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Abstract

As mechanisms underpinning the molecular interactions between membrane-targeting
antimicrobials and Gram-negative bacterial membranes at atomistic scale remain elusive,
we used Cholic Acid (CA)-derived amphiphiles with different hydrophobicity as model
antimicrobials and assessed the effect of their conformational flexibility on antimicrobial
activity. Relative to other hydrophobic counterparts, compound with hexyl chain (6) showed
strongest binding with lipopolysaccharide (LPS) of Gram-negative bacterial membranes and
acted as an effective antimicrobial. Biomolecular simulations, validated by complimentary
approaches, revealed that specific intra-molecular hydrogen-bonding imparts
conformationally rigid character to compound 6. This conformational stability of compound 6
allows minimum but specific interactions of the amphiphile with LPS that are a sum of
exothermic processes like electrostatic interactions, membrane insertion and endothermic
contributions from disaggregation of LPS. Therefore, our study reveals that membrane-
targeting mechanism with the help of conformationally selective molecules offers a roadmap

for developing future therapeutics against bacterial infections.
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Manuscript Text

Naturally occurring biomolecules like RNA, proteins and antimicrobial peptides (AMPs) adopt
peculiar three-dimensional conformation for executing their functions in cell signaling,
enzymatic and other cellular processes.! This natural design of biomolecules has encouraged
the engineering of synthetic oligomers with specific conformations that are biologically active
over unstructured polymers.? For example, polymeric scaffold based on 4,6-dicarboxy
pyridine with increased intramolecular H-bonding mimic three-dimensional conformation of
naturally occurring AMPs and possess membrane-targeting antibacterial activities.® Similarly,
conformationally constrained arylamide foldamers with basic side chains are more active
over less rigid structures that need more basic side chains for required interactions with
bacterial membranes.* Recently, engineering and antibacterial screening of Kiadins, artificial
variants of AMPs validated by computational algorithm, revealed that peptides enriched in
Glycine residues are less effective due to conformational flexibility.>

Due to emergence of multi-drug resistance in Gram-negative bacteria, there is a great surge
in development of membrane-targeting amphiphiles,® peptides,’” lipopeptides,® steroidal
amphiphiles® mimicking the facial amphiphilic character of AMPs as effective antimicrobials.°
Intricate  molecular structure of Gram-negative bacterial membranes present a tough
challenge for membrane-targeting amphiphiles to have effective interactions for membrane
disruptions.!! Lipopolysaccharide (LPS) of Gram-negative bacteria is composed of lipid A
linked to O-antigen through a core oligosaccharide spacer.'? Intermolecular bridge
interactions mediated by Mg*? and Ca*? ions of lipid A molecules make effective permeability

barrier for antimicrobials, proteases and hydrophobic drugs.*? Therefore, antimicrobial-



assisted disruptions of outer membrane are less energetically favorable as compared to
phospholipid membranes, as it need to break the cation-cross-linked LPS membrane.

Cholic Acid (CA)-derived membrane targeting amphiphiles are known to mimic the facial
amphiphilic character of naturally occurring AMPs and act as effective antimicrobials against
broad range of bacteria.*>14 As critical balance of charge and hydrophobicity is essential for
these membrane-targeting antimicrobials to execute distinct membrane disruptions; we
raised few critical questions: a) what are the fine-tuning features in terms of charge and
hydrophobicity required for effective membrane-targeting antimicrobial action; b) what is the
role of conformational rigidity at the LPS membrane interface in antimicrobial activity
underlying these amphiphiles with similar chemical functional groups albeit with differential
hydrophobicity and c) what is the trade-off between physicochemical attributes such as
electrostatic and hydrophobic interactions of these amphiphiles with LPS membranes that is
responsible for membrane disruptions. Therefore, we investigated the interactions of CA-
derived amphiphiles having similar functional groups but different hydrophobicity with
complex outer membrane of Gram-negative bacteria that is composed of lipid A linked to O-
antigen through a core oligosaccharide spacer.

In this study, we used CA-derived amphiphiles where C-24 carboxylic acid is modified with
different hydrophobic alkyl chains, and cationic charge in the form of three glycine residues is
attached at hydroxyl termini (Figure S1A).*®> Antibacterial activities of these amphiphiles
against Gram-negative Escherichia coli bacteria showed that compound 6 with hexyl chain is
most active with MICgg of 4.0 uM (Figure 1A, S1B). However, further increase in chain length
diminished the antibacterial activity of amphiphiles (Figure S1B). We confirmed the

membrane-mediated disrupting antibacterial action of compound 6 against E. coli by time kill



assay (Figure S1C), followed by N-phenyl-1-naphthylamine based fluorescence assay that
showed increase in fluorescence on compound 6 treatment (Figure S1D).%® Propidium iodide
(P1) uptake assay finally confirmed the time and dose-dependent disruption of the bacterial
membranes as we observed an increase in number of Pl-positive cells (Figure S1E).

