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ABSTRACT: Poly(styrene-co-maleic acid) or SMA and its derivatives, a family ;3(:)@ o
of synthetic amphipathic copolymers, are increasingly used to directly solubilize g& = 2°

cell membranes to functionally reconstitute membrane proteins in native-like cme. o€ o o

e . . — o
copolymer—lipid nanodiscs. Although these copolymers act, de facto, like a F;%@ ’12
“macromolecular detergent”, the polymer-based lipid-nanodiscs has been
demonstrated to be an excellent membrane mimetic for structural and Nanodisc-bound «Free»
functional studies of membrane proteins and their complexes by a variety of copolymer chains copalymarceles
biophysical and biochemical approaches. In many studies reported in the
literature, the choice of the right SMA formulation can depend on a number of factors, and the experimental conditions are typically
developed according to a trial-and-error process since each studied system requires adapted protocols. While increasing number of
nanodisc-forming copolymers are reported to be useful and they provide flexibilities in optimizing the sample preparation conditions,
it is important to develop a systematic protocol that can be used for various applications. In this context, there is a vital necessity of
benchmarking the performances of existing copolymer formulations, assessing crucial parameters for the successful extraction,
isolation, and stabilization of membrane proteins. In this study, we compare both copolymers and copolymer—lipid nanodiscs
obtained by SMA-EA with a set of anionic XIRAN copolymer formulations commercially available under the names of SL25010 P,
SL30010 P, and SL40005 P. The reported results show how the critical micellar concentration (c.m.c.) of each copolymer is
significantly altered in the presence of lipids and confirms the existence of an equilibrium between nanodisc-bound and “free” or
“micellar” copolymer chains in the solution. We believe that these findings can be exploited to optimize studies that involve the
necessity of special copolymers, which would not only simplify the applications but also broaden the scope of polymer-based
nanodiscs.

D 1 embrane proteins, essential components of any cellular copolymers can be further functionalized, expanding their

membrane, are involved in many of the crucial cellular range of applications.'”'”'¥*7** Each formulation has both
functions required for life and represent ~60% of all drug advantages and limitations that affect its applicability.”' Indeed,
targets.' However, despite the recent success in obtaining high- the adoption of a suitable formulation is mostly connected to
resolution structures,” > our current understanding of cellular convenience and a trial-and-error process, since each studied
membrane biology and the development of modern drugs is system requires adapted protocols.””
hindered by the lack of structural information tied to the Due to their amphipathic nature, SMAs exist mainly as
challenges in the extraction, isolation, and purification of individual copolymer chains in dilute solutions, while at high
functioning membrane proteins from their native cellular concentrations, they form a plethora of intra- and interchain
environment.®”"® Poly(styrene-co-maleic acid), or SMA, is an copolymer micelles.”” Such a variety is a result of
amphipathic copolymer used to directly solubilize cell intermolecular interactions, modulated by the balance between

the hydrophobic effect and electrostatic repulsions, and is
affected by the dispersity (P) of the copolymers.”® Many
parameters, such as the molecular weight (MW), the styrene-
to-maleic acid ratio (x/y), and D, are currently used to assess
SMA formulations. Additionally, as a polymeric “detergent”,
SMAs can be evaluated using parameters such as the critical

membranes and stabilize membrane proteins in nativelike
discoidal copolymer—lipid nanoparticles, and it is composed of
a lipid bilayer patch wrapped in a belt of amphipathic
. 8-10,14—20 . «
copolymer chains. Acting, de facto, as a “macro-
molecular detergent”, among its advantages, the SMA
copolymer allows membrane proteins to retain lipids that are

useful for both structural and functional purposes,”™*'%*'~* micellar concentration (c.m.c.)."
showing no preferences in the extraction.”®

