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ABSTRACT: Challenges in purification and subsequent
functionalization of membrane proteins often complicate
their biochemical and biophysical characterization. Purification
of membrane proteins generally involves replacing the lipids
surrounding the protein with detergent molecules, which can
affect protein structure and function. Recently, it was shown
that styrene—maleic acid copolymers (SMA) can dissolve
integral membrane proteins from biological membranes into
nanosized discs. Within these nanoparticles, proteins are
embedded in a patch of their native lipid bilayer that is
stabilized in solution by the amphipathic polymer that wraps

the disc like a bracelet. This approach for detergent-free purification of membrane proteins has the potential to greatly simplify
purification but does not facilitate conjugation of functional compounds to the membrane proteins. Often, such functionalization
involves laborious preparation of protein variants and optimization of labeling procedures to ensure only minimal perturbation of
the protein. Here, we present a strategy that circumvents several of these complications through modifying SMA by grafting the
polymer with cysteamine. The reaction results in SMA that has solvent-exposed sulthydrils (SMA-SH) and allows tuning of the
coverage with SH groups. Size exclusion chromatography, dynamic light scattering, and transmission electron microscopy
demonstrate that SMA-SH dissolves lipid bilayer membranes into lipid nanodiscs, just like SMA. In addition, we demonstrate
that, just like SMA, SMA-SH solubilizes proteoliposomes into protein-loaded nanodiscs. We covalently modify SMA-SH-lipid
nanodiscs using thiol-reactive derivatives of Alexa Fluor 488 and biotin. Thus, SMA-SH promises to simultaneously tackle
challenges in purification and functionalization of membrane proteins.

B iochemical and biophysical approaches to study membrane
proteins must often overcome challenges in protein
purification and functionalization. Purification of membrane
proteins generally involves cell lysis, isolation of the
membranes, followed by detergent-induced solubilization of
the proteins in the membrane. During this step, the lipids
surrounding the transmembrane domains are largely replaced
by a detergent micelle, which enables purification of the
proteins using standard procedures.” However, membrane
proteins may attract specific lipids to modulate their structure
and function,” > which highlights the importance of their native
environment within the membrane. Consequently, detergent-
induced stripping of lipids from membrane proteins can be
detrimental to their structure and function and may abolish
their reconstitution or interactions with other proteins.
Reconstitution of detergent-solubilized proteins into native-
like, albeit artificial, lipid bilayers of liposomes6 or membrane
scaffold protein-based nanodiscs facilitates their biophysical
characterization.”® In addition, in order to characterize
interactions with other proteins, substrates, and ligands, those
methods frequently require the reconstituted proteins to be
immobilized onto a surface, such as a glass coverslip for total
internal reflection fluorescence microscopy,” a sensor chip for
surface plasmon resonance,'”'" or mica for atomic force
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microscopy.'~ Although functionalized lipids may be incorpo-
rated in artificial lipid bilayers during reconsitution,”” specific
immobilization is generally mediated by covalently attached
functional compounds, such as biotin. Similarly (single-
molecule), detection of proteins by fluorescence microscopy
often involves covalent attachment of dye labels."*~'® Such
conjugations with functional compounds require careful
optimization of the reactions and demonstration that they do
not compromise protein structure and function. These steps are
laborious in the case of soluble proteins and even more
demanding in the case of membrane proteins.

Recently, copolymers of styrene and maleic acid (SMA) were
highlighted as agents that can be used for detergent-free
solubilization of membrane proteins.'”~** This amphipathic
polymer dissolves membranes into disc-shaped particles that
contain a patch of lipid bilayer membrane that is surrounded by
a bracelet of polymer molecules.'"”'” During SMA-induced
solubilization of biological membranes, integral membrane
proteins may become embedded in the discs within their native
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lipid bilayer. Subsequently, conventional purification ap-
proaches, such as affinity chromatography and gel filtration
strategies, may be used to purify nanodiscs that are loaded with
the protein of interest from excess polymer, empty discs and
nanodiscs that are loaded with other proteins. This direct
extraction of membrane proteins within their native lipid
environment facilitates the analysis of lipids that surround the
protein.”*** Thus, SMA is a versatile tool in membrane protein
research.'® However, as such, SMA does not facilitate the
conjugation of functional groups to the membrane proteins,
which is often required for their biochemical and biophysical
characterization.

