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Quantifying small molecule uptake across a biological membrane
of a target cell is crucial for the development of efficacious and
selective drugs. However, current methods to obtaining such data
are not trivial. Herein, we present an accessible, higher-throughput
(20 minutes), *H NMR spectroscopy assay, which enables the
quantification of small molecule phospholipid passive membrane
permeation and membrane adhesion parameters.

To elicit a therapeutic response, the active agents must often
interact with, or permeate, a target cell’s phospholipid membrane.
Several in vitro experimental models exist to evaluate the transport
of pharmaceutical candidates across cellular membranes, such as
the (i) parallel artificial membrane permeability assay (PAMPA),"
and (ii) live cell Caco-2 permeability assay.” However, the use of
these methods is limited by long incubation times (10-16 h),?
multiple steps, use of a specific phospholipid membrane system,
requirements for specialised personnel and equipment and opera-
tion at a comparatively high price point.

In addition, these models focus on the study of eukaryotic
over prokaryotic systems. The phospholipid composition of
membranes of bacterial cells is known to not only differ greatly
from mammalian cells, but also between strains and species.”
Antimicrobial resistance (AMR) is one of the greatest global
health threats,” with resistance now having been identified
against every antimicrobial agent currently marketed. This is
caused, in part, by changes in microbial membrane composi-
tion preventing the permeation of antimicrobial agents to
either elicit their mode of action or reach an intracellular
target.*” Thus, high-throughput assays to monitor small mole-
cule uptake in both eukaryotic and bacterial systems are
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required for the evaluation of drug efficacy, the identification
of resistance mechanisms and the production of novel ther-
apeutic agents to treat AMR infections.

To enable the removal of these roadblocks, we present an
accessible, low-cost approach that enables comparative quantifica-
tion of passive permeability and membrane adhesion properties of
NMR active molecules, using vesicles composed of heterogenous/
homogenous synthetic or naturally derived phospholipids and
conventional solution NMR spectroscopy methods. As a proof-of-
principle, we apply this methodology to a set of 6 compounds with
known permeation factors for validation, and to new candidates
from a class of supramolecular self-associating amphiphiles (SSA),
members of which have been shown to interact with biological
phospholipid membranes and elicit an antimicrobial effect, allow-
ing the determination and comparison of their membrane perme-
ability and adhesion properties. We have tested this methodology
with a set of five structurally diverse compounds (Fig. S1, ESIt)
selected from over 120 currently in the SSA library.®®

Lipid vesicles mimic the structure and properties of cellular
membranes. Permeation through the vesicle bilayer causes mole-
cules to exist in dynamic equilibrium, as they move between the
intra- and extravesicular environments. Therefore, by modulating
the chemical composition inside and outside the vesicle, mole-
cules with different permeation rates will experience different
chemical environments, which will modulate their spectroscopic
properties. This assay is designed to take advantage of these
differences, enabling the comparison of the intensity of a target
molecule "H NMR resonances in the presence of vesicles, using
two complimentary experiments, one with, and one without, a
solvent paramagnetic relaxation enhancement (PRE) reagent like
MnCl, or gadodiamide.'® Through comparative analyses of the
resulting spectra, a membrane adhesion factor (MAF) and a
permeability factor (PF) can be elucidated for a target mole-
cule-biological membrane combination. This process has been
summarised in Fig. 1.

This assay functions through the exploitation of the differ-
ences in small molecule relaxation rates, dependent on their
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Fig. 1 Cartoon summarizing the NMR permeation assay. Three types of mole-
cules are represented by a colored sphere (red — membrane interacting molecule,
blue — fully membrane-permeable molecule) (e.g. indole or C60), and green —
non-membrane permeable molecule (e.g. glucose). (A) In the first experiment
(A)(), drug(s) are mixed with vesicles, and 1D *H CPMG NMR spectra are collected.
The predicted spectra are shown for each type of molecule (A)ii). (B) A second
experiment is collected with the same drug(s) and vesicle composition, but in the
presence of a solvent PRE (B)(i), with the expected spectra for each type of
molecule shown in (B)(i). (C) Quantification of membrane adhesion and perme-
ability. The *H NMR intensities of each drug are normalised using a control
experiment without vesicles. Finally, the membrane adhesion (C)(i) and permeation
factors (C)(ii) of each drug can be calculated.

location within the phospholipid membranes or intravesicular/
extravesicular solvent environment. Proton NMR T1 and T2
relaxation rates of the molecules under investigation depend
on, amongst other parameters, their rotational correlation time.
Small molecules that spend time bound to lipid vesicles exhibit
longer T1 times than unbound small molecules free in solution.
The longer T1 times will modulate the intensity of the 'H NMR
signals if the sum of the acquisition time and the relaxation delay
in a multi transient NMR experiment is not long enough to allow
a return to equilibrium during the relaxation delay. However, the
addition of solvent PRE reagents will reverse this effect, reducing
both the T1 and T2 values, with a much larger reduction of T1
than T2 values for small molecules.""

