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against the "ESKAPE" pathogen Pseudomonas
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We determine the efficacy for three known structurally related,
membrane active detergents against multidrug resistant and wild
type strains of Pseudomonas aeruginosa. Accessible solution state
NMR experiments are used to quantify phospholipid headgroup
composition of the microbial membranes and to gain molecular
level insight into antimicrobial mode of action.

Antimicrobial resistance (AMR) is a significant threat to world
health,? with bacteria now found to be resistant to all cur-
rently marketed antimicrobials,’ including the membrane-
active peptide, colistin, one of the antibiotics of last resort.*
One mechanism of AMR which remains less well understood,
involves alteration of the phospholipid composition of the
bacterial membrane,™® which decreases effective drug delivery’°
and/or alters the drug target.'®'> For example, daptomycin
susceptible (S447) and resistant (R446) strains of Enterococcus
faecium exhibit different phospholipid membrane profiles:
PG:L-PG:CL:DAG 34:14:39:13 (S447) and PG:L-PG:CL:DAG
15:16:47:23 (R446)." These differences in phospholipid con-
tent were paired with increased daptomycin resistance, which
was thought to be due to increased membrane rigidity and
changes in biophysical properties. As is common for studies of
this type, the specific interactions between the antimicrobial
agent and phospholipids within the cell membrane were not
identified (see Fig. 1 for a summary of phospholipid headgroup
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structures). Therefore, the development of methodologies, such
as those described herein, which enable the characterisation of
molecular level interaction events with the cell membrane has
become vital to inform the identification of antimicrobial
therapeutic regimes.

Within this proof of principle study, we utilise a unique
combination of solution state multinuclear NMR techniques,
phospholipid nanodiscs produced from lipids obtained from
target bacterial species, alongside standard antimicrobial efficacy
studies and membrane fluidity experiments (Section S10, ESIT).

3

Fig. 1 (a) General structure of a phospholipid and 1-3. Purple = hydro-
philic phosphate headgroup, orange = glycerol linking group, pink =
hydrophobic hydrocarbon residue, which can differ in chain length and
degree of saturation. R groups: (b) phosphatidylethanolamine (PE);
(c) phosphatidylglycerol (PG); (d) phosphatidylserine (PS); (e) phosphatidyl-
inositol (PI); (f) cardiolipin (CL).
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This produces a body of data that enables us to understand
the relationship between phospholipid membrane headgroup
composition, molecular level membrane interaction events and
antimicrobial activity against multiple microbial species taking
advantage of widely accessible, automated, NMR based meth-
odologies. This removes limitations such as the need for intrin-
sic molecular fluorescence and traditional bespoke experimental
facilities. To demonstrate this, we target a series of three
zwitterionic, sulfobetaine membrane disrupting agents 1-3
(Fig. 1),"* which have been known as detergents for biological
use. We chose 1-3 because of their stepwise molecular structure
modification and lack of evidence describing molecular level
mode of action.”

Initially, the minimum inhibitory concentration (MIC -
defined as the lowest concentration of a compound required to
inhibit visual growth) was determined for 1-3 against two strains
of Pseudomonas aeruginosa (P. aeruginosa), Table 1. This pathogen
was selected as it is a microbe identified by the WHO as urgently
requiring new treatment options.'® NCTC 13437 and PAO1 are
both derived from clinical isolates with differing antimicrobial
resistance profiles. Whilst PAO1 is sensitive to the majority of
clinically relevant antibiotic classes, NCTC 13437 is resistant to
multiple classes including fluoroquinolones, aminoglycosides,
carbapenems, cephalosporins and colistin.

MIC values obtained against both strains of P. aeruginosa
show this microorganism to be more susceptible to the effects
of 1 over 2 and 3. However, when comparing MICs, values, 3 is
found to inhibit 50% growth at much lower concentrations
when compared to 1, 0.8 mM and 6.25 mM respectively, against
NCTC 13437. Interestingly, there is also some variation between
the strains susceptibility for 1-3. For example, the MIC of 1
against PAO1 was 12.5 mM, whilst for NCTC 13437, the MIC of
1 increased to 50 mM.

