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Nanodiscs have attracted considerable attention as structural scaffolds for membrane-protein research and
as biomaterials in e.g. drug-delivery systems. However, conventional disc-fabrication methods are usually
laborious, and disc fabrication via the self-assembly of amphiphiles is difficult. Herein, we report the
formation of polymer nanodiscs based on the self-assembly of amphiphilic graft copolymers by adjusting
the persistence length of the main chain. Amphiphilic graft copolymers with a series of different main-
chain persistence lengths were prepared and these formed, depending on the persistence length, either
rods, discs, or vesicles. Notably, polymer nanodiscs were formed upon heating a chilled polymer solution
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eceived 23rd Marc . . . . . Lo R —_—

Accepted 12th April 2022 protein during cell-free protein synthesis. Given the simplicity of this disc-fabrication method and the
ability of these discs to solubilize membrane proteins, this study considerably expands the fundamental
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Introduction

The self-assembly of amphiphiles represents a promising
strategy to fabricate molecular assemblies with various
morphologies, such as spherical and worm-like micelles, rods,
lamellae, and vesicles.”™* Among such assemblies, disc struc-
tures have a unique morphology that is characterized by a flat
bilayer structure with a finite size. This structure allows discs to
incorporate membrane proteins into their bilayer, and they are
widely used as biomimetic membrane models to study the
structure and function of membrane proteins.’**' Recent
advances in the application of discs have demonstrated the
potential of nanodiscs as templates for the fabrication of inor-
ganic nanoparticles,”®>*  antigen-delivery
vaccines,”*" and bio-imaging materials.***
Despite their important applications, the fabrication of
nanodiscs via the self-assembly of amphiphiles remains
extremely difficult. The major obstacle in nanodisc fabrication
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structure and function of membrane proteins.

is that by definition, flat bilayer regions and highly curved edges
must coexist in a single nanostructure,* which makes nano-
discs a rare class of nanostructures. To achieve nanodisc
structures, mixed systems of two or more phospholipids or
surfactants have long been used.**** Lipid nanodiscs formed by
mixtures of membrane-scaffold proteins and phospholipids**~**
or by mixtures of amphiphilic copolymers and phospho-
lipids***® have been developed. Although these methods
represent promising approaches toward the fabrication of
nanodiscs, and even though the resulting nanodiscs have been
used to study membrane proteins, these approaches suffer from
difficulties associated with size control, multi-step fabrication
procedures, or poor nanodisc stability. Block-copolymer self-
assembly is an alternative approach to afford nanodiscs.**>*
Although this method is relatively simple compared to the
aforementioned strategies, its drawbacks include the need for
additives, difficulties associated with incorporating membrane
proteins in the crystalline domains, and strong absorbance in
the UV region of the hydrophobic segments. In summary,
simple methods to produce practical nanodiscs to study
membrane proteins remain virtually unknown.

Research into the fabrication of nanodiscs has so far only
focused on the self-assembly of phospholipids, surfactants, and
amphiphilic block copolymers, whereas the formation of
nanodiscs based on the self-assembly of amphiphilic graft
copolymers remains entirely unexplored. Amphiphilic graft
copolymers, which consist of a continuous chain of amphiphilic
units, form unique and well-defined molecular assemblies.>**¢
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Given that graft-copolymer self-assembly is achieved by folding
of their main chains, we refer to amphiphilic graft polymers
that fold into well-defined structures as macromolecular fol-
damers.®® A unique feature of the self-assembly of macromo-
lecular foldamers is that the persistence length of the polymer
main chain is one factor that controls the morphology of the
resulting graft-copolymer assemblies.®” Therefore, we envisaged
that if we could control the persistence length of the main chain
of the amphiphilic graft polymers appropriately and then use
the flexibility of the main chains to alter their packing in
molecular assemblies, graft copolymer assemblies with flat
bilayer areas and highly curved edges could be obtained without
any additives.