Here we propose a strategy for preparation of modified SMA
that can be used for purification and conjugation of membrane
proteins and obviates the need for their genetic engineering and
labeling. The anhydride form of SMA (styrene-maleic
anhydride; SMAnh) is the starting point for this modification,
which exploits the reactivity of maleic anhydride toward
alcohols and amines. This reactivity has been used to prepare
biologically active conjugates of SMA with small molecules, like
fluorophores, drugs, and proteins.zs_27 However, to our
knowledge, at present, this reaction has not been used to
modify SMA for use in membrane protein solubilization. Many
compounds that are commonly used for conjugating to
proteins, such as fluorophores and biotin, are available as
amine-derivatives. Although these could be used to directly
modify SMAnh, those compounds are generally expensive. The
price tag on using functionalized SMA for preparative purposes
is considerable, especially because solubilization of biological
membranes requires excess of SMA. Furthermore, each distinct
application potentially requires a different functional group and,
thus, asks for specific preparations of functionalized SMA.

We designed and established a low-cost method for
preparation of a SMA variant that can be used to solubilize
membrane proteins and serve as a versatile intermediate for
functionalization. This SMA variant is prepared by partially
grafting the polymer with cysteamine (2-aminoethanethiol;
NH,C,SH). Hydrolysis of the remaining maleic anhydride
moieties results in SMA that has solvent-exposed sulfhydrils:
SMA-SH. Following purification of the protein of interest in an
SMA-SH nanodisc, the sulfhydril groups of the polymer
bracelet can be further functionalized with a thiol-reactive
derivative of a functional group of interest.

We show that SMA-SH is easy to prepare and that this
modified polymer dissolves lipid bilayer membranes into
nanosized discs that can be functionalized with thiol-reactive
probes.

B MATERIALS AND METHODS

Preparation of SMAnh-SH and SMA-SH. Styrene-maleic
anhydride copolymer with a styrene to maleic anhydride ratio of 2:1
and MW 7500 g/mol (SMAnh) was purchased from Polysciences. A
100 mg/mL solution of SMAnh was prepared in a S0 mL PPCO
centrifuge tube (Nalgene) by dissolving 1 g of SMAnh in 10 mL of
anhydrous DMF (Sigma). The solution was bubbled with nitrogen to
drive out oxygen and to ensure mixing during the reaction, which was
carried out at ambient temperature. To this solution, 15.1, 30.2, or
45.3 mg of cysteamine-HCl (Sigma) was added from a freshly
prepared cysteamine stock solution in DMF to produce SMAnh-SH,,
SMAnh-SH, or SMAnh-SH;, respectively. A total of 700 uL of
triethylamine (Et;N; Sigma) was added to the reaction, followed by
incubation during 30 min, after which the polymer was precipitated by
the addition of 25 mL of 600 uM acetic acid (Sigma). The polymer
was harvested by centrifugation at 35000 X G, followed by several
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cycles of washing the pellet in 600 M acetic acid and centrifugation,
to remove traces of DMF. Finally, the polymer was lyophilized and
stored at room temperature until use.

To hydrolyze SMAnh and SMAnh-SH,, 10 mg/mL suspensions of
SMAnh-SH, were prepared in 0.1 M borate buffer, pH 8.5, with 100
mM DTT, in 15 mL screw-cap tubes, and a small stirring magnet was
added. The suspensions were kept at 100 °C, for up to 4 h, while
stirring. The resulting SMA and SMA-SH,, solutions were transferred
to dialysis tubing with a molecular weight cutoff of 3.5 kDa
(Spectrapor) and extensively dialyzed against 20 mM Tris-HCI pH 8
with 1 mM DTT, followed by S mM Tris-HCI, pH 8.0, with 1 mM
DTT. Subsequently, the solutions were lyophilized. Dry polymer was
dissolved to a concentration of 60 mg/mL in 20 mM Tris-HCI pH 8.0,
10 mM DTT, and stored at —20 °C until use.

Determination of Thiol Content. A HiTrap desalting column
(GE-Healthcare) was used to purify S00 L of 10 mg/mL SMA-SH,
from DTT just before determination of thiol content using
dithionitrobenzoicacid (DTNB; Sigma). A 20 mM stock solution of
DTNB was prepared in DMSO and stored at —20 °C. A DTNB
working solution was prepared freshly by diluting the DTNB stock
solution 200X in 0.2 M Tris-HCI, pH 7.5. A 250 uL aliquot of sample
was diluted into 750 uL of the DTNB working solution and incubated
for 30 min before measurement of absorbance at 412 nm using a
Denovix DS-11+ spectrophotometer. The thiol concentration was
calculated using the molar extinction coefficient of DTNB at 412 nm
(14150 M™! cm™). Absorption values for SMA-SH,, stock solutions
obtained at 260 nm were used to correct the thiol concentration for
differences in polymer concentration between samples.

