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Abstract

Membrane proteins play an important role in maintaining the structure and physiology of an
organism. Despite their significance, spectroscopic studies involving membrane proteins remain
challenging due to the difficulties in mimicking their native lipid bilayer environment. Membrane
mimetic systems such as detergent micelles, liposomes, bicelles, nanodiscs, lipodisgs have
improved the solubility and folding properties of the membrane proteins for structural studies,
however, each mimetic system suffers from its own limitations. In this study, using three different
lipid environments, vesicles were titrated with styrene-maleic acid (StMA) copolymer leading to a
homogeneous SMALP system (~10 nm) at a weight ratio of 1:1.5 (vesicle: StMA solution). A
combination of Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM)
was used to characterize these SMALPs. We used a controlled synthesis mechanism to synthesize
StMA based block copolymers called reversible addition-fragmentation chain transfer
polymerization (RAFT) SMALPs. Incorporation of the Voltage sensor Domain of KCNQ1 (Q1-
VSD) into RAFT SMALPs indicates that this is a promising application of this system to study
membrane proteins using different biophysical techniques. V165C in Q1-VSD corresponding to
the hydrophaobic region was incorporated into the SMALP system. Continuous Wave-Electron
Paramagnetic Resonance (CW-EPR) line shape analysis showed line shape broadening, exposing a
lower rigid component and a faster component of the spin label.
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Introduction

Membrane proteins make up almost 1/3 of total proteins and are responsible for various
structural and functional properties of biological systems like transport of ions across
membranes, receptors affecting down-stream signaling pathways and structure and assembly
of the cells, thereby making them ideal drug targets'—3. However, the challenging task of
mimicking the native membrane environment makes it extremely difficult to study
membrane proteins using biophysical techniques.

Detergent micelles are the most common membrane mimetic system to solubilize membrane
proteins for structural studies using high-resolution solution nuclear magnetic resonance
(NMR) spectroscopy?. The structure of a membrane protein varies considerably from
micelle to membrane bound environment (e.g. bicelles, liposomes, nanodiscs)®2. Membrane
mimetics, such as lipodisq nanoparticles and membrane scaffold protein (MSP)-stabilized
nanodiscs, styrene-maleimide copolymer-lipid nanoparticles (SMILPs), and styrene-maleic
acid copolymer-lipid nanoparticles (SMALPs) have been shown to enhance the accuracy of
biophysical studies compared to previous membrane mimetic systems®-14. However, there
are advantages and drawbacks to each of these mimetic systems!®. Recent studies on the
modified version of styrene-maleic acid copolymers have shown ultra-stability of
monodispersed lipid bilayer nanodics1. Although liposomes are a widely accepted
membrane mimetic system, they tend to form heterogeneous aggregates. Protein
incorporation into these proves to be extremely difficult and often leads to misfolded
proteins!”-18, The spherical geometry of liposomes also makes it difficult to examine the
cytoplasmic regions of trans-membrane proteins'®. A popular membrane mimetic system is
called bicelles and is composed of long-chained phospholipids and short-chained
phospholipids, such as 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
diheptanoyl-sn-glycero-3-phosphocholine (DHPC). Bicelles form a disc-shape that allows
biophysical techniques to probe the cytoplasmic region, hydrophobic interior of the lipid
bilayer and extracellular region of the transmembrane protein?0-22, However, bicelles can be
only formed using limited phospholipid combinations, which may not be able to
accommodate a native environment for many membrane proteins!®23-24_ Nanodiscs,
composed of a scaffold protein wrapped around a bundle of phospholipids, have proven to
be advantageous. Nanodiscs can result from several types of phospholipid combinations,
while the scaffold protein stabilizes the lipids and protein of interest?26, Nanodiscs allow
for more accurate biophysical analysis of membrane proteins that require specific types of
lipids when compared to the limited combination of lipids that bicelles offer26:27. However,
formation of nanodiscs is a detergent-based technique, which may distort the structure of the
protein. The stabilizing scaffold protein’s absorbance properties have also proven to interfere
with the membrane protein to be studied®25. Using polymers to form nanoparticles has
proven to hold more advantages than scaffold protein nanodiscs!®. Polymers such as styrene
maleimide copolymer-lipid nanoparticles (SMILPS) and styrene-maleic acid copolymer-lipid
nanoparticles (SMALPS) can solubilize the protein of interest without the use of detergent.
SMALPs and SMILPs form nearly homogenous nanoparticles and provide a native
mimicking environment with lipids that are compatible with the protein of interest, while
stabilizing the protein with minimal interferencel528,
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Recent studies have used polymers to form membrane mimetic systems415.28 and
commercial polymers have been used to characterize the formation of lipodisq nanoparticles
using dynamic light scattering (DLS), 31P Solid State Nuclear Magnetic Resonance
(SSNMR), and Transmission Electron Microscopy (TEM)2°. Recently, our lab has shown
that 3:1 styrene-maleic acid can be synthesized in a laboratory setting using reversible
addition-fragmentation chain transfer polymerization (RAFT) polymerization and
successfully used to characterize the structure of styrene-maleic acid copolymerlipid
nanoparticles (SMALPs)1530, RAFT polymerization is synthetically simple and provides
flexibility to vary the structure of the polymer and influence the size of SMALPs1%:30,
SMALPs show compelling evidence that they are suitable for membrane protein
incorporationl®.

