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Abstract

There is a growing interest in the use of lipid bilayer nanodiscs for various biochemical and 

biomedical applications. Among the different types of nanodiscs, the unique features of synthetic 

polymer-based nanodiscs have attracted additional interest. A styrene–maleic acid (SMA) 

copolymer demonstrated to form lipid nanodiscs has been used for structural biology related 

studies on membrane proteins. However, the application of SMA polymer based lipid nanodiscs is 

limited because of the strong absorption of the aromatic group interfering with various 

experimental measurements. Thus, there is considerable interest in the development of other 

molecular frameworks for the formation of polymer-based lipid nanodiscs. In this study, we report 

the first synthesis and characterization of a library of polymethacrylate random copolymers as 

alternatives to SMA polymer. In addition, we experimentally demonstrate the ability of these 

polymers to form lipid bilayer nanodiscs through the fragmentation of lipid vesicles by means of 

light scattering, electron microscopy, differential scanning calorimetry, and solution and solid-state 

NMR experiments. We further demonstrate a unique application of the newly developed polymer 

for kinetics and structural characterization of the aggregation of human islet amyloid polypeptide 

(also known as amylin) within the lipid bilayer of the polymer nanodiscs using thioflavin-T-based 

fluorescence and circular dichroism experiments. Our results demonstrate that the reported new 

styrene-free polymers can be used in high-throughput biophysical experiments. Therefore, we 

expect that the new polymer nanodiscs will be valuable in the structural studies of amyloid 

proteins and membrane proteins by various biophysical techniques.
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INTRODUCTION

Near-native cell membrane mimetics are highly important to study the structure and function 

of membrane proteins by a variety of biophysical techniques.1–3 Even though detergents 

have been used in the purification of membrane proteins and also in the form of micelles, 

studies have demonstrated that detergents can destabilize natively folded membrane protein 

structures and the intrinsic curvature of detergent micelles can distort the embedded protein 

structure.4,5 Studies have also reported the use of bicelles to study the structures of a variety 

of membrane proteins, particularly by solution and solid-state NMR techniques and 

crystallography, and also to investigate membrane active peptides such as antimicrobial 

peptides and amyloid proteins/peptides.6,7 However, the presence of detergents in bicelles 

and their diffusion into the planar lipid bilayer region of bicelles are concerns for detergent-

sensitive membrane proteins.8 Therefore, there is a demand for the development of 

detergent-free membrane mimetics for various biophysical and biochemical studies on 

membrane proteins.

Recent studies have shown an increasing interest in the use of lipid bilayer nanodiscs formed 

by membrane scaffold proteins (MSPs), peptides, and synthetic polymers for various 

applications including isolation, purification, and high-resolution structural studies of 

membrane proteins.9–12 MPSs successfully form monodispersed lipid nanodiscs, which can 

incorporate membrane proteins; however, they require a preparation step using a detergent. 

Additionally, signals from MSPs are sometimes difficult to separate from that of a 

reconstituted membrane protein of interest.

Among the various types of nanodiscs reported in the literature, polymer-based nanodiscs 

are inexpensive, easy to produce, and chemically stable and enable detergent-free 

preparation. Therefore, there is considerable interest in the development of nanodisc-

forming novel polymers that can be used to expand the applications of lipid nanodiscs for 

studies in structural biology and bionanotechnology. It is highly desirable to design 

polymers that can form stable nanodiscs and, at the same time, should contain a molecular 

framework to enable the application of various biophysical techniques typically employed in 

the structural studies of membrane proteins. For example, the previously reported styrene/

maleic acid (SMA) copolymers can be used to form lipid bilayer nanodiscs for extraction, 

characterization, and structural studies of reconstituted membrane proteins and also for 

potential drug delivery.13–16 In spite of the rapidly increasing applications, unfortunately, 
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SMA-based polymer nanodiscs pose challenges in the application of some of the most 

commonly used biophysical techniques such as circular dichroism (CD), UV/vis, and 

fluorescence spectroscopy due to the strong absorption of the styrene group of the polymer. 