Herein, we report that amphiphilic graft copolymers with
a suitably adjusted persistence length of the main chain self-
assemble into single-component nanodiscs in aqueous solu-
tion. The graft copolymers contain succinic-acid-functionalized
poly(vinyl alcohol) (PVA) as the hydrophilic main chain and
poly(propylene oxide)(PPO) as the hydrophobic and thermor-
esponsive graft chain (Fig. 1a). Amphiphilic graft copolymers
with a series of different main-chain persistence lengths were
prepared by adjusting the degree of succinic-acid substitution,
and subsequently self-assembled into either vesicles, discs, or
rods depending on the persistence length, which demonstrates
that this method is a promising design strategy for various graft-
copolymer assemblies (Fig. 1b). Notably, the nanodiscs can be
prepared by simply heating the polymer solutions without any
additives (Fig. 1c). We also demonstrate that the graft-

copolymer nanodiscs act as solubilizing scaffolds for
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Fig. 1 (a) Chemical structure of succinic-acid-functionalized poly(-
vinyl alcohol)(PVA)-g-poly(propylene oxide)(PPO). (b) Schematic
illustration of the self-assembly of the graft copolymers into different
nanostructures (vesicles, discs, rods, or short rods) depending on the
persistence length of the main chain. (c) Schematic illustration of the
thermal folding of the graft copolymer into nanodiscs. (d) Schematic
illustration of the cell-free membrane-protein synthesis in the pres-
ence of the graft-copolymer nanodiscs.
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membrane proteins during a cell-free membrane-protein
synthesis (Fig. 1d).

Results and discussion

Synthesis and characterization of succinic-acid-functionalized
poly(vinyl alcohol) and the graft copolymers

We chose poly(vinyl alcohol) (PVA) as the hydrophilic main
chain because it is a highly flexible polymer with hydroxyl
groups that can be chemically modified with ease.®® The average
molecular weight and the racemo content of the used PVA were
~9 x 10" g mol™" and 56%, respectively (Fig. S1t). To obtain
hydrophilic PVA derivatives with a series of persistence lengths,
we attempted to control the persistence length by adjusting the
degree of succinic-acid substitution; the synthetic route is out-
lined in Scheme S1.f 5-Hexynoic acid-modified PVA was
synthesized by the coupling of 5-hexynoic acid and PVA in the
presence of dicyclohexyl carbodiimide. Due to the low coupling
efficiency, we used an excess amount of 5-hexynoic acid against
monomer unit of PVA to achieve the desired degree of the
substitution of 5-hexynoic acid. The alkyne-functionalized PVA
(Fig. S2t) was treated with succinic-acid anhydride in the
presence of pyridine at 45 °C for 24 h, followed by dialysis
against aqueous solutions and lyophilization to afford succinic-
acid- and alkyne-modified PVAs (Table S1, Fig. S3-S7f). The
degree of substitution (DS) of the succinic acid group was
controlled by the molar feed ratio of succinic anhydride and
hexynoic acid-modified PVA. To investigate the effect of the
degree of succinic-acid substitution on the persistence length of
the resulting polymers, we evaluated the persistence length
using size-exclusion chromatography with multi-angle light
scattering (SEC-MALS). The plots of the molecular weights
versus the radius of gyration were fitted using the Benoit-Doty
equation to determine the persistence length (p) of the polymers
(Fig. S87). As shown in Table 1, the persistence length of the
graft copolymers increased from 1.3 nm to 2.7 nm with
increasing degree of succinic-acid substitution, which indicates
that the stiffness of the main chains increases with increasing
degree of substitution. The persistence length of semi-flexible
polyelectrolytes is given by the sum of the intrinsic persis-
tence length (g,) and the electrostatic persistence length (ge).*
The latter is directly related to the ionic strength according to
the Odijk-Skolnick-Fixman theory.” To clarify the factors
responsible for the increase in persistence length, we calculated

Table 1 Weight-average molecular weight (M,,), polymer poly-
dispersity index (M,,/M,), persistence length (p), and molecular weight
per unit contour length (M|) of the succinic-acid-modified PVAs ob-
tained from the SEC-MALS measurements

Polymer M, (g mol™) M, /M, p (nm) My, (nm™Y)
PVA-COOH, 9.2 x 10* 1.6 1.3 210
PVA-COOH, 9.6 x 10* 1.7 1.5 220
PVA-COOH;,, 1.1 x 10° 1.7 1.6 233
PVA-COOH, 5 1.1 x 10° 1.9 2.0 254
PVA-COOH,; 1.5 x 10° 2.0 2.7 303

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the g. values of succinic-acid-modified PVAs under the
following conditions: the ionic strength was set to 0.15 M and
the succinic acid was fully deprotonated. The approximate g.
values were less than 0.1 nm for all polymers (Table S2;} for
details of the calculations, see ESIt), which can be rationalized
in terms of the electrostatic shield effect; in the presence of
a sufficient number of ions, the electrostatic repulsion of the
carboxylate anions in the polymers will be suppressed.
Accordingly, the contribution of g. is practically negligible. The
main reason for the increase in the persistence length is,
therefore, the increased steric demand of the main chain with
increasing chemical modification. Overall, these data demon-
strate that the persistence length of the main chain can be
controlled by adjusting its chemical modification.