In this study, we used SMALPs synthesized from commercial styrene-maleic acid (StMA)
units. StMA was titrated with 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPC/POPG) vesicles and
characterized using Dynamic Light Scattering (DLS), and Transmission Electron
Microscopy (TEM) showing that a weight ratio of 1:1.5 resulted in a homogeneous lipid
nanoparticle system. This SMALP system (1:1.5) was used to incorporate the Voltage
Sensor Domain (Q1-VSD) of an integral membrane protein KCNQL. Valine 165 in the
trans-membrane segment of helix 2 of Q1-VSD was mutated to cysteine (V165C) and
labeled with S-(1-oxyyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate (MTSL) spin labeling agent to make it EPR active for the studies
using CW-EPR spectroscopy. KCNQL1 is a voltage-gated potassium channel protein with six
transmembrane helices (S1-S6), involved in regulating the flow of potassium ions in the
heart and composed of the voltage sensor domain, Q1-VSD (S1-S4), and the pore domain
(S5-S6)31:32, CW-EPR spectra revealed higher side chain mobility in liposomes when
compared to SMALPs consistent with previous studies?®.

2. Materials and Methods

2.1 Typical Synthesis of a One-pot Block Copolymer of Poly(styrene-alt-maleic anhydride-

b-styrene)

All materials were obtained from commercial suppliers and used as received unless
otherwise specified. The synthesis of poly(styrene-alt-maleic anhydride-b-styrene) was
carried out as an adaptation of a previously described procedurel®33, Briefly, Styrene
(3.6608 g, 35.1 mM), Maleic Anhydride (0.98 g, 10 mM), and 2-
(Dodecylthiocarbonothioylthio)propionic acid (PADTC) (0.1404 g, 0.4 mM) were combined
in a 20 mL vial and dissolved in 4.64 g 1,4-dioxane. 1,1-Azobis(cyclohexanecarbonitrile)
(ACHN) (0.0195 g, 0.008 mM) was added and dissolved. The contents of the vial were
transferred to a 50 mL round bottom flask with a magnetic stir bar and small aliquot of
solution was set aside. The flask was capped with a rubber stopper and bubbled with
nitrogen for 15 minutes. The solution was heated to 90 °C for 20 hours. Once comparison by
NMR with the previously set aside aliquot showed sufficient conversion (~80%), the
polymer was purified by 3 sequential precipitations from tetrahydrofuran (THF) into a large
excess of cold hexanes, yielding 4 g of yellow powder.
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2.2 End-group Removal of Poly(styrene-alt-maleic anhydride-b-styrene)

The polymer (ca. 4 g) was dissolved in dioxane and combined with 2.4 g of benzoyl
peroxide (9.9 mM) in a 50 ml round bottom flask. The flask was sealed with a rubber
stopper and bubbled with nitrogen for 15 minutes. The escape needle was left in the flask
and the flask was heated to 82 °C for 5 hours. Upon completion, the polymer was
precipitated twice from THF into a large excess of cold hexanes, yielding a white to off-
white powder.