The interference of the π-interaction of the styrene group with the embedded protein/peptide 

or lipid bilayer is also undesirable. In addition, the composition ratio of the two monomeric 

components of the SMA polymer cannot be varied in a wide range because the 

copolymerization of styrene and maleic acid typically produces an alternating copolymer. 

Recently, nonaromatic diisobutylene/maleic acid polymer has been found to form lipid 

nanodiscs; however, this combination of the monomer also produces alternating copolymer 

that does not allow structural variation.17

In this study, we report a systematic investigation of a library of new styrene-free nanodisc-

forming polymers that are designed by employing a polymethacrylate framework for a 

spontaneous lipid nanodisc formation by solubilization of the lipid membrane. The 

polymethacrylate derivatives have several benefits to design a nanodisc-forming polymer: (a) 

they render an easy control of the synthesis by radical polymerization, (b) they allow for a 

variety of monomers with a variation in the side chains to be employed, and (c) they allow 

for the feasibility of a large-scale production at low cost. Here we report the strategies on the 

design, synthesis, and complete characterization of a library of amphiphilic 

polymethacrylate random copolymers. In addition, the ability to form lipid bilayer nanodiscs 

by these polymers is demonstrated using light scattering, electron microscopy, differential 

scanning calorimetry, and NMR experiments. We further demonstrate a unique application 

of the new polymer nanodiscs to monitor the structural transition of a 37-residue human islet 

amyloid polypeptide (IAPP, also known as amylin) in the course of its aggregation in a lipid 

bilayer environment.

RESULTS AND DISCUSSION

Design and Synthesis of Methacrylate Copolymers

The overall strategy used in the polymer design is to mimic the amphipathic helical structure 

of the natural apolipoprotein that forms a lipid bilayer nanodisc.18 Previous studies have 

shown that a truncated fragment of apolipoprotein and their oligomers can form a nanodisc 

by the interaction with lipids.19–23 Additionally, some amphipathic α-helical peptides have 

been found to form nanodiscs.24,25 These facts suggested that an amphipathic structure of 

these proteins and peptides is essential to form lipid nanodiscs. To mimic the amphiphilic 

nature of such proteins or peptides, we have employed amphiphilic polymethacrylate 

random copolymers consisting of hydrophobic and hydrophilic side chains to design a 

nanodisc-forming polymer. Although their monomer sequence is random, the amphiphilic 

polymethacrylate random copolymer was found to provide an amphiphipathic structure upon 

its interaction with a lipid bilayer.26 The hydrophobic butyl methacrylate and cationic 

methacroylcholine chloride of the resultant polymer are expected to interact with 

hydrophobic acyl chains and anionic phosphate headgroup of lipids, respectively, to enable 

the formation of a lipid nanodisc formation surrounded by the polymer. The copolymers 

were synthesized using the free radical polymerization initiated by azobis(isobutyronitrile) 

(AIBN) as shown in Scheme 1. The molecular weight of a polymer was adjusted by varying 
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the amount of methyl 3-mercaptopropionate used as a chain-transfer agent. The 

hydrophobic/cationic ratio was varied by the feed ratio of two monomers. The resultant 

polymer was simply purified by reprecipitation in diethyl ether, which enabled the complete 

removal of unreacted monomers. The synthesized polymers were analyzed by 1H NMR 

experiments to calculate the fraction of hydrophobic unit (f), the degree of polymerization 

(DP), and the corresponding number-averaged molecular weight (Mn) as described in the 

experimental section. A library of amphiphilic polymethacrylates consisting of 25 polymers 

with a variation in f, DP, and Mn was established as listed in Table 1.