The SMA copolymer, however, is a generic denomination Received: December 15, 2020
that identifies a variety of different formulations (SMAs); in Revised:  February 1, 2021
fact, it can be readily customized.””** For example, varying Published: March 1, 2021
the molecular weight or the styrene-to-maleic acid ratio, it is
possible to fine-tune the amphipathic properties and so as the

ability of membrane solubilization.>® Additionally, SMA
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Despite its definition, c.m.c. does not correspond to a single
well-defined value. Still, it coincides with a range of
concentrations and involves dynamic, association—dissociation
equilibrium.*»* In the case of amphiphilic copolymers, their
dispersity complicates the scenario. Indeed, the presence of
chains of a variety of molecular weights** leads to distribution
of aggregates of different sizes, both intra- and interchains.
There have been many attempts to decrease the intrinsic
dispersity of the copolymers by purification steps or finding
alternative synthetic paths, but studies suggest that SMA’s
solubilization efficiency is connected to the variation of
molecular weights.”**’

Copolymer—lipid nanodiscs are functional hybrid materials
that arise from the synergistic interactions between two self-
assembling materials, copolymers and phospholipids. For this
reason, it is misleading to refer to both copolymer and
phospholipids as individual entities. Indeed, once mixed,
copolymers interact with phospholipids forming either nano-
discs or other randomly unstructured aggregates.

The necessity of benchmarking the performances of existing
copolymers, assessing crucial parameters for the successful
extraction and stabilization of membrane proteins, is
compulsory for the advancement of the field. To facilitate
the choice among the copolymer formulations commercially
available, to assist the design of new alternatives, and to shed
light on the behavior of copolymer—lipid nanodiscs, herein we
compare a set of anionic SMAs. XIRAN SL25010 P, SL30010
P, and SL40005 P formulations (gift from Polyscience
(Geleen, Netherlands)) were chosen because of their wide
diffusion and success rate and compared to SMA-EA, a
copolymer developed in our laboratory.”® Each copolymer
exhibits a different molecular weight, hydrophobic—hydro-
philic ratio, and charge density, covering a wide range of
features.

B EXPERIMENTAL SECTION

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
was purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama).
Hydrochloric acid (HCl), sodium hydroxide (NaOH), ammonium
acetate (C,H,NO,), potassium phosphate monobasic (KH,PO,),
potassium phosphate dibasic (K,HPO,), pyrene (C,¢H,,), and
sodium cholate hydrate (C,,H3;yNaO;) were purchased from Sigma-
Aldrich (St. Louis, Missouri). SMA-EA was synthesized, purified, and
characterized according to the procedure described in the literature.
XIRAN SL25010 P, XIRAN SL30010 P, and XIRAN SL40005 P were
kindly gifted by Polyscience (Geleen, Netherlands).

Methods. Copolymer—Lipid Nanodisc Preparation. A 20 mg/
mL stock solution of each copolymer was prepared by weighing the
copolymer powder and dissolving it in 0.1 M NaOH. After complete
solubilization, the solution was neutralized by adding 1 M HCI
dropwise, reaching a final pH 7.00. Copolymer-based lipid nanodiscs
were obtained by mixing DMPC and copolymers in a 1:1 weight ratio
(w/w). Each sample was then diluted to the desired final volume and
incubated overnight at room temperature. SMA-EA, SL25010 P, and
SL30010 P copolymer solution samples for the pyrene assay were
prepared at an initial concentration of 2 mg/mL. For the SL40005 P
solution, due to the high hydrophilicity of this copolymer, the starting
concentration was 25 mg/mL. Copolymer—lipid nanodiscs were
purified by size exclusion chromatography (SEC). For each
copolymer formulation, 10 mg of lipids and 10 mg of copolymers
were mixed, as explained previously, using 10 mM phosphate buffer at
pH 7.2 and eluted at room temperature. All of the aliquots, associated
with the nanodiscs’ peak, were collected and mixed. This
homogeneous solution was then divided into four aliquots of equal
volume. Three of them were then used to perform the pyrene assay,
while one was used for quantification using NMR experiments.
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Preparation of the Pyrene-Buffer Stock Solution. A stock solution
was prepared by solubilizing a known amount of pyrene in ethanol
(95% v/v). A 1 uM water-based solution of pyrene was then prepared
from its dilution with 10 mM ammonium acetate buffer (pH 7 at 25
°C). The study of purified nanodiscs was performed using 10 mM
potassium phosphate buffer (pH 7 at 25 °C) to avoid spectral
interferences with '"H NMR. The ethanol content in the experimental
solution was considered negligible and, as reported in the literature,
was found not to affect the spectral and self-aggregation behaviors of
amphiphiles.

