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Membrane proteins are a widespread class of bio-macromolecules responsible for numerous vital
biological processes and serve as therapeutic targets for a vast array of contemporary medications. For
membrane protein isolation and purification, detergents have historically been used. Despite this,
detergents frequently result in protein instability. Consequently, their application was limited. Recent
detergent-free approaches have been invented. Among these, styrene—maleic acid lipid particle (SMALP),
diisobutylene—maleic acid lipid particle (DIBMALP), and native cell membrane nanoparticle (NCMN)
systems are the most prevalent. The NCMN system intends to create a library of membrane-active
polymers suitable for high-resolution structure determination of membrane protein. Design, synthesis,
characterization, and comparative application evaluations of three novel classes of NCMN polymers,
NCMNP13-x, NCMNP21-x, and NCMNP21lb-x, are presented in this article. Although each NCMN
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Introduction

Membrane proteins are a collection of bio-macromolecules with
diverse structures and activities that are involved in a wide
variety of biological processes. To comprehend the active
mechanism of a given protein, precise structural knowledge is
required, especially for membrane proteins implicated in
protein-lipid interactions." As prominent pharmacological
targets, structural and mechanistic understanding of
membrane proteins offers tremendous prospects for drug
development.>® For structural investigation, it is typically
necessary to extract membrane proteins from the cell
membrane milieu using detergents. Protein-lipid interactions
are crucial for maintaining a membrane protein's native struc-
ture and function. During membrane protein solubilization,
however, detergents frequently cause excessive delipidation.
Synthetic membrane-active polymers can wrap around the
transmembrane domain and retain the native cell membrane
lipids associated with the membranous protein without
affecting lipid-protein interactions. Therefore, they may
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quality NCMN particles are particularly desirable for membrane protein structural biology.

provide superior alternatives for membrane protein structural
research.” In polymer-lipid-protein particles, hydrophilic side
groups of polymeric belts face the aqueous phase, which
suspends and stabilizes the particles for subsequent purifica-
tion and analysis.>™®

Styrene-maleic acid (SMA) co-polymer, diisobutylene-maleic
acid (DIBMA) co-polymers, and various NCMN polymers within
the native cell membrane nanoparticles system can retain and
stabilize membrane protein-lipid complexes endogenous to the
cell membrane.®™ In the case of SMA, the Escherichia coli (E.
coli) membrane exhibited significant increases in solubilization
efficiency at a small shift toward an alkaline pH. As a result of
the comparatively large negative charge density coming from
the basic condition, polymeric chains can get into the lipid
bilayer and ultimately induce membrane solubilization.>**
Nevertheless, changes in chemical structure and hydropho-
bicity of polymeric hydrophobic domains are significant drivers
of yield, size, purity, and long-term durability of resultant
particles. The hydrophobic effect is typically the driving force
behind membrane solubilization.® Thus, it is unsurprising that
the SMA (2:1) copolymer with prominent hydrophobicity of
phenyl groups has a far greater solubilizing effect on specific
proteins, such as ZipA and ABC transporter BmrA, than DIBMA,
which contains significantly fewer hydrophobic sections.'®* In
most instances, DIBMA treatment resulted in protein particles
that were bigger in diameter and less homogeneous.'>'®
Perhaps the larger-sized particles accommodated more

© 2023 The Author(s). Published by the Royal Society of Chemistry
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impurities and were, as a result, incompatible with structural
characterization using single-particle cryo-electron microscopy
(cryo-EM). In addition, SMA particles were more stable during
long-term storage due to the close packing of lipid acyl chains
due to the insertion and bending of phenyl rings around the
original lipid bilayer.'***

With the above superiority, SMA co-polymers have gained
much attention in structural studies of membrane proteins.**"”
In practice, SMA co-polymers have limits. The carboxylate
function group could contribute to non-covalent aggregation in
acidic pH and divalent cation buffers, essential for solubilizing
and purifying certain membrane proteins.***® To solve present
disadvantages, the SMALP community has investigated SMA
side chains by modifying carboxylates into novel functional
groups, such as alcohol (SMA-EA),">** amino (SMA-ED),* thiol
(SMA-SH)*> and phosphobetaine (zSMA).>* The stability of
polymer-lipid-protein particles formed from various SMA
variations is either partially or entirely altered. Nevertheless,
none of them has been successful in the high-resolution
structure determination of membrane proteins. Notably, Mar-
connet et al. have recently exposed a novel cryo-EM compatible
polymer, cycloalkane-modified amphipols (CyclAPols), which
can extract native membrane proteins but cannot preserve the
well-organized natural lipids plug within transmembrane (TM)
domains.*»*

