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The elucidation of phospholipid bilayer–small
molecule interactions using a combination
of phospholipid nanodiscs and solution state
NMR techniques†

Georgina Townshend,ab Gary S. Thompson,b Lisa J. White,a

Jennifer R. Hiscock *b and Jose L. Ortega-Roldan*a

Quantifying phospholipid bilayer–small molecule interactions is

vital to the development of new drug candidates and/or medicinal

therapies. However, obtaining these data remains problematic. Herein,

we detail a phospholipid nanodisc assay which enables the elucidation

of these interactions using conventional solution state NMR spectro-

scopy techniques.

The quantification of small molecule–phospholipid bilayer
interactions is inherently difficult but is incredibly important
for the development of novel pharmaceuticals,1 drug delivery
systems,2 synthetic membrane transporters3 and ion channel
technologies.4 Although a variety of methodologies exist to
study these interactions,5 the most common of these centre
around the use of synthetic vesicles combined with fluores-
cence spectroscopy. For example, vesical leakage assays allow
the identification of membrane disruption, which results in
the release of a self-quenching fluorescent cargo.6 The use of
fluorescence anisotropy allows the calculation of small molecule–
membrane association constants7 and observation of membrane
fluidity.8 However, incorporating a fluorescent unit within an
experiment is not always possible for either synthetic or financial
reasons. In addition, the presence of fluorescent reporter units
may also enhance or suppress the response being monitored
leading to erroneous results. Limitations also exist in relation to
the synthetic vesicle cell membrane mimic: (i) the enhanced
membrane curvature exhibited in vesicles has been shown to
influence molecule:membrane binding and/or insertion events;9

(ii) synthetic vesicles, commonly produced via extrusion through
porous filters can, often unknowingly, result in the production
of unwanted multilamellar, alongside the desired unilamellar
structures.10

In recent times, innovative solid-state NMR techniques have
been developed to study molecule–membrane interactions,11

however access to these specialised methodologies remains
difficult. In this study, we demonstrate the use of phospholipid
nanodiscs (Fig. 1) in a novel yet accessible, high throughput
NMR assay to allow the quantification of small molecule:
phospholipid interactions, removing the limitations detailed
previously.

Traditionally phospholipid nanodiscs have been used to
enable the study of membrane proteins however, the potential
for nanodiscs to quantify synthetic compound–membrane inter-
actions remains underdeveloped.12 These biomimetic scaffolds
are composed of a single disc-shaped planar phospholipid bilayer,
‘belted’ with membrane scaffolding proteins or synthetic
polymers. Examples include amphipathic peptides13 such as
Saposin-A14 and, synthetic molecules such as styrene-maleic
acid (SMA) co-polymers.15 Unlike alternative membrane mimetic
systems, nanodiscs have been shown to maintain many desirable
physical properties of the membrane bilayer such as lipid phase
transition temperatures and lipid bilayer thickness.16 Although
the peptide-based nanodiscs typically require solubilisation in
detergent prior to formation, with the lipid : protein : detergent
ratios optimised for each lipid mixture, SMAs are able to solubilise

Fig. 1 (a) Reaction scheme detailing the production of the SMA belt;
(b) cartoon of a SMA belted phospholipid nanodisc; (c and d) TEM images
of dehydrated SMA nanodiscs, stained with uranyl acetate, formed from (c)
DMPC phospholipids and (d) E. coli phospholipids. Red circles indicate a
single E10 nm nanodisc.
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natural lipid membranes of any composition, forming nanodiscs
with an average diameter of 10 nm, without the presence of
detergent.16

For this proof of principle study, SMA with a ratio of 2 : 1
styrene to maleic acid (Fig. 1a) was incubated with either
bacterial (Escherichia coli (E. coli), lipid composition = 67%
Phosphatidylethanolamine – PE, 23.2% phosphatidylglycerol – PG
and 9.8% cardiolipin) or 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) phospholipid vesicles. The nanodiscs formed (Fig. 1c
and d) were then separated from the resultant mixture through
a combination of ultracentrifugation and gel filtration (ESI†).

