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Fluorescently-labelled variants of poly(styrene-co-maleic acid),
SMA, have been synthesised by RAFT copolymerisation. We show
that low ratios of vinyl fluorophores, analogous to styrene, can be
successfully incorporated during polymerisation without detriment
to nanodisc formation upon interaction with lipids. These novel
copolymers are capable of encapuslating lipids and the model
membrane protein, gramicidin, and hence have the potential to be
applied in fluorescence-based biological studies. To demonstrate
this, energy transfer is used to probe polymer—protein interactions
in nanodiscs. The copolymers may also be used to monitor nano-
disc self assembly by exploiting aggregation-caused-quenching
(ACQ).

Essential to the processes that mediate life, membrane pro-
teins (MPs) are of keen interest across biological and medical
research. Thought to account for over 30% of the human pro-
teome," MPs are now the target for an estimated 50% of all
pharmaceuticals.>® However, components of cell membranes
raise challenges during the purification, stabilisation and ana-
lysis of MPs in solution.* ® Despite advances in this area, such
as the development of cryogenic electron microscopy, the per-
centage of MP structures in the protein structural database
remains notoriously low, at less than 2%.>” This disparity
between usefulness and understanding has been attributed to
the heavy dependence of MP structure, and hence activity, on
the native membrane environment. Without the surrounding
lipids, MPs become liable to denaturation. This is further
exacerbated by a reliance on harsh detergents for extraction,
where soft membrane interactions become disrupted.*®™®
Hence, the study of MPs has previously been restricted to
those known to be extractable in a folded, functional state.
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Copolymers comprising styrene and maleic acid (Fig. 1a)
promise to replace detergent methodologies for MP study.
They can directly capture MPs from cells whilst retaining
native lipid interactions present in the immediate bilayer.*°
This is achieved through the self-assembly of a SMALP (styrene
maleic acid lipid particle) nanodisc (Fig. 1b). The amphiphilic
copolymer annulus can both stabilise hydrophobic inter-
actions between the phospholipid bilayer and MPs, as well as
provide sufficient hydrophilicity to disperse the SMALPs in
aqueous media. Reported to both better conserve MP
dynamics and improve spectral quality,”® SMA has been
rapidly adopted by biologists and chemists alike. While most
studies have been performed using commercially-available
materials, a range of structural and compositional variants
have become available using controlled radical methods, such
as RAFT.'®" The copolymer features necessary for nanodisc
formation are now sufficiently well understood that novel
materials can be feasibly designed and optimised for particu-
lar conditions or applications.

Fluorescence is widely used in biological assays and has
been employed in the study of MPs."*™"* Hence, it is of interest
to synthesise fluorescently-labelled SMA to enable such
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Fig. 1 (a) Variations of RAFT-made SMA copolymers: SMA R (drawn
with block architecture) with 1-pyrenemethyl acrylate or 9-vinyl anthra-
cene fluorophores. (b) Schematic representation of SMALP structure
with encapsulated MP.
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studies, either in conjunction with existing protein tags, or
without need for complex protein modification. Fluorescence
correlation spectroscopy was recently used to monitor coupling
between fluorescent ligands and SMALP encapsulated
G-coupled protein receptors,'® key targets for drug discovery.>
Similar experiments could be envisaged using fluorescently-
labelled SMA.

Such a polymer could also potentially be used to monitor
nanodisc self-assembly. Previously, fluorescent SMA variants
have been prepared by cysteamine modification of commercial
anhydride precursors of SMA, allowing attachment of biologi-
cally-relevant reagents, such as biotin or other fluorophores."”
Observation of Forster resonance energy transfer (FRET) in
such copolymers demonstrated that nanodiscs contain mul-
tiple copolymer chains.'® However, these strategies have exclu-
sively relied on post-polymerisation side-chain extension,
which places restrictions on reaction control.'® Moreover, com-
mercial SMA is inherently polydisperse (Table S2t), and while
useful for biological research, precise control over copolymer
structure is needed if the mechanistic implications of modifi-
cation are to be investigated.

SMALP formation is governed by an intricate balance
between hydrophilic and hydrophobic interactions, steric
packing, electrostatics and surface tension,'®'*?? so it is likely
that this would be at least somewhat perturbed by the intro-
duction of large hydrophobic side chains. Indeed, it has been
shown that extending side chains by even a single carbon
atom, from methyl to ethyl, supresses detergency behaviour,
lowers pH tolerance through loss of inter-chain repulsion, and
generally increases nanodisc radii.'>*" By instead incorporat-
ing fluorophores directly into the feed of RAFT polymeris-
ations, these challenges may be alleviated, and more effective
polymers rationally designed.

In this work, aromatic fluorophores, either 9-vinyl anthra-
cene (9-VA) or 1-pyrenemethyl acrylate (PY)** (Fig. 1a) were
directly copolymerised at low levels (0.01% wt feed) with
styrene (Sty) and maleic anhydride (MAnh) by RAFT,>* before
hydrolysis,** to yield fluorescently-labelled SMA (SMA-VA0.01 &
SMA-Py0.01, respectively). Full synthetic details and data,
including isolated yields, are in the ESI (Table S2t). These moi-
eties were chosen as to have minimal impact on both RAFT
polymerisations as well as eventual nanodisc formation, and at
0.01% wt incorporation, there will be less than one fluorescent
unit per chain. To both assess the effects of fluorophore incor-
poration and explore higher levels of functionalisation, a copo-
lymer with a higher 9-VA content (0.1% wt), SMA-VA0.1, was
also prepared.

All copolymers synthesised had a 2: 1 styrene : maleic anhy-
dride ratio (Fig. S2t) with comparable molecular weights (M,, =
3-5 kDa) (Table S27). As expected, all those prepared by RAFT
copolymerisation had a lower PDI (1.2-1.3) compared with the
commercial free-radical SMA 2000 (1.8). Unlike commercial
SMA, RAFT-made SMA with this composition (2:1) is a
diblock copolymer comprising an alternating Sty-MA block
with the excess Sty forming a homoblock ‘tail’ (Fig. 1a).>>?°
This is confirmed through *C NMR (Fig. $31).””*® Given the
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low levels and similar chemical nature of the fluorophores
used, it can be assumed that all RAFT-made copolymers here,
given their similar degrees of polymerisation, also present
comparable monomer sequences (Table S27).

Upon incubation, all copolymers caused turbid lipid vesicle
suspensions to clear, indicating the spontaneous stabilisation
of lipid nanoparticles less than 100 nm in diameter, as con-
firmed by dynamic light scattering (DLS) (Fig. 2a) and small
angle X-ray scattering (SAXS) (Fig. S6t1). Formation of these
structures occurred under the usual conditions for SMALP
preparation (25 °C, pH = 8.0), and were able to incorporate the
model MP, gramicidin, using 1,2-dimystoyl-sn-glycero-3-phos-
phocholine (DMPC) as the lipid.*® SAXS data for these struc-
tures fit parameters using a core shell bicelle model
(Fig. $57),°”*" confirming typical nanodisc morphologies
(Table S47). Although all of our novel copolymers formed
nanodiscs that were significantly larger than with the commer-
cial variant, the diameters were comparable with those from
SMA R, a non-fluorescent, similarly prepared, RAFT-made
variant. Using RAFT-made SMA typically results in larger dia-
meter SMALPs as previously reported,’®*® and hence these
results show that low levels of fluorophores do not signifi-
cantly influence nanodisc size. However, it is notable that,
SMA-VA0.1, containing the highest fluorophore content,
formed the largest and most disperse nanodiscs, with or
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Fig. 2 (a) Nanodisc diameters with DMPC (green) and with DMPC +
gramicidin (blue) with corresponding polydispersity index (PDI) values.
(b) SMA-only (1.65% wt) at 25 °C (purple) and 55 °C (red) with corres-
ponding PDI values. Particles are chains for SMA2000, aggregates for
RAFT copolymers. Error bars are 95% confidence intervals from 5 aver-
aged sets of at least 14 scans each.
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without gramicidin. This may be a result of the increased
hydrophobicity of the copolymer as noted elsewhere.'?

A key difference between SMA 2000 and RAFT-made SMA
concerns copolymer aggregation in solution. SMA 2000 has a
random structure prepared by starved-feed free radical copoly-
merisation. Hence, at this concentration it does not form
higher-order aggregates in solution. The small structures in
Fig. 2b are predominantly isolated single chains whose dia-
meters can be well predicted from a Gaussian coil model
(~0.6 nm).

By contrast, the block architecture of the RAFT copolymers
leads to the formation of aggregates in aqueous suspensions
of either the polymer alone (Fig. 2b) or when lipid is added to
form nanodiscs (Table S4t). A more detailed structural investi-
gation of these aggregates is ongoing, but as others have
suggested,*** we believe them to be assembled from multiple
chains, and that the reduction of size and polydispersity upon
heating (Fig. 2b) represents the partitioning of hydrophobic
groups into a Sty core, protected from solvent by a Sty-MA
shell. Given that these aggregates are present at concentrations
relevant for nanodisc formation, it is likely they must first dis-
sociate prior to interaction with lipids, and hence are of inter-
est in discerning the origins of behavioural differences. Again,
SMA-VA0.1 is seen to form the largest and most polydisperse
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aggregates at operational temperature, further indicating a
deviation from typical SMA behaviour.>®

The excitation and emission spectra of the fluorescently-
labelled copolymers are presented in Fig. 3a. Although the low
ratios of incorporation, and similarity of the fluorophores to
styrene, made their presence challenging to detect by NMR or
IR spectroscopies (Fig. S1 and 27), it was possible to observe
fluorophore emission by exciting at wavelengths where only
styrene absorbs (Fig. S7a and bt), indicative of close proximity.
Moreover, the extensive purification undertaken during hydro-
lysis gives confidence that the 9-VA and PY units were success-
fully incorporated into copolymer chains. As expected, SMA R,
synthesised in the absence of fluorophores, had no fluo-
rescence emission at these wavelengths (Fig. S7ct).

As spectra have been normalised, the relative absorbance
arising from fluorophore and styrene units are proportional to
their concentration ratio within the chain. As the styrene
content between SMA-VAO.1 and SMA-PY0.01 are similar, the
lower ratio of styrene to fluorophore absorbance for SMA-VA0.1
(Fig. 3a), is indicative of a higher fluorophore loading.

It is important to note that these spectra were recorded at
very low copolymer concentrations (~6 x 10~*% wt), far below
that used for nanodisc formation (1.65% wt) and below that at
which aggregates form. At higher concentrations (1.65% wt),
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Fig. 3 (a) Excitation (solid line) and emission (dashed line) spectra for fluorescent RAFT SMA copolymer solutions (1077 M) and a gramicidin-vesicle
suspension, highlighting spectral overlap. Excitation wavelengths were 295, 340 and 370 nm for gramicidin, SMA-PY and SMA-VA, respectively. (b)
Increase in fluorescence emission from polymer solutions over time upon introduction of DMPC vesicle suspensions and nanodisc formation at
(solid line) 375 nm for PY and 395 nm for VA (dashed line) 395 nm for PY and 420 nm for VA. (c) Emission of gramicidin-containing nanodiscs excited

at 295 nm.
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suspensions of polymer-only aggregates presented significantly
lower fluorescent emission which increased upon interaction
with lipids (Fig. 3b and Fig. S87). Anthracene and pyrene both
undergo aggregation-caused-quenching (ACQ),***” through pi-
conjugated stacking interactions driven by hydrophobicity in
polar solvents. This ground state interaction quenches fluo-
rescence and can be enhanced by incorporation into hydro-
phobic polymers.*® Although solvatochromic effects were also
considered, we prefer ACQ as an explanation of the results
here. ACQ, whilst typically a challenge to the design of poly-
mers for biomedical application,® here presents an opportu-
nity to use fluorescently-labelled RAFT-SMA to monitor the
transition from aggregated polymer to nanodisc annulus over
time (Fig. 3b), informing the discussion of how aggregates
might mediate nanodisc formation.

The potential to study interactions occurring between the
copolymer annulus and MPs was also explored using SMALPs
encapsulating gramicidin. Gramicidin contains fluorescent
tryptophan residues, the emission of which overlaps with the
absorbance of the fluorophores (Fig. 3a). Hence, FRET may be
induced within nanodiscs over distances less than about
10 nm. To evaluate this, suspensions of gramicidin-encapsu-
lated SMALPs were excited at 295 nm, a wavelength where exci-
tation of pyrene and the polymers is negligible. The resulting
emission was normalised so that the intensity ratios between
peaks could be compared.’® FRET was evaluated for all copoly-
mers (Fig. 3¢) but was only found to occur when using SMA-
PY0.01. Comparing the peak intensities at 340 and 375 nm,
gramicidin typically has an emission ratio around 2 : 1 respect-
ively, also observed when the non-fluorescent copolymer, SMA
R was used. In SMA-Py0.01 SMALPs this ratio was close to 1:1,
as gramicidin emission is lost to that of PY (Fig. 3c). FRET was
not observed using the 9-VA containing copolymers. However,
the nanodiscs formed by these copolymers were much larger
(Fig. 2a) and hence were likely too wide (>10 nm radius) to
produce the required proximity between the copolymer
annulus and gramicidin. Nonetheless, these 9-VA-containing
copolymers may be useful in facilitating studies at alternate
ranges of wavelength. In future, it could also be possible to use
this technique to precisely probe interactions between encap-
sulated MPs with specific locations in the copolymer chain, for
example, by using a fluorescently-labelled initiator and/or
RAFT agent.

Conclusions

RAFT copolymerisation has been successfully employed to
produce fluorescently-labelled SMA copolymers which are
capable of forming lipid nanodiscs. Aromatic fluorophores
were incorporated in the reaction feed up to 0.1% wt with little
effect upon copolymer behaviour. However, the overall
increased hydrophobicity of these copolymers did appear to
induce the formation of larger, more disperse, aggregates and
nanodiscs. Hence, increasing the fluorophore content beyond
this should first include evaluation of possible implications to
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nanodisc self-assembly. Able to encapsulate the model MP,
gramicidin, the potential usefulness of these novel copolymers
as research tools has been illustrated. To our knowledge, this
is the first report of FRET between a SMALP-encapsulated MP
and the copolymer annulus, providing a new avenue for study
into the extent of polymer-protein interactions in these
systems. Although this work has featured a single pH and salt
concentration, the method is potentially applicable across a
wide range of conditions, including with other polymer-lipid
combinations. With development, there is the opportunity to
exploit these novel capabilities to expand the range of possible
experiments and produce new insights into SMALP nanodisc
formation and the interactions of MPs within these
environments.
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