Copolymer-Induced Fragmentation of Lipid Bilayer and Nanodisc Formation

The ability of each synthesized polymer to solubilize lipids was examined by carrying out 

turbidity measurements on large unilamellar vesicles of DMPC (1,2-dimyristoyl-sn-

glycero-3-phosphocholine) prepared by the extrusion method (LUVs of 100 nm in 

diameter). The addition of a polymer to DMPC vesicles resulted in a decrease of the solution 

turbidity in many cases, reflecting polymer-induced fragmentation of vesicles and resulting 

lipid nanodisc formation (Figure 1A). To further examine the effect of polymer 

concentration and hydrophobicity (f) of the polymer on the membrane fragmentation, the 

scattering intensity or turbidity was monitored by varying the polymer:lipid ratio (Figure 

1B). Some polymers with moderate hydrophobicity fraction (f) around 0.3 to 0.6 induced a 

significant decrease in the scattering light intensity with increasing polymer concentration, 

reflecting the fragmentation of the vesicular membrane. On the other hand, the polymers 

with very high and low hydrophobicity (f = 0.85 and 0.24, respectively) were found to be 

ineffective in the solubilization of LUVs. Thus, it was realized that an optimization of the 

amphiphilic balance is important to obtain efficient nanodisc-forming polymers. 

Additionally, the vesicle solubilization was tested to screen the effect of the polymer’s 

molecular weight. Our experimental results suggested that a relatively low molecular weight 

polymer (~3000 g mol−1) was ineffective in the solubilization of LUVs when compared to 

large molecular weight polymers, reflecting that a short polymer cannot cover ~3 nm 

hydrophobic thickness of the lipid bilayer27 (Figure 1C)

Next, we examined the morphology of the polymer–lipid complex by negative-stain 

transmission electron microscopy (TEM). One of the polymers, which effectively solubilized 

the lipid membrane, N–C4–60–4.7, was mixed with DMPC liposome in a polymer:lipid 

molar ratio of 1:8. We observed an oval-shaped assembly with a homogeneous diameter, 

reflecting the lipid bilayer nanodisc formation (Figure 2A). We further used the TEM-based 

experimental observation to evaluate the ability to form lipid bilayer nanodiscs by all other 

synthesized polymers. Our results showed that the vesicular assembly of DMPC lipids was 

maintained in the presence of a relatively hydrophilic polymer (N–C4–24–6.1, Figure 2B), 

reflecting the polymer’s inability to induce fragmentation of DMPC vesicles. On the other 

hand, the addition of a hydrophobic polymer (N–C4–85–6.1) resulted in the formation of 

many small particles, which are likely to be spherical polymer micelles (Figure 2C). The 

molecular weight of the polymer also significantly affected the morphology of the lipid–

polymer assembly. A small molecular weight polymer (N–C4–61–1.7) was found to 

partially disrupt lipid vesicles, as confirmed from the formation of a vesicle/nanodisc 

mixture (Figure 2D). In contrast, a large molecular weight polymer (N–C4–63–14) was 
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found to form a heterogeneous mixture of small particles and large fragments of DMPC lipid 

vesicles (Figure 2E). The effects of the hydrophobic fraction (f) and molecular weight (Mn) 

of the amphiphilic polymethacrylate polymers on the lipid nanodisc formation, based on the 

solubilization assay as well as TEM observation, are summarized in Figure 2F. Based on the 

structure–activity relationship studies by TEM observation, an efficient nanodisc-forming 

polymer can be obtained by optimizing the hydrophobic fraction, f, in the range of 0.4 to 

0.6, and molecular weight ranging from 3.0 to 9.0 kg mol−1 (indicated as orange diamonds 

in Figure 2F).

