#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Insights into colistin-mediated fluorescence
labelling of bacterial LPS+

Saurodeep Mandal, @2 Dipanwita Patra,® Sukhendu Mandal, ©® Gourab Kanti Das ©2
and Prithidipa Sahoo & *@

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 2770

Gram-negative bacterial infections are becoming untreatable due to their ability to mutate, and the gradual
development of their resistance to the available antimicrobials. In recent times colistin, a drug of last resort,
started losing its efficacy towards multidrug-resistant bacterial infections. Colistin targets bacterial
endotoxin lipopolysaccharides (LPS) and destabilises the cytoplasmic membrane by disrupting the outer
LPS membrane. In this study, we have tried to label the bacterial LPS, the main constituent of the
cytoplasmic membrane of bacterial cells, to try to understand the interaction mechanism of LPS with
colistin. The chemosensor, naphthaldehyde appended furfural (NAF) that selectively recognises colistin
can label LPS, by showing its fluorescence signals. The computationally derived three-dimensional

structure of LPS has been introduced to speculate on the possible binding mode of colistin with LPS, and
Received 18th October 2023 thi lso th hly studied with the helo of ¢ hani q L lar d .
Accepted 3rd January 2024 is was also thoroughly studied wi e help of quantum mechanics and molecular dynamics energy
minimisation. Fluorescence microscopy and FE-SEM microscopic studies were also used to observe the

DOI: 10.1035/d3ra07107¢ change in the structural morphology of colistin-sensitive and resistant Salmonella typhi in different

Open Access Article. Published on 17 January 2024. Downloaded on 1/19/2026 12:58:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances experimental conditions.

Introduction

The Gram-negative bacterial pathogens are continuously gain-
ing antimicrobial resistance, and escape antibiosis by most of
the available antibiotic regimens. Other than antibiotic therapy,
there are very few treatment options which exist to combat the
pathogenesis by Gram-negative organisms. Furthermore, there
remain a limited number of drugs in the reserve list that may be
effective against these strains of bacteria."” In the recent past,
carbapenems were considered to be the reliable and safe
options for the treatment of severe Gram-negative multidrug-
resistant bacterial infections, but pathogens such as Pseudo-
monas aeruginosa, Acinetobacter baumannii, and Klebsiella
pneumoniae gradually developed carbapenem resistance and
the scope of its treatment has depreciated systematically.?
Furthermore, colistin is a polycationic antibiotic* that belongs
to the polymyxin class and is effective in combating most
multidrug-resistant Gram-negative bacterial infections® by
interacting with the membrane lipopolysaccharide (LPS).® The
LPSs have been the subject of intense study for over half
a century.”” The LPS is the prototypical lipoglycan with an

“Department of Chemistry, Siksha Bhavana, Visva-Bharati, Santiniketan, 731235,
West Bengal, India. E-mail: prithidipa.sahoo@visva-bharati.ac.in; saurodeep@
outlook.com; gourabkanti.das@visva-bharati.ac.in

*Department of Microbiology, University of Calcutta, Kolkata 700019, West Bengal,
India. E-mail: dipanwitapatra35@gmail.com; smmicrobio@caluniv.ac.in

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra07107c

2770 | RSC Adv, 2024, 14, 2770-2777

overall net negative charge and is the primary component of the
outer membrane of nearly all the Gram-negative bacteria, which
acts as a potential immune-stimulator inducer, and confers
stability and integrity to the outer LPS membrane.**™*

From the literature, the structure, function, and
biogenesis'**'” reveal that LPS is composed of three subunits,
namely the hydrophilic polysaccharide, the O antigen part, and
the hydrophobic lipid A region. The lipid A domain is respon-
sible for the endotoxic activity of the Gram-negative bacteria.'®
The first proposition explains the plausible mode of action of
colistin that crosses over the outer membrane via ‘self-
promoted uptake’ mechanism.'*** It proceeds through a two-
step mechanistic pathway where the initial binding takes
place and permeabilisation of the outer membrane induces the
concomitant displacement of Ca** and Mg”* ions from the
anionic groups*>* of LPS in a competitive manner.*® Destabi-
lisation can manifest as transient ‘openings’ in the outer
membrane that allow the passage of colistin, or it can be con-
nected to an augmentation of the fluidity of the outer
membrane. Consequently, by destabilising the cytoplasmic
membrane and disrupting the outer LPS membrane, the inner
cellular contents are released, and as a result, the bacteria are
killed. Recent biophysical studies of outer membrane
models*~*° have revealed many interesting phenomena about
the colistin-LPS membrane interactions, but at the atomistic
level resolution is not easily achieved.*~**