To confirm the membrane disruption mechanism of action
for 1-3 against PAO1 and NCTC 13437, an outer membrane
permeabilisation assay was performed (Fig. 2, bar charts). Here,
N-phenylnaphtylamine (NPN) acts as a fluorescent reporter.
When the outer membrane is intact, this hydrophobic reporter
is excluded from the microbial membrane. However, should
the microbial membrane become disrupted, the NPN reporter

Table 1 Top: MIC and MICsq values determined for 1-3 against two
strains of P. aeruginosa. Values are presented as modal values (n = 3), or as
a range due to the unusual concentration ranges needed to inhibit
microbial growth (Fig. S71 and S72, ESI, and Fig. 2, line graphs). An MICsq
value was calculated where an MIC could not be determined. Bottom:
Total phospholipid headgroup composition data for lipids extracted from
the cell membranes of PAO1 and NCTC 13437

MIC (mM) MIC;, (mM)

Bacterial Strain 1 2 3 1 2 3
PAO1 12.5 >100 100 3.12 1.56-50 0.4
NCTC 13437 50 >100 100 6.25 0.4 0.8

Phospholipid headgroup composition (%)

PE PG PI PS CL Other
PAO1 73.1 19.9 4.3 2.7 0 0
NCTC 13437 53.4 46.6 0 0 0 0
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Fig. 2 The outer membrane permeabilization (bar chart, right hand
y-axis) of (a) PAO1 and (b) NCTC 13437 when exposed to 1 (purple), 2
(orange) and 3 (pink), compared to the percentage endpoint growth for
PAO1 and NCTC 13437 after treatment with 1-3 (line graph, left hand
y-axis) compared to an untreated bacterial control.

is able to enter the membranes hydrophobic environment
resulting in an increased fluorescence signal. We observe a
definitive inverse relationship between membrane permeabili-
sation and percentage growth for 1, as shown in Fig. 2. This
relationship was also observed for 2 and 3 however, the
relationship is less obvious due to the unusual plateau effect
associated with bacterial growth. Therefore, these data support
the hypothesis that membrane disruption is the mechanism of
action for 1-3, as previously reported.'* These findings are
further supported by the results of scanning electron micro-
scopy (SEM), Section 12 (ESIt), where holes in the bacterial
membranes of NCTC 13437 were identified in the presence
of 1-3.

In addition, 1 shows a correlation between increasing
concentration and increasing percentage membrane permeabi-
lization against both strains of P. aeruginosa. However, 2 and 3
show limited increases in percentage membrane permeabiliza-
tion and growth at concentrations above 0.1 mM. We believe
that this observation is due to the critical aggregation concen-
tration (CAC) of 2 and 3, 0.1 mM'” and 0.4 mM"® respectively.
The CAC is defined as the concentration at which any addi-
tional compound added to a solution will result in the formation
of higher order self-associated aggregates, e.g. micelles.'® There-
fore, at concentrations above CAC, free 1-3 will become incorpo-
rated into aggregated species. In the case of 2 and 3, we believe
this limits the concentration of compound available to interact
with the microbial membranes and thus limits the activity of
these agents at concentrations above this value, explaining the
differences in antimicrobial efficacy identified from MIC as
opposed to MICs, values (Table 1). Compound 1 exhibits a much
higher CAC at 6.4 mM”® and thus the antimicrobial activity of
this compound is less affected by increasing concentration.
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To determine if there was any difference in the total phos-
pholipid membrane headgroup composition of these two
strains of P. aeruginosa, the membranes were extracted,*!
analysed using 2D "H-*"P HSQC NMR experiments, and com-
pared to previously published control data.”> Here we observe
clear differences in the phospholipid headgroup composition
of the membranes extracted from wild type PAO1 and multi-
drug resistant NCTC 13437 (Table 1), meaning that changes
in the phospholipid headgroup composition of microbial mem-
branes could be a cause for, or a result of, the AMR observed
for the NCTC 13437 strain of P. aeruginosa. For example, the
presence of PS (2.7%) and PI (4.3%) could only be identified
with PAO1. However, the greatest differences in total mem-
brane phospholipid headgroup composition were identified
when considering the percentage of PE (~20% lower for NCTC
13437) and PG (>25% higher for NCTC 13437) present within
the membranes of these two bacterial strains. These substantial
differences in phospholipid membrane headgroup composi-
tion support a hypothesis that differences in MIC values
obtained for detergents 1-3 could be due to changes in phos-
pholipid membrane headgroup composition.