Assessment of Liposome Dissolution. For preparation of
liposomes, a volume of 1,2-dimyristoil-sn-glycero-3-phosphocholine in
chloroform (Avanti Polar Lipids; DMPC) was dried under a stream of
nitrogen, followed by incubation under vacuum for several hours.
Subsequently, the dry lipids were suspended to a concentration of 100
mg/mL in 20 mM Tris-HCI, pH 8.0, and 200 mM NacCl by sonication
in a bath sonicator (Branson), and stored at —20 °C until use. Time-
dependence of SMA- and SMA-SH-induced liposome dissolution was
monitored by the intensity of light scattered at a 90° angle by an
illuminated solution of liposomes using a Cary Eclipse spectrofluor-
ometer (Varian) equipped with a Peltier temperature controller. A
0.05 mg/mL solution of DMPC liposomes was prepared by dilution of
the 100 mg/mL DMPC stock solution into 20 mM Tris-HCI, pH 8.0,
200 mM NaCl and 2 mM DTT, followed by sonication. A disposable
4xOptical acrylic cuvette (Sarstedt) holding 2 mL of the liposome
solution was placed in the fluorometer. A stirring magnet was placed in
the cuvette and stirred at maximum speed to ensure mixing, and the
solution was equilibrated at the set temperature for at least S min
before addition of SMA or SMA-SH, to a final concentration of 0.15
mg/mL. Excitation and emission wavelengths of the fluorometer were
set identically, excitation and emission slits were set to 10 nm, and
scattered light was filtered through the 3%T attenuator emission filter
before detection.

Purification and Size Determination of SMA- and SMA-SH,-
lipid Nanodiscs. SMA-DMPC nanodiscs and SMA-SH,-DMPC
nanodiscs were prepared by mixing S mg/mL DMPC in 20 mM Tris-
HCI pH 8.0, 200 mM NaCl and 10 mM DTT with 15 mg/mL SMA or
SMA-SH,, followed by incubation at 37 °C for at least 10 min. Lipid
nanodiscs were separated from free polymer by gel-filtration on a
Superdex 200 Increase 10/30 GL column (GE Healthcare Life
Sciences) that was equilibrated in 20 mM Tris-HCI, pH 8.0, 200 mM
NaCl, and 2 mM DTT, at 4 °C. DTT was omitted in case of
purification of lipid nanodiscs for labeling with thiol-reactive probes.
The column was calibrated using the Gel Filtration Calibration Kit
HMW (GE Healthcare Life Sciences).

A Zetasizer ZS instrument (Malvern) was used to determine the
size of particles by dynamic light scattering (DLS). Samples were
briefly degassed under vacuum and equilibrated for 300 s at 25 °C
before the start of the measurement. Default settings in the software
were used for optimizing measurement settings and duration.
“Multiple narrow modes” analysis of the correlation data was used
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to obtain intensity-based particle size distributions, assuming spheri-
cally shaped particles.

Carbon-coated 400 square mesh copper grid from Electron
Microscopy Sciences were glow-discharged for 30 s. A single droplet
of 3 uL of sample was applied to the grid and removed after 60 s by
blotting with filter paper (Whatman). The grid was briefly washed with
water, and excess water was removed by blotting with filter paper prior
to staining with 3 uL of 2% uranyl acetate during 60 s. Excess of
staining was removed by blotting with filter paper and the grid was
dried at room temperature. TEM was performed using a Philips
CM200 (200 kV). The micrographs were imaged with a TemCam-
F416 4 kkD (TVIPS) and recorded at 57000X magnification using
EM-MENU software. Particle sizes of 200 manually and randomly
picked particles were determined using ImageJ using a pixel size of
0.186 nm.

Preparation of SMA-bR and SMA-SH;-bR Nanodiscs. A
suspension of 1 mg/mL of lyophilized purple membrane (PM) from
wild-type Halobacterium salinarum R1 (Actilor) in phosphate buffered
saline, with 2 mg/mL DMPC was prepared by sonication.
Subsequently, n-octyl glucoside (nOG; Anatrace) was added up to
20 mg/mL from a 10% solution in H,O, followed by incubation at
ambient temperature during 3 h in the dark to solubilize
bacteriorhodopsin (bR) from PM. Reconstitution of nOG-solubilized
bR into DMPC liposomes was induced by addition of an equal volume
of Bio-Beads SM-2 (Bio Rad) that were pretreated with methanol and
equilibrated in 20 mM Tris-HCl, pH 8, 200 mM NaCl. Following
incubation at ambient temperature during 16 h with gentle agitation,
bR-DMPC proteoliposomes were eluted from the Bio-beads. Tris-HCl
was added to a final concentration of 20 mM, and DTT was added to
S mM. SMA-bR and SMA-SH;-bR nanodiscs were formed by addition
of 6 mg/mL of SMA or SMA-SH;, respectively, followed by incubation
at 37 °C during at least 1 h. Aggregates were removed by
centrifugation for 8 min at 16000 X G. SMA-bR and SMA-SH;-bR
nanodiscs were analyzed with gel filtration by injecting samples of 500
UL on a Superdex 200 Increase column that was equilibrated in 20 mM
Tris-HCI, pH 8, with 200 mM NaCl.