Self-assembly of amphiphilic graft copolymers is affected by
the degree of substitution of the graft chain. We previously
developed amphiphilic graft copolymers (e.g., pullulan-g-PPO,
dextran-g-PPO) with the DS of the PPO group of 10 per 100
repeating units of polysaccharides.®>*” In contrast, PVA is used
as the hydrophilic main chain instead of polysaccharides in this
study. The length of the repeating unit of PVA (ca. 0.25 nm) is
about half the length of glucose (ca. 0.5 nm), which is the
repeating unit of pullulan and dextran. Therefore, the DS of the
PPO group of 5 PPO per 100 repeating units of PVA was targeted
to achieve comparable hydrophilic segment lengths and was
fixed throughout the experiments so that the self-assembly
behavior of the graft polymers would not be affected by differ-
ences in the degree of PPO substitution. In order for the DS of
the PPO group to be 5 PPO per 100 repeat units of PVA, the DS of
hexynoic acid should be higher than DS = 5. For this reason, the
DS of hexynoic acid was targeted to DS = 6. Succinic-acid-
functionalized PVA-g-PPO was synthesized via a “graft onto”
method using a copper-catalyzed Huisgen reaction between
azide-functionalized PPO [M,(NMR) = 2.0 x 10°> g mol™"; By =
1.05]* and alkyne- and succinic-acid-modified PVA. The degree
of the substitution of PPO group was controlled by the molar
feed ratio of the alkyne and carboxylic groups functionalized
PVA and N;-PPO due to the high coupling efficiency of the click
reaction. The graft copolymers are referred to as PVA-COOH-g-
PPO. Here, i indicates the degree of succinic-acid-group
substitution per 100 repeating units of PVA. Detailed synthetic
procedures are provided in the ESI,T together with representa-
tive '"H NMR spectra and size-exclusion chromatograms (Figs.
S9-5157).

Thermo- and pH-responsive behavior of the graft copolymers
in aqueous solution

The graft copolymers have two stimulus-responsive groups, i.e.,
the carboxylic group and the PPO group. The former exhibits
pH-responsive behavior, while the latter shows lower critical
solution temperature (LCST)-like behavior in aqueous solution.
Thus, we examined their stimulus-responsive behavior in
aqueous solutions to determine the solution conditions in
order to investigate their self-assembly behavior. We first con-
ducted potentiometric titrations of the graft-copolymer solu-
tions at 25 °C to determine their apparent pK, values. The initial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pH value of the polymer solution was adjusted to 3 using an HCI
solution (0.1 M), and the solution was titrated with a NaOH
solution (0.01 M). The resulting titration curves showed broad
pH responses in the range of pH = 3-9 (Fig. S167). The apparent
pK, values (5.5-6.1) were estimated based on the half-
equivalence points. We then investigated the thermores-
ponsive behavior of the graft copolymers in a phosphate-
buffered saline (PBS) solution (pH = 7.4; 0.15 M NaCl) using
differential scanning calorimetry (DSC). DSC measurements of
the polymer solutions (10 mg mL ') showed an endothermic
peak at around 15 °C during the heating process and an
exothermic peak at around 11 °C during the cooling process
(Fig. S171). These peaks are derived from the dehydration and
hydration of the PPO segments in the graft copolymers. We
further investigated the effect of the polymer concentration on
the phase-transition temperatures. As shown in Fig. S18,7 the
transition temperatures of the graft copolymers at the polymer
concentration of 1.0 mg mL™" are around 13-19 °C, suggesting
that the graft copolymers self-assemble into nanoparticles
above 25 °C.