2.3 Hydrolysis of 3:1 Styrene-maleic Anhydride

The anhydride moieties of the polymer were hydrolyzed using NaOH to their succinic acid
counterparts as previously described!® with slight modifications. Briefly, equal mass of
polymer and THF (1 g) were combined in a vial, and briefly heated to 95 °C while swirling
to dissolve all the polymer. Then, a 4x molar excess of aqueous 2 M NaOH was added
dropwise while stirring, and the resulting mixture was heated at 65 °C for 24 hours. Another
10 mL of distilled water was added, and the mixture was heated for another 24 hours. At the
end of this period, the solution is stable at room temperature. The THF and excess base were
removed by dialysis in 3.5 kDa cutoff tubing, using two 1 L portions of ultrapure water. The
polymer was collected in a 50 mL conical tube and frozen in a =80 °C refrigerator overnight,
then lyophilized, yielding a white to off-white powder. The NMR data on the hydrolyzed
polymer is shown in the supporting information in Figure S1. The NMR peaks
corresponding to styrene aromatic protons are observed in the 6.0 — 7.5 ppm region of the
spectrum. To the best of our knowledge, precise NMR characterization of these copolymers
has not been done. This is mainly due to the significant broadening observed when the
maleic anhydride protons are incorporated into the polymer backbone. Hence a meaningful
resolution of these protons cannot be obtained. These RAFT-synthesized copolymers are
characterized by a much steeper gradient, as opposed to block copolymers.

2.4 Size Exclusion Chromatography (SEC) Procedure

5 mg of polymer was dissolved in 1.5 mL THF with 0.025% butylated hydroxy toluene
(BHT). Two drops of toluene were added as a flow rate marker. The solution was then
filtered through a 0.22 um filter. Size exclusion chromatography was performed using an
Agilent 1260 gel permeation chromatography system coupled with an autosampler, a guard
and 2x PL Gel Mixed B columns, and a refractive index detector. The eluent was
tetrahydrofuran running at 1 mL/min at 25 °C. The system was calibrated with poly(methyl
methacrylate) standards in the range of 617,000 to 1010 and corrected to polystyrene using
the standard Mark-Houwink parameters Kyyva = 12.8, apma = 0.69, Ksyy = 11.4, asyy =
0.716. The M,, by GPC, after applying the Mark-Houwink correction for polystyrene was
7.0kDa, M, of 9.8kDa, with a polydispersity of 1.40. The molecular weight distribution data
on the polymer are also included in the supporting information in Figure S2.

2.5 Vesicle Preparation and Formation of SMALPs

To characterize the formation of homogeneous SMALPs, two different lipids commonly
used for studying membrane proteins were used. One vesicle sample was composed of
POPC, another one was composed of a molar ratio of 3:1 (POPC:POPG) and the third

Chem Phys Lipids. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harding et al.

Page 5

vesicle sample was composed of a molar ratio of 9:1 (POPC:POPG). In each of the samples,
powdered lipids were dissolved in a 2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethanesulfonic
acid (HEPES) buffer (20 mM HEPES, 100 mM NaCl, pH 7.0) and brought to a final
concentration of 25 mM. The mixture was then vortexed vigorously for one minute and
followed by at least 15 freeze/sonication cycles (<30°C) to obtain a homogeneous milky
solution. The vesicle solutions were then frozen with liquid nitrogen and placed in a freezer
overnight (—20 °C). Dynamic light scattering was used to confirm and analyze the size of
vesicles the next day.

Styrene-maleic acid was dissolved in a buffer (20mM HEPES, 100mM NaCl pH7), brought
to a final concentration of 2.5% (m/v) and sonicated at 30—-40 °C until the solution went
clear. The vesicles (POPC, POPC/POPG) were titrated with StMA polymer by adding StMA
solution dropwise obtaining the weight ratios of 1:0.5, 1:1, 1:1.25 and 1:1.5
(vesicles:StMA). The newly formed SMALP solution was mixed via slight rotation at room
temperature overnight.

2.6 Preparation of Q1-VSD for CW-EPR Spectroscopic Study

The His-tag expression vector (pET-16b) containing wild type Q1-VSD (residues 100-249)
was expressed and purified using Rosetta/C43(DE3) strain of £.coli as previously
described?. Briefly, site-directed mutagenesis was performed to remove all the native
cysteines and generate single cysteine mutants from the cys-less vector using the
QuickChange Lightning Site-Directed Mutagenesis Kit (Stratagene). The mutation was
confirmed by DNA sequencing and was transformed into Rosetta/C43(DE3) £.coli cells for
protein overexpression.