We then selected three amphiphiles, compound 1 (MICg9 = 64.0 uM), 6 (MICg9 = 4.0 uM) and
9 (MICg9 >256.0 pM) with varied alkyl chains and diverse antibacterial activity, and
investigated the molecular mechanism underlying the effective antimicrobial action of
compound 6 over other amphiphiles 1 and 9 (Figure 1A). First, we assessed the binding
affinities of compound 1, 6, and 9 with LPS using Dansyl-labelled Polymyxin B displacement
assay that witnessed strongest affinity of compound 6 for LPS among all the amphiphiles
(Figure 1B).Y” Similarly, titration of amphiphiles with Boron-dipyrromethene labelled LPS
(BODIPY-LPS) confirmed the strongest affinity of compound 6 with LPS leading to
disintegration of LPS aggregates and increase in fluorescence (Figure 1C).*® A similar trend
was observed during anisotropy measurements where amphiphiles were incubated with
diphenylhexatriene (DPH)-doped model Gram-negative bacterial membranes,’® and we
noticed compound 6 being most profound in disrupting the rigidity of the membranes as
compared to 1 and 9 (Figure 1D). Dye release assay confirmed that the compound 6-
mediated destabilization of membranes and maximum release of Fluorescein dextran-4 kDa
(FD-4) from liposomes (Figure S2A).?° To validate these compound 6-LPS interactions, we
assessed the activity of compound 6 in presence of LPS and observed dose-dependent
inhibition of compound 6-induced PI uptake by the bacteria (Figure S2B).

Binding affinities of compounds 1 and 6 (compound 9 was insoluble in water) with model

Gram-negative lipid monolayers were then assessed using Surface Plasmon Resonance



(SPR) studies.?* We witnessed strong irreversible interactions of compound 6 as compared
to poor and reversible binding of compound 1 at the membrane surface (Figure S2C, S2D).
The binding constants (K1) of the first step for compound 1 and 6 were comparable reflecting
their similar electrostatic interactions with bacterial membranes (Figure S2E). Higher affinity
of compound 6 compared to 1 is the result of second step (K2) that involves integration of
hydrophobic tails in the membranes.?* Slower (~1700 fold) dissociation at the second step
(ka2) for compound 6 ensued its >25-fold stronger overall affinity (Ka) as compared to
compound 1 (Figure S2E). Therefore, tighter association of compound 6 with hydrophobic
core of the membrane is facilitated by hexyl side chain as compared to methyl group in
compound 1.

Thermodynamics of amphiphile-LPS interactions probed using isothermal titration calorimetry
suggested that compound 1 and 6 exhibit endothermic peaks due to disaggregation of LPS
followed by prominent exothermic peaks reflecting the actual process of amphiphile-LPS
interactions (Figure S3A-B). Compound 6-LPS interactions witnessed enhanced exothermic
reaction as compared to compound 1-LPS interactions.?? Effect of these interactions were
further probed using differential scanning calorimetry (DSC) of model Gram-negative
membranes incubated with compounds. Compound 6 induced maximum broadening of
phase transition over compound 1 and 9 with asymmetric endotherm having two overlapping
thermal events (Figure S3C). Sharp and broad components of compound 6 induced dual
transition suggesting the formation of compound 6-poor and compound 6-enriched
membrane domains that might be responsible for membrane perturbations.?

Above mentioned biophysical studies therefore confirmed strong interactions of compound 6

with LPS and model Gram-negative membranes that are responsible for its effective



antimicrobial activity. To examine these molecular interactions in atomistic detail, we
performed molecular dynamics (MD) simulations of compounds (1, 6, or 9) with model Gram-
negative bacterial membranes.

Our model membranes consist of LPS molecules in the outer leaflet and varied phospholipids
in inner leaflet to simulate the physiologically relevant bacterial membrane interface (Figure
S4).24 In contrast to simplistic phospholipid membrane models, LPS membrane model
provides a robust platform to study intricate and complex interactions of amphiphile at
bacterial membrane interface.?® The three-dimensional structures of compound 1, 6 and 9,
shown in supplementary figure S5A, were parameterized individually by ATB topology
server. For studying amphiphile-membrane interactions, we placed the amphiphiles away
from the membrane to capture unbiased interactions with the hydrophilic LPS molecules
(Figure S5B). At the end of the simulation (~500 ns), we observed marked differences in the
membrane architecture along with simultaneous interactions with membrane lipids (Figure
S5C). Membrane thickness measurements caused by each amphiphile withessed significant
thinning of membranes by compound 6, in comparison to 1 and 9. We observed compound 6
induced structural changes in the range of ~1 nm as opposed to overall 4-5 nm slab in control
simulation (Figure 2A). The membrane geometrical changes were also correlated with
probability density maps of compound location as a function of XY axis of the system
suggesting that precise interactions of molecule location with LPS lipids results in greater
membrane disturbance (Figure S5D). These changes confirmed clear structural impact of
compound 6 on LPS membranes with sparse areas that demonstrated distributed and

perturbed lipid arrangement (Figure 2A).