Self-assembly behavior of the graft copolymers in aqueous
solution

Having determined the apparent pK, values and phase-
transition temperatures of the polymers, we next examined
their self-assembly behavior above the phase-transition
temperature in the PBS buffer. The polymers were added to
the PBS buffer and cooled below their phase-transition
temperature with an ice bath. The resulting polymer solutions
were incubated for at least 30 min at 25 °C. Since the pK, values
of the polymers were in the range of 5.5-6.1, the carboxylic acid
groups in the graft copolymers were almost completely depro-
tonated in the PBS buffer (pH = 7.4). The size-distribution
curves obtained from dynamic light scattering (DLS) measure-
ments of the representative graft-copolymer solutions (PVA-
COOH,-g-PPO, PVA-COOH,-g-PPO, and PVA-COOH,;-g-PPO)
showed unimodal peaks, and the average hydrodynamic
diameters of the graft copolymer assemblies were in the range
of 40-70 nm (Fig. 2a—c). We next evaluated the weight-average
molar masses and the radii of gyration (R,) of the assemblies
using field-flow fluctuation with multiangle light scattering
(FFF-MALS; Fig. S19, and Table S37).

The molar masses of the PVA-COOH,—g-PPO, PVA-COOH,—
g-PPO, and PVA-COOH,;-g-PPO assemblies were calculated to
be 1.8 x 107, 8.6 x 10°% and 2.9 x 10”7 g mol ", respectively.
Based on the molar mass of the graft copolymers (1.6 x 10° g
mol ), the average aggregation numbers of the PVA-COOH ,—g-
PPO, PVA-COOH;-g-PPO, and PVA-COOH,;-g-PPO assemblies
were calculated to be 113, 54, and 181, respectively. The
differences in size and aggregation numbers of the graft
copolymer assemblies imply that the graft copolymers self-
assemble into different nanostructures. The R, values found
for the PVA-COOH,~g-PPO (30 nm) and PVA-COOH;-g-PPO (22
nm) assemblies were almost identical to their hydrodynamic
radii (PVA-COOH,-g-PPO: 27 nm; PVA-COOH,—-g-PPO: 22 nm).
On the other hand, the R, of the PVA-COOH,;-g-PPO

Chem. Sci., 2022, 13, 5243-5251 | 5245
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Fig. 2 Size distribution of the self-assembled particles of (a) PVA-
COOH4-g-PPO, (b) PVA-COOH;-g-PPO, and (c) PVA-COOH;3-g-
PPO in the PBS buffer. Concentration: [polymers] = 1.0 mg mL™*. TEM
images of the self-assembled particles in (d) a PVA-COOH4—g-PPO
solution, (e) a PVA-COOH,-g-PPO solution, and (f) a PVA-COOH;3—
g-PPO solution using negative staining with phosphotungstic acid.
Inset. enlarged TEM images of the regions in the black circles;
concentration: [polymers] = 1.0 mg mL™.

assemblies (77 nm) was 2.2 times greater than its Ry, (35 nm),
suggesting that PVA-COOH,;-g-PPO self-assembled into cylin-
drical structures.”>” Transmission electron microscopy (TEM)
images of a PVA-COOH,-g-PPO solution showed spherical
structures with a circular border (Fig. 2d), which could originate
from bilayer membrane structures. Conversely, the TEM image
of a PVA-COOH,-g-PPO solution showed spherical and elon-
gated objects with an average size of 40 nm (Fig. 2e), and that of
a PVA-COOH;3-g-PPO solution revealed cylindrical structures
with lengths of 20-100 nm (Fig. 2f), which is in good agreement
with the prediction from the MALS measurements. Since it is
difficult to conclude the nanostructures of the self-assemblies
from the TEM images, we next conducted small-angle X-ray
scattering (SAXS) measurements. SAXS is widely recognized as
a characterization technique for self-assembled nanoobjects in
solutions. The scattering images are derived from hundreds of
thousands of self-assemblies, and thus, SAXS data generally
gives structural information with statistically high averages
compared with that from TEM analysis. The SAXS profile of
a PVA-COOH,-g-PPO solution was quite similar to those of
previously reported pullulan-g-PPO and dextran-g-PPO polymer
vesicle solutions (Fig. 3a).°**” The scattering intensities in the
low-g region decayed as a function of ¢~ for PVA-COOH,—g-
PPO (Fig. 3b) and of g~ for PVA-COOH, ;-g-PPO (Fig. 3c). These
data suggest the presence of thin plate assemblies such as discs
and cylindrical assemblies, respectively. Using structural
information based on the TEM observations and SAXS analyses,
we fitted the SAXS profiles of the PVA-COOH,-g-PPO, PVA-
COOH,-g-PPO, and PVA-COOH,;-g-PPO assemblies using
a spherical bilayer vesicle, core-shell disc, and core-shell
cylinder model, respectively. The models fit the SAXS profiles of
the graft-copolymer assemblies over the entire g range. Overall,
these data confirmed that PVA-COOH,-g-PPO, PVA-COOH;,-g-
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Fig. 3 SAXS profiles (open circles) of self-assembled particles in (a)
PVA-COOH4—-g-PPO, (b) PVA-COOH;-g-PPO, and (c) PVA-
COOH;3-g-PPO solutions. The colored solid lines show the theo-
retical curves obtained using (a) a bilayer-vesicle model, (b) a core—
shell-disc model (green), and (c) a core—shell-cylinder model (blue).
Structural parameters of (d) the spherical vesicles, (e) the core-shell
discs, and (f) the core—shell cylinders; concentration: [polymers] =
1.0 mgmL™