Pyrene Fluorescence Study. Fluorescence measurements, using
pyrene as the fluorescent probe, were taken in a FluoroMax-4
spectrofluorometer from Horiba Scientific, using a 4 mL quartz
cuvette with a 1 cm optical path. Excitation was done at 331.5 nm,
and emissions were recorded in the 340—350 nm wavelength range.
The slit widths for both excitation and emission were fixed at 0.4 nm.
A 2 mg/mL solution of amphipathic species (copolymers and
copolymer nanodiscs), dissolved in buffer (pH 7 at 25 °C) and 1 yM
pyrene, was progressively diluted by removing 500 #L and adding 500
uL of a fresh pyrene-containing buffer. Thus, the pyrene
concentration was constant through the dilution of the amphipathic
species. The scan time was fixed at 0.8 s per scan. All measurements
were thermostatically controlled at 25.0 + 0.1 °C using a Quantum
Northwest TC 1 temperature controller.*® The ratio of the intensities
of the fluorescence peaks I, and I; is plotted against the decimal
logarithm of the concentration of the considered amphipathic species.
Experimental data are shown in Figures 2—4, S1—S3, S5, Tables 1 and
2.

Table 1. Physicochemical Data of the Investigated SMA
Copolymers”

copolymer M, (kDa)  «/y (molar ratio)  x, (mg/mL) R?

SMA-EA ~2 ~1.3:1 0.23 0.992
SL25010 P ~10 ~3:1 0.038 0.999
SL30010 P ~7.5 ~2.3:1 0.26 0.998
SL4000S P ~5 ~1.4:1 27 0.999

“Spanning a range of molecular weights from ~2 to ~10 kDa, each
copolymer has comparable dispersity (P = M,/M, > 2.5) but
different hydrophobicity—hydrophilicity ratios, as suggested from the
styrene-to-maleic acid ratio. Additionally, SMA-EA shows a modified
charge density because of its modification if compared to any SMA
equivalent. The experimental curves I,/I; vs log C shown in Figure 2a
were fitted to a sigmoidal function. The c.m.c. values for each
copolymer were obtained by calculating the flex (x,) of each fitted
curve and converted from a decimal logarithmic scale to a linear scale.
The coefficient of determination, R is also shown for each fitting.
Experimental conditions are reported in the Methods section. Spectra
and data are shown in Figures 2a, 3a, and SI.

Size Exclusion Chromatography (SEC). Copolymer—lipid nano-
discs were purified using a self-packed Sephadex 200 16/600 column
operated on a GE Healthcare AKTA purifier. Samples were eluted at
room temperature and at a buffer flow rate of 1 mL/min. The buffer
used was 10 mM potassium phosphate buffer, pH 7 at 25 °C. The
elution was monitored using a UV-detector at 1 = 254 nm.
Chromatograms are shown in Figure S4.

NMR Spectroscopy. Solution 'H NMR experiments were
performed using a 500 MHz Bruker Avance III HD NMR
spectrometer. NMR samples were prepared according to the
procedure described in the Copolymer—Lipid Nanodisc Preparation
section but using 10 mM sodium phosphate buffer, pH 7.2, to avoid
spectral interferences. All samples analyzed through NMR spectros-
copy were lyophilized for 24 h before resuspension in 600 L of 10
mM sodium cholate in D, 0, then transferred to 4 mm Norrell Sample
Vault Series glass tubes, and placed in a commercial S mm triple-
resonance 'H/'"F/3C Bruker round-coil TXITM 500 SB probe. 'H
NMR spectra were recorded by collecting 32 scans with a spectral
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Table 2. Copolymer—Lipid Nanodisc Data: Unpurified vs Purified”

unpurified nanodiscs

unpurified nanodiscs

purified nanodiscs

copolymer %o (log C) xo(mg/mL) R? % (log[DMPC])
SMA-EA -2.12 7.59 X 1073 0.994 -1.95
SL25010 P —2.27 537 x 1073 0.998 —-2.10
SL30010 P —2.50 3.16 X 1073 0.979 —2.33
SL40005 P —2.31 490 x 1073 0.999 —-2.14