Labeling of SMA-SH;-Lipid Nanodiscs with Thiol-Reactive
Probes. SMA-SH;-DMPC nanodiscs were prepared as described
above. SMA-SH;-DMPC nanodiscs containing 1% Atto647N-labeled
1,2-dimyristoil-sn-glycero-3-phosphoethanolamine (Atto647N-DMPE;
Atto-Tec), were prepared by mixing S mg/mL DMPC + 1%
Atto647N-DMPE with 15 mg/mL SMA-SH;. Lipid-nanodiscs were
separated from free polymer by gel-filtration on a Superdex 200
Increase 10/30 GL column (GE Healthcare Life Sciences) that was
equilibrated in 20 mM Tris-HCI pH 8.0, 200 mM NaCl. Purified SMA-
SH;-lipid nanodiscs were labeled during 16 h at 4 °C with 10—20X
molar excess of Alexa Fluor 488 C; maleimide (ThermoFischer
Scientific), maleimide-PEG11-biotin (ThermoFischer Scientific) or
biotin-maleimide (Sigma-Aldrich), added from 14 mM stock solutions
in DMSO. Labeled SMA-SH;-lipid nanodiscs were separated from
nonreacted probes using PD10 desalting columns (GE-Healthcare Life
Sciences) equilibrated in 20 mM Tris-HCI, pH 8.0, 200 mM NaCl and
2 mM DTT. Biotinylated SMA-SH;-lipid nanodiscs were concentrated
10X using Amicon spin-filters with a molecular weight cutoff of 10
kDa (Millipore).

Fluorescence Spectroscopy. Fluorescence measurements were
carried out using quartz cuvets (Hellma) in a Cary Eclipse
spectrofluorometer equipped with a Peltier temperature controller.
Absorption values at 495 and 644 nm were determined for
preparations containing A488-labeled SMA-SH;-DMPC nanodiscs,
A488-labeled SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs,
and SMA-[DMPC + 1% Atto647N-DMPE] nanodiscs. Using those
values, the concentrations of A488-labeled SMA-SH;-DMPC nano-
discs and SMA-[DMPC + 1% Atto647N-DMPE] nanodiscs were set
to the concentration of A488-labeled SMA-SH;-[DMPC + 1%
Atto647N-DMPE] nanodiscs.

Interaction between biotinylated SMA-SH;-[DMPC + 1%
Atto647N-DMPE] nanodiscs and avidin was assessed using the
DyLight Reporter Solution from the Fluorescence Biotin Quantitation
Kit (ThermoFischer Scientific), which contains DyLight488-labeled
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avidin (D488-avidin). This solution was diluted 400X in 20 mM Tris-
HC], pH 8.0, 200 mM NaCl, and 2 mM DTT. The S uL biotinylated
SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs were added to
1 mL of D488-avidin solution and to 1 mL of D488-avidin solution +
0.1 uM Biocytin (ThermoFischer Scientific). Fluorescence emission
spectra were collected upon excitation at 475 nm.

B RESULTS AND DISCUSSION

SMA-SH is Obtained by Grafting of SMA with
Cysteamine. The initial step for preparation of SMA-SH is
the formation of an amide bond between maleic anhydride
groups in the polymer and the amine group of cysteamine
(SMAnh-SH; Scheme 1). Here, we use SMAnh with a styrene

Scheme 1. Reaction Scheme for the Preparation of SMA-SH
SMARh

Cysteamine

SH

+ /—/

HoN
n m
1) DMF, Et,N, 25 °'C
2) Water, centrifugation
3) Lyophilization
4) Borate pH 8.5, DTT, 100 '(
5) Dialysis