PPO, and PVA-COOH;3-g-PPO self-assembled into spherical
vesicles, discs, and cylindrical micelles, respectively. The ob-
tained fitting parameters and the structural information of the
self-assemblies are summarized in Fig. 3d-f and Table S4.1 The
average diameter of the vesicles and discs was 43 nm and
49 nm, respectively, while the average length of the cylindrical
micelles was 44 nm. These values are in good agreement with
the results obtained from the DLS measurements (Fig. 2a—c). To
further validate the formation of nanodiscs, we performed AFM
and cryo-TEM observations. As shown in Fig. S20,f nano-
particles with a uniform height in the range of 8 to 10 nm can be
observed. The height is consistent with the thickness of nano-
discs revealed by SAXS analysis. Cryo-TEM image of the self-
assembly of PVA-COOH,-g-PPO also showed spherical and
elongated assemblies (Fig. S217). The length of the elongated
assemblies was ca. 9 nm in the short axis direction and 35 nm in
the long axis direction, which was in good agreement with the
diameters and the thickness of nanodiscs obtained from the
SAXS analysis. Accordingly, the elongated assemblies and the
circular assemblies seen in the TEM images are nanodiscs
oriented perpendicular or parallel to the electron beam,
respectively (Fig. 2e and S217). Together, we concluded that
PVA-COOH,-g-PPO self-assembled into nanodiscs. The stability
of the nanodiscs in a PBS buffer solution (pH = 7.4, [NaCl] =
0.15 M) was also evaluated (Fig. S2271). The sizes of the nano-
discs remained essentially constant after one week, suggesting
that the nanodiscs are stable in the PBS buffer solution.

To obtain further insight into the relationship between the
persistence length of the main chain and the morphologies of
the graft-copolymer assemblies, we also prepared PVA-
COOH,p—g-PPO and PVA-COOH,;-g-PPO graft copolymers
(persistence length for PVA-COOH;y: 1.6 nm; PVA-COOH,;:
2.7 nm; Table 1) and examined their self-assembly behavior in
the PBS buffer. We found that PVA-COOH,,—g-PPO self-
assembled into nanodiscs with an average diameter of 35 nm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S23 and Table S57). This data suggests that graft copoly-
mers with a main-chain persistence length of around 1.5-
1.6 nm form nanodiscs in aqueous solution. Interestingly, PVA-
COOH,;-g-PPO formed short rods with an average length and
diameter of 24 nm and 12 nm, respectively (Fig. S24, and Table
S6t). In contrast, cylindrical micelles with an average length of
44 nm were formed by the self-assembly of PHPMA-g-PPO and
PVA-COOH,3-g-PPO, which have main chains with a persis-
tence length of 2.0 nm. With increasing persistence length of
the main chain, the average length of the cylindrical micelles
decreases. These results suggest that the persistence length also
influences the length of the cylindrical micelles and that the
length of cylindrical micelles could potentially be controlled by
adjusting the main-chain persistence length. However, this is
beyond the scope of this study, and further studies are needed
to reach meaningful conclusions regarding this aspect.

