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Methylstilbene-alt-maleic acid copolymers spontaneously convert
biological membranes into bilayer discs with ~20 nm diameters.
This readily functionalizable class of copolymers has the compo-
sitional homogeneity, hydrophobicity, dynamics, and charge that
may help to achieve optimal structural resolution, membrane dis-
solution, stability, and broad utility.

Introduction

Developing native nanodiscs' that solubilize intact mem-
brane-protein assemblies (memteins) by using hydrolyzed
styrene-maleic anhydride (SMA) copolymers has led research-
ers to synthesize various polymers and copolymers to enhance
applications of this technology.” Resolving structures of mem-
teins will inform how integral membrane proteins function in
native lipid bilayer systems. A big challenge remains! The
highly disperse memteins limit resolution in any structural
determination technique. Without uniformity of memteins,
visualizing, at atomic resolution, the polymers, lipids, and pro-
teins cannot occur.

Conventional radical alternating copolymerization of
styrene (S) and maleic anhydride (MA) has a long history.” As
in all radical copolymerizations, the resulting copolymers are
polydisperse in molecular weight and vary in composition.
SMA copolymers may be predominately alternating; however,
as S can add to itself, some random distributions of S-S dyads
and S-S-S triads exist in the copolymer chain. In contrast, MA
does not homopolymerize; consequently, no MA-MA dyads
exist in the chain. A continuous stirred tank reactor can
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control the composition of the copolymers, but not the poly-
dispersity of chains.’

Controlled radical copolymerizations with RAFT to produce
SMA copolymer show promise in improving compositional
homogeniety."* In one study, varying [total monomer]/[RAFT
agent] at high ratios of 43-400: 1 and [S]/[MA] ratios of 2-20: 1
produces copolymers with controlled compositional gradients
and low polydispersity.* In extracting a protein from HEK293F
cells, the hydrolyzed copolymer produced with [total
monomer|/[RAFT agent] of 43:1 and [S]/[MA] of 3:1 forms
nanodiscs with lower polydispersity than those formed by
SMA2000, a commercial SMA copolymer with [S]/[MA] of 2:1
and molar mass range of 3-7.5 kDa. In the other study, at a
[total monomer]/[RAFT agent] ratio of 250:1 and [S]/[MA]
ratios of 1.5-4:1, SMA copolymers with S-rich blocks form
when [MA] reaches zero.” When mixed with lipid vesicles,
these hydrolyzed SMA-block-S copolymers produce nanodiscs
of different sizes depending on the [S]/[MA] ratio.

Biomedical applications usually require specific, chemically
well-defined compositions to achieve a desired result. To date,
hydrolyzed SMA copolymers, the most widely used reagents to
form native nanodiscs, still have (a) compositional irregulari-
ties, (b) batch-to-batch variabilities, and (c) challenges with
aggregation in aqueous solutions. A (co)polymer must over-
come these deficiencies to solve the critical challenge of
forming stable and homogenous nanodiscs. Such protein-
lipid-polymer nanodiscs would enable downstream functional
and structural characterization with methods including cryo-
electron microscopy, which has successfully determined
memtein structures, although lipid headgroups and ligands
remain unresolved.®™®

Here we report initial studies with hydrolyzed methyl-sub-
stituted  stilbene-maleic anhydride (STMA) copolymers
(Scheme 1a) for extracting proteins from membranes by
forming nanodiscs. Stilbene (ST), a 1,2-diphenylethylene
monomer, differs from S, 1-phenylethylene monomer. In con-
trast to S, ST does NOT homopolymerize; neither does MA. As
both monomers are not homopolymerizing, strictly alternating
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Scheme 1 (a) Chemical structures of several hydrolyzed STMAs (1),

unsubstituted; (2), 2,2'-dimethyl-; (3), 4-methyl-; (4) 2-methyl; (5) 4,4'-
dicarboxylato. (b) Hydrolysis conditions for activating all STMA
copolymers.

copolymers form. These ST-MA copolymers meet one of the
challenges—a precisely defined composition—that SMA copo-
lymers do not.