Characterization of Lipid Nanodiscs Formed with the Copolymer

The size, shape, and homogeneity of the lipid nanodiscs formed using the polymethacrylate 

derivatives were further examined using cryo-TEM experiments. Cryo-TEM observation is a 

powerful technique to visualize the nanometer-sized molecular assembly in water.28 Our 

cryo-TEM experiments confirmed that the 1:8 mixture of the N–C4–60–4.7 polymers with 

DMPC vesicles formed homogeneous nanodiscs (Figure 3A). From the images of edge-on 

nanodiscs, the diameter of each disc was found to be 17 nm. The thickness of the nanodisc 

was estimated to be 5.5 nm, which corresponded to the thickness of a single DMPC lipid 

bilayer. The formation of a discoidal-shaped nanodisc assembly was further confirmed by 

tilting the specimen stage. Upon tilting the sample holder by 20°, a circular feature became 

rod-shaped, revealing the discoid structure of the nanodiscs (Figure 3B).29,30 Results 

obtained from dynamic light scattering (DLS) experiments confirmed that the addition of a 

polymer to DMPC vesicles resulted in a significant decrease in the hydrodynamic diameter 

(Dhy) and the formation of the monodispersed assembly in water (Figure 4A), reflecting that 

the vesicles in the solution were completely solubilized by the polymer to form lipid 

nanodiscs. Additionally, the hydrodynamic diameter of the polymer–lipid assembly was 

systematically examined by changing the lipid:polymer molar ratio (Figure 4B). The Dhy 

significantly dropped when the [lipid]/[polymer] was <16. This transition in the Dhy is likely 

to reflect the critical amount of a polymer needed to form naodiscs. Above this critical 

concentration, the Dhy slightly decreased with the increasing polymer concentration, 

reflecting that a higher concentration of the polymer results in the formation of smaller 

nanodiscs. This concentration dependence can be explained by assuming that the edge of the 

nanodisc is covered by several polymer molecules. The decrease of the [lipid]/[polymer] 

increases the fraction of the polymer bound to the nanodisc edge. As a result, smaller 

nanodiscs should be produced due to the increase in the total perimeter of the nanodiscs in 

the system.

We further confirmed the fragmentation of live E. coli cell membrane to demonstrate the 

potential of the nanodisc-forming polymer for the membrane protein purification as shown 

in Figure S1. The addition of the N–C4–60–4.7 polymer dramatically decreased the light 

scattering intensity of the E. coli suspension (Figure S1A). DLS experiments (Figure S1B) 

confirmed that the addition of polymer induced the formation of small particles, reflecting 

the polymer-induced disruption of E. coli cells. We observed the formation of discoidal 

particles in the negative-stain TEM images (Figure S1C and D). Thus, it is demonstrated that 

the polymethacrylate-based nanodisc-forming polymer is applicable not only to solubilized 

lipid vesicles but also to intact cell membranes.
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The lipid bilayers encompassed in the copolymer nanodiscs were confirmed by measuring 

the gel to liquid crystalline main phase transition of DMPC lipids using differential scanning 

calorimetry (DSC). While the nanodiscs exhibited a gel to liquid crystalline phase transition, 

the interaction of polymer with lipids broadened (~5 °C range) and lowered (by ~2 °C) the 

phase transition temperature of DMPC (Figure 4C). It should be noted that the nanodisc-

forming polymethacrylate random copolymer displayed a significantly smaller influence on 

the gel-to-liquid crystalline phase transition of the DMPC lipid bilayer as observed in the 

DSC thermogram compared to SMA nanodiscs.31 Since such a phase transition behavior is 

sensitive to the lipid packing in the membrane, the observed result indicates that the lipid 

bilayer was slightly influenced by the interaction with polymers. It is likely that the polymer 

perturbs the lipid packing, particularly close to the edge of the nanodisc, whereas the lipid 

bilayer structure in the naodisc center is well preserved, as further confirmed by solid-state 

NMR experiments (Figure 5). The observation of a single 31P peak for the lipid nanodiscs 

suggests that the polymer-induced edge effect on the lipid bilayer structure is likely to be 

negligible.