To better understand the graft copolymer self-assembly, the
persistence length of the main chains and the morphologies of
the graft copolymer assemblies are summarized in Fig. 4.6>677*
Graft copolymers with main-chain persistence lengths of less
than 1.6 nm form plate-like structures, i.e., vesicles or discs.
Conversely, in the case of main chains with a persistence length
of around 2-2.7 nm, the graft copolymers self-assemble into
cylindrical structures. With further increasing persistence
length of the main chain (>2.9 nm), the graft copolymers
formed short rods and spherical micelles. These results can be
explained as follows. The main-chain extension of the molec-
ular assemblies depends on the persistence length of the main
chain, and the surface area of the hydrophilic region varies with
the persistence length of the hydrophilic main chains.

This results in a change of the packing parameter of the graft
copolymers, which facilitate the morphological change of the
molecular assemblies. Overall, it can be concluded that the
morphologies of the molecular assemblies can be manipulated
by adjusting the persistence length of the main chain under the
same conditions via changing its degree of substitution.

Polymer p (nm) Morphology
PVA-COOH,-g-PPO 1.3 vesicle
PVA-COOH,-g-PPO 1.5 disc
PVA-COOH,,-g-PPO 1.6 disc
PVA-COOH,;-g-PPO 2.0 rod
PVA-COOHy;-g-PPO 2.7 short rod

Pullulan-g-PPO 1.6 vesicle
Dextran-g-PPO 1.5 vesicle
PHPMA-g-PPO 2.0 rod
Mannan-g-PPO 2.9 spherical micelle
b Vesicles ' Rods !
or ’ or : Spherical micelles
Discs 1 Short rods
1 1
1 1
( g y ! / 1
e ., e
1 !
|IIII||||I|I|II|IIII|[lII|IIII|I[|||I|II]
1 2 3 4

Persistence length (nm)

Fig. 4 Relationship between the persistence length (p) of the hydro-
philic main chains and the morphologies of the graft-copolymer
assemblies.
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Molecular mechanism for the formation of nanodiscs

The above studies confirmed that the morphologies of the
amphiphilic graft copolymer assemblies can be tailored by
adjusting the persistence length of the main chain. Disc-like
nanostructures are not thermodynamically stable morphol-
ogies due to their large curvature at the peripheral regions. To
reduce the unfavorable edge energy, mixed systems, e.g.,
mixtures of an amphiphile with long hydrophobic segments
and an amphiphile with short hydrophobic segments, or
membrane-scaffold proteins that cover the hydrophobic
peripheral regions are often used. In contrast to these systems,
the PVA-COOH,-g-PPO graft copolymers self-assembled into
nanodiscs without any additives. We attribute this difference to
the flexibility of the graft copolymers in the discs. In the self-
assembly of block copolymers and low-molecular-weight
amphiphiles, the thermodynamic packing in the assemblies,
i.e., the extension and conformation of the hydrophilic and
hydrophobic segments, is unequivocally determined by their
degree of polymerization and/or chemical structures, and they
usually form assemblies that contain a single curvature;
conversely, it is difficult to form morphologies with large
differences in curvature such as discs. Graft copolymers, on the
other hand, consist of a continuous chain of amphiphilic units,
and the flexibility of the main chain allows them to exhibit
multiple packing modes in molecular assemblies. This allows
the hydrophilic chains to fold compactly in the bilayer
membrane of the discs, while simultaneously spreading widely
to form a high curvature at the edges (Fig. S25t). Therefore, the
graft copolymer can form discs without additives.