Quantification of nanodisc concentration was achieved utilizing
the absorbance of the free SMA at 260 nm. These absorbance
values were found to follow a linear trend with concentration,
discarding any association of the SMAs at higher concentrations
4165 mM. It is known that a single SMA is used to ‘belt’ a single
E10 nm nanodisc.16

Compounds 1–317 (Fig. 2) are representatives from a novel
class of supramolecular self-associating amphiphile (SSA),18

members of which have been shown to act as antimicrobial
agents.19 The amphiphilic nature of SSAs, combined with the
mixture of hydrogen bond donating and accepting groups
within the molecular scaffold has led us to hypothesise that
SSAs may act as bacterial membrane disrupters. Further to this,
we believe that this class of compound may be tuned to interact
selectively with phospholipids more commonly found at the
exterior bacterial (PE and PG)20 over eukaryotic (phosphatidyl-
choline – PC)21 cell membrane, through optimisation of compli-
mentary SSA–phospholipid head group interactions (Fig. 3).

We have shown SSAs to undergo complex self-association
events in aqueous conditions, leading to the production
of spherical aggregates with a hydrodynamic diameter of
E150–250 nm. The Critical Micelle Concentration (CMC) of
1–3 in a H2O : EtOH 19 : 1 solution has previously been deter-
mined (1 = 9.54 mM,17a 2 = 0.50 mM,17a and 3 = 10.39 mM18a).
All nanodisc association experiments were performed at a SSA
concentration of 0.10 mM, at least five times lower than the
lowest SSA CMC value reported, therefore the majority of
the SSA in solution will exist as monomeric or lower order
self-associated species, observable via conventional solution
state NMR techniques. However, the size of the SMA nanodiscs
(E10 nm in diameter) means these structures cannot be readily
observed using analogous techniques. The 1D 1H NMR spectra

of the SMA nanodiscs are broad and include resonances from
0.7 to 8.0 ppm. For this reason, the well separated aromatic
1H NMR resonances of 1–3 (Fig. S11–S34, ESI†) were chosen
to monitor the nanodisc:SSA anion association events. The
nanodisc:SSA cation association events were monitored
simultaneously, through the observation of the 1H NMR tetra-
butylammonium (TBA) ion signals (0.8 to 3.3 ppm). During
these association experiments the SSAs were maintained at a
fixed concentration (0.1 mM), to remove any additional SSA
interaction events which are not the result of increasing nano-
disc concentration. The association of SSAs to the nanodiscs was
then observed using 1D 1H NMR with a Carr–Purcell–Meiboom–
Gill sequence (CPMG) filter (300 ms),22 through comparative
integration, as illustrated in Fig. 4. The use of a CPMG filter
suppresses the resonances of those species with long correlation
times and is therefore very sensitive to the interaction of small
chemical compounds to the comparatively large nanodisc
structures.

The results of these SSA anion:nanodisc complexation studies
are summarised in Fig. 5, 6 and Fig. S35 and S36 (ESI†).
Compound 2 was the only SSA of those tested to show full
suppression of the SSA anion signal in the presence of E. coli
phospholipid nanodiscs (Fig. 5a), indicating the high affinity of
this SSA anion for the nanodisc. The affinity of this same SSA
anion to DMPC nanodiscs was also shown to be significantly
lower, with the comparative decrease in signal area plateauing
at 42 times higher SSA : nanodisc ratios than those observed in
the presence of E. coli lipids.

In comparison, the anionic components of 1 and 3 show a
similar affinity for both DMPC and E. coli nanodiscs (Fig. S35
and S36 respectively, ESI†). However, when comparing the
chemical structures of 1 and 2, although both contain a
benzothiazole unit appended to the main SSA scaffold, 2 is
substituted at the para whereas 1 is substituted at the ortho
position of the analogous benzene ring. The movement of this

Fig. 2 Structure of phospholipid head groups and SSAs 1–3. TBA =
tetrabutylammonium.

Fig. 3 Scheme showing: (a) a representative structure of the anionic SSA
component; (b) hydrogen bonded self-associative events observed for
the anionic components of SSAs in the solid state;18c (c) hypothesised
hydrogen bonding interactions of the anionic component of a SSA with
different phospholipid head groups.
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functionality from the para to the ortho position results in the
formation of an intramolecular hydrogen bond (Fig. 2) which
hinders the associative properties of 1 in comparison to 2.17a

Therefore, we hypothesise that the presence of the intra-
molecular hydrogen bond within the structure of 1 results in

the decrease of both SSA affinity and selectivity towards nano-
disc coordination.