Although the LPS is the initial target, the exact mode of
action of colistin remains unclear. A group of researchers

© 2024 The Author(s). Published by the Royal Society of Chemistry
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believe that the LPS sugar residues are responsible for the
interaction, whereas many of them think that the lipid A
headgroups are responsible for the colistin-LPS interaction.**¢
One of the potent bactericidal mechanisms for colistin is
thought to be inhibiting the antiendotoxin activity of the lipid A
domain of LPS by interacting and neutralising the LPS mole-
cules.” Many previous researchers have used molecular simu-
lation studies to reveal that there was colistin insertion into
a hydrophobic membrane, and translocation of colistin through
a hydrophobic membrane core.?**"***%¢ Although the simula-
tion studies gave the broader picture over a relative time scale, it
is very difficult to perceive an idea about the nature of the
interaction from the context of a membrane system. Hence, in
this work we tried to investigate the binding mechanism of
colistin with LPS, using quantum mechanics by choosing iso-
lated molecules, and using density functional theory (DFT) as
a tool to generate a three-dimensional structure of LPS. In this
context, some spectrophotometric and electron microscopic
analyses were performed, which lead us to examine the
quantum mechanics in a unidirectional way. As a continuation
of our previous work where we were able to synthesise a fluo-
rescent probe of naphthaldehyde appended furfural (NAF)*®
that possesses the ability to selectively detect colistin, this probe
has also been utilised for indirect labelling of LPS.

Results and discussion
Absorption and fluorescence experiments

Extensive UV-vis and fluorescence studies were performed in
order to obtain a clear perspective on the possible interactions
between NAF, colistin, and LPS. Fig. 1A shows a decrease in the
384 nm absorption band of NAF upon a gradual interaction with
colistin. Upon sequential addition of LPS with that solution, an
increase in absorbance was observed. Moreover, an increase in
the intensity of absorption was witnessed at about 262 nm,
which was possibly due to the intrinsic absorption band of LPS
(Fig. S1, ESIf). A similar phenomenon was noted in the
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fluorescence titration experiment, where an initial augmenta-
tion in fluorescence intensity arose from the robust interaction
between NAF and colistin. Nevertheless, with the gradual
introduction of LPS into the solution, it began to engage in
competitive interactions with the NAF-colistin complex. This
manifested as an initial enhancement in intensity (up to the
addition of 2 ul of LPS (0.066 mg ml™ ")), followed by an abrupt
quenching in the fluorescence intensity of NAF at 510 nm
(Fig. 1D). Interestingly, no significant change was observed at
the 384 nm band while the premixed colistin and LPS (1:1 v/v)
was titrated against NAF (Fig. 1B). Although at higher concen-
trations of the mixture, a reasonable decrease in absorbance
was noticed and a simultaneous enhancement of intensity at
262 nm was perceived. Fig. 1E shows the significant increase in
fluorescence of the premixed colistin and LPS against NAF
during the fluorescence titration. The enhancement of the
fluorescent intensity obtained from Fig. 1E became reduced
when compared to that of Fig. 1D. This phenomenon showed
that the free colistin can interact with NAF more easily, whereas
the pre-conjugated colistin-LPS found it difficult to interact
with the NAF due to the steric hindrance. The absorbance and
fluorescence titration of NAF and LPS was achieved, and is
shown in Fig. 1C and E, respectively. No significant change at
the 384 nm absorption band was observed. Interestingly, at the
higher concentration of LPS, a decrease in absorbance of 0.13
a.u. was witnessed, whereas the substantial increase of the
absorbance at about 262 nm was impressive.