To test the validity of this hypothesis, and confirm if altera-
tions in phospholipid headgroup composition alter the mole-
cular interaction events of 1-3, we performed a series of
"H NMR phospholipid nanodisc experiments. To date, phos-
pholipid nanodiscs have been mainly used to enable the study
of membrane bound proteins under native conditions.>*"**
However, we have also recently expanded the use of these
systems to enable the study of small molecule-phospholipid
membrane interaction events, adapting traditional '"H NMR
titration based methodologies (Section S7-S9, ESIt).>6"2% Abso-
lute integration of 'H NMR resonances, corresponding to the
different 'H environments of 1-3, and subsequent fitting of
these data to Hill plot kinetics using Origin 2018 software,>*>°
enabled the effective concentration of nanodisc needed to
coordinate 50% of 1-3 (ECjo) at 100 uM to be determined
(Fig. 3). Put simply the greater the 1/ECs, the greater the affinity
of 1-3 for the phospholipid nanodisc. When comparing ECs,
values generated from different residues of the same mole-
cules, we may gain some insight into the mode of action for a
specific agent. For example, the sterol head group of 1 (Fig. 3a,
resonances d-f) was shown to exhibit a greater affinity towards
both types of phospholipid nanodiscs, compared to the polar
tail group (Fig. 3a, resonances a-c). Thus, we hypothesise that
the lipophilic sterol group is able to embed itself into the
nanodisc, leaving the tail free to rotate within the solution.
In addition, we observed increased 1/ECs, values for 1 against
nanodiscs derived from PAO1 membranes, indicating a stron-
ger interaction, which correlates with increased antimicrobial
efficacy for 1 against this same strain of P. aeruginosa and
changes in phospholipid headgroup composition (Table 1).

With the sterol group in 1 substituted for the alkyl group in 2
and 3, the disparity in interaction between the two ends of the
antimicrobial agent decreases. The step-wise modification
between 2 and 3 shows that the amide linker of 2 is responsible
for the specificity of this detergent molecule for nanodiscs
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Fig. 3 Graphs summarizing 1/ECsq (uM ™) values obtained from the fitting
of (a) 1, (b) 2 or (c) 3 nanodisc titration data to Hill Plot kinetics using Origin
2018 software.?® V. Was fixed to 100%. Where co-ordination did not
reach 50%, data was not fitted. Purple = results from PAO1 nanodiscs
'H NMR titration studies, orange = results from NCTC 13437 nanodisc
*H NMR titration studies. The Hill coefficient (n) produced through the
fitting of this data provides a measure of the cooperative/non-cooperative
nature of binding events.*® As shown in Table S2-54 and Section S9 (ESI+),
the Hill coefficients generated from these data sets exhibit a value n > 1in
general, providing evidence that these phospholipid bilayer binding events
are co-operative. Fitting these data to a simple binding isotherm was not
possible due to the suspected complexity of interactions present between
1-3 and nanodiscs derived from PAO1 and NCTC 13437.

formed from PAO1 over NCTC 13437 membranes, and there-
fore believe that introduction of this functionality results in
decreased affinity for PG phospholipids. However, there is no
longer a correlation observed between increased antimicrobial
interaction and increased antimicrobial efficacy, attributing
this effect to 1 only, pointing to differing modes of action for
this group of three antimicrobial agents.

In conclusion, we establish the efficacy of membrane
active antimicrobial agents, 1-3, against different strains of
the “ESKAPE” pathogen P. aeruginosa, adding molecular level
insight to the mode of antimicrobial action for these agents for
the first time. We show differences in the phospholipid

This journal is © The Royal Society of Chemistry 2023
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membrane headgroup composition of wild type PAO1 and
multidrug resistant clinical isolate NCTC 13437 and, through
the incorporation of these phospholipids into nanodiscs,
observe molecular level antimicrobial co-ordination events for
1-3. This leads us to hypothesise that the sterol unit of 1
embeds into the nanodisc, leaving the hydrophilic tail substitu-
ent free to interact with the solution environment. Interestingly,
the increased strength of the sterol headgroup interaction events
was also found to correlate with increased antimicrobial efficacy.
Finally, we also suggest that decreased CAC may also limit the
antimicrobial efficacy of an agent at concentrations above this
value, further demonstrating the need to determine both MIC
and MICs, values for membrane active amphiphilic agents such
as 1-3, dependent on CAC. These findings support the need
for ongoing investigations in this area, initially identifying and
then quantifying the role changes in phospholipid headgroup
composition plays in AMR.
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