In our previous study, we reported that the morphology of
graft-copolymer assemblies can be manipulated by adjusting
the persistence length of the main chains.”” Amphiphilic graft
copolymers composed of pullulan or dextran (persistence
length: 1.5-1.6 nm) as the main chain with a comparable degree
of PPO substitution (M,(NMR) = 2.0 x 10°> g mol™ ") self-
assembled into spherical vesicles. When poly(2-hydroxypropyl
methacrylamide) (PHPMA), whose persistence length (2.0 nm)
is longer than those of pullulan and dextran, was used as the
main chain, the graft copolymer formed cylindrical micelles. In
the case of mannan-g-PPO, in which the more rigid mannan
(persistence length: 2.9 nm) was used as the main chain,
spherical micelles were formed. This variable self-assembly
behavior is driven by the differences in the extension of the
polymer main chain, which is controlled by the persistence
length. The surface areas of the hydrophilic region of the
amphiphilic units of the graft polymers vary, and thus, the graft
polymers self-assemble into different morphologies. However,
although the persistence length of PVA-COOH, is very similar
to those of pullulan and dextran, the morphologies of the
resulting self-assemblies were different (PVA-COOH,-g-PPO:
discs; pullulan-g-PPO and dextran-g-PPO: vesicles). In terms of
chemical structure, a distinct difference is whether the poly-
mers are negatively charged or neutral, which may lead to the
differences in the self-assembled structures. We previously re-
ported that pullulan-g-PPO forms disc-like intermediates, which
fuse to form polymer vesicles.®® Based on the formation of disc-
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like structures by the self-assembly of pullulan-g-PPO, we pre-
dicted that PVA-COOH,-g-PPO would also form disc-like
structures as intermediate assemblies. However, we expected
that the negatively charged PVA-based discs would not fuse due
to electrostatic repulsion and thus remain in nanodisc form.
Assuming that this hypothesis is correct, we anticipated that we
could prepare a PVA-COOH;-g-PPO polymer vesicle solution by
reducing the electrostatic repulsion via increasing the ionic
strength. To validate this hypothesis, we prepared a solution of
PVA-COOH;-g-PPO that contained 300 mM NaCl. The resulting
TEM image showed spherical objects with a thick circular
border, and the SAXS profile of the polymer solution revealed
two distinct Bragg peaks at ¢ = 0.46 and 0.92 nm ™" (Fig. S267).
The g-values of these peaks exhibited a 1 : 2 ratio, suggesting
that they correspond to lamellar structures. These results clearly
indicate that under higher-ionic-strength conditions, PVA-
COOH,—g-PPO self-assembled into multilamellar vesicles.
Accordingly, it seems feasible to conclude that the electrostatic
repulsion between negatively charged disc-like intermediates
inhibits their fusion and thus forms stable nanodiscs. Overall,
the nanodiscs can be prepared by simply heating the graft
copolymer solutions, and three factors are critical to fabricate
nanodiscs based on graft copolymer self-assembly: (1) a grafted
polymer structure; (2) appropriate flexibility of the main chain;
(3) a negative charge.

In vitro membrane-protein synthesis in the presence of graft-
copolymer nanodiscs

After confirming the formation of the graft-copolymer nano-
discs via adjusting the persistence length of the main chain, we
then turned our attention to the possibility of using the graft-
copolymer nanodiscs as a solubilizer for membrane proteins.
Based on the non-crystallinity and flexibility of PPO, we antici-
pated that membrane proteins could be incorporated into the
nanodiscs by adjusting the thickness of the hydrophobic layer
to the size of the membrane proteins.” To verify this possibility,
we attempted to synthesize a membrane protein, i.e., tag red
fluorescence protein (tagRFP)-fused transmembrane domain of
platelet-derived growth factor receptor (PDGFR-TMD),” in the
presence of nanodiscs using a cell-free membrane-protein
synthesis system (Fig. 5a).””7> We chose a tagRFP-PDGFR-
TMD fusion membrane protein because direct quantification
of the properly folded membrane protein can be achieved by
measuring the fluorescence intensity (Fig. 5b).** The cell-free
synthesis of tagRFP-PDGFR-TMD was performed for 4 h at
37 °C in the presence of PVA-COOH;,-g-PPO or PVA-COOH,,—g-
PPO graft copolymer nanodiscs (0.22 mg mL™'). As a control,
the membrane-protein synthesis was carried out in the absence
of the nanodiscs. Western blot analysis was conducted to
confirm that the target tagRFP-PDGFR-TMD (theoretical My:
33.4 kDa) was produced. As shown in Fig. S17, the bands were
observed at approximately the same position as the 36 kDa
protein-size marker, suggesting that the target membrane
protein was successfully synthesized. We then evaluated
whether the membrane proteins were solubilized in the nano-
discs and folded correctly. As shown in Fig. 5c, the fluorescence
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Fig. 5 (a) Schematic illustration of cell-free membrane-protein

synthesis in the presence of the graft-copolymer nanodiscs. (b) Illus-
tration of the tagRFP-PDGFR-TMD gene and the predicted structure
of the tagRFP-PDGFR-TMD. (c) Fluorescence intensity of tagRFP-
PDGFR-TMD at 580 nm in PBS buffer at 37 °C in the reaction solution
without the nanodiscs, in the presence of PVA-COOH;-g-PPO, and in
the presence of PVA-COOH;o—g-PPO; concentration: [polymers] =
0.22 mg mL™%; results represent mean values + SD (n = 3).