After careful analysis of the data obtained from the UV-vis
and fluorescent titration experiments, some important obser-
vations surfaced. The NAF can easily interact with colistin in its
native state when compared to the pre-conjugated colistin-LPS.
This phenomenon was observed due to the ease of interaction
and as a result an increase in luminescence intensity was
comparably high when colistin and LPS were added sequen-
tially to NAF (Fig. 1A). When the pre-conjugated colistin-LPS
was titrated against NAF, it encountered steric hindrance while
interacting with colistin, thus resulting in an increase in
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Fig.1 The UV-visible and fluorescence spectral studies: (A) and (D) NAF (0.017 mg mL™* stock) with sequential addition of colistin (0.21 mg mL™*
stock) and LPS (1.718 mg mL™Y), (B) and (E) NAF with simultaneous addition of colistin and LPS (1: 1 v/v), and (C) and (F) NAF with LPS.
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fluorescence which was low when compared to that added
sequentially. To some extent, NAF can directly interact with LPS
because the increase in fluorescence was observed but it was
difficult to conclude because of the fact that the LPS possesses
an intrinsic absorption band at 262 nm which showed
a remarkable change during titration with NAF, and the fluo-
rescence intensity which increases at 450 nm plays a significant
role. Another preliminary conclusion can be drawn that the
binding affinity of colistin towards LPS is much higher when
compared to NAF, and the ratio of possible interaction of
colistin and LPS was 1:1 (Fig. 1B, E, S2 and S3, ESI{). A quan-
titative assessment of fluorescence signals was undertaken to
elucidate the reliability and robustness of the findings (Fig. 54,
ESIY).

The chemosensor NAF is capable of labelling the LPS of Gram-
negative bacteria

We attempted to collect data from Gram-negative bacterial
species in the test samples after archiving the positive results
found in the fluorescence studies. Thus, we conducted fluo-
rescent microscopic experiments using Salmonella typhi as our
test organism. Before proceeding, we ensured that our test
organism had become colistin resistant and then conducted
field emission scanning electron microscopy (FE-SEM) studies.
The mecr-1 and eptB genes are known to be responsible for the
modifications by phosphoethanolamine and 4-amino-4-deoxy-t-
arabinose cationic groups of the LPS, and that they are key
factors for the development of intrinsic resistance (Fig. S5,
ESIT). In addition, the mcr-1 gene protects the cytoplasmic
membrane from the colistin mediated disruption.*

Colistin alters cellular morphology of S. typhi

Alteration in cellular morphology of the test organism S. typhi
has also been observed from the SEM micrographs when the
cells are treated with colistin. The cellular morphology of the
colistin treated colistin-resistant S. typhi and the untreated wild
type S. typhi remained intact (Fig. 2A and C) whereas the colistin
treated cells of the wild-type S. typhi exhibited an altered
morphology (Fig. 2B), particularly in the cellular membrane,
and it was anticipated that it was damaged severely due to the
induction of crystallinity in the outer membranes.*® The unal-
tered morphology of the colistin treated bacteria shown in the
FE-SEM micrograph ensured that the variety of S. typhi had
developed colistin resistance.

Thus, after ensuring the species had developed colistin
resistance, we conducted the fluorescence labelling experi-
ments using a fluorescence microscope. It was evident from the

Fig. 2 The FE-SEM micrographs of (A) wild type S. typhi, (B) colistin
treated wild type S. typhi, and (C) colistin resistant S. typhi.
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cellular imaging experiments that the chemosensor NAF was
readily permeable in bacterial cells. The NAF selectively recog-
nizes colistin. The colistin-resistant S. typhi and Escherichia coli
were treated with 8 ug per ml colistin followed by treatment with
NAF.