NMR Characterization of Nanodiscs and Lipid–Polymer Interaction

Phosphorus-31 (31P) solid-state NMR experiments were performed under static conditions 

to examine the dissolution of DMPC multilamellar vesicles (MLVs) to form nanodiscs by a 

synthetic polymer. 31P NMR signal from the phosphate group of the lipid headgroup is 

sensitive to the lipid structure and can distinguish gel, lamellar, and other nonlamellar (such 

as cubic, hexagonal) phase structures. The 31P NMR spectrum of MLVs in the absence of 

the polymer (shown in Figure 5A) is a typical axially symmetric lamellar phase powder 

pattern with a span of ~45 ppm. 31P NMR spectra acquired after the addition of polymer to 

MLVs changed the powder pattern line shape observed for MLVs. A simulated chemical 

shift anisotropic (CSA) powder pattern of the 31P NMR spectrum (in red) is also shown in 

Figure 5A along with the powder pattern of DMPC MLVs. The parallel and perpendicular 

edge values of the DMPC MLV CSA powder pattern can be determined from the simulated 

spectrum. They are denoted as σ|| = 21 ppm (for parallel orientation) and σ⊥= −19 ppm (for 

perpendicular orientation). As shown in Figure 5A, upon the addition of polymer, an 

isotropic peak at −2.3 ppm appeared in the spectra, revealing the dissolution of MLVs to 

form fast-tumbling small lipid nanodiscs in the sample. The increasing intensity of the 

isotropic peak with the addition of an increasing amount of polymer further confirmed the 

efficient dissolution of the polymer to form isotropic lipid nanodiscs. Since a large amount 

of polymer is required to dissolve a large amount of MLVs, we used a small amount of lipids 

(or MLVs), which resulted in a poor signal-to-noise ratio particularly for the powder pattern 

line shapes of MLVs. Nevertheless, the observed signal-to-noise ratio was sufficient for the 

purposes of monitoring the formation of isotropic nanodiscs, as clearly indicated by the 

narrow isotropic peak observed at −2.3 ppm. Although the disappearance of the entire 

powder pattern line shape from MLVs cannot be quantified in the presence of the high-

intensity isotropic peak, the disappearance of the perpendicular edge of the powder pattern 

(~−18 ppm) can be seen in the spectra shown in Figure 5A. The complete solubilization of 

MLVs, as seen from the complete disappearance of the perpendicular edge of the powder 

pattern, after the addition of a sufficient amount of polymer reveals the optimum amount of 

polymer needed to form a nanodisc sample. It is interesting to note that the presence of two 
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narrow peaks at −2.3 and −18 ppm for the sample containing 12.5 mol % of polymer against 

DMPC indicates a heterogeneous mixture of isotropic and magnetically aligned nanodiscs, 

respectively. With the addition of more polymer, the sample becomes more homogeneous 

isotropic nanodiscs, as revealed by the single narrow peak at −2.3 ppm, while there can be a 

small variation in the size of nanodiscs as revealed by the DLS experiments.

The proton NMR spectrum of the lipid-free polymer solution shown in Figure S2 was 

acquired under static conditions using a 600 MHz solution NMR spectrometer and a 

cryoprobe, whereas the 1H NMR spectrum of a polymer nanodisc sample shown in Figure 

S4 was obtained under 8 kHz magic angle spinning (MAS) using a 500 MHz NMR 

spectrometer and CMP HXY probe. Two-dimensional 1H–1H NOESY experiments were 

performed on a solution of the polymer alone under static conditions using a cryoprobe at 

600 MHz and also on a polymer nanodisc sample using a CMP HXY probe under 8 kHz 

MAS at 500 MHz. The 2D 1H–1H NOESY spectrum of the polymer solution is given in the 