intensities of tagRFP in the reaction solution in the presence of
the nanodiscs were four to five times higher than that of the
solution without the nanodiscs. In the absence of nanodiscs,
the lack of a scaffold to solubilize the produced TMDs may lead
to aggregation, which results in low fluorescence intensity. On
the other hand, in the presence of the nanodiscs, the produced
TMD can be solubilized by incorporation into the nanodiscs,
and thus, the fluorescence intensities increased. To evaluate the
advantages of this nanodisc system over another scaffold
system, we also conducted the cell-free membrane-protein
synthesis in the presence of 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) liposomes. We observed that the fluores-
cence intensity of tagRFP remained constant at DOPC
concentrations of up to 1 mM (Fig. S28t). From the average
diameter (140 nm) of the liposomes and thickness (3.7 nm) of
the bilayer membranes, the surface area and aggregation
number of the liposomes were calculated to be 6.1 x 10* nm?
and 1.6 x 10°, respectively. The sum of the surface area of the
liposomes (2.3 x 10*° nm®) at a concentration of 1 mM was
calculated and compared to the sum of the surface area of PVA-
COOH,,—g-PPO graft copolymer nanodiscs (5.1 x 10" nm?) at
a concentration of 0.22 mg mL™'. Although the total surface
area of the nanodiscs was less than one-fifth of that of the
liposomes, the solubilization ability of the membrane protein of
the nanodiscs was comparable to that of the liposomes,
demonstrating their superior ability for solubilizing membrane
proteins. A method that shares the same purpose as our
approach is the SMA-lipid particles (SMALP) technology.®*-**
However, our system has several advantages that SMALP tech-
nology. First, because of the use of cell-free protein synthesis,
our system enables to incorporate only target membrane
proteins into the nanodiscs. In contrast, cells overexpressing
membrane proteins are used in the SMALP method, which
means that other membrane proteins are included, resulting in
complicating the purification process. Second, the in situ

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesis and incorporation of membrane proteins into the
nanodiscs allows for rapid functional evaluation of the
membrane proteins. However, at present, it is not clear how the
membrane proteins are incorporated into the nanodiscs. The
elucidation of the three-dimensional structure of the
membrane proteins in the nanodiscs will therefore constitute
an important future direction of research. Moreover, the solu-
bilization capacity of the nanodiscs for other membrane
proteins must be determined to understand their applicability.
Overall, we have demonstrated that the graft copolymer nano-
discs can act as a solubilizer for membrane proteins.

Conclusions

In summary, we prepared amphiphilic graft copolymers that
consist of succinic-acid-modified-poly(vinyl alcohol)-graft-
poly(propylene oxide) with a series of different main-chain
persistence lengths by adjusting the degree of succinic-acid
substitution. In aqueous solution, the graft copolymers self-
assembled into spherical vesicles, discs, and cylindrical
micelles with increasing persistence length of the main chain.
Given that similar graft copolymers with a less flexible polymer
(e.g., mannan) form spherical micelles, adjusting the persis-
tence length of the amphiphilic graft copolymers enables the
fabrication of polymer assemblies with desired morphologies. It
should be noted here that the self-assembly of graft copolymers
by simply warming a solution of the polymer with a main-chain
persistence length of 1.5-1.6 nm can afford a single-component
nanodisc without the addition of any additives. Moreover,
membrane proteins can be incorporated spontaneously into the
graft-copolymer discs during cell-free membrane-protein
synthesis, and thus, the nanodiscs act as a solubilizer for
membrane proteins. This system has several advantages
compared to previously described methods such as mixed
systems. First, the preparation of nanodiscs is simple; special
equipment, expensive chemicals, or detergents are not needed.
Secondly, the graft copolymers do not absorb ultraviolet or
visible light, and spectroscopic absorbance interference does
not occur between the discs and the membrane proteins. Thus,
such graft-copolymer nanodiscs may have potential as a novel
tool for studying the function of membrane proteins, and we
envision that our study will inspire further research into graft-
copolymer self-assembly and macromolecular foldamers.
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