%y (mM) R? %, (log[DMPC]) %, (mM) R?
1.12 X 1072 0.994 —1.60 2.51 X 1072 0.999
7.94 x 1073 0.998 -1.53 295 x 1072 0.998
4.68 x 1073 0.979 —1.55 2.82 X 1072 0.998
7.24 X 1073 0.999 —1.68 2.09 X 1072 0.999

“From left-to-right, the chart shows the data plotted respectively in Figures 2 and 4. The polymer-based nanodiscs were obtained by mixing the
lipids and the copolymers in a 1:1 weight ratio, as detailed in the Methods section. Unpurified nanodiscs appear twice, as a function of the polymer
concentration (C in mg/mL) and as a function of the DMPC concentration (mM). The “c.m.c.-like” values for each copolymer nanodisc were
obtained by calculating the flex (x,) of each fitted curve and converted from a decimal logarithmic scale to a linear scale. The coefficient of
determination, R?, is also shown for each fitting. Spectra and data are shown in Figures S1—S3 and SS5.

width of 25 ppm. The 'H transmitter frequency offset was set at 4.7
ppm. The experiments were performed at 35 °C to maximize the
sharpness of lipid peaks and ensure a better integration. The
concentration of each sample was detected using sodium cholate as an
internal standard. '"H NMR spectra and integration are shown in
Figures S7—S11.

Atomic Force Microscopy (AFM) Coupled with Micro-Raman
Spectroscopy. AFM measurements were done in alternate contact
mode with a SiC tip of 2.8 N/m, using a Witec Alpha 300 RA. Images
were acquired in 256 points by 256 lines, with maps § X 5 um?
Micro-Raman spectra were acquired using Witec Alpha 300 RA that
employs a 532 nm laser operating at 20 mW. Two solutions of
nanodiscs, 1 and 0.001 mg/mL, were drop-cast on a flat bare silicon
substrate, cleaned with a 4% v/v hydrogen fluoride (HF) solution,
and then dried at 30 °C. Raman experiments were performed on the
same samples. The results are shown in Figures 4 and S6.

B RESULTS AND DISCUSSION

In this study, we use a set of amphipathic copolymers to
systematically investigate how the solution physicochemical
properties of the copolymers can be associated with the
teatures of copolymer—lipid nanodiscs to increase nanodiscs’
performances and to assist the design of new copolymers. It is
accepted that copolymer—lipid nanodisc solutions are stable
under a wide range of conditions. 264247 However, evidence
suggests that despite the temporal stability, these nanoparticles
show a high degree of dynamism as simplified in the scheme
presented in Figure 1b.

It has been demonstrated that copolymer nanodiscs can
exchange phospholipids,"~ but the exchange of copolymer
chains cannot be neglected.”’ This phenomenon occurs either
among nanodiscs due to collisions or among the polymer
chains that are bound in the nanodiscs and those that are free
in solution as micelles. In the latter, copolymer chains can be
coiled or elongated as a consequence of changes in the
parameters, such as pH, ionic strength, temperature, and
pressure.*”>* Copolymer micelles can be intrachain, interchain,
or mixed. Additionally, the inevitable dispersity of any polymer
sample can complicate the scenarlo

