aanvankelijk gesynthetiseerd als poly(styreen-
maleïnezuuranhydride) (SMAnh). SMAnh is niet oplosbaar in water en moet 
daarom eerst worden geactiveerd door het te laten reageren met een waterige 
oplossing van natriumhydroxide (vaak gebruikt als ontstopper), om SMA te 
vormen. Deze chemische reactie wordt normaliter uitgevoerd met behulp van 
gespecialiseerde chemische apparaten die in veel laboratoria niet beschikbaar 
zijn. In Hoofdstuk II (zie Figuur 3) wordt een eenvoudige methode beschreven 
waarbij de hydrolysereactie gemakkelijk in een autoclaaf (snelkookpan) kan 
worden uitgevoerd. Dit apparaat is vaak aanwezig in biochemische laboratoria. 
Deze eenvoudige methode maakt de SMA-polymeren toegankelijker. Verder 
zijn er in dit hoofdstuk verschillende aspecten van de reactie onderzocht om 
tot een aanbevolen standaardprocedure te komen voor het maken van SMA-
polymeren die membranen kunnen oplossen.

Eén van de technieken die worden gebruikt om het solubilisatieproces te 
onderzoeken, is een troebelheidstest. Cellen, membraanfragmenten en 
liposomen zijn allemaal relatief grote structuren en daarom verstrooien ze 
licht en lijkt de suspensie ondoorzichtig of troebel (zoals melk of modderig 
water). Zodra de membranen zijn opgelost in nanodiscs, vormen ze kleinere 
structuren (kleiner dan de golflengte van zichtbaar licht) die het licht niet 
verstrooien. Dit leidt tot een transparante oplossing (zoals zuiver water). 
Hierdoor is het mogelijk om het oplossingsproces te volgen door te kijken 
hoe de oplossing in de loop van de tijd helderder wordt. Een dergelijke 
troebelheidstest kan worden uitgevoerd om te kijken naar de invloed van 
omgevingsfactoren of verschillende polymeren op het solubilisatieproces.
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In Hoofdstuk III (zie a.u.b. Figuur 3) hebben we onderzocht hoe verschillende 
omgevingsfactoren van invloed zijn op hoe goed SMA-polymeren 
membraaneiwitten kunnen oplossen. Hiervoor werden E. coli-bacteriën 
(vaak aangetroffen in de darmen) gekweekt die een   specifiek membraaneiwit 
(genaamd KcsA) in grote hoeveelheden produceren. KcsA is een kaliumion 
(K+) kanaal. We ontdekten dat tijdens het oplossingsproces een grotere 
hoeveelheid polymeer, langere incubatietijden of hogere temperaturen 
allemaal de hoeveelheid opgelost eiwit verhoogden. We zagen ook dat zout 
nodig is voor de oplossing, echter er was een optimale concentratie en te 
veel zout resulteerde in een afname van de oplossing. Al deze bevindingen 
kwamen goed overeen met wat eerder in de literatuur was beschreven voor de 
solubilisatie van eiwitvrije modelmembranen (liposomen), d.w.z. celachtige 
blaasvormige structuren. Er was echter een verschil tussen de biologische 
membranen en de modelmembranen t.o.v. de optimale pH voor solubilisatie. 
Eerder werd voor systemen met alleen lipiden gezien dat een lagere pH-
waarde (d.w.z. een meer neutrale/zure omgeving) de solubilisatie verhoogde, 
terwijl voor het biologische membraan het omgekeerde waar was, namelijk 
dat een hogere pH (d.w.z. een meer alkalische omgeving) solubilisatie 
bevorderde. Dit werd verder bevestigd met behulp van modelmembranen 
met verschillende lipidesamenstellingen en biologische membranen 
afgeleid van andere organismen, evenals met behulp van complementaire 
technieken. Er werd geconcludeerd dat het verschillende gedrag te wijten 
is aan de aanwezigheid van membraaneiwitten en we veronderstellen dat 
het te maken heeft met elektrostatische interacties tussen het polymeer en 