SMA-SH (R = NHC,SH or OH)

to maleic anhydride ratio of 2:1, but the same procedure can be
applied to SMAnh-copolymers with different compositions.
Using a value of 7500 g/mol for the molecular weight of
SMAnh, we carry out this reaction with molar ratios of SMAnh
to cysteamine of 1:1, 1:2, and 1:3, respectively. The products of
these reactions are denoted by “-SH,”, in which x is 1, 2, or 3,
respectively. Note that SMAnh preparations are typically
polydisperse.'’ Polydisperse polymers are characterized by
broad size distributions and may also contain very short chains
and monomers.”® After the reaction with cysteamine, such
short chains are lost during the precipitation and dialysis steps.
Consequently, the actual molar ratio of cysteamine to SMA
cannot be precisely controlled. Ultimately, the heterogeneous
nature of the polymer results in a seemingly low yield of
SMAnh-SH..

Hydrolysis of maleic anhydride into maleic acid is required
for use of SMA to solubilize membrane proteins. This typically
involves refluxing of the polymer suspension in an alkaline
solution. To prevent irreversible oxidation of thiols on the
SMAnh-SH compound, this hydrolysis step must be performed
below pH 9. We therefore carry out the hydrolysis of SMAnh-
SH in borate buffer, pH 8.5, and in the presence of
dithiothreitol (DTT). A 10 mg/mL SMAnh-SH suspension is
prepared in a closed polypropylene tube and is heated at 100
°C during 4 h while stirring continuously to disperse particles.

Gel filtration was used to purify SMA-SH from borate buffer
and DTT prior to determination of the thiol concentration.
Figure 1 shows that the concentration of sulthydril groups
increases with the amount of cysteamine added during the
reaction. Owing to the heterogeneous nature of the polymer in
terms of length and “sequence”, it is impossible to tune the
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Figure 1. Ratio of SMAnh to cysteamine used in the reaction tunes the
amount of sulfhydrils in SMA-SH. The concentration of sulfhydrils in
SMA-SH,, solutions of 2.6 mg/mL was determined using the Ellman’s
assay; error bars show the standard deviation of duplicate measure-
ments. The concentration of polymer was calculated using a molecular
weight of 7500 g/mol.

reaction to yield singly grafted polymer molecules. Instead, the
product of the reaction is a mixture of polymer molecules that
are grafted to different extents; some polymer molecules may
carry several sulthydrils, whereas others have none. We show
below that, despite this heterogeneity, SMA-SH,, SMA-SH,),
and SMA-SH; are all capable of dissolving lipid bilayer
membranes into nanosized discs, just like SMA.

SMA-SH Dissolves Lipid Bilayer Membranes into
Nanosized Discs. To test the effect of modification of SMA
with cysteamine, we first assess the membrane dissolving
properties of SMA-SH,.. A decrease in the turbidity of a solution
of liposomes upon addition of excess polymer over lipids (3:1
w/w) hallmarks SMA-induced dissolution of lipid bilayer
membranes and induces formation of discs with diameters of
about 10 nm.'””” We use a fluorometer to monitor the
corresponding kinetics of this process from the change in the
intensity of 400 nm light scattered at a 90° angle by a solution
of 1,2-dimyristoil-sn-glycero-3 phosphocholine (DMPC; T,, =
24 °C) liposomes at 20 °C. Figure 2 shows that the intensity of

l4p0 (normalized)

10
Time (min)

Figure 2. Liposome dissolution by SMA-SH, and SMA proceeds
identically. The intensity of 400 nm light scattered by a solution of
0.05 mg/mL DMPC liposomes at 20 °C diminishes upon addition of
up to 0.15 mg/mL SMA or SMA-SH, at t = 0 (indicated with an
arrow). Each curve is normalized to the initial intensity and offset to
facilitate comparison. The dashed gray line shows diminishing of light
scattering upon addition of SMA at 25 °C.

the light scattered by this solution diminishes upon addition of
a 3:1 (w/w) excess of SMA-SH, over DMPC, with a similar
rate that is observed upon addition of the same amount of
SMA. At 25 °C, this process occurs at a considerably increased
rate (Figure 2; gray line).