It was found that the cells showed a bright fluorescence
signal when treated with colistin followed by NAF (Fig. 3 and S6,
ESIT). Also, the cells showed a weak fluorescence signal when
the premixed colistin and NAF was used to treat the cells.
However, there were no fluorescence signals found in the fluo-
rescence microscopy when only the NAF was used to treat the
cells. It was quite evident from the results of previous studies*®
that NAF selectively binds with colistin. Whereas colistin has
been reported to bind with the LPS of the Gram-negative
bacteria.”* Thus, from the results it was inferred that in the
labelled cells the colistin interacted with the impregnated LPS
and the bound LPS was recognized by the NAF.

While using colistin sensitive bacteria, in the optical density
(OD) assay, both colistin and colistin + NAF exhibited the same
minimal inhibitory concentration (MIC) value against S. typhi,
with an MIC of 4 ug ml™" for each. Consequently, the experi-
mental results indicated that the NAF did not affect the anti-
microbial activity of colistin against S. #yphi (Fig. S7, S8 and
Table S1, ESIT).

Computational studies

To identify the possible interaction mechanism, we proceeded
with computational studies where the energy minimised
structure of LPS was generated to understand the possible
binding modes of LPS with colistin and the colistin-NAF
conjugate. It was observed that the lipid chains in LPS were
protruding outwards in order to avoid steric crowding and
hence minimise the energy required to obtain the stable
conformation of LPS. Moreover, the core oligosaccharide
domain of LPS was packed more closely and several intra-
molecular hydrogen bonds provide substantial stability to the
structure (Fig. S9, ESIT). The isosurface of the computationally

um Cels treated with 8
wg/mi colistin and 3.6 ug/ml NAF

e Cells treated with

premixed 8 g/mi colistin 3.6 g/mi NAF
Colls treated
I " \ith only 3.6 pg/ml NAF

Relative Fluorescence
Intensity

o.

Fig. 3 Fluorescence microscopy of colistin resistant S. typhi. The
images are representative of (A) cells treated with 8 ng mL™* colistin
and 3.6 pg ML~ NAF, (B) cells treated with premixed 8 pg mL™ colistin
and 3.6 ng mL~! NAF, and (C) cells treated with only 3.6 pg mL~* NAF.
The fluorescent images were captured using a fluorescein iso-
thiocyanate (FITC) filter and 100x magnification, (D) the relative
fluorescence intensity of the previously mentioned images were
quantified using Imaged v1.54d software and a graph was obtained.
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predicted structure of LPS shows the grooves and possible
accessible binding pockets of LPS (Fig. S10, ESIT).

To avoid the complexity of the system counter stabilising
cations (Mg>" and Ca**) have been neglected in the calculations.
The truncated structure of the LPS shows that it binds colistin
with anionic phosphate groups present in the lipid A domain
(Fig. 4 and S11, ESIt). The potential energy diagram obtained
from energy minimisation using the GROMACS MD simulation
ensured that all the fragmented structures had been properly
optimised (Fig. S12, ESIf).

The anionic phosphates play a crucial role in the previous
interaction. As the free amines of colistin are cationic in nature
(protonated to increase the charge), they are easily attached to
the counter anion sulfate molecule giving stability to the
colistin in its native state. During the interaction with bacterial
LPS, the -NH;" groups of colistin bind with the anionic phos-
phates of the glucosamine disaccharide of the lipid A domain to
attain a stable counter ionic conjugate system of colistin and
LPS. It was observed that both NAF and LPS can interact with
colistin simultaneously, because the binding site of colistin
with NAF differs from that of the interaction region with LPS
(Fig. 5).

Calculating the inhomogeneous electron distribution at the
interaction regions by considering the reduced density gradient
(RDG) ‘s’ and the electron density ‘p’, it has been found that the
reduced gradient was zero at the bond critical points:*

s = [12Y{263m)*1 x [[Vpllp*?] (1)

Fig.4 The NClisosurface for the colistin—LPS complex obtained from
the non-covalent interactions, where the RDG cut-off is 0.8, coloured
over —0.1sign(A;)p + 0.1 a.u. The sphere colour codes are: cyan =
carbon, white = hydrogen, yellow = phosphorus, blue = nitrogen, red
= oxygen.
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The characteristic signal peaks appear (for any weak inter-
action) on a ‘s’ versus ‘p’ plot at a low-density low-gradient region
and after analysing the Laplacian or the second derivative of the
density, the eqn (2) was obtained:

Vio=M+hh+i, A==l (2)

where A; denotes three eigenvalues of the electron density
Hessian matrix which are components of the maximal variation
along three-principal axis. The A, skilfully assists in deter-
mining whether the interaction is attractive (4, < 0) or repulsive
(A2 > 0). The strength of the interaction can also be accessed
from the electron density ‘p’. The plot ‘s’ versus sign(i)p
provides a quantitative molecular interaction index that can be
interpreted as the qualitative and quantitative measure of non-
covalent interactions (NCI) present in the system.*

After specifically identifying the major site-specific interac-
tions, we tried to identify the nature of the attractive interac-
tions. The NAF, colistin, and LPS were split into different
fragments such as colistin-LPS, NAF-colistin, and NAF-
colistin-LPS (Fig. 6).

To avoid complications in the calculation, intramolecular
interactions have been neglected and we focused only on attrac-
tive interaction regimens (i.e., the negative region sign(,)p axis or
the low density low gradient region). The colistin-LPS conjugate
(Fig. 6A) shows two signals that appeared at about —0.06 a.u.,
whereas the NAF-colistin fragment significantly possessed
multiple interactions at —0.03, —0.04, and —0.05 a.u. (Fig. 6B).
From the NAF-colistin-LPS complex, it was been seen that the
colistin-LPS interactions became stronger in nature as the signals
were shifted to the —0.07 and —0.08 a.u. regions. At the same
time, the NAF-colistin peak shifted from —0.03 to —0.04 a.u. due
to its increased attractive interaction (Fig. 6C). Shifting of the
peaks that had appeared towards the more negative region of the
sign(2,)p axis clearly indicated that the NCIs present in the system
had become stronger upon complexation. The natural bond
orbital analysis (NBO) and electrostatic potential charge analysis
(ESP) ensured that the oxygen atoms O, (—0.890 MK, —1.292 NBO)
and O, (—0.908 MK, —1.299 NBO) of the phosphate were more
negatively charged than the N; (—0.709 MK, —0.787 NBO) and N,
(—0.629 MK, —0.776 NBO) (Fig. S13 and S14, ESIt). It should be

Fig. 5 The NCI isosurface for the NAF—colistin—LPS complex obtained from the non-covalent interactions, where the RDG cut-off is 0.8,
coloured over —0.15sign(A,)p + 0.1 a.u. The sphere colour codes are: cyan = carbon, white = hydrogen, yellow = phosphorus, blue = nitrogen,

red = oxygen.
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Fig. 6 Plots of reduced density gradient ('s’) on the 'Y-axis’ and electron density multiplied by the sign of the second Hessian eigenvalue (sign(2,)
p) on the ‘X-axis’ for (A) colistin—LPS, (B) colistin—NAF, and (C) colistin—LPS—NAF.

noted that the -NH;" groups of colistin give two of their protons to
anionic LPS for the neutralisation of the LPS fragment of the
complex. The most fascinating fact is that the colistin binds with
LPS through an electrostatic interaction, but the binding gets
stronger and the whole system becomes stabilised through the
NCIs. The colistin and NAF interaction is purely non-covalent
hydrogen bonding in nature.

Experimental section

We have classified the Experimental section into three major
parts: the UV and fluorescent experiments, the computational
calculations, and the microbiological experiments.