Given the fact that membrane perturbations introduced by compound 6 will be
stoichiometrically dependent; we systematically explored additional MD simulations with
higher concentration of compound 6 (5 and 20 molecules) (Figure S6A, S6B). The time
evolution of structural changes witnessed drastic membrane perturbations with complete
loss of membrane integrity (Figure S6C, S6D). Membrane changes were quantified, and
significant membrane thinness compared to the control membrane was observed.
Interestingly, crowded simulations showed permeation of compound 6 across the
membranes suggesting the ability of compound 6 to cross high energetic barriers at LPS
interface (Figure S7A). In fact, the molecules in higher concentration were observed to
interact with phospholipid inner leaflet (Figure S7B).

Above observations prompted us to investigate the conformational preferences of the
amphiphiles and their specific interactions with LPS membranes. MD trajectories were
analyzed for conformational flexibility of compound 1, 6 and 9 during their association with
LPS membranes. Variability of 5000 conformations for each amphiphile in MD simulations
was determined by calculating root mean square fluctuations (RMSF) and these calculations
were averaged throughout the simulation time. Figure 2B displayed the mapped RMSF or
the flexibility values of each atom that enabled us to localize the regions with highest
mobility. Compound 9 with longest hydrophobic chain showed highest mobility followed by
compound 1 and 6. Compound 6, to our surprise, did not show any flexibility and remained
in a specific conformation.

To better understand the individual conformational space of each amphiphile, we computed
and extracted clusters of amphiphiles during the entire MD trajectory. One major cluster for

compound 1 (58.4 %), compound 6 (98 %) and compound 9 (65.4 %) was found throughout



the simulations (Figure S8). Superimposed conformations of amphiphiles extracted from MD
trajectories across different time points witnessed clear variations in molecular arrangement
of compound 1 and 9, while compound 6 remained in distinct inflexible state (Figure 2C). We
also probed configurational state of CA backbone by monitoring angles between
representative atoms (Figure S9A-B). The trajectories of compound 6 displayed narrow peak
indicating the confined space relative to other amphiphiles (Figure S9C-D). Therefore,
compound 1 and 9 explored more phase space while bound to the membranes and in
contrast, compound 6 was confined to relatively rigid conformational space.

To assess the molecular interactions of these amphiphiles with membranes in atomistic
detail, we divided the amphiphiles into three chemical segments, glycine, CA and
hydrophobic tail. We then probed the time evolution of distance based membrane contacts
(any contact within 6 0.5 nm of membrane atom) of these amphiphiles with LPS and
observed that compound 6 executed least number of membrane contacts in all the segments
(Figure S10). Towards the end of simulations, CA backbone in compound 6 showed ~ 10-20
membrane contacts and other amphiphiles showed >60 contacts.

As these amphiphile-membrane contacts may include several weak non-covalent bonds
including hydrogen bonding, we examined the exact nature of these dominating
intermolecular interactions. Surprisingly, compound 1 and 9 showed maximum number of
contacts with LPS through hydrogen-bonding as opposed to compound 6 that is bound to the
membrane surface in a highly specific manner (Figure 3A). Nature and significance of
hydrogen bonding pattern throughout the trajectory arises from protons of glycine nitrogen
that make stable hydrogen bonding with oxygen of LPS sugar parts (Figure 3B). Analysis of

compound 6-LPS interactions in atomistic level revealed that only amine protons of two
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glycine units (attached at C-3 and C-7 of CA) are accessible for intermolecular H-bonding
(Figure 3B) as compared to amine protons of three glycine units in case of compound 1 and
9 (Figure S11). We observed that amine protons of third glycine unit (attached at C-12 of
CA) in case of compound 6 exhibit one intramolecular hydrogen bond with C-24 carbonyl
group providing the conformational rigidity to the amphiphile (Figure 3C, 3D).