We now turn to characterizing the product of SMA-SH-
induced liposome dissolution. Briefly, 100 uL of a sample
containing 5 mg/mL DMPC and 15 mg/mL SMA or SMA-SH,
was injected into a Superdex 200 Increase 10/30 column to
separate nanodiscs and excess polymer. Lipid nanodiscs elute
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predominantly between 11.3 and 13.8 mL after injection
(Figure 3A), which corresponds to hydrodynamic radii between
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Figure 3. Like SMA, SMA-SH dissolves lipid bilayer membranes into
lipid nanodiscs. (A) Elution profiles of SMA- and SMA-SH,-DMPC
nanodiscs obtained by analytical size-exclusion chromatography on a
Superdex 200 Increase column. Numbers above the chromatograms
indicate hydrodynamic radii (Ry; nm) corresponding to calibration
standards. Ry of the majority of lipid nanodiscs ranges from 3.6 and
53 nm (indicated by the gray area). (B) Intensity-based particle
diameter distributions, obtained from DLS analysis of SMA- and SMA-
SH,-DMPC nanodiscs eluting between 12.3 and 12.8 mL. Average
particle diameters and corresponding standard deviations are 11.1 +
4.0, 10.9 + 3.6, 14.8 & 5.0, and 13.5 + 6.2 nm for SMA, SMA-SH,,
SMA-SH,, and SMA-SH;, respectively. (C) Representative negative
stain transmission electron micrograph of SMA- and SMA-SH,-DMPC
nanodiscs. (D) TEM-based particle diameter distributions, obtained
from measurement of 200 particles. Average particle diameters and
corresponding standard deviations are 10.0 + 1.6, 10.5 &+ 2.0, 9.7 +
1.6, and 10.1 + 2.0 nm for SMA-, SMA-SH,-, SMA-SH,-, and SMA-
SH;-DMPC nanodiscs, respectively. Dotted lines represent the fit of a
Gaussian distribution to the data.

~3.6 and ~5.3 nm. The excess of polymer that was included to
ensure formation of nanodiscs of homogeneous size elutes at
around 17.5 mL. Dynamic light scattering (DLS) reveals nearly
identical particle diameter distributions for SMA-lipid nano-
discs and SMA-SH,-lipid nanodiscs (Figure 3B). Transmission
electron microscopy (TEM) micrographs reveal that SMA-SH, -
lipid nanodiscs appear as disc shaped particles, like their SMA-
based counterparts, (Figure 3C and Supporting Information,
S1) with a diameter of about 10 nm (Figure 3D).

SMA-SH Dissolves Proteoliposomes into Protein-
Loaded Nanodiscs. Demonstration that SMA-SH can form
protein-loaded nanodiscs emphasizes the potential of SMA-SH
for characterization of membrane proteins. Applying our
methodology to a membrane protein that is readily detected
by, for instance, UV—vis spectroscopy benefits such demon-
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stration. Therefore, we consider the protein bacteriorhodopsin
(bR) from Halobacterium salinarium. This protein is the main
protein component in the purple membrane (PM) of this
photosynthesizing bacterium, and it has a retinal cofactor that
absorbs light between 550 and 570 nm, which facilitates its
detection. In addition, SMA was shown to form bR-loaded
nanodiscs from bR-DMPC liposomes.'”*°

bR-proteoliposomes are formed by adsorption of detergent
from a ternary mixture of PM, n-octyl glucoside, and DMPC.
This initially transparent solution becomes turbid during the
reconstitution of bR into proteoliposomes. SMA- and SMA-
SH;-induced dissolution of the proteoliposomes results in clear
purple solutions. These solutions remain purple after ultra-
centrifugation at 100000 X G for 1 h, whereas untreated
proteoliposomes precipitate and no purple color is visible in the
supernatant. This difference indicates that SMA and SMA-SH
form bR-loaded nanodiscs, which is confirmed by subsequent
analysis of the samples using gel filtration (Figure 4). In
conclusion, grafting of SMA with cysteamine does not notably
affect the membrane- and membrane-protein dissolving proper-
ties of SMA.
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Figure 4. Size-exclusion chromatography reveals that SMA and SMA-
SH dissolve bR from proteoliposomes into bR-loaded nanodiscs. A
total of 500 uL of sample was injected onto a Superdex 200 Increase
column, and absorption at 260 (orange), 280 (blue), and 565 nm
(purple) was monitored. Compared to SMA-DMPC nanodiscs (gray
dashes show absorption at 260 nm), SMA-bR and SMA-SH-bR
nanodiscs elute at a lower volume and are characterized by an
enhanced absorption at 280 and 565 nm.

Functionalization of SMA-SH-Lipid Nanodiscs. We
modify SMA with cysteamine to produce a compound that
tackles challenges in conjugation of membrane proteins with
probes that are commonly used in biophysics assays, such as
fluorophores and biotin. To assess whether SMA-SH-lipid
nanodiscs sustain labeling with thiol-reactive probes, we use
SMA-SH;, because this SMA variant has the highest sulfhydril
coverage (~0.6 sulfhydrils per molecule of SMA; see Figure 1).
Below, we explore covalent modification of SMA-SH;-DMPC
nanodiscs with Alexa Fluor 488 C; maleimide (A488) and two
thiol-reactive biotin derivatives.