The strictly alternating copolymers of MA with ST and with
many substituted STs have similar persistence lengths
(~3 nm).>'° Both SMA and STMA copolymers have semi-rigid
backbones; STMA copolymers have 30-50% greater persistence
lengths than those (~2.2 nm) of SMA analogues. This increase
results from the chain stiffening caused by steric crowding
in the backbone of STMA.'”'" The chemical composition of
STMA copolymers has -(-CHPh-CHPh-MA-)- repeating units;
SMA, -(-CH,~CHPh-MA-)-. Replacing -CH,- with —~CHPh-
increases the rigidity of the polymer.

Comparing SMA to STMA, a second phenyl group increases
the hydrophobicity of the repeating unit. The most effective
hydrolyzed SMA copolymers for forming nanodiscs have an
[S]/[MA] ratio of 2:1, presumably containing (-CH,-CHPh-
CH,-CHPh-MA-) repeating units. This repeating unit has con-
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siderably more hydrophobicity than that of a 1:1 SMA copoly-
mer and nearly identical to that of a methyl-substituted STMA
copolymer. However, the additional S unit in 2:1 SMA has
conformational freedom, which reduces the rigidity of the
copolymer.

Both hydrolyzed SMA and STMA show a large difference in
the pK, of the two carboxyl groups—~4.4 and ~9.0."*> This
difference indicates strong stabilization of the monoanion. At
low pH, SMA and STMA exist in compact form; upon reaching
a pH of ~6, they form loose coils with statistical segment
lengths of 5.9 and 6.7 nm, respectively. The repeating unit for
the monoanion resembles that of succinate, which forms a
strong intramolecular hydrogen bond."® This bond restricts
rotation of the backbone and contributes to the rigidity of the
copolymers in the loosely coiled state.

Increased backbone rigidity of hydrolyzed dicarboxylated
STMA, (5) compared to hydrolyzed carboxylated SMA may
enhance anti-infectivity against HIV."* Further docking studies of
HIV surface proteins to the repeating unit of carboxylated STMA
suggest a strong affinity of (5) to these proteins.'® The water solu-
bility of (5) obviates using it to form nanodiscs. The hydrophobi-
city of methylated STMA copolymers, (2)-(4), should be condu-
cive to membrane insertion and formation of nanodiscs.

Results and discussion

Methylated STMA copolymers were synthesized by free-radical
polymerization of the substituted stilbene monomers and
maleic anhydride reactants,'® purified by reprecipitation and
then hydrolyzed (Scheme 1b). Hydrolyzed SMA2000 copolymer,
which is well known to form native nanodiscs,’ served as a
control. FT-IR and NMR spectra (Fig. S1t) confirmed the con-
version of maleic anhydride groups into maleic acids to form
the water-soluble product. All hydrolyzed STMA copolymers
were soluble at pH 8.0 in 10 mM Tris and 100 mM NacCl.

The sizes of the copolymers range between 4-6 kDa, except
(5) (40 kDa) (Table 1). The polydispersity index (PPI) for the
copolymers range from 1.19 to 1.54; the narrow PDIs likely
arise from precipitation-reprecipitation workups of the copoly-
mers The PDI of commercial SMA is usually 2.0 or more.

To test whether hydrolyzed STMA copolymers spon-
taneously form nanodiscs from lipid bilayers, we examined
whether they solubilized vesicles composed of dimyristoylpho-
sphatidylcholine (DMPC). The polymer concentrations used
equaled that of SMA2000 (1-2% w/v). Only (3) and (4) efficien-

Table 1 Properties of STMA copolymers (2)—(5) synthesized and tested
for forming lipid—protein nanodiscs. As (1) is insoluble in THF, number-
average molecular weight (M,)) and PBI values were not measured

Polymer number, name, abbreviation M, (kDa) PDI
(1) Poly(stilbene-alt-maleic anhydride), STMA Nd Nd

(2) 2,2"-Dimethyl-STMA, 2,2-STMA 5.1 1.52
(3) 4-Methyl-STMA, 4-STMA 5.8 1.54
(4) 2-Methyl-STMA, 2-STMA 4.4 1.19
(5) 4,4"-Dicarboxylato-STMA, 4,4'-STMA 40 1.34

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Solubilizing lipid vesicles in hydrolysed STMA copolymers.