The overexpression and purification of Rosetta/C43(DE3) E£. coli cells carrying mutated Q1-
VSD genes were carried out using a previously described protocol?. £, colicells carrying
mutant (V165C) was grown in an M9 minimal medium with 100 ug/mL ampicillin and 50
ug/ml chloramphenicol. The cell culture was incubated at 25 °C and 240 rpm supplemented
with MEM vitamin (Mediatech) and ZnCl, (50 uM) until the ODgqq reached 0.8, at which
point protein expression was induced using 1 mM isopropyl-1-thio--D-galactopyranoside
(IPTG), followed by continued rotary shaking at 25°C for 24 h. Purification of Q1-VSD
from inclusion bodies was carried out according to a previously described method* and
eluted using 0.1% 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (LMPG)
detergent. Protein samples were concentrated using a Microcon YM-3 (molecular weight
cutoff, 3,000) filter (Amicon). The protein concentration was measured with a nanodrop and
purity was confirmed by SDS-PAGE. Spin labeling, and liposomes reconstitution was
carried out following a similar protocol previously described34. After purification, cysteine
mutant was concentrated to 0.5 mM. Sample was then reduced with 2.5 mM Dithiothreitol
(DTT), with gentle agitation at room temperature for 24 hours to ensure complete
conversion to Cys-SH. MTSL spin label was added to 10 mM from a 250 mM solution in
methanol into 0.5 mM Q1-VSD solution, which was then equilibrated at room temperature
for 30 minutes, followed by incubation at 37 °C for 3 hours and further incubated overnight
at room temperature. Sample was then buffer-exchanged into a 50 mM phosphate, 0.1%
LMPG, pH 7.8. Following buffer exchange, samples were bound to Nickel resin in a
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column, which was then washed with 200 mL of 50 mM phosphate, 0.05% n-
dodecylphosphocholine (DPC), pH 7.8 to remove excess MTSL. The spin labeled Q1-VSD
was eluted using elusion buffer containing 0.5% DPC. The reconstitution of spin labeled
protein into POPC/POPG (3:1) proteoliposomes was carried out via dialysis methods
following a similar protocol in the literaturel4. The concentrated spin labeled Q1-VSD
protein was mixed with stock lipid slurry (400 mM SDS, 75 mM POPC and 25 mM POPG,
0.1 mM ethylenediaminetetraacetic acid (EDTA), 100mM imidazole (IMD), pH 7.5). The
lipid slurry was pre-equilibrated to clear mixed micelles via several freeze thaw cycles. The
final protein:lipid molar ratio was set to 1:250. The Q1-VSD-lipid mixture was then
subjected to extensive dialysis to remove all detergent present and help form Q1-VSD/
POPC/POPG vesicles.

The protein-lipid complex was incorporated into SMA-polymer following previously
published protocols!114. A 500 pl aliquot of proteoliposome-reconstituted protein sample
(~30 mM POPC/POPG lipid) was added with the 2.5% of StMA polymer solution prepared
in the same dialysis buffer drop-wise over 3—4 minutes at a weight ratio 1:1.5. The protein-
StMA-polymer solution was equilibrated overnight at 4 °C. The resulting solution was
centrifuged at 40,000xg for 30 minutes to remove the nonsolubilized protein. The
supernatant was further concentrated to desired volume and concentration for CW-EPR
spectroscopic measurements.

2.7 Dynamic Light Scattering (DLS) Measurements

DLS measurements were performed on a ZETASIZER NANO Series (Malvern Instruments)
at 25 °C in disposable 40 puL micro cuvettes. Data were collected for 20 s and averaged for
10 scans. The size distribution in radius is shown on a log scale using Igor Pro
(WaveMetrics).

2.8 CW-EPR Measurements

EPR experiments were conducted at the Ohio Advanced EPR Laboratory. CW-EPR spectra
were collected at X-band on a Bruker EMX CW-EPR spectrometer using an ER041xG
microwave bridge and ER4119-HS cavity coupled with a BVT 3000 nitrogen gas
temperature controller. Each spin-labeled CW-EPR spectrum was acquired by signal
averaging 20 42-s field scans with a central field of 3315 G and sweep width of 100 G,
modulation frequency of 100 kHz, modulation amplitude of 1 G, and microwave power of
10 mW at room temperature.