Among membrane-active polymers, the commercial
SMA2000 with a specified ratio of 2 : 1 hydrophobic: hydrophilic
domains has proven to be the most efficient solubilizer for
various membrane protein model systems.*'>**¢ To overcome
the limitations of SMA2000 and maintain a good extraction
efficiency, three classes novel polymers were produced by
grafting isopropylamine (IPA), N,N-dimethylethylenediamine
(DMEDA), and 3-((2-aminoethyl)-dimethylammonio)propane-1-
sulfonate (DMEDA-PS) onto the side chains of SMA2000 at
various controlled levels (Scheme 1). The polymers, including
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Scheme 1 The general synthetic strategy. (@) NCMNP13-x. Iso-
propylamine (IPA) was used with a slight excess amount of maleic
anhydride to obtain a complete ring-opening process. (b) NCMNP21-
x. (c) NCMNP21b-x.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances

IPA, DMEDA, and DMEDA-PS units, were designated NCMNP13-
x, NCMNP21-x, and NCMNP21b-x, with “x” representing the
desired amine grafting level. While previous studies only
employed the grafting level of 50 or 100%, herein, variable “x”
values were used to investigate how the amines' chemical
compositions and structures affect membrane solubilization,
protein purification, and stability.

Here, we describe the design, synthesis, characterization,
and comparative application evaluation of NCMNP13-x,
NCMNP21-x, and NCMNP21b-x. The comparative application
analyses include four components: (a) solubilization efficiency
and long-term stability of NCMN particles. The solubilization
effectiveness of two distinct proteins, E. coli Acriflavine resis-
tance channel protein B (AcrB) and small-conductance mecha-
nosensitive channel protein, was evaluated (MscS). At pH 7.8,
AcrB (EXPASy—ProtParam tool calculated pI 5.35) has a pI
5.35.”” has an overall negative charge, and MscS (ExPASy—
ProtParam tool calculated pI ~7.9)*” has an overall near-neutral
charge that allowed us to elucidate the role of electrostatic
interaction for NCMN particle stability. (b) Stability of NCMN
towards pH conditions and Ca*". (¢) Lipidomic analysis of
NCMN particles. Lipidomic analysis was done on AcrB-NCMN
particles to see if native lipids were encapsulated and to iden-
tify any compositional alterations. TM domains are prevented
from collapsing by the lipid bilayer patch. Consequently, con-
firming the presence of the lipid bilayer patch is one factor used
to justify the structural study suitability of NCMN particles. (d)
Single-particle electron microscopic analysis of NCMN parti-
cles. The comparative results indicate that NCMNP21b-x has
great promise as a membrane-active polymer for high-
resolution single-particle cryo-EM analysis of membrane
proteins

Results and discussions

Design, synthesis, and characterization of NCMNP13-x,
NCMNP21-x, and NCMNP21b-x

The NCMN polymers were made by opening the styrene-maleic
anhydride (SMAnh) ring with various nucleophiles, followed by
hydrolysis of unreacted maleic anhydrides (MAnhs) with NaOH
(Scheme 1). Initial preparation of NCMNP13-x and NCMNP21-x
utilized a set molar ratio of amine to MAnh (50 percent for IPA,
20 percent for DMEDA) to produce NCMNP13-x and NCMNP21-
x. This ratio was changed to 5, 20, and 30 percent for
NCMNP21b-x to determine their potential effect on the ability to
extract membrane proteins. Following hydrolysis, all polymers
became soluble and were precipitated out of the solution to
separate from unreacted residues. The freeze-dried polymers
were obtained with high purity and excellent yields (>90%).
Using "H NMR and FTIR, the structures and molecular weight
of the NCMN polymers were validated (Fig. S1-S37).

Comparative application analyses of NCMNP13-x, NCMNP21-
x, and NCMNP21b-x

Polymers solubilization efficiency and long-term stability of
NCMN particles. All membrane solubilization tests were
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systematically conducted to examine three potential factors
affecting solubilizing efficiency and NCMN particle
morphology.

Effect of grafted amine moieties. Using AcrB as a model
protein, the solubilization efficiency of NCMNP13-50,
NCMNP21-20, and NCMNP21b-20 at a final concentration of
2.5% (w/v) was evaluated. After adding NCMN polymers, all
membrane solutions eventually became transparent, showing
that these polymers could solubilize the membrane. A nickel
affinity column was used to purify AcrB-NCMN particles in
a single step. On SDS-PAGE gels, apparent bands of almost
equivalent strength at 110 kDa confirm the purification of the
AcrB monomer. NCMNP21b-20 prepared samples contain some
contaminated protein (Fig. 1a).

Moreover, the size-exclusion chromatography (SEC) purifi-
cation profiles show that AcrB particles in NCMNP13-50 and
NCMNP21-20 were predominantly eluted at 15 mL. However,
a peak in the void volume (9 mL) was identified in NCMNP21b-
20, indicating a bigger particle size (Fig. 1b). Large particles may
be responsible for the decreased purity of the NCMNP21b-20
sample, as the larger proportion of formed lipids can encap-
sulate additional proteins. Nevertheless, the contaminants were
perfectly removed via SEC as shown in Fig. S4.1 These results
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Fig. 1 Effect of alkyl amine units of NCMN polymers on the solubili-
zation of AcrB. (a) SDS-PAGE of AcrB particles after Ni-NTA purifica-
tion visualized by Blue Coomassie (lane 1. AcrB in NCMNP13-50, lane
2. AcrB in NCMNP21-20, lane 3. AcrB in NCMNP21b-20 and M. protein
ladder). (b) SEC elution profiles of AcrB particles treated with different
NCMN polymers. (c) Negative stain images of one-day-old AcrB
particles after Ni-NTA purification (White scale bar represents 50 nm).
(d) Negative stain images of one-day-old AcrB particles after SEC
purification.
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demonstrate that our functionalized polymers suit membrane
solubilization and purification.