Supporting Information (Figure S3), and that of the nanodisc sample is given in Figure 5 

panels B and C. The NOESY spectrum of the polymer alone (Figure S3) in solution reveals 

the intramolecular correlations of side chain protons with backbone protons and also among 

the side chain protons. Since the lipid molecules are more mobile than most chemical groups 

of the polymer, narrow spectral lines are observed for lipids, while the polymer exhibits 

broad lines (Figure S4). Even though the difference in the time scale of mobility of these two 

different molecules in the nanodisc sample makes it difficult to observe cross peaks, the few 

cross peaks observed (in Figure 5, panels B and C) between the polymer side chain protons 

and the lipid acyl chain protons confirm the intermolecular structural interactions between 

the molecules to form discoidal lipid bilayers with the polymer likely forming the 

surrounding belt. The side chain of the polymer having the terminal carbon C9 is more 

flexible, and this dynamic behavior of this chain enables the lipid/polymer interaction to be 

stronger. This is evident from Figure 5B as the appearance of cross peaks between the C3 

proton (1.6 ppm) of the lipid acyl chain and the hydrophobic side chain protons 8 (1.4 ppm) 

and 9 (0.9 ppm) of the polymer. The observation of these cross peaks in the 2D NOESY 

spectrum suggests that the hydrophobic side chain of the polymer is inserted into the 

hydrophobic region of the lipid bilayer, but the short side chain of the polymer may only 

reach down to around the C3 of the lipid acyl chain, as the NOESY spectrum does not show 

any cross peaks between the polymer side chain and the lower order carbons of the lipid acyl 

chain. In addition, cross peaks observed between the backbone protons of C1 (3.8 ppm) and 

C3 (3.5 ppm) of the polymer with the lipid’s glycerol backbone protons of g1 (4.5 ppm) and 

g3 (4 ppm), respectively, suggest a structural interaction between the terminal group of the 

polymer and the glycerol group in the lipid headgroup region, as shown in Figure 5C. A 

schematic representing the intermolecular interactions is shown in Figure S4.

Methacrylate Copolymer Nanodiscs Enable Real-Time Monitoring of Amyloid Aggregation 
in a Lipid Bilayer Environment

One of the most remarkable features of our polymer is that it is free of the styrene unit, 

which is indispensable in the previously used SMA polymer. The aromatic ring of the 

styrene is undesirable, as it interferes with commonly used biophysical experiments such as 

CD and fluorescence because of its strong absorption in the UV region. Additionally, the 
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absence of an amide bond in the newly developed polymers enables a direct observation of 

CD signals originating from the reconstituted protein or peptide in the lipid nanodiscs. 

Therefore, to demonstrate the unique application of the reported methacrylate copolymers, 

we performed fluorescence and CD experiments that are commonly used to investigate the 

kinetics of amyloid aggregation and structural changes in the course of aggregation of an 

amyloid protein. For this demonstration, we chose the naturally occurring C-amidated form 

of human islet amyloid polypeptide (hIAPP), a 37-residue peptide whose amyloid 

aggregation property has been shown to play important roles in insulin-producing islet cell 

death in type-2 diabetics.32–34

We performed thioflavin T (ThT)-based fluorescence and CD experiments to demonstrate 

the ability to measure hIAPP–lipid interactions. As shown in Figure S5, the DLS profile 

reveals the formation of polymer nanodiscs with a lipid composition of 9:1 DMPC:DMPG, 

which was further used to investigate the lipid bilayer interaction of hIAPP. It is noteworthy 

that the polymethacrylate derivative did not affect the ThT fluorescence, whereas the 

conventional SMA polymer significantly enhanced the ThT fluorescence (Figure S6). The 

ThT fluorescence experimental results obtained in the absence of nanodiscs and in the 

presence of 9:1 DMPC:DMPG polymer nanodiscs for two different concentrations (10 and 