Figuur 3. Illustratie van de experimentele onderzoekshoofdstukken die in dit proefschrift 
worden gepresenteerd. II) Hydrolysereactie van SMAnh in SMA met behulp van een autoclaaf 
(snelkookpan). III) Invloed van omgevingsfactoren (d.w.z. temperatuur, zout, hoeveelheid 
polymeer, pH (zuurtegraad)) op het proces van oplossen (solubilisatie) van membraaneiwitten 
door SMA-polymeren. IV) Synthese en onderzoek van SMA (2:1) polymeren van verschillende 
lengtes. Styreen wordt weergegeven als rode ballen en maleïnezuur wordt weergegeven als blauwe 
ballen V) Synthese en evaluatie van een reeks van SMA-polymeerderivaten of -analogen, afgebeeld 
als verschillende maten, tinten, vormen en kleuren van rode styreeneenheden. Figuur gemaakt met 
BioRender.com.
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de eiwitten. pH beïnvloedt de lading van de eiwitten. Eiwitten zullen een 
positieve lading hebben bij een lage (zuur) pH en naarmate de pH stijgt, 
zullen ze een punt bereiken waarop ze een gelijk aantal positieve en negatieve 
ladingen hebben, waardoor ze net-neutraal zijn, en uiteindelijk zullen ze bij 
een hoge pH negatief geladen worden. Het polymeer heeft negatieve ladingen. 
Het polymeer wordt bij lage pH aangetrokken door de eiwitten (omdat ze 
tegengestelde ladingen hebben), terwijl bij hogere pH het polymeer wordt 
afgestoten door de eiwitten (omdat ze dezelfde lading hebben). In het laatste 
geval wordt het polymeer beschikbaar voor interactie met de lipiden van het 
membraan zodat solubilisatie mogelijk wordt.

Zoals hierboven vermeld, zijn de SMA-polymeren samengesteld uit 
styreen- en maleïnezuurmonomeren. Deze hoeven niet noodzakelijk in 
gelijke hoeveelheden aanwezig te zijn en het is mogelijk om verschillende 
verhoudingen van deze monomeren te hebben. Bij een gelijke verhouding 
(1:1) van de monomeren is het polymeer over het algemeen niet goed in 
het oplossen van membranen. Van de commerciële producten is het meest 
effectieve polymeer voor solubilisatie SMA (2:1), dat twee styrenen heeft voor 
elke eenheid maleïnezuur. Je zou je kunnen voorstellen dat dit betekent dat 
het polymeer bestaat uit een zich herhalende keten van twee styrenen gevolgd 
door een maleïnezuur (S-S-M-S-S-M-…). De volgorde van de monomeren 
die de keten vormen is echter niet homogeen (d.w.z. uniform) langs de 
gehele lengte van het polymeer. Er zullen delen van het polymeer zijn met 
afwisselende monomeren (S-M-S-M-S-M-S-..), maar er zijn ook lange stukken 
polystyreen aanwezig (S-S-S-S-S-S-..). De naam SMA (2:1) verwijst dus naar 
het feit dat er gemiddeld twee keer zoveel styrenen dan maleïnezuren in 
de keten van het polymeer zitten. Als de polymeren zoals in dit geval zijn 
samengesteld uit een willekeurige volgorde van de monomeren zeggen we 
dat de chemische samenstelling heterogeen is (d.w.z. niet uniform). Verder 
zijn de polymeren ook heterogeen in hun lengte. Dat wil zeggen, zelfs binnen 
dezelfde batch zullen de verschillende polymeermoleculen een ongelijk aantal 
monomeren hebben en daarom niet dezelfde polymeergrootte. Dus als we 
het hebben over polymeerlengte, verwijzen we naar de gemiddelde grootte. 
De polymeren zijn commercieel verkrijgbaar in verschillende gemiddelde 
maten. Eerdere studies hebben aangetoond dat relatief kleine polymeren het 
meest effectief zijn voor het oplossen van membranen.