Next, we set out to validate the confirmation and intramolecular H-bonding as depicted by
MD simulations using *H NMR studies. We therefore performed 1H NMR of 1, 6 and 9 in
DMSO-ds and CDCIs as intramolecular H-bonded protons are usually less sensitive to
changes in solvent composition as compared to intermolecular H-bonded protons.?® In
DMSO-ds, glycine amine protons of 6 (10.4 Hz) had narrow linewidth (Full width at half
maximum) at 6 8.669 ppm as compared to 1 (24.73 Hz at 6 8.608 ppm) and 9 (23.67 Hz at d
8.473 ppm) suggesting the rigid conformation of 6 (Figure 4A). In CDCls, we observed a
broad peak for glycine amine protons of compound 1 (at 6 8.761 ppm) and 9 (at 6 8.37-8.52
ppm) as compared to that in DMSO-ds suggesting that all amine protons in 1 and 6 are
solvent sensitive and do not perform any intramolecular H- bonding (Figure 4B). In contrast,
we observed two sharp peaks at 6 8.385 and 8.954 ppm for three and six amine protons that
confirmed that glycine amine protons in case of compound 6 are less sensitive to solvent and
molecule retains its rigid conformation (Figure 4B).

Intramolecular H-bonding in case of 6 would bring protons of hydrophobic side chain close to

amine protons of glycine residue attached at C-12, and we can observe nOe cross peaks

between amine protons of glycine and CA backbone. Therefore, we performed 2D [1H,1H]

TOCSY and [1H,1H] NOESY studies. Amine proton showed nOe cross peaks with protons of
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hydrophobic bile acid backbone at 25°C confirming the intramolecular H- bonding of amine
protons with carbonyl oxygen at C-24 position (Figure 4C, black contours). These nOe cross
peaks disappeared at 50°C possibly due to weakening of H-bond at higher temperature
(Figure 4C, red contours). Absence of these nOe cross peaks in compound 1 and 9
confirmed absence of intramolecular H-bonding (Figure 4D). These results suggests that a
specific alkyl chain length at C24-carboxyl group of CA allows the compound 6 to fold for
intramolecular H-bonding that is not possible in compound 1 due to short alkyl chain and in
compound 9 due to highly flexible long chain.

In summary, our studies elucidated that conformational rigidity of compound 6 through
intramolecular hydrogen bonding and its specific interactions with LPS is essential for its
antimicrobial action. The conceptual framework presented here for specific attributes of
membrane targeting amphiphiles and understanding of the molecular processes involved in
interactions of these amphiphiles with model bacterial membranes can help in design of
future antimicrobial agents.

Supporting information: Supporting information is available on www.pubs.acs.org

Supplementary figures S1-S11, Tables S1-S2, and experimental section (PDF).
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Figure 1. A) Molecular structures of CA-derived amphiphiles (1, 6 and 9) with their MICoo
against E. coli. B) LPS binding percentage of amphiphiles 1, 6 and 9 using Dansyl
Polymyxin B-displacement assay confirm the effective binding ability of 6 over 1 and 9. C)
Change in fluorescence of BODIPY-LPS after incubation of BODIPY-LPS aggregates with
1, 6 and 9 amphiphiles show the effective binding of 6. D) Change in anisotropy of
diphenylhexatriene (DPH) in model Gram-negative bacterial membranes on incubation with

amphiphiles 1, 6 and 9 confirm the ability of 6 to perturb bacterial membranes.
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Figure 2. A) Contour plots showing membrane thinning on amphiphile-membrane interactions in
comparison to control membranes as revealed by MD simulations with yellow color indicating regions
with membrane thinning. B) Mapping of root mean square fluctuation (RMSF) as a function of each
atom in compound 1, 6 and 9 suggest that compound 9 has the maximum mobility across all groups,
including cholic, amino ester and hydrophobic tail. In contrast, compound 6 is least flexible molecule
and compound 1 shows intermediate behaviour. C) Superimposed conformations of compound 1, 6
and 9 across different time points reveal that compound 6 remain in distinct rigid state. In contrast,
compound 1 and 9 has clear variations in their molecular arrangement. The conformations are
dumped at several time points (shown in grey) and last snapshot of the entire trajectory (in blue) are
shown to represent conformational variability of amphiphiles in membrane bound state. The lipids

and water are not shown for clarity.
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Figure 3. A) Number of inter-molecular hydrogen bonds with LPS membrane as a function of
time for compounds 1, 6 and 9 confirm that compound 6 showed minimum but specific hydrogen
bonding interactions with LPS. B) Representative snapshot showing compound 6-LPS hydrogen
bonding with participating atoms highlighted in boxes. Amine protons at A6N58 was unavailable
to LPS as it was forming intramolecular bonding. C) Time-evolution of intra-molecular hydrogen
bonding in compound 1, 6, and 9 throughout the timescale. We observed only one intramolecular
hydrogen bond within compound 6 based on 0.35 nm H-bond cut-off. D) Representative
snapshots of compound 6 showed the formation of intramolecular H-bond between amine

protons of glycine attached at C-12 of CA backbone and oxygen of C-24 carbonyl group.
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Figure 4. A) 'H NMR spectra of compounds 1, 6 and 9 in DMSO-ds show that amine protons of