20 μM) of hIAPP are shown in Figure 6 panels A and B, respectively. In the absence of 

nanodiscs, the sigmoidal ThT traces suggest the expected time- and concentration-dependent 

aggregation of hIAPP to form amyloid fibers, which is in agreement with results reported in 

the literature.34 On the other hand, the addition of nanodiscs significantly reduced and 

completely suppressed the ThT signal intensity. These observations suggest that the 

nanodiscs effectively suppressed the amyloid fiber formation of hIAPP. CD experiments 

were performed to further confirm the suppression of fiber formation by the nanodiscs. The 

hIAPP peptide forms a helical structure in the presence of nanodiscs that is indicated by the 

negative minima at 209 and 222 nm in the CD spectrum (Figure 6C). In contrast, the CD 

spectrum confirmed the formation of a beta-sheet structure as expected for amyloid fibers of 

hIAPP in the absence of nanodiscs (Figure 6D). We further confirmed that such a 

stabilization of the intermediate helical structure was not found when only the polymer was 

added to hIAPP (Figure S7). Thus, the ability of lipid nanodiscs to stabilize a helical 

intermediate of hIAPP is remarkable. Since hIAPP peptide is known to rapidly aggregate to 

form amyloid fibers in the presence of lipids, when used in the form of vesicles, it has been a 

challenge to probe the mechanism of hIAPP aggregation in a membrane environment.34–41 

On the other hand, the feasibility of stabilizing a hIAPP helical intermediate species using 

lipid nanodiscs, reported for the first time, opens avenues for high-resolution structural 

studies as well as biophysical and biochemical investigations on the detailed roles of the 

lipid membrane.

CONCLUSIONS

We have successfully designed and synthesized amphiphilic polymethacrylate copolymers 

that have been demonstrated to spontaneously form lipid nanodiscs through the 

fragmentation of a lipid bilayer. A structural search in the polymer library revealed that it is 

important to optimize the hydrophobicity as well as the molecular weight to obtain a 

nanodisc-forming polymer. DLS and electron microscopy and NMR experiments confirmed 
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that the polymer is able to produce monodispersed homogeneous polymer lipid nanodiscs. In 

addition to lipid vesicles, the polymer was found to induce the fragmentation of intact E. coli 
cell membrane. Solid-state NMR measurements demonstrated the dissolution of large lipid 

aggregates to form rapidly tumbling isotropic nanodiscs. The 2D NOESY experiments 

provided insights into the intermolecular interactions that play a role in the formation of 

lipid nanodiscs in which a lipid bilayer is wrapped by several polymers. The experimental 

results obtained from the kinetics and structural changes of hIAPP aggregation to form 

amyloid fibers demonstrate the use of the newly developed methacrylate copolymers for 

studies using fluorescence and CD experiments and, therefore, their use in the investigation 

of amyloid proteins. Therefore, we believe that the reported polymer-based nanodiscs can be 

used for structural and functional studies on a variety of amyloid and membrane proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Formation of lipid nanodiscs by polymer-induced fragmentation of lipid membrane. (A) 

Dissolution of DMPC vesicles observed from the scattering measurement of DMPC vesicle 

solution in the presence of polymers. (B) Effect of the hydrophobic:hydrophilic ratio (f). (C) 

Effect of the number-averaged molecular weight (Mn) of the polymer.
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Figure 2. 
Negative-stain TEM observation of polymer–lipid complex (1:8 in molar ratio). (A) N–C4–

60–4.7, (B) N–C4–24–6.1, (C) N–C4–85–6.1, (D) N–C4–61–1.7, (E) N–C4–63–14. (F) 

Effect of the hydrophobic fraction (f) and number-averaged molecular weight (Mn) of 

polymers on the nanodisc formation screened by negative-stain TEM. The ability of 

polymers to form nanodiscs is indicated by filled orange diamonds.
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Figure 3. 
Cryo-TEM image of lipid nanodiscs formed by N–C4–60–4.7 and DMPC. (A) Wide-field 

cryo-TEM image of nanodisc solution and magnified images of edge-on and face-on 

nanodiscs. (B) Tilting of the specimen holder revealing the formation of discoidal structure.
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Figure 4. 
Characterization of DMPC nanodiscs formed with amphiphilic methacrylate copolymer: (A) 