In the presence of vesicles, the addition of a solvent PRE to
vesicle-associated small molecules induces a reduction of T1,
resulting in an increase of the intensity of its "H NMR reso-
nances. Conversely, the effect of solvent PRE on T2 on water-
exposed small molecules leads to a decrease in their "H signal
intensities (Fig. S191 and $210, ESIT). This intensity reduction
can be maximized employing CPMG pulse sequences,'” and
can be exploited to distinguish between small molecules with
different levels of membrane association/permeation.

To establish this methodology and provide a reference/
control dataset, we selected a range of compounds with known
membrane permeability coefficients (glucose, glycerol, trypto-
phan, hydrochlorothiazide (HCT), ethanol and indole). We
measured 'H 1D CPMG spectra with 150 ms spin-lock times
of these control compounds in the absence and presence of
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Fig. 2 Proton 1D CPMG NMR spectra collected with a spin-lock time
of 150 ms in the absence (black, blue) and presence (orange, red) of
1.1 mg mL™L E. coli lipid vesicles without (black, orange) and with (blue, red)
the addition of 0.5 mM MnCl, for the control compounds glucose (A),
glycerol (B), tryptophan (C), ethanol (D), indole (E), hydrochlorothiazide
(HCT) (F), and the compounds SSA32 (G) and SSA60 (H). Samples con-
tained 200 uM of the SSA compounds +1.1 mg mL™! vesicles £0.5 mM
MnCl, (0.5 mM gadodiamide for HCT). (I) Correlation plot between the
NMR PF and average log P values in the literature.*>=16 Error bars represent
the standard deviation between logP values in the literature and the
spectrum noise. Only a single log P value was found for indole.

vesicles prepared with Gram negative bacteria E. coli lipids with
and without the PRE reagent MnCl, or gadodiamide (Fig. S6-
S185, ESIT). The non- or low-permeating molecules like glucose
and tryptophan show a significant drop of intensity of their
'H NMR resonances in the presence of Mn** or Gd**, with and
without lipid vesicles, consistent with PRE-induced broadening
of the signals. Membrane permeating molecules like indole
and ethanol, and to a lower extent glycerol and HCT, on the
other hand, showed the opposite. While in the absence of
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vesicles Mn>* or Gd*" induced line broadening, in the presence of
vesicles we saw a lower decrease or a relative increase in the signal
intensities upon the addition of Mn** or Gd*" (Fig. 2(A)-(F)).

The effect of permeation rates on the PRE modulation of 'H
intensities can be parametrised by comparing the intensity
ratios of 'H resonances in '"H 1D NMR spectroscopy CPMG
experiments with the same spin lock times with and without the
solvent PRE in the presence and absence of lipid vesicles. A
value of 1 implies no detectable permeation through the vesi-
cles, and values higher than one imply the opposite (eqn (1) and

Fig. 1(C)(ii)).

PF =

(ZpRE/Tho PRE) esicies (1)
(IPRE/IHO PRE)no vesicles

The permeability factor (PF) depends on the intensity ratio of "H
1D CPMG NMR signals of small molecules in the presence and
absence of vesicles and a solvent PRE reagent.

This PF can be used to compare the permeability of different
small molecules in vesicles of the same composition or to
assess the permeability of a single small molecule in vesicles
with different lipid compositions (i.e. extracted from different
cell strains), see Table 1. Since the PF reports on the degree of
passive permeation through individual vesicles, PF measure-
ments are not dependent on the incubation times of com-
pounds and vesicles, as seen in Tables S1 and S2 (ESIf),
speeding up the total assay time (Fig. S2-S5, ESIf).