Additionally, the substitution of the benzothiazole unit for
the lipophilic, electron withdrawing CF3 functionality of 3
(Fig. S36, ESI†) is found to further lower the affinity and
selectivity of the SSA anion to both E. coli lipid and DMPC
nanodiscs when compared to 1 and 2. This is a surprising
result, unearthed using this novel assay, which suggests that
the para-substituted benzothiazole group in combination with
the sulfonate-urea functionality, is responsible for both the
strength and selectivity of SSA membrane interaction.

Finally, through comparison of those signals that corre-
spond to both the anionic and cationic components of SSAs
1–3, we have been able to confirm differences in the association
of the SSA salt components to the nanodiscs. In the case of SSAs
1 and 3, the cationic component of the SSA shows greater
association to the nanodiscs then the anionic component
(Fig. S37–S42, ESI†). However, this observation is reversed for 2,
where the anionic SSA component preferentially interacts with
the nanodiscs over the cationic SSA component, as illustrated
in Fig. 6.

Although a more detailed thermodynamic analysis of SSA:
phospholipid interactions is not yet possible due to: (1) the
complex self-associative equilibria observed for SSAs which
competes with the SSA:phospholipid complexation processes;
(2) the lack of information regarding the reversibility of the
lipid association process; (3) the presence of both mass filtering
effects and the possible presence of chemical exchange broad-
ening; (4) and, the unknown SSA:nanodisc stoichiometry. The
results of these studies do enable the comparative ranking of
phospholipid:SSA interactions in the order 2 4 1 4 3 (Fig. 5a),
with 2 also showing significant selectivity for bacterial over
model eukaryotic DMPC containing nanodiscs.

In summary, the methodology described here allows the
analysis of 1D 1H NMR titration data with the aim to enable
quantification of small molecule:phospholipid membrane
interactions without the need for specialised equipment, or the

Fig. 4 1D 1H CPMG NMR spectra of 2 (0.10 mM) in the presence of 0.000
(red), 0.002, 0.004, 0.006, 0.008, 0.010, 0.015, 0.021 and 0.032 (purple)
molar equivalents of nanodiscs composed of DMPC lipids resulting in
decreased signal intensity. 1D 1H CPMG NMR experiments were performed
in sodium phosphate buffer (20 mM) with 20 mM sodium chloride at
pH 7.4, supplemented with 5% D2O and 0.01 mM DSS.

Fig. 5 The relative normalized area of the most downfield aromatic
resonance from the SSA anion for: (a) 1 (triangles), 2 (circles), 3 (squares)
upon titration with E. coli lipid nanodiscs (open symbols); (b) saturation
curves for titrations of 2 with E. coli lipid (open symbols) and DMPC (filled
symbols) nanodiscs.

Fig. 6 The relative normalized area of the most downfield resonance
from the anionic SSA 2 (open circles) and associated TBA cation (stars)
upon titration with E. coli nanodiscs.

ChemComm Communication

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

K
en

t o
n 

9/
9/

20
20

 5
:5

1:
06

 P
M

. 
View Article Online

https://doi.org/10.1039/c9cc09948d


4018 | Chem. Commun., 2020, 56, 4015--4018 This journal is©The Royal Society of Chemistry 2020

experimental limitations commonly encountered through the use
of fluorescence based synthetic vesicle studies in the absence of
complex equilibria. When complex equilibria are present this
proof-of-principle study demonstrates the use of this NMR-
based methodology to comparatively rank molecular:nanodisc
interactions, resulting in the elucidation of molecular–membrane
coordination selectivity and/or specificity. Therefore, although
SSA systems are highly complex, demonstrating self-associative
interactions in equilibria with SSA:phospholipid nanodisc
complex formation, these preliminary results verify the potential
for this SSA technology to produce selective cell membrane
coordination/disruption systems. We are currently expanding
the use of the NMR nanodisc assay described herein to rank the
interactions of our current SSA library (450 compounds) with a
wider variety of nanodiscs to inform next generation SSA design.
In addition, we are also exploring the importance of SSA cation–
anion combinations and presence of the benzothiazole unit
within the SSA scaffold to develop ever more selective membrane
coordination technologies.
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