Only (3) and (4) clarified the lipid suspension. (b) The broad 3P NMR
signal of DMPC (5 mM) resolved upon adding (3) and (4) at 2% w/v con-
centrations, indicating the formation of rapidly tumbling nanodiscs from
larger vesicles.

tly dispersed multilayer vesicles of DMPC (Fig. 1a). In contrast,
(1), (2) and (5) were relatively inactive, which was likely due to
nonoptimal balances of hydrophobicity, negatively charge,
high molecular weight'” and dynamics needed to insert into
and disrupt membranes. Given the weak activity of these three,
only (3) and (4) were assayed further.

3'p NMR spectroscopy validated membrane-solubilizing
activities of (3) and (4). Large vesicles composed of DMPC
phospholipid exhibit *'P NMR signals that are broadened
beyond detection; adding (3) or (4) clarified liposome suspen-
sions and readily resolved *'P NMR signals (Fig. 1b). These
results indicated formation of water-soluble nanodiscs and
compared favorably to solubilization by the widely used
SMA2000 copolymer.

We expected STMA copolymers to behave in solution simi-
larly to SMA because both have similar pK, values,'>'* similar
charge distributions, and pH-dependent solubility profiles.
SMA2000 was most water-soluble between pH 7.0 and 8.0. The
STMA solubilities were tested. Surprisingly, (3) and (4) were
soluble from pH 5 to 10 (Fig. 2).

These solubilities provide STMA copolymers a broader
utility across the biological range of pH under which proteins
operate in, for example, acidophiles, lysosomes and endo-
somes. The increased pH solubility of STMA likely results in
part from the

« lack of polystyrene elements, which can seed aggregation,'®

« strict alternation, which results in compact hydrophilic
and hydrophobic groups, and

« more restricted backbone dynamics.

These advantages impart these hydrolyzed STMA copoly-
mers with inherent practical advantages over hydrolyzed SMA
copolymers.

Given the sensitivity of hydrolyzed SMA to divalent cations
because of the maleic acid subunits, we expected both (3) and
(4) to show similar sensitivities to levels of [Ca*] that exceed
5 mM. Both (3) and (4) formed visible precipitates (Fig. S21)."

This does limit using hydrolyzed STMA copolymers in func-
tional assays that rely on high polycation levels over physiologi-
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Fig. 2 The pH sensitivity (left panel) and divalent cation (i.e., Ca®*, pH
8.0) tolerance (right panel) (a) (3) and (b) (4).

cal levels. However, it does provide a method to coax mem-
brane proteins from STMA-based nanodiscs and into lipo-
somes or detergent phases.’

We investigated (3) and (4) for their abilities to solubilize
E. coli outer membranes, which are tightly packed with pro-
teins and glycolipids. The p-barrel protein PagP was expressed
into the outer membrane to test whether (3) and (4) extract it
in a physiologically relevant lipid bilayer complex. Copolymers
(3) and (4) were added individually to raw outer membrane
samples at a copolymer concentration of 0.5% w/v, which is
two-fold lower than the level generally recommended for
SMA2000 activity, as high polymer concentrations can induce
large, undesirable aggregates. The yield of PagP monomers
>122 golubilized directly from the outer membrane
into the supernatant was comparable to the levels of PagP
extracted by SMA2000 at 1 w/v% concentration (Fig. 3b).

These data suggest that (3) and (4) function like SMA2000
by releasing protein-lipid complexes directly from biological

and dimers

membranes into native nanodiscs. Moreover, (3) and (4)
appear to stabilize protein dimers, implying a gentler inter-
action with multimeric complexes. Low concentrations of (3)
and (4) (0.5% w/v) can still solubilize PagP from native mem-
brane with no effect on its SEC elution volume as compared
with PagP solubilized in SMA2000 polymer (Fig. S37).
However, the considerable amount of PagP in flow-though (FT)
fractions suggests that higher concentration of (3) and (4) is
required to achieve optimal solubilization.