The SMA-EA copolymer™ is compared to a set of XIRAN
commercially available SMA copolymer formulations.”” Figure
la shows the structural similarities among the copolymers,
while Table 1 displays the technical properties of each
formulation. Due to their amphipathic nature, SMA copoly-
mers and their derivatives form self-assembled macromolecular
aggregates. The c.m.c. is a crucial value to assess amphipathic
molecules. Pyrene, a four-ring polycyclic aromatic hydrocarbon
(PAH), is known to be a convenient fluorescent probe for
determining the c.m.c. of amphipathic aggregates.*>”* Pyrene
is strongly hydrophoblc and shows minimal solubility in water
(~2 to 3 uM).>* Therefore, it easily inserts in the hydrophobic
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(a) Copolymerstructures

OH
9 oL oH (E o HNI
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SL25010 P
SL30010 P
SL40005 P

SMA-EA

(b) Copolymer-lipids nanodiscs

c.m.C. ;’; i@'
S oy

«Free»
copolymer micelles

Nanodisc-bound
copolymer chains

Figure 1. Chemical structures of SMA-based copolymers and
copolymer—lipid nanodiscs. (a) Chemical structures of the copoly-
mers used in this study. The chemical structures of XIRAN
copolymers (SL25010 P, SL30010 P, and SL4000S P) provided by
Polyscience are shown on the left and differ from each other in
molecular weight and styrene-to-maleic acid (x/y) molar ratio. SMA-
EA is a functionalized low-molecular -weight derivative of SMA with a
reduced charge density.>® More details are provided in Table 1. All
structures are shown in their fully protonated form. (b) Simplified
schematic representation of the chemical equilibrium between
“nanodisc-bound” and “unbound/free-micellar” copolymer chains.

core of amphipathic micellelike aggregates and in the
copolymer—lipid nanodiscs. Upon dilution, the micellar
aggregate is destroyed, and pyrene molecules are directly
exposed to water. This event, because of the solvent-dependent
vibronic fine structure intensities shown by monomeric
pyrene,**** is profitably employed in fluorescence probe
studies of amphipathic aggregates.

Figure 2 shows a selection of spectra that highlights the
spectral changes of pyrene-containing solutions. When pyrene
molecules are in the hydrophobic environment offered by
copolymeric micellelike aggregates (Figure 2a) or in the
copolymer—lipid nanodiscs (Figure 2b), pyrene fluorescent
spectra are of low intensity. Similarities were observed among
the investigated copolymers and the copolymer—lipid nano-
discs. The “shoulder” after 400 nm for the SL40005 P
copolymer (green spectrum in Figure 2a) is due to scattering
attributed to the high concentration used. The fluorescent
spectrum of pyrene in the buffer solution (purple spectrum)
simulates the infinite-dilution plateau or complete absence of
amphipathic species. The crowding in hydrophobic environ-
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(a) «Free» copolymers
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Figure 2. Pyrene fluorescence spectra of (a) “free” copolymers and
(b) copolymer—lipid nanodiscs upon excitation at 331.5 nm. (a)
Fluorescence spectra of pyrene in the presence of SMA-EA (black
line), SL25010 P (red line), SL30010 P (blue line), or SL4000S
(green line) copolymers free in solution and at the highest
concentration used in this study. (b) Fluorescence spectra of pyrene
in the presence of unpurified SMA-EA-based nanodiscs (black line),
SL25010 P-based nanodiscs (red line), SL30010 P-based nanodiscs
(blue line), or SL4000S P (green line) at the highest concentration
used in this study. In purple, both (a) and (b) show the fluorescence
spectrum of 1 yM pyrene, which can be associated with the most
diluted sample or the “infinite-dilution sample”. Each sample was
prepared in 10 mM ammonium acetate buffer at pH 7 at 25 °C,
spectra were recorded at 25 °C, and pyrene concentration was kept
constant at 1 M.

ments justifies the quenching of pyrene fluorescence. By
plotting the ratio of the intensities of the first and third
fluorescence peaks, respectively, labeled as I; and I;, against the
decimal logarithm of the concentration, it is possible to obtain
the c.m.c. values. Figure 3 shows the plot of the I,/I; ratio for
solutions of copolymers against the decimal logarithmic
concentration of copolymers (Figure 3a) and unpurified
copolymer—lipid nanodiscs (Figure 3b).