2.9 Transmission Electron Microscopy

One drop of control POPC/POPG vesicles and StMA-lipid nanoparticle (1/1.25) samples out
in a solution of 100 mM NaCl, 20 mM HEPES pH 7.0 were adsorbed to 200 mesh copper
carbon-coated grids for 10 s for full absorbance. The grids were stained with two drops of
1.5% ammonium molybdate. Images were recorded using JEOL-1200EX.

Chem Phys Lipids. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harding et al.

Page 7

3. Results and Discussion

Figure 1 shows the DLS data of POPC vesicles and the addition of 2.5% (m/v) RAFT StMA
polymer solution. The varying ratios of StMA can be used to control the overall particle size
as shown by previously published datal® and was found to be consistent with this study.
Figure 1A displays the DLS data for POPC vesicles indicating a unimodal peak with a wide
size distribution representing heterogeneity in the sample. The heterogeneity of POPC
vesicles was confirmed using TEM (Figure 2A). When these vesicles were titrated with a
2.5% StMA solution at a weight ratio of 1:0.5 (POPC:StMA), DLS data showed more
heterogeneity as indicated by the wider size distribution as presented in Figure 1B. The
addition of StMA possibly causes aggregation of the vesicle sample at this ratio. The sample
at this weight ratio appeared to be mostly transparent, but some lipids remained visually
undissolved. A ratio of 1:1 (POPC:StMA) shows a bimodal graph indicating two separate
components in the sample as shown in Figure 1C. One component has a smaller size
distribution of particles with the peak centered at 21 nm, while the other larger component
showed a wider size distribution corresponding to an average particle size of 127 nm. The
smaller size distribution of the first component is indicative of SMALP formation, while the
larger size distribution in the second component indicates POPC vesicles in solution that
have not solubilized with StMA.. This mixture showed to be primarily transparent due to the
solubilization of lipids by StMA. Figure 1D represents the 1:1.25 (POPC:StMA solution)
ratio that shows a similar bimodal graph as Figure 1C. However, the first component with a
smaller size distribution of particles in solution is depressed and slightly decreased with an
average particle size of 18 nm, while the component with a larger size distribution of
particles shows a decrease in the intensity, indicative of a decrease in the heterogeneity of
the vesicles. The solution became visually transparent due to the solubilization of lipids.
Finally, when the weight ratio of POPC to StMA solution was increased to 1:1.5, as shown
in Figure 1E, DLS data showed one dominant peak with an average size distribution of 10
nm. The solution was also visually transparent at this stage. The homogeneity of the sample
was confirmed using TEM as shown in Figure 2B1529, This result is consistent with the
previously published datal®.

Figure 3 shows the DLS data of 3:1 (POPC:POPG) titrated with the same 2.5% (m/v) StMA
solution. Similar heterogeneity (reported above) was observed for 3:1 (POPC:POPG) vesicle
sample as shown in Figure 3A with a relatively large size and the finding was confirmed
using TEM1529 (Figure 4A). Vesicles were first titrated with the StMA at weight ratio of
1:0.5 (Figure 3B), resulting in a bimodal graph by DLS and a partially clear solution with
some visible aggregation was still present. Although it showed a wide size distribution, it
resulted in a 2-component peak. The more intense peak indicated SMALP formation due to
the lower size distribution, while the less-intense peak replicates the unsolubilized vesicles
shown in Figure 3A. Figure 3C reveals a weight ratio (vesicles:StMA) of 1:1 and showed
improvements from the previous ratio of 1:0.5 with respect to the homogeneity and the
clarity of the sample. At the weight ratio of 1:1, the solution became visually transparent.
The data indicate two components; one with a relatively low size distribution of particles
with the peak centered at 30 nm indicating that the StMA is beginning to solubilize the
vesicles to form SMALPs; the component with a larger size distribution of particles similar
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to vesicles (Figure 3A) remained in solution and indicates some nonsolubilized vesicles. As
the 3:1 (POPC:POPG) vesicles were further titrated to a weight ratio of 1:1.25 (Figure 3D),
StMA solubilizes the majority of the vesicles present as shown in Figure 3C and showed a
visually transparent solution. The component with a smaller size distribution of the particles
also decreased with an average particle size distribution of 30 nm. It can be inferred that as
more polymer is added to the vesicles, the SMALP formation caused reduction; both in size
itself and the size distribution and agrees with previous literature studies'®29. This is also
observed as the vesicles are further titrated with 1:1.5 (vesicles:StMA solution) as shown in
Figure 3E. At this ratio, the entire solution was clear and has fully solubilized the vesicles to
form SMALPs with a decreased size distribution as indicated by the peak centered at 10 nm.
The homogeneity of the SMALPs is further confirmed using TEM (Figure 4B).