The morphology of pure AcrB-NMCN particles was analyzed
using negative staining EM (Fig. 1c and d). These polymers
produce AcrB-NCMN particles with unique morphologies. Even
after SEC purification, AcrB-NCMNP21-20 particles exist
primarily as aggregates. Both AcrB-NCMNP13-50 and AcrB-
NCMNP21b-20 particles exist as single particles with a typical
triangular shape and sizes of 10 nm, consistent with prior
SMA2000 studies.'* As seen, NCMNP21b-20 produced a higher
monodisperse population of particles than NCMNP13-50,
demonstrating the beneficial effects of the changed side chains.

The morphological divergence may be the result of unfa-
vorable interactions mediated by the chemical nature of the
novel head groups, which are arbitrarily distributed along
polymeric belts, particularly in regions unrelated to TM
domains. Notably, at temperatures lower than the lower critical
solution temperature (LCST) of NCMNP13-50 (32 °C),**° the
nonpolar isopropyl anchors might engage hydrophobically with
the bound lipids of neighboring particles, which triggered the
non-covalent aggregation of the NCMN particles.*® Similarly,
the amino groups of DEADA units incorporated on NCMNP21-
20 with a pK, value of 8.51 (calculated based on ChemAxon)
are probably protonated in the elution buffer pH 7.8, and hence
electrostatically interact with carboxylic units, anionic lipids,
and cytoplasmic domains,** of which are negative-charged
species, consequently destabilizing the NCMN particles.
Lastly, in the case of NCMNP21b-20, the less aggregation
probably relates to the zwitterionic nature of propane-1-
sulfonate (PS),** where its oppositely charged ions on the
same unit associate with each other in contrast to other ionic
species. Thus, the total charge on the AcrB-NCMNP21b-20
particle surface stays negative, maintaining the repulsion
between the particles and reducing their potential for
aggregation.

Effect of membrane proteins. Except for AcrB, we expanded our
analysis to include MscS, a member of the mechanosensitive
channel family that is structurally distinct from AcrB. MscS is
a homoheptamer, with each monomer containing a cytoplasmic
and TM domain and a molar mass of 31 kDa.?® For these three
NCMN polymers, there were no significant changes in the yields
and purity of MscS-NCMN particles following elution from the
Ni-NTA column, as determined by SDS-PAGE (Fig. S5af).
Nevertheless, their size exclusion chromatography profiles
varied. As depicted in Fig. S5b,T AcrB-NCMNP21b-20 elutes as
a single peak at 14 mL, which corresponds to the typical
retention volume of MscS-SMA2000.?° In contrast, both AcrB-
NCMNP21 and AcrB-NCMNP13-50 exhibit two large peaks at
9 mL and 15 mL. The change to a reduced elution volume
implies particle aggregation, whereas the increased elocution
volume is attributable to the fragmentation of the particle
complex. These were confirmed by additional characterization
using negative-stain TEM. As demonstrated in Fig. S5c,{ the
NCMNP21b-20 formed homogenous particles with a high
mono-distribution, whereas variable amounts of aggregation
were seen for the MscS-NCMNP13-50 and MscS-NCMNP21-20
samples. More aggregation was seen for NCMNP21-20, which,
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as stated for AcrB-NCMN particles, is a result of electrostatic
interactions between positively charged side groups of DMEDA
units and negatively charged clusters in neighboring MscS-
NCMNP21-20 particles. These electrostatic connections are far
stronger than those between MscS-NCMNP13-50 particles, with
only non-specific hydrophobic interactions taking place at IPA
segments. Surprisingly, the MscS complexes purified with
NCMNP13-50 and NCMNP21-20 may have been fractured
during the SEC purification, as shown by the presence of
smaller, undefined-shaped particles on the TEM image (Fig. S5¢
and dt). The flexibility of MscS-TM domains may reduce their
propensity for binding to polymers. When the NCMN particles
pass through the SEC column, the mechanical shearing forces
may further deteriorate the loose association between the
protein particles and polymers. In contrast, the well-defined
form of MscS can be observed in the SEC elution fraction of
NCMNP21-20 independent of aggregation (Fig. S5df). We
hypothesize that at pH 7.8, the negative charge on MscS with an
isoelectric point (pI) below 7.9 is less than that on AcrB (pI
below 5.35). Obviously, this could also be a result of the weak
electrostatic contact between amino groups and NCMNP21-20,
which reduces particle aggregation. These data imply that the
solubilizing activity of NCMN polymers may be protein-
independent; nevertheless, the remarkable long-term stability
of the resultant NCMN particles depends on the composition of
the NCMN polymers and membrane proteins.*!