A488 is a brightly fluorescent dye-label that can be used in
(single-molecule) fluorescence experiments.'**°7** In the
presence of a suitable acceptor, A488 can be used as donor
fluorophore for Forster Resonance Energy Transfer (FRET).
FRET is the nonradiative transfer of excitation energy from a
donor fluorophore to an acceptor chromophore.”~*> Presence
of acceptor in proximity of donor results in a decreased donor
fluorescence intensity compared to the donor fluorescence
intensity in the absence of acceptor, because FRET acts as an
additional nonradiative decay path for the excited donor. We
use A488 as donor fluorophore and Atto647N as an acceptor.
The Forster radius (Ry: the distance at which a FRET efficiency
of 50% is expected) of this dye pair is about 4.9 nm (see
Supporting Information, S2, for details on the R, calculation),
which is compatible with the diameter of SMA-SH;-lipid
nanodiscs. Probing of energy transfer from donor that is
covalently attached to the polymer bracelet to acceptor-labeled
lipids within the SMA-SH;-lipid nanodiscs requires comparison
of the donor fluorescence intensity in absence and presence of
acceptor, as shown schematically in Figure SA. The donor-only
sample is obtained by labeling of SMA-SH;-DMPC nanodiscs
with A488. The donor—acceptor sample is obtained by labeling
of SMA-SH;-DMPC nanodiscs that contain 1% Atto647N-
labeled 1,2-dimyristoil-sn-glycero-3-phosphoethanolamine
(Atto647N-DMPE) with A488.

Fluorescence emission and excitation spectra are obtained
from solutions of these particles with identical donor label
concentrations. Clearly, proximity of the acceptor label leads to
a considerable reduction of the fluorescence emission intensity
of the donor (Figure SB). Using SMA-[DMPC + 1%
Atto647N-DMPE] nanodiscs as acceptor-only control reveals
that fluorescence emission of acceptor is negligible upon
excitation between 450 and 550 nm (Figure SC; dashed purple
line). Thus, fluorescence photons with a wavelength of 680 nm

=
o
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Figure 5. SMA-SH-lipid nanodiscs sustain covalent modification of sulfhydrils on the polymer that surrounds them. (A) Schematic representation of
A488-labeled SMA-SH-DMPC nanodiscs in absence and presence of Atto647N-labeled DMPE (top and bottom, respectively). The donor and
acceptor dyes are labeled with D and A, respectively. (B) Emission spectrum of A488-labeled SMA-SH-DMPC nanodiscs (cyan line) and A488-
labeled SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs (orange line), upon excitation at 465 nm. (C) Excitation spectrum of A488-labeled
SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs (orange line) and SMA-[DMPC + 1% Atto647N-DMPE] nanodiscs (dashed purple line),

monitored at 680 nm.
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that arise upon excitation between 450 and 550 nm (Figure
SB,C; orange line) arise from excitation of the acceptor through
FRET. FRET demonstrates that A488, which is on the polymer
surrounding the lipid nanodiscs, and Atto647N-labeled lipids
are within the same particle. Thus, SMA-SH;-lipid nanodiscs
sustain covalent modification with A488.

Tethering of proteins to a surface enables studying their
dynamics using, for example, fluorescence microscopy and
optical tweezers.*® This immobilization is commonly mediated
by the interaction between the protein avidin and its ligand
biotin and generally involves covalent attachment of a biotin-
derivative to the protein of interest. Commercially available
thiol-reactive biotin derivatives mostly differ in the composition
and length of the spacer-arm that separates the biotin from the
thiol-reactive moiety. Here, we assess use of biotin-maleimide
and maleimide-PEG,;-biotin, in which maleimide and biotin are
separated by ~2 and ~6 nm, respectively.