Figure 5 shows the DLS data of 9:1 (POPC:POPG) vesicles. Vesicles were synthesized with
a molar ratio of 9:1 (POPC:POPG) and titrated with 2.5% (m/v) StMA in buffer (20mM
HEPES, 100mM NaCl pH7). Figure 5A presents the DLS data for 9:1 (POPC:POPG)
vesicles. The vesicles show consistent data by providing a heterogeneous solution which is
further confirmed using TEM as shown in Figure 6A. As StMA is further titrated with the
9:1 (POPC:POPG) vesicles to a 1:0.5 weight ratio (vesicles:StMA) as displayed in Figure
5B, a significant amount of StMA solubilizes the vesicles, but shows a small amount of
aggregation. This is reflected in the DLS data as the dominant peak in the bimodal graph is
further depressed and narrows down, which is a consistent trend of SMALP formation?®.
However, a portion of the solution showed a small peak indicative of the unsolubilized
vesicles at a larger distance. Figure 5C shows the titration data of 1:1 (vesicles:StMA) with a
slight improvement from the previous titration ratio of 1:0.5 and showed to be
nonsolubilized. Although DLS generated a similar graph to that of Figure 5B, the dominant
peak showed a downward shift as well as a decrease in size distribution, indicative that
StMA is still solubilized with the vesicles to form a homogeneous SMALP system. As more
StMA is added to a ratio of 1:1.25 (vesicles:StMA) as shown in Figure 5D, a majority of
vesicles are solubilized by StMA to form homogeneous SMALPs as shown by the dominant
peak with a size distribution of 10 nm, only a small portion of vesicles have not solubilized
with StMA even though the sample remains visually transparent. Finally, a weight ratio of
1:1.5 (vesicles:StMA) was also completely clear and found to give the best data with the
average size distribution of ~9 nm for completely homogeneous SMALPs and is presented
in Figure 5E. The finding and size distribution were further confirmed using TEM as shown
in Figure 6B.

As stated above, TEM was used to further confirm the data obtained from DLS experiments
as DLS tends to be biased towards larger particle sizes'>29. Our TEM data is in good
agreement with the DLS data obtained for different ratios of vesicles to StMA and clearly
shows that at 2.5% StMA and a ratio of 1:1.5 (vesicles:StMA) we were able to obtain
homogeneous SMALPs. Using the three titrations presented Figures 1, 3, and 5, SMALP
systems were successfully characterized in different lipid environments at a critical weight
ratio of 1:1.5. Table 1 presents the size distributions for each of the three titrations presented
above. The data clearly indicates that the formation of SMALPs clearly works for a variety
of phospholipids. Further investigation of StMA in the presence of other lipids will progress
the study of membrane proteins in different lipid environments. For all the liposome samples
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studied the addition of more StMA (upto 1:2) did not significantly reduce the size of the
SMALPs,