The effect of grafting percentage. NCMNP21b-20 generated
superior NCMN particles compared to NCMNP13-50 and
NCMNP20-20. Therefore, NCMNP21b-5 and NCMNP21b-30
were utilized to investigate the effect of grafting degree on
protein solubilization. The solubilization results indicate that
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Fig. 2 Effect of the grafting degree of NCMN polymers on the solu-
bilization of AcrB. (a) SDS-PAGE of AcrB particles after Ni-NTA purifi-
cation visualized by Blue Coomassie (lane 1. AcrB in NCMNP21b-5,
lane 2. AcrB in NCMNP21b-30 and M. protein ladder). (b) SEC elution
profiles of AcrB particles treated with different NCMN polymers. (c)
Negative stain images of one-day-old AcrB particles after Ni-NTA
purification (White scale bar represents 50 nm).
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the percentage of grafting drastically alters the purification
yield, purity, and particle morphology (Fig. 2).

Fascinatingly, NCMNP21b-5 produced the highest yield and
purity of AcrB particles, which decreased in the following order:
NCMNP21b-5 is superior to NCMNP21b-20 and NCMNP21b-30
(Fig. 2a and b). Similar to SMA2000,"* NCMNP21b-5 produced
only single particles with diameters of approximately 10 nm
(Fig. 2c). small single particles dominated AcrB-NCMNP21b-20,
while AcrB-NCMNP21b-30 was dominated by larger patches. It
appears that the ability to self-assemble into single particles
diminishes as PS grafting levels rise. However, this raises the
question of why the NCMNP13-50 containing 50% IPA units
produced only single particles. Previous work of Scheidelaar
et al. depicting the SMA-induced solubilization mechanism,®
where the efficiency of SMA is mainly driven by hydrophobic
interactions and satisfied with a relatively small cross-sectional
area given by its -COOH side groups. Fundamentally, the
hydrophobic insertion of the phenyl ring into the lipid bilayer,
recognized as a crucial prerequisite for membrane assembly, is
favorable with -COOH as a neighboring unit because it can
reduce steric hindrance. Substituting these typical units with
larger alkyl groups likely generates a relatively large cross-
sectional area that can hinder phenyl-lipid interactions,
resulting in a larger particle size and lower particle yield.**>¢ As
described here, despite having a large number of -COOH
replaced, NCMNP13-50 is still capable of producing single
particles due to the fact that its IPA units are too small to have
significant adverse effects. In contrast, the high grafting degree
of PS, a much larger group than -COOH and IPA, made it
difficult to insert NCMNP21b-x into the membrane to initiate
solubilization, resulting in a decrease in solubilization effi-
ciency. These findings allow us to comprehend the relationship
between modification levels and membrane solubilization
action, paving the way for future research to tailor NCMN
polymers optimally.

Stability of NCMN particles toward pH and Ca®*. Next, we
measured the turbidity of AcrB-NCMN particles in solution to
determine the effectiveness of our modification in enhancing
pH and divalent cation compatibility (Fig. S6 and S77). Due to
the short-term stability of certain particles, all measurements
were conducted immediately after the purification from the
Nickle column. As expected, the presence of -COOH groups
contributes to the current instability issues of SMA. Therefore,
similar to prior studies,****” Substituting ~-COOH units with
particular amines was able to alter particle stability as
summarized in Table 1. AcrB-NCMNP13-50 particles begin to
aggregate at pH values below 3 and in the presence of [Ca®'].

AcrB-NCMNP13-50 particles begin to aggregate at pH values
below 3 and in the presence of [Ca®>"] concentrations greater
than 7.5 mM, as shown by the increased absorption bands
(Fig. S6a and S7af). The compatibility of wider pH ranges and
divalent cations with the NCMNP13-50 polymer as compared to
SMA2000 is most likely due to the reduction of approximately 50
percent of the polymer's negative charge.® In contrast,
NCMNP21-20 particles, which have a lower Ca®'-tolerance
capacity than NCMNP13-50, can withstand a pH as low as 3 with
only 20 percent supplants (Fig. S6b and S7b¥). This enhanced
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Table 1 Structure composition of the customized NCMN polymers and the stability of its AcrB particles after membrane solubilization

Polymer Amine/MAnh feeding ratio®  Grafting degree of amine” (%)  M,° (g mol™*)  Optimum pH?  Tolerance to [Ca®']¢ (mM)
SMA2000 0 0 3000 >5 <1.25