Materials and methods

All the reagents were purchased from commercial suppliers and
were used without further purification. Colistin sulfate was
purchased from SRL Chemicals, and LPS from Salmonella
typhosa (Sigma L6386) was obtained from Sigma-Aldrich. The
NAF probe (Fig. 7) was synthesised using our previously re-
ported protocol.*®

UV-vis and fluorescence experiments

The fluorescence spectra were recorded on a Hitachi F-7100
spectrophotometer. The absorption spectra were recorded on
a Shimadzu UV-3101PC spectrophotometer. A stock solution of
NAF (0.017 mg ml ') was prepared in acetonitrile-water.
Colistin stock solutions (0.21 mg ml~*) and LPS stock solutions
(1.718 mg ml™") of different concentrations were prepared in
Millipore water. The experiments were carried out in acetoni-
trile : water (2 : 5, v/v), buffered with 1 mM phosphate buffer (pH
7.0). During the titration, each time 35 pl of a 0.017 mg per ml
solution of NAF was placed in a Starna quartz optical cell (sub-
micro) of 3 mm optical path length, z = 15 mm, and then
colistin and LPS solutions were added incrementally into the

OH

Fig. 7 Structure of the NAF probe.
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quartz optical cell using a micropipette. For a simultaneous
discharge, premixed LPS—colistin solution was gradually added
and titrated against NAF. The spectral data were recorded
immediately after the addition of the colistin-LPS solution.

Computational calculations

The initial three-dimensional structure was generated using
Molecular Mechanics 2 (Allinger's MM2 Force Field).> After
obtaining the energy-minimised geometry up to a significantly
considerable point, further quantum mechanical calculations were
performed. For the quantum mechanics the Gaussian 16 package®
was utilised. The LPS structure was energetically minimised using
the Becke-3-parameter-Lee-Yang-Parr (B3LYP), exchange-correla-
tion functional. Incorporating a hybrid DFT model where Hartree—
Fock exchange, local exchange, gradient exchange correction, local
correlation, and gradient correlation corrections were included in
the calculations, the chosen basis set was 6-31G for energy opti-
misation of the LPS structure. After obtaining the three-
dimensional conformational structure in order to perform calcu-
lations based on quantum mechanics parameters, a truncated sub-
structure of the lipid A region was generated. The most probable
colistin binding possibilities were also estimated using the B3LYP/
6-31G(d,p) level of theory incorporating the conductor like polar-
isable continuum model (CPCM) solvation model and water as
a solvent. The possibility of interactions among NAF, colistin, and
LPS were also studied. Structural modifications of LPS due to the
development of colistin resistance were also studied to some
extent. Using NCIPLOT***® and NBO, the pure hydrogen bonding
interactions and electrostatic interactions were differentiated.
After the static calculations, the complex structures have been
involved in molecular dynamics (MD) simulations using GRO-
MACS” software package. All the molecules were parametrised
using Automated Topology Builder (ATB) 3.0 (ref. 58) web-server
incorporating the GROMOS 54A7 force field. All the necessary
steps were performed and a SPC water explicit solvent model was
incorporated for solvation. The energy minimisation was per-
formed and the results have been incorporated in this paper.

Bacterial cell culture

The bacterial strains (S. typhi, colistin resistant S. typhi, E. coli
MTCC 1687) were grown in Luria-Bertani (LB) medium. The
culture was grown overnight at 37 °C inside a culture incubator.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Development of colistin resistant S. typhi

In order to develop a resistant variety of S. typhi, the wild type of
bacterial strain was grown in Luria-Bertani (LB) broth supple-
mented with 2 ug per ml colistin and incubated overnight at 37 ©
C with shaking at 180 rpm. This culture was used as inoculum
for further growth of the bacterial cells on an LB plate supple-
mented with 10 ug per ml colistin. The colonies that appear on
the colistin containing plate were treated as colistin resistant S.

typhi.

Sample preparation for FE-SEM micrographs

To investigate the alteration of the cellular morphology of the
test organisms: S. typhi, colistin resistant S. ¢yphi, and E. coli
MTCC 1687 after treatment with 4 pg per ml (MIC) colistin
followed by incubation at 37 °C for 24 h with shaking (180 rpm).
Both the colistin treated and untreated samples were subjected
to centrifugation and fixed by 2.5% glutaraldehyde solution in
phosphate buffer for 30 min. The fixed cells were again centri-
fuged and washed three times with 0.1 M phosphate buffer (pH
7.2). The samples were placed under the microscope and the
images were captured. The FE-SEM microscopy [Zeiss-Gemini
450 (Gemini 2)] was performed according to the standard
protocol.*