Similarly, the intensity ratio between 'H resonances in 'H
1D NMR spectroscopy CPMG experiments with the same spin
lock times in the presence and absence of lipid vesicles reports
on the degree of adhesion between small molecules and the
membrane. A value of 1 signifies no detectable membrane
adhesion and a value below 1 indicates detectable membrane
adhesion (eqn (2) and Fig. 1(C)(i)), with the affinity being
related to the CPMG spin-lock time at which the deviation
from 1 is observed (Table 1).

Iv i
MAF — esicles (2)

no vesicles

Table 1 PF and MAF of glucose, indole and a subset of compounds from
the SSA family. PF and MAF values were calculated using egn (1) and (2),
respectively. All values are given with a £0.1 uncertainty unless specified in
the table

Compound PF (150 ms) MAF (150 ms)
Glucose 0.9 0.8
Tryptophan 1.0 1.0
Glycerol 1.1 0.9
HCT 1.3 0.7
Ethanol 1.5 1.0
Indole 1.9 0.8
C29 0.5 0.9
C30 1.1 1.0
C32 0.9 0.9
C57 1.0 0.9
C60 6.6 + 1.2° 0.2

“ €60 is broadened beyond detection.
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The membrane adhesion factor (MAF) depends on the
intensity ratio of the '"H 1D CPMG NMR signals of small
molecules in the presence and absence of vesicles.

It is important to note that the PF and MAF values rely on
intensities extracted from the unbound ligand in the 'H 1D
NMR CPMG spectra, and therefore the molecules studied must
not fully self-associate in solution at the concentrations used for
the assay. The degree of molecular self-association can be
obtained easily through comparing the intensity ratio between
the "H 1D NMR CPMG spectra collected at 150 ms and 20 ms
spin-lock times, with a value of 1 indicating no self-association
and a value less than 1 indicating self-association (Fig. S186-
$190, ESIf). In addition, elevations of the "H 1D CPMG signal
intensities for small molecules can result from both permeation
and from membrane interactions, likely with the phospholipid
headgroup region. Therefore, a comparison between the MAF,
which is obtained in the absence of PRE, and the PF is needed.

We subsequently used this methodology to assess and
classify the permeation rates and membrane-adhesion affinities
of the control substances and a set of five SSA molecules (Fig. S1,
ESIt), using vesicles prepared with the same E. coli lipids as those
used previously for the control experiments (Fig. 2).

The intensity ratios of all aromatic peaks of indole and SSA
compounds and the aliphatic peaks of glucose, collected in the
absence or presence of lipid vesicles and solvent PRE, were
used for the permeability analysis. The permeability and
membrane adhesion factors for these molecules were calcu-
lated using eqn (1) and (2) (Table 1). Indole showed high PF and
low MAF, indicative of high permeability and high membrane
adhesion affinity. Glucose showed PFs below 1, consistent with
its lack of membrane permeability, and MAF of 0.8, indicating a
weak membrane adhesion affinity consistent with previous
findings."” Tryptophan, glycerol, HCT and ethanol showed PF
values between those of glucose and indole, showing a good
correlation with their published logP values (Fig. 2(I)), although
the correlation between these data is impacted by differences in
lipid composition between the assays conducted.

SSAs are amphiphilic compounds that present surfactant
properties.'® Significant differences can be observed in the perme-
ability of these SSA compounds. C60 shows the highest PF and MAF,
resembling the properties of indole. C32 shows a PF 4-fold lower
than that of C60, similar to glycerol, and no detectable membrane
adhesion. C29, C30 and C57 show no detectable membrane permea-
tion or adhesion. Previous studies'® revealed that C60 presented
moderate lysis properties against phospholipid membranes
extracted from E. coli, while C30 presented minimal lytic properties
under analogous experimental conditions. These data support the
results presented herein, C30 shows no evidence of membrane
permeability properties, while the reverse is true for C60. This not
only further validates the use of this methodology but also supports
the hypotheses that the increased antimicrobial efficacy of SSAs
correlates with their ability to disrupt cell membranes.

In conclusion, we present a new assay using solution NMR, a
methodology accessible to most chemistry and biological
laboratories, able to determine the membrane permeability
and the degree of membrane adhesion of any mixture of small

This journal is © The Royal Society of Chemistry 2024
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molecules with non-overlapping '"H NMR signals in as little as
20 minutes, providing simple structure-activity relationships.

The assay can be used with vesicles of any lipid composition,
including lipids extracted from natural sources such as clinical
isolates, and as a result support the generation of novel
molecular weapons in the fight against AMR.
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