NCMNP13-50 1.05 47.4 3300 >3 7.5

NCMNP21-20 0.40 17.7 3200 >3 2.5

NCMNP21b-5 0.10 4.4 3100 >4 5.0

NCMNP21b-20 0.40 18.0 3600 >3 15.0

NCMNP21b-30 0.60 27.5 3900 >2 25.0

“ Molar ratio.  Experimental grafting percentage of amine calculated based on "H NMR characterization. ¢ Calculated based on "H-NMR (see ESI on
Section 3). ¢ Stability of AcrB particles in various buffer environments determined based on turbidity experiments (Fig. S6 and S7).

acidic pH stability may be attributable to the presence of posi-
tively charged groups, which inhibit non-covalent aggregation
caused by protonation of -COOH groups.**”*® In-depth exam-
ination of the NCMNP21b-x series revealed that, with the same
grafting levels as NCMNP21-20, the NCMNP21b-20 particles are
more stable in the presence of Ca®>" at concentrations up to
15 mM. For the NCMNP21b-x, the tolerance to Ca*" follows the
order of NCMNP21b-5 < NCMNP21b20 < NCMNP21b-30
(Fig. S7c-et). A similar trend is observed in the pH tolerance,
which increases as the grafting degree increases (Fig. S6c-et).
The presence of pH-insensitive PS units results in the formation
of negatively charged holes on the surface of the belt, which
allows Ca®" to bind while remaining highly soluble.***! There-
fore, it may account for the improvement of NCMNP21b-x's
notable Ca®" resistance. In conclusion, the stability of NCMN
particles is dependent upon the nature of the side groups and
the percentage of grafting.
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Fig. 3 Lipid analysis and structural determination of AcrB by cryo-EM.
(@) Abundance comparison of three significant phospholipids in
membrane fractions and in AcrB particles displayed as the sum for
each. (b) Representative 2D class averages of AcrB-NCMNP21b-20. (c)
The cryo-EM map of AcrB-NCMNP21b- 20 is coloured by local
resolution. (d) Endogenous lipid located with the TM of the pseudo-
symmetric AcrB trimer.
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Lipidomic analysis of NCMN particles . Despite the discovery
of 24 lipid molecules encased in AcrB-SMA2000,"* whether
specific polymers have preferential selection of lipid species is
unknown. Conversely, the stability of nanodiscs has been
established to be contingent upon lipid composition.**** Thus,
our study delved into the potential influence of polymeric side
chains on lipid selectivity. This was achieved by analyzing the
extracted lipid composition using mass spectrometry (MS)
techniques.** As shown in Fig. 3a, the major lipid species are
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and
cardiolipin (CL). The identified lipids are comparable in
extracted samples and consistent with previous reports of the E.
coli membrane lipids.*® The results indicate that NCMN poly-
mers preserve the native lipids in NCMN particles and that none
of the polymers interact specifically with the lipids' polar head
groups. Nonetheless, length and saturation variations of asso-
ciated acyl chains are observed. Long carbon tail and high
degree of unsaturation lipid molecules become more prevalent
in purified AcrB particles (Fig. S81). Since this enrichment is
present in all NCMN particles with relatively high similarity, it
suggests that AcrB preferentially associates with long-chain,
unsaturated natural lipids and that variation in polymeric
side chains on NCMN polymers does not affect protein-lipid
interactions.

Single-particle cryo-EM analysis. Comparative analysis of
AcrB-NCMN particles on negative-stain TEM micrographs reveals
that NCMNP21b-x polymers can produce significantly more
homogeneous NCMN particles at grafting percentages between
5% and 20%. Consequently, single-particle cryo-EM was used to
analyze these uniform particles. The 2D class averages of AcrB-
NCMNP21b-20 with high similarity to AcrB-SMA2000 were
depicted in Fig. 1f.** After 3D classification, 3D refinement using
C1 asymmetry revealed a final EM density map with a global
resolution of 3.69 (Fig. 3b, c and S9t). This enhanced the clarity of
the secondary structure of AcrB protein and co-purified lipids
(Fig. 3d). Our findings indicate that NCMNP21b-20 polymer is
superior to SMA2000 in terms of pH stability, compatibility with
divalent cations, and the retention of native cell membrane lipids
during membrane solubilization and protein purification.">*

Conclusions

In this work, we describe novel SMA variants known as NCMN
polymers and investigate the effects of their side chains on
membrane solubilization, morphology, and stability of NCMN

© 2023 The Author(s). Published by the Royal Society of Chemistry
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particles. Various alkyl amide units were substituted for the —
COOH groups of commercial SMA2000 to produce these poly-
mers. A systematic comparison of the application of these
polymers to two distinct membrane proteins revealed:

o All NCMN polymers can directly induce the solubilization
of AcrB and MscS proteins into NCMNs with various sizes and
morphologies.

e AcrB-NCMN particle size and homogeneity are primarily
determined by the coupling levels of amines. Many large alkyl
side groups can interfere with the interaction between styrene
and lipids, decreasing the likelihood of obtaining a high yield of
small single particles.

e The long-term stability of NCMN particles is contingent
upon the chemical nature of polymers and protein structure.
MscS-NCMN particles in the same polymer were theoretically
more stable than AcrB-NCMN particles at pH 7.8 due to the
positive charge on the sidechain of NCMNP21-20.

e When more non-chelating units are added to NCMN
polymers, their compatibility with a broad pH range and diva-
lent cations is enhanced.

e Side groups do not interact with lipids, allowing NCMN
polymers to retain lipids in NCMN particles close to their native
state.

e NCMNP21b-x polymers with vastly improved divalent ion
and pH range compatibility are highly desirable for membrane
protein structural biology.