Fluorescent microscopic studies

Colistin resistant S. typhi cells were treated with 8 pg per ml
colistin for 20 min followed by washing with 1x phosphate
buffered saline (1x PBS). The colistin treated cells were further
treated with 3.6 ng per ml NAF for 20 min and washed twice with
1x PBS and then air dried for observation under an Olympus
IX73 fluorescence microscope using the FITC filter with excita-
tion at 384 nm and emission at 510 nm, and with 100x
magnification. A parallel control set was also prepared where
the cells were treated with only 3.6 pg per ml NAF for 20 min
followed by washing with 1x PBS and the same further micro-
scopic analyses were carried out.

Determination of the minimal inhibitory concentration (MIC)

The MIC was determined in a 96-well microplate using the
microdilution method in a Mueller-Hinton broth (HiMedia)
medium. The S. typhi (5 x 10° CFU ml~ ") was added to the broth
containing different concentrations of colistin and colistin +
NAF, and then incubated overnight at 37 °C. Next, the OD was
measured using a microplate reader at 600 nm. The MIC was
determined as the lowest concentration of antibiotic capable of
inhibiting the growth of bacteria.

Statistical analysis

Statistical analysis of the fluorescent microscopic data. Each
experiment was performed in triplicate and repeated three
times at least. Data are presented as mean + SD and differences
among the data were determined using a one-way ANOVA using
GraphPad Prism 5.0, p < 0.5.

Statistical analysis of the MIC data. Statistical significance
was determined using a two-way ANOVA with Sidak's multiple

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparisons test. To determine the statistical significance, the
p-values of less than 0.05 were used. Not significant was shown
by ns, and a significant difference was indicated by a different
*sign[p = <0.0001 (****), p = <0.001 (*¥**), p = <0.01 (**), p =
<0.1 (¥)].

Conclusions

This study focuses on unravelling the interactions of colistin with
the bacterial endotoxin, LPS, in the context of the luminescence
property of the chemosensor NAF. Results from previous studies
concluded that the binding affinity of colistin towards LPS was
greatly compromised when using fluorescent-tagged colistin. As
far as colistin is concerned, its antimicrobial efficacy is directly
correlated with the binding affinity towards LPS. The major
advantage of utilising NAF as a non-covalently bound
chemosensor-based marker over a covalently integrated colistin-
tagged fluorescent molecule is that it does not influence the
binding affinity of colistin towards LPS, because the interaction
regions are completely different. The limitation of non-covalently
tagged NAF-colistin conjugate, when applied in living bacterial
colonies, is that there is a chance for certain NAF-colistin
conjugates to break apart before reaching the final target LPS.
This happens because the colistin possesses the freedom to
overcome the binding affinity of NAF while binding with LPS.
However, from the aspect of computational calculations,
modelling of the whole system gives a broader idea of the relative
time scale, but it is very difficult to perceive an idea about the
nature of the interaction from the context of a membrane system
as a whole or an ensemble of multimolecular systems. While
performing the quantum mechanical investigation, the
momentary interaction and stabilisation could be well under-
stood by considering an isolated molecule of LPS and colistin in
better resolution. As the primary target locus of colistin is the
lipid A region, we have focused on studying interactions in a very
specific manner. The truncated structure of the LPS shows that it
binds colistin with anionic phosphate groups present in the lipid
A domain. The anionic phosphates play a crucial role in the
previous interaction. The NBO analysis and NCI-plot analysis give
insights into the electrostatic neutralisation and stabilisation by
the non-covalent attachment between colistin and LPS. Previous
MD studies have shown that there is a chance of colistin aggre-
gation, and the possible interaction ratio differs in each experi-
ment. Results from the experimental investigations, as well as
computational calculations from our study, helped us to
conclude that the colistin and LPS interaction is 1: 1 in isolated
states. The studies also indicate that NAF may act as a suitable
probe to quantify the colistin-LPS affinity. A better under-
standing of the specific interactions provides useful insight into
the re-purposing of existing antibiotics and their precise mech-
anism of action in order to develop new generation, anti-
microbial agents.
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