In Hoofdstuk IV (zie Figuur 3) wordt een nieuwe methode beschreven om 
SMA-polymeren te bereiden die homogener zijn. De methode omvat een 
arbeidsintensief iteratief (d.w.z. repetitief ) proces tijdens de synthese dat 
het theoretisch mogelijk zou maken om de chemische samenstelling te 
kunnen beheersen om goed gedefinieerde 2:1 SMA-polymeren te maken. 
Bovendien hebben de polymeren, door gebruik te maken van een specifiek 
type polymerisatiereactie, bekend als RAFT, veel minder heterogeniteit 
in hun grootte, dat wil zeggen dat ze een vergelijkbare lengte hebben. Bij 
RAFT-polymerisatie wordt een additief (extra ingrediënt) gebruikt dat 
zorgt voor een veel beter gecontroleerde reactie. Met deze iteratieve RAFT-
polymerisatietechniek werden SMA (2:1)-polymeren van verschillende en goed 
omschreven afmetingen bereid. Deze werden getest in een troebelheidstest en 
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er werd ontdekt dat kleinere polymeerafmetingen beter zijn in het oplossen 
van membranen. Aan de andere kant zijn nanodiscs gemaakt van grotere 
polymeren meestal stabieler. Het is interessant dat de polymeergrootte 
geen invloed heeft op de grootte van de nanodiscs. Hoewel de zelfgemaakte 
polymeren beter gedefinieerd zijn dan de commerciële varianten, hebben 
ze nog steeds enige heterogeniteit in hun chemische samenstelling en 
grootte. Desalniettemin dienen de zelfgemaakte polymeren als nuttige 
hulpmiddelen om de rol van polymeerlengte op het oplosbaarheidsproces en 
de eigenschappen van de resulterende nanodiscs te onderzoeken.

Hoofdstuk V (zie Figuur 3) beschrijft de synthese en het testen van een 
nieuwe reeks van polymeren. De polymeren werden gesynthetiseerd door 
RAFT-polymerisatie met een gelijke (1:1) verhouding van monomeren, 
waardoor goed gedefinieerde polymeren werden verkregen. Het ontwerp 
van de polymeren is gebaseerd op de algemene structuur van SMA, maar 
met variaties in de chemische structuur door het toevoegen van (een groep 
van) atomen op verschillende plekken. Deze analogen of derivaten geven 
inzicht in welke polymeereigenschappen belangrijk zijn voor het oplossen 
van membranen. Het is gebleken dat de polymeren een hoge mate van 
hydrofobiciteit vereisen, echter, ze mogen niet te hydrofoob zijn. Verder zijn 
de positie van de toegevoegde atomen en de soort atomen in de monomeren 
van uiterst belang voor de functie van het polymeer wat ze vormen. De 
stijfheid (flexibiliteit) van de monomeer- en polymeer is ook belangrijk. Veel 
eiwitten hebben calcium en magnesium nodig voor hun stabiliteit en/of 
functie. SMA heeft de neiging samen te klonteren als deze stoffen aanwezig 
zijn zodat het niet meer actief is. Een specifieke chemische wijziging die 
bekend staat als alfa-methylering (d.w.z. een aanhechting van een extra 
koolstofatoom aan de polymeerruggengraat) zorgde voor een veel hogere 
stabiliteit van de polymeren in de aanwezigheid van calcium of magnesium. 
Het is ook opmerkelijk dat halogenering, dat wil zeggen de toevoeging van 
een halogeenatoom (bijvoorbeeld chloor, broom of jodium: groep 17 in het 
periodiek systeem) aan het polymeer de efficiëntie van het oplossen van 
membranen drastisch verbeterde. In conclusie, dit hoofdstuk introduceert 
nieuwe polymeren die zowel zeer efficiënte solubilisatoren zijn als stabielere 
polymeren. Daarnaast dragen de verkregen inzichten bij aan het gericht 
ontwerpen van polymeren.

De bevindingen van het proefschrift worden samengevat en besproken in 
een bredere context in Hoofdstuk VI. Dit hoofdstuk verkent de huidige 
grenzen en geeft mogelijke perspectieven in het veld van polymeren voor 
het bestuderen van membraaneiwitten.

Het werk in dit proefschrift breidt de gereedschapskist uit van polymeren die 
membraaneiwitten kunnen solubiliseren en bevordert onze kennis over de 
belangrijkste condities en polymeereigenschappen die daarvoor nodig zijn. 
Polymeren zoals SMA maken het mogelijk om membraaneiwitten samen 
met hun natuurlijke omgeving te isoleren. Deze techniek zou daarom een 
revolutie teweeg kunnen brengen in de studie van membraaneiwitten.
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