These findings provide valuable insights into critical factors
that will enable the future engineering of SMA with desirable
properties for membrane protein research.

Experimental

Materials

Styrene-maleic anhydride copolymer (SMAnh, St: MAnh =2:1,
M, = 3000 g mol ', M,, = 7500 g mol ", acid number: 358 g
KOH per mol) was purchased from Cray Valley USA, LLC (Exton,
PA). N,N-Dimethylformamide (DMF, 99.8%, extra dry, anhy-
drous, AcroSeal), chloroform (CHCl;, 99.9%, extra dry, stabi-
lized, AcroSeal), and deuterium oxide (D,O, 99.8 atom % D) was
brought from Acros. Isopropylamine (IPA, >99%, reagent
grade), 1,3-propanesultone (PS, 98%), N,N-dimethylethylenedi-
amine (DMEDA) and tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP) were obtained from TCI, Sigma, and GoldBio,
respectively. Sodium hydroxide (NaOH, pellets, certified ACS),
calcium chloride dihydrate (CaCl,-2H,0, certified ACS), sodium
chloride (NaCl, crystalline, certified ACS), diethyl ether (labo-
ratory), hydrochloric acid (HCI, 36.5 to 38.0%, certified ACS
plus), sodium acetate anhydrous (white crystals), glycine (white
crystals), HEPES (white crystals, molecular biology) and imid-
azole (molecular biology), were bought from Fisher. All chem-
icals were used as received.

Polymer synthesis

NCMNP13-50 synthesis. IPA (1373 pL, 16.78 mmol, 1.05
equiv.) in 10 mL of CHCl; was added dropwise into a vigorously
stirred solution of SMAnh (5 g, 15.85 mmol of MAnh, 1 equiv.) in
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20 mL of CHCI; at 0 °C. The mixture was reacted at room
temperature for 4 h, followed by removing the solvent. The
collected powder was dissolved in NaOH (0.6 M), heated to reflux
for 4 h, and then precipitated with HCI (12 M) after cooling to
room temperature. The polymer was then pelleted through
a centrifuge at 12 000g for 20 min. Subsequently, the HCI was
decanted, and the polymer was rinsed again with water (twice).
Finally, the polymer was re-dissolved in NaOH (0.6 M), and the
pH of the polymeric solution was adjusted to 7.8 before lyophi-
lization. Finally, 5.876 g product was obtained (yield: 98.1%).

NCMNP21-20 synthesis. DMEDA (692 pL, 6.34 mmol, 0.4
equiv.) in 10 mL of DMF was added dropwise into a vigorously
stirred solution of SMAnh (5 g, 15.85 mmol of MAnh, 1 equiv.) in
20 mL of DMF at room temperature. The mixture was then
reacted at room temperature for 4 h, followed by the precipitation
of the polymer with excess diethyl ether. After being dried at 25 °C
in a vacuum oven, the white powder was mixed with 25 mL of
NaOH (1 M) and heated to reflux for 4 h. The transparent solution
was cooled down to room temperature before being precipitated
with HCI (12 M). Subsequently, the polymer was pelleted through
a centrifuge at 12 000g for 20 min. Afterward, the HCI was dec-
anted, and the polymer was rinsed again with water (twice).
Finally, the polymer was re-dissolved in NaOH (0.6 M), and the
pH of the polymer solution was adjusted to 7.8 before lyophili-
zation. Finally, 5.327 g product was obtained (yield: 95.8%).

NCMNP21b-20 synthesis. DMEDA (6.92 pL, 6.34 mmol, 0.4
equiv.) in 10 mL of DMF was added dropwise into a vigorously
stirred solution of SMAnh (5 g, 15.85 mmol of MAnh, 1 equiv.)
in 20 mL of DMF at room temperature. The mixture was reacted
at room temperature for 4 h before PS (584 pL, 6.66 mmol, 0.42
equiv.) addition. The solution in a glass flask was then placed in
an 80 °C oil bath and stirred for 4 h. The solution was precip-
itated with excess diethyl ether and dried at 25 °C in a vacuum
oven. The powder was mixed in 25 mL of NaOH (1 M) and
heated to reflux for 4 h. After cooling to room temperature, the
transparent solution was precipitated with HCl (12 M). The
polymer was pelleted through a centrifuge at 12 000g for 20 min.
Afterward, the HCI was decanted, and the polymer was rinsed
again with water (twice). Finally, the polymer was re-dissolved in
NaOH (0.6 M), and the pH of the polymer solution was adjusted
to 7.8 before lyophilization. Finally, 5.831 g product was ob-
tained (yield: 91.5%).