Successful characterization of SMALPs in a 3:1 (POPC:POPG) environment was tested with
the integral membrane protein Q1-VSD. Q1-VSD is composed of four trans-membrane
helices?. To test the compatibility of the SMALP system and membrane proteins, residue
V165C was spin-labeled and incorporated into 3:1 (POPC:POPG) vesicles and StMa
solution was added until a weight ratio of the protein sample to StMA solution was 1:1.5.
For all the liposome samples studied, the addition of more StMA (up to 1:2) did not
significantly reduce the size the SMALPs. V165C is an amino acid mutant embedded in the
second helix within the lipid bilayer of Q1-VSD. Spin labeled residue in a SMALP system
versus spin labeled residue in a 3:1 vesicle environment (liposome) were compared using
CW-EPR line shape analysis as displayed in Figure 7. The spin-labeled Q1-VSD V165C in
the SMALP system showed line shape broadening, revealing two motional components
signified by the two arrows. The left arrow shows the slow and more rigid component, while
the right arrow points to the faster motional component of the spin label. These two
components, however, are not present in the liposome. This data is consistent with previous
studies of characterizing the membrane protein KCNEL in the presence of lipodisq
nanoparticles1O clearly suggesting that the SMALP system is compatible with membrane
proteins and allows for the analysis of membrane proteins using biophysical technique, such
as CW-EPR spectroscopy.

4. Conclusion

Knowledge and research on SMALP systems is exponentially growing%:15.29, |n this study,
SMALPs were characterized by titrating different ratios of POPC:POPG with the RAFT
synthesized StMA. The resulting homogeneous SMALP solution was found to have an
average size of 10 nm. This newly synthesized RAFT SMALP system was used as a new
membrane mimetic system to show successful incorporation of Q1-VSD membrane protein
and analyzed using CW-EPR spectroscopy. Overall, our data suggests a promising future for
this membrane mimetic system with a great potential for studies using biophysical
techniques. RAFT SMALPs offer great potential in being synthetically simple, and
economical alternative to other current membrane mimetic systems. It provides flexibility
with the structure of the polymer and therefore better control on the size of SMALPs1®.
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Highlights:

. The size of styrene-maleic acid copolymer-lipid nanoparticles (SMALPS)
were characterized using Dynamic Light Scattering.

. EPR spectra showed the incorporation of a membrane protein into the
nanoparticles and liposomes.

. TEM images show the size and distribution of the SMALPs.
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Figure 1.
DLS data showing volume graphs for 2.5 % (m/v) StMA polymer and POPC vesicles. (A)

POPC vesicles (control), (B) SMALPs generated from 1:0.5 POPC:StMA, (C) SMALPs
generated from 1:1 POPC:StMA, (D) SMALPs generated from1:1.25 POPC:StMA, (E)
SMALPs generated from1:1.5 POPC:StMA.
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Figure 2.
TEM micrographs of (A) POPC vesicles (control), and (B) SMALPs generated from 1:1.5

vesicles:StMA.
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Figure 3.

Page 15

DLS data showing volume graphs for 2.5 % (m/v) StMA polymer and 3:1 (POPC:POPG)

vesicles. (A) POPC:POPG, 3:1 vesicles (control), (B) SMALPs generated from1:0.5

vesicles:StMA, (C) SMALPs generated from 1:1 vesicles:StMA, (D) SMALPs generated

from1:1.25 vesicles:StMA, (E) SMALPs generated from1:1.5 vesicles:StMA.
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Figure 4.
TEM micrographs of (A) POPC:POPG (3:1) vesicles (control), and (B) SMALPs generated

from 1:1.5 vesicles:StMA.
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Figure 5.
DLS data showing volume graphs for 2.5 % (m/v) StMA polymer and 9:1 (POPC:POPG)

vesicles. (A) POPC:POPG 9:1 vesicles (control), (B) SMALPs generated from1:0.5
vesicles:StMA, (C) SMALPs generated from 1:1 vesicles:StMA, (D) SMALPs generated
from1:1.25 vesicles:StMA, (E) SMALPs generated from 1:1.5 vesicles:StMA.
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Figure 6.
TEM micrographs of (A) POPC:POPG (9:1) vesicles (control), and (B) SMALPs generated

from 1:1.5 vesicles:StMA.
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Figure 7.
CW-EPR data on V165C-Q1-VSD mutant in (A) POPC:POPG (3:1) liposomes as control,

and (B) SMALPs formed from 1:1.5 (vesicles:StMA), Left arrow shows the slower, rigid
limit component of the spin label while the right arrow indicates a faster component.
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Average particle size distribution of SMALPs resulting from different ratios of vesicles:StMA

Table 1

Name

POPC
3:1 (POPC:POPG)

9:1 (POPC:POPG)

Particle Size (nm)
1:0
(Control vesicles)

90
60
55

21
30
21
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