Results shown in Figure 3a are supported by the previous
knowledge on the structure—property relationships>> and agree
with previously reported results’> and the physicochemical
properties summarized in Table 1. On the one hand, SL40005
P is the most hydrophilic formulation due to its relatively low
molecular weight (M,, ~ S kDa), the low content of styrene
repeating units (~1.4:1), and the associated high charge
density. On the other hand, SL25010 P is the heaviest
copolymer (M, ~ 10 kDa) and the most hydrophobic
formulation because of the 3:1 styrene-to-maleic acid molar
ratio, which consequently results in a low charge density. For
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(a) «Free» copolymers
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Figure 3. Copolymers show drastic changes in the presence of
phospholipids. (a) Plots of the pyrene I;/I; ratio against the decimal
logarithm of the concentration of the copolymers in mg/mL. As
expected from the physicochemical properties listed in Table 1, the
polymer SL25010 P (circles in red) is the most hydrophobic, while
SL4000S P (triangles in green) is the most hydrophilic. SMA-EA
(black squares) and SL30010 P (blue triangles) show comparable
responses. (b) Plots of the pyrene I,/I; ratio against the concentration
of copolymer—lipid nanodiscs in solution. The concentration is
reported as a function of the decimal logarithm of the polymer
concentration in mg/mL. Interestingly, when interacting with lipids,
the differences observed in (a) become negligible among all of the
copolymers. Both (a) and (b) show the average of three experiments
obtained from independent samples. Each sample was prepared in 10
mM ammonium acetate buffer at pH 7 at 25 °C, spectra were
recorded at 25 °C, and pyrene concentration was kept constant at 1
UM. Data, error bars, and fitting are reported in Figures S1 and S2.

the same reasons, SL30010 P is placed in an intermediate
position between these two cases (M,, ~ 7.5 kDa; 2.3:1).

Given the similarities among all of the formulations, AFM
experiments were performed on SMA-EA/DMPC 1:1 (w/w)
unpurified nanodiscs. Previous studies confirm that the
adhesion among phosphocholine polar headgroups is respon-
sible for the formation of stacked structures.”® AFM images
shown in Figure 4a,b were, respectively, obtained by drop-
casting copolymer—lipid nanodisc solutions at a concentration
above and below the copolymer’s c.m.c.

The depth of DMPC bilayers is ~5 nm. Depth profiles
shown in Figure 4a(I),(Il) were obtained at 1 mg/mL. At such
a high nanodisc concentration, stacks of DMPC nanodiscs are
observed. For a 1000 times more diluted concentration, the
depth profiles (III) and (IV) shown in Figure 4b confirm the
existence of nanoparticles compatible with the height of
DMPC bilayers and diameter compared to the size of SMA-
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Figure 4. AFM images and depth profiles above and below the c.m.c. of the SMA-EA copolymer. (a) AFM image of a sample of 1 mg/mL DMPC/
SMA-EA 1:1 w/w. (I) and (II) are the depth profiles indicated in (a). (b) AFM image of a sample of 0.001 mg/mL DMPC/SMA-EA 1:1 w/w.
(1I1) and (IV) are the depth profiles indicated in (b). The Raman spectrum is shown in Figure S6.