NCMNP21b-5 and NCMNP21b-30 synthesis. These polymers
were prepared following the NCMNP21b-20 protocol. Never-
theless, the amount of DMEDA and PS were altered as
mentioned below:

- NCMNP21b-5: DMEDA (172 pL, 1.58 mmol, 0.1 equiv.) and
PS (306 pL, 3.49 mmol, 0.22 equiv.).

- NCMNP21b-30: DMEDA (1038 L, 9.52 mmol, 0.6 equiv.)
and PS (862 pL, 9.84 mmol, 0.62 equiv.).

Finally, 5.214 g (vield: 93.7%) and 6.483 g (yield: 92.1%) were
obtained for NCMNP21b-5 and NCMNP21b-30.

Polymer characterization

Fourier-transform infrared (FTIR) spectroscopy. The FT-IR
spectra were recorded on a Nicolet iS10 spectrometer (Thermo
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Scientific) equipped with a smart diamond ATR accessory. All
absorbance spectra were gathered in 32 scans with a resolution
of 4 cm™" in the 4000-650 cm™ " range.

Nuclear magnetic resonance (NMR) spectroscopy. All 'H
NMR experiments were performed on a Bruker Fourier 300
spectrometer with a frequency of 300 MHz. Chemical shifts ()
are declared in ppm in relation to the solvent residual peak of
D,0 at 4.79 ppm.

Ultraviolet-visible (UV-vis) spectroscopy. UV-vis spectra were
recorded on Micro-Volume Measurement spectrometer MMC-
1600C obtained from Shimadzu. The measurements were con-
ducted using 200 pL of the sample with a scanning speed of 400

nm min .

Expression and purification of AcrB and MscS

Both 8 His-tagged AcrB and 10 His-tagged MscS were over-
expressed in the E. coli BL21DE3PlysS strain, and membrane
fractions were prepared as described previously.>**** 1 g of
membrane fraction was suspended and homogenized in 10 mL
NCMN Buffer A using a Dounce homogenizer, according to
a standard solubilization protocol. The membrane was then
transferred to a 50 mL polypropylene tube and blended with
NCMN polymer at a final concentration of 2.5% w/v. The incu-
bation was carried out for 2 h at 20 °C, and the insoluble species
were then spun down at 200 000g for 1 h at 20 °C. The super-
natant was collected and loaded onto a 5 mL Ni-NTA column
(GE Healthcare) pre-equilibrated with NCMN Buffer A at a flow
rate of 0.5 mL min~'. The column was washed with 25 mL of
each NCMN Buffer B and NCMN Buffer C prior to the elution of
the protein with 20 mL of a mixture buffer of the NCMN Buffer C
and NCMN Buffer D (1:1 v/v). Collected membrane protein
fractions were loaded onto a Superpose 6 increase 10/300 GL
column (GE Healthcare) and eluted with 30 mL of NCMN
Buffer E. The NCMN polymer was added to all washing and
elution buffers with a final concentration of 0.05% (w/v).

All the buffers were filtered with 0.22 pm MCE Membrane
(MF-Millipore™) before use, and their compositions are listed
below:

- NCMN Buffer A: 50 mM HEPES, pH 7.8, 500 mM NacCl, 5%
glycerol, 20 mM imidazole, 0.1 mM TCEP.

- NCMN Buffer B: 25 mM HEPES, pH 7.8, 500 mM NaCl,
40 mM imidazole, 0.1 mM TCEP.

- NCMN Buffer C: 25 mM HEPES, pH 7.8, 500 mM Nacl,
75 mM imidazole, 0.1 mM TCEP.

- NCMN Buffer D: 25 mM HEPES, pH 7.8, 500 mM NaCl,
500 mM imidazole, 0.1 mM TCEP.

- NCMN Buffer E: 40 mM HEPES, pH 7.8, 500 mM NacCl,
0.1 mM TCEP.

NCMN particles characterization

Stability of NCMNs toward pH and divalent cation-based
buffers. To test the AcrB-NCMN particle stability, different
buffers were prepared with the composition listed below:

- Ca®*-based buffers (pH 7.8): 40 mM HEPES, 100 mM NaCl,
0.1 mM TCEP and a given CaCl, concentration (0-100 mM).

- pH buffers:
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e Tris buffer (pH 10): 40 mM Tris, 100 mM NacCl, 0.1 mM
TCEP.

e HEPES buffer (pH 7.8): 40 mM HEPES, 100 mM NaCl,
0.1 mM TCEP.

e Sodium acetate buffer (pH 4 and 5): 40 mM sodium acetate,
100 mM NacCl, 0.1 mM TCEP.

e Glycine buffer (pH 2 and 3): 40 mM glycine, 100 mM Nacl,
0.1 mM TCEP.