DLS profile reveals monodispersed lipid nanodiscs in the presence of the polymer. (B) 

Variation of the size of nanodiscs depending on the lipid/polymer ratio. (C) DSC 

thermogram of DMPC nanodiscs.
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Figure 5. 
NMR experiments revealing the formation of nanodiscs. (A) 31P NMR spectra of 3 mM 

DMPC vesicles in the absence and presence of the indicated amount of polymer. The 

disappearance of the 31P chemical shift powder pattern and the increase in the intensity of a 

narrow isotropic peak (at −2.3 ppm) indicate the dissolution of MLVs and the formation of 

lipid bilayer nanodiscs. (B and C) 2D 1H–1H NOESY spectra of polymer nanodiscs 

containing DMPC lipids showing the interaction between the DMPC acyl chains and 

hydrophobic side chain of the methacrylate polymer, which provides evidence for the 

formation of an amphipathic belt by the polymers that surround the lipid bilayer; see the 

intermolecular contacts revealed by the cross peaks in the NOESY spectrum in Figure S4. A 

2D 1H–1H NOESY spectrum of the lipid-free polymer solution is given in the Supporting 

Information (Figure S3).
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Figure 6. 
Polymer nanodiscs inhibit human-IAPP aggregation by stabilizing a helical intermediate. 

Thioflavin T (ThT) fluorescence experiments showing the aggregation of human-IAPP (at 

20 μM (A) and 10 μM (B)) in the absence (black traces) and in the presence of polymer 

nanodiscs containing 0.5 mM (green), 1.0 mM (blue), and 2.0 mM (orange) of 9:1 

DMPC:DMPG lipids. CD spectra of human-IAPP (at 20 μM) in the presence (C) and 

absence (D) of polymer nanodiscs containing 2.0 mM of 9:1 DMPC:DMPG lipids. ThT 

experiments reveal that the nanodiscs inhibit the aggregation of human-IAPP to form 

amyloid fibers, and the CD spectra show the formation of a helical intermediate of the 

peptide in 9:1 DMPC:DMPG lipid nanodiscs.
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Scheme 1. 
Synthesis of Amphiphilic Methacrylate Copolymers for Nanodisc Formation
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Table 1

Library of Polymers Synthesized for Investigation Presented in This Study

entry polymer DP (−) f (−) Mn (kg mol−1)

1 N–C4–24–4.0 24 0.24 4.0

2 N–C4–24–6.1 36 0.24 6.1

3 N–C4–25–1.7 10 0.25 1.7

4 N–C4–26–13 78 0.26 13

5 N–C4–33–7.1 43 0.33 7.1

6 N–C4–39–2.0 12 0.39 2.0

7 N–C4–40–6.7 41 0.4 6.7

8 N–C4–43–3.9 23 0.43 3.9

9 N–C4–44–13 83 0.44 13

10 N–C4–51–6.9 43 0.51 6.9

11 N–C4–59–2.9 18 0.59 2.9

12 N–C4–59–3.7 23 0.59 3.7

13 N–C4–60–2.0 12 0.60 2.0

14 N–C4–60–4.7 27 0.60 4.7

15 N–C4–61–1.7 10 0.61 1.7

16 N–C4–62–4.3 28 0.62 4.3

17 N–C4–62–6.3 40 0.62 6.3

18 N–C4–62–8.7 56 0.62 8.7

19 N–C4–63–12 78 0.63 12

20 N–C4–63–14 92 0.63 14

21 N–C4–63–5.5 35 0.63 5.5

22 N–C4–63–7.4 48 0.63 7.4

23 N–C4–71–7.3 37 0.71 7.3

24 N–C4–85–4.2 28 0.85 4.2

25 N–C4–85–6.1 40 0.85 6.1
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