EA-DMPC 1:1 w/w nanodiscs reported in the literature.>®
Raman vibrational experiments were used to confirm the
presence of both copolymer and lipids in the 1 mg/mL sample
used for AFM measurements (Figure S6). The process of
membrane protein extraction occurs stepwise. After membrane
dissolution, several steps of purification are involved before
handling the final desired product.”'*’™>’ Among the
resulting materials, copolymer chains that are in equilibrium
with the nanodisc-bound chains are discarded too. We
speculate that this process, in addition to dilution, may alter
the integrity of the nanodiscs as per the principle of chemical
equilibrium. Size exclusion chromatography experiments were
used herein to purify samples of copolymer—lipid nanodiscs. In
fact, when copolymers were added to phospholipids, together
with the formation of nanodiscs, a plethora of other micellar
aggregates were formed. Chromatograms of model copoly-
mer—lipid nanodiscs, reported in Figure S4, show two main
peaks. The first is narrow and associated with the nanodiscs.
The second is broad and usually related to the excess of
micellar polymer chains. Copolymer micelles can display a
plethora of morphologies,”” and mixed unstructured copoly-
mer chain—lipid aggregates cannot be excluded. This provides
a variety of potential dynamic subunits for higher-level
assemblies that could explain the breadth of the second
chromatographic peak. Despite the physicochemical differ-
ences in the copolymers, after the purification step,
copolymer—lipid nanodiscs behave similarly to the unpurified
counterpart, as shown in Figure 3b. Figure 5 shows a
comparison between samples of unpurified and purified lipid
nanodiscs for each used copolymer formulation. A deeper
analysis is presented in Table 2.

It is observable how the flex (x,), associated with the
nanodiscs’ c.m.c., shifts toward higher concentration values.
After purification, with the removal of the micellar aggregates
in solution, SMA-EA nanodiscs shift by 2.2 times, while
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SL25010, SL30010, and SL40005 nanodiscs shift by 3.7, 6, and
2.9 times, respectively. This supports the existence of chemical
equilibrium as schematically represented in Figure 1b. Data
with error bars and fitting are presented in Figures S3 and SS5.

B CONCLUSIONS

In this study, we report the use of an analytic assay to assess
the c.m.c. of SMA-based copolymers and to find connections
among the c.m.c. and the integral stability of the nanodiscs
intended as nanoparticles. The major findings of this study are
as follows. (i) The c.m.c. of the SMA-EA copolymer, produced
in our laboratory, is reported for the first time in comparison
with some commercially available SMA copolymer formula-
tions (XIRAN). (ii) The interaction with phospholipids
drastically alters the copolymer’s c.m.c. values. When in the
form of nanodiscs, it is not possible to discern among pure
copolymer’s c.m.c. and pure phospholipid contributions,
making it necessary to use a more generic concept such as
the nanodisc c.m.c. (iii) Pieces of evidence suggest the
existence of a chemical equilibrium among the free or
“micellar” copolymer chains and the nanodisc-bound copoly-
mer chains. Further investigations to evaluate the effect of the
removal of free/micellar copolymers on the stability of
nanodiscs (unpurified vs purified behavior) could be useful
to fully characterize the properties of polymers and nanodiscs.
We speculate that this phenomenon can be exploited to
exchange belts in samples of copolymer—lipid nanodiscs.
Indeed, a given formulation can be more successful in the
extraction but not suitable with some biophysical or
biochemical techniques. Additionally, a more inexpensive
copolymer can be used to successfully extract and stabilize
membrane proteins and then be substituted with tagged
copolyn1ers,l9’40’61’62 more expensive solution, optimizing costs
and benefits.
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Figure 5. Comparison of the pyrene I;/I; ratio against the concentration of unpurified (squares) and purified (circles) copolymer nanodiscs in
solution. By purification through SEC, the removal of the micellar polymer not bound to the nanodisc edge causes a consistent horizontal shift for
all of the copolymer formulations investigated, as reported in (a)—(d). The micellar polymer removed by SEC is either an excess or in chemical
equilibrium among the states nanodisc-bound and unbound/free-micellar in solution. The insets in (a)—(d) show the shift in the middle flex point
of the plots I,/I; vs log{DMPC] for unpurified and purified nanodisc samples as indicated by the horizontal arrows. Each sample was prepared in
10 mM ammonium acetate buffer at pH 7 at 25 °C, spectra were recorded at 25 °C, and pyrene concentration was kept constant at 1 uM. Data,
error bars, and fitting are reported in Figures S3 and SS. The concentration of SEC-purified copolymer—lipid nanodiscs was assessed through 'H
NMR using sodium cholate as an internal standard as described in the Methods section and shown in (e). Detailed spectra are provided in Figures

S7-S11.
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