Ca”* sensitivity. To 100 uL of AcrB-NCMN particles (OD,go ~
1 mg mL ") in elution buffer (pH 7.8) was added dropwise 100
uL of Ca**-based buffer to achieve the final Ca** concentration
(0-50 mM). After 1 h incubation, the transparent changes were
monitored by a NanoDrop spectrophotometer.

pH tolerance. 100 pL AcrB-NCMN particles (OD,go 1 mg
mL ") in elution buffer (pH 7.8) were adjusted to the desired pH
by adding dropwise HCl 1 M (or NaOH 1 M), followed by the
addition of pH buffers to reach a final volume of 200 pL. The
mixtures were further incubated for 1 hour. Finally, changes in
transparency  were with a  NanoDrop
spectrophotometer.

Every experiment was conducted using a NanoDropTM2000
spectrophotometer (Thermo Scientific). All spectra with
a normalized 10 mm pathlength absorbance were collected
using the preconfigured Protein A280 mode with a bandwidth of
1 nm and a scan speed of 800 nm min .

Transmission electron microscopy (TEM). Briefly, a 3.5 pL of
the sample (OD,g, ~ 0.1 mg mL ™) was applied absorbed to
a 400-mesh carbon-coated copper grid, which was pre-glow-
discharged at 20 mA for 1 min. After washing 3 times with
water and twice with 2% (w/v) uranyl acetate, the sample was
stained with 2% (w/v) uranyl acetate for 1 min. The excess stain
was removed by touching the edge of the grid to a piece of
Whatman filter paper. After air drying, the grid was imaged
using a transmission electron microscope (Tecnai F20, UVA) at

monitored

62 000 magnification at specimen level.

Lipid analysis. The endogenous lipids were extracted as
described previously with the following modifications.'** 1
volume of AcrB-NCMN particles (OD,g ~ 1 mg mL™") was
mixed with 2 volumes of chloroform: methanol (2:1 v/v) and
allowed to shake for 1 h at 4 °C. Afterward, the mixture was
centrifuged at 12 000g and 4 °C for 10 min to give phase sepa-
ration. The aqueous layer (upper phase) was removed, while the
organic layer (lower phase) was washed twice with 1 volume of
cold water and evaporated to complete dryness. The total lipid
extract was analyzed by the Thermo Scientific™ Vanquish™
UHPLC system utilizing a C18+ 2.1 (i.d.) x 150 mm reverse-
phase column with 1.5 pm particles. The mass spectrometer
was operated at 55 °C with a binary solvents system, mobile
phase A1 (CH3CN/H,O, 50/50, v/v, with 5 mM ammonium
formate and 0.1% formic acid) and mobile phase B1 (CH;-
CHOHCH,;/CH;CN/H,O0, 88/10/2, v/v/v, with 5 mM ammonium
formate and 0.1% formic acid) at a flow rate of 0.26 mL min~".
The lipid sample was characterized in both positive and nega-
tive ionization modes. Full mass spectra were recorded in
a range of 300 to 2000 m/z with the resolution set to 30 000. All
data were analyzed via Thermo Scientific's Lipid Search 4.2
software.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Single-particle cryo-EM grid preparation, data collection,
processing, and 3D EM map reconstruction. Samples were
prepared for cryo-EM by applying 3.5 pL of freshly purified AcrB
NCMNP21b-20 to glow-discharged Quantifoil R 1.2/13, 300
mesh gold grids. The sample was blotted for 25 s with a force of
6 and then flash-frozen in liquid ethane and stored in liquid
nitrogen using a Vitrobot Mark IV (Thermo Fisher Scientific,
Waltham, USA) with the environmental chamber set at 100%
humidity, 4 °C. Cryo-EM specimen grids were imaged on
a Titan Krios operated at 300 kV equipped with a Gatan K3
direct electron detector camera at New York Structural Biology
Center. Images were taken at 105 000 nominal magnification,
corresponding to a calibrated pixel size of 0.8256 A per pixel. An
initial dataset of 8591 micrographs for AcrB was obtained by
automated data collection using Leginon, with nominal defo-
cus values ranging between 0.4 and 2.9 um at a dose rate of
44.18 e~ A7 s7* with a total exposure of 1.36 s, for an accu-
mulated dose of 60.22 e~ A™%* The full images dataset was
processed using CryoSparc v3.3.1: beam-induced motion and
CTF were corrected using patch motion and CTF correction
function modules.*®** The exposures were manually curated,
removing all the micrographs with more than 1000 A astig-
matism and more than 5 A CTF fit resolution. ~1.5 million
particles were automatically picked with Topaz and extracted
with a box size of 360.% Several rounds of 2D classifications
were performed to remove junk particles and duplicates. The
best-looking 2D classes and their respective particles were
subjected to ab initio reconstruction. Non-uniform recon-
struction was then performed on 85980 particles with C1
symmetry, and the resulting sharpened model had a resolution
of 3.6 A according to the gold-standard Fourier shell correlation
(Fig. S97). The cryo-EM data collection and processing param-
eters are summarized in Table S1.}
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