DyLight488-labeled avidin (D488-avidin) is used as a
reporter for binding of biotinylated SMA-SH;-lipid nanodiscs.
DyLight488 is spectrally similar to A488 and can, therefore,
serve as a FRET-donor to Atto647N-labeled lipids within the
nanodiscs, as shown schematically in Figure 6A. SMA-SH;-
[DMPC + 1% Atto647N-DMPE] nanodiscs were labeled with
either biotin-maleimide or maleimide-PEG,-biotin, to obtain

Fluorescence intensity
(normalized)

500 600

550
Wavelength (nm)

Figure 6. Fluorescence of DyLight488-labeled avidin decreases upon
interaction with biotinylated SMA-SH3-DMPC nanodiscs that contain
1% Atto647N-DMPE. (A) Schematic representation of interaction
between D488-avidin and biotinylated nanodiscs. Binding of biotin to
D488-avidin prevents interaction with biotinylated nanodiscs (top).
Interaction between D488-avidin and SMA-SH;-[DMPC + 1%
Atto647N-DMPE] nanodiscs that are biotinylated with either
maleimide-PEG,;-biotin or biotin-maleimide to D488-avidin (bottom
left and right, respectively) results in formation of complexes in which
avidin and the nanodisc are separated by a different distance. (B)
Fluorescence emission spectrum of D488-avidin that was incubated
with excess biotin prior to addition of biotinylated SMA-SH;-[DMPC
+ 1% Atto647N-DMPE] nanodiscs (purple) and D488-avidin after
addition of SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs that
are biotinylated with maleimide-PEG,-biotin (cyan) and biotin-
maleimide (orange). Fluorescence intensities are normalized to the
spectra obtained for D488-avidin that was incubated with excess biotin
prior to addition of biotinylated SMA-SH;-[DMPC + 1% Atto647N-
DMPE] nanodiscs.
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two different variants of biotinylated lipid nanodiscs. D488-
avidin that was incubated with excess biotin prior to addition of
biotinylated lipid nanodiscs serves as a donor-only sample
(Figure 6B; purple line). Biotinylated lipid-nanodiscs were
added to this sample to verify that only specific interaction
between D488-avidin and biotinylated lipid nanodiscs contrib-
ute to changes in donor fluorescence intensity.

The fluorescence intensity of D488-avidin decreases by
~20% upon addition of maleimide-PEG;-biotin-labeled SMA-
SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs (Figure 6B;
cyan line), because the excited donor on D488-avidin transfers
energy to Atto647N-labeled lipids. The efficiency of energy
transfer is inversely proportional to the distance between donor
and acceptor. Indeed, addition of biotin-maleimide labeled
SMA-SH;-[DMPC + 1% Atto647N-DMPE] nanodiscs, in
which the spacer arm that separates biotin from maleimide is
considerably shorter than in maleimide-PEG,,-biotin, results in
a decrease of donor fluorescence intensity of nearly 40%
(Figure 6B; orange line). Thus, SMA-SH;-lipid nanodiscs
sustain covalent modification with two different biotinylation
agents.

The results above indicate that SMA-SH-lipid nanodiscs can
be functionalized with thiol-reactive probes.

B CONCLUSION

Challenges in purification and functionalization of membrane
proteins complicate their biochemical and biophysical charac-
terization. The recently discovered application of the
amphipathic styrene-maleic acid copolymer for detergent-free
purification of membrane proteins has the potential to greatly
facilitate membrane protein purification. We sought to facilitate
functionalization of those membrane proteins, and modified the
polymer with cysteamine for this purpose. The product of this
modification is SMA-SH: a variant of SMA that is grafted with
sulfhydrils. The amount of cysteamine included in the reaction
tunes the thiol-content of SMA-SH. SMA-SH dissolves
liposomes into nanosized discs just like SMA does. In addition,
SMA-SH is, just like SMA, capable of dissolving proteolipo-
somes into protein-loaded nanodiscs. However, unlike SMA-
lipid nanodiscs, SMA-SH-lipid nanodiscs are susceptible to, and
sustain, covalent attachment of thiol-reactive derivatives of
functional compounds, such as biotin and fluorophores.
Although control over label numbers and position is more
limited in case of the SMA-SH approach than in case of site-
specific modification of an engineered protein, SMA-SH does
not require preparation of engineered membrane protein
variants. Thus, the results presented here highlight the potential
of SMA-SH to simplify biophysical characterization of
membrane proteins.

Despite the presence of solvent-accessible sulthydrils on the
polymer, thiol-reactive compounds may also react with cysteine
residues within the protein that is embedded in the lipid
nanodisc. To prevent such undesired cross-reactivity, one could
employ the same chemistry as used here to modify SMA with
compounds that enable more selective reactions, like amine
derivatives of functional groups used for click chemistry
(alkyne, alkene, etc.). However, this enhanced selectivity
comes at a price, because these compounds are generally
orders of magnitude more expensive than cysteamine. In
contrast, production of SMA-SH is cheap and can be carried
out in any reasonably equipped (bio)chemistry laboratory.
Therefore, we anticipate that our SMA-SH approach will find
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application in many biochemical and biophysical approaches
that involve conjugation of membrane proteins.
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