The nanodiscs containing His-tagged PagP were purified in
a single step over a standard metal affinity resin, indicating
compatibility with common affinity tags. The stain-free
SDS-PAGE gel displays a prominent band for (4) after elution
(lane 6) (Fig. 3c) (right) with apparent molecular weights of 18
and 36 kDa. The bands correspond to the monomeric
unfolded and dimeric states, respectively, of PagP following
heat denaturation.>® These states are less conspicuous in the
purification when using (3) (Fig. 3c, lane 5) (left). The yield of

Nanoscale, 2020, 12, 16705-16709 | 16707
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Fig. 3 (a) Solubilizing the total membrane of E. coli cultures expressing
Hise-tagged PagP protein by copolymers (3) and (4). (b) Solublization of
PagP by (3), (4), and SMA2000 in total lysate was detected and com-
pared on western blot. (c) The Ni-NTA affinity purification stages of
PagP-STMA nanodiscs from the outer membrane of E. coli include flow-
through (with 10 mM imidazole, lane 1), washing (20 mM imidazole,
lanes 2, 3) and elution (250 mM imidazole, lanes 4, 5, 6) fractions, which
were analyzed on stain-free gels with monomer and dimer bands
confirmed by (d) western blotting. All samples were heated in buffer
before running on SDS-PAGE. The band at ~30 kDa (upper arrows) rep-
resents dimeric PagP that is not fully unfolded after heating; hence
showing different electrophoretic mobility than both fully folded
dimeric PagP (~40 kDa) and fully unfolded monomeric PagP (~20 kDa,
lower arrows).

Fig. 4 Negative stain EM images of native nanodiscs formed from outer
membranes containing PagP by using (a) (3) and (b) (4).

PagP monomer and dimer appears to depend on which hydro-
lyzed STMA copolymer is used, with (4) generating a higher
overall yield of purified protein. In both cases, PagP nanodiscs
elute at the same retention volume (~15 mL) by size exclusion
chromatography (Fig. S371), implying the similarity of sizes of
nanodiscs.

Negative-stain TEM imaging of SEC fractions shows nano-
discs with diameters of ~20 nm (Fig. 4b), with those formed
by (4) being most homogeneous. These nanodiscs appear to be
more regular and double the size of the PagP-containing nano-
discs formed by SMA2000 copolymer.’ Copolymer (4) appears
to provide significantly more carrying capacity for larger
memteins.

Conclusions

In summary, we report that, when activated, synthetic copoly-
mers with strictly alternating ST and maleic acid subunits
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having minimal sequence and batch polydispersity can effec-
tively solubilize biological membrane, including native bac-
terial membranes. Both (3) and (4) have less backbone flexi-
bility than SMA copolymers. Yet both retain effective lipid-
bilayer interactions, penetrate biological membranes to excise
nanodiscs, and capture memteins. Hydrolyzed STMA copoly-
mers can be utilized for detergent-free purification of native
membrane proteins. As such, these copolymers add valuable
diversity to the repertoire of amphipathic polymers available
for native nanodisc production. Copolymers (3) and (4) offer
notable advantages:

« semi-rigidity of the polymer backbone,

« compositional regularity with strictly alternating period-
icity of hydrophobic and hydrophilic groups,

« enhanced solubility over a wider range of pH values, and

- most significantly, generating large and homogeneous
nanodiscs suitable for holding multimeric proteins in native
bilayer sections.

Future refinements of the STMA copolymers can be envi-
saged. Various modifications of the maleic anhydride
subunit**™” could improve the polycation tolerance or enable
incorporating thiols or other moieties (e.g. affinity tags and
fluorescent labels). Such functional groups***' would further
enhance the power of STMA copolymers and the utility of the
resulting nanodiscs for large-scale production and high
throughput assays of membrane protein targets. This unique
potential of these STMA copolymers for detailed biophysical
and structural analysis bodes well for future studies to increase
the resolution of native protein-lipid—-polymer complexes to
the atomic level. The above results of (3) and (4) to enhance
nanodisc solution behaviour, stability, and homogeneity rep-
resent a potential breakthrough for designing copolymers to
maximize structural resolution of integral membrane proteins
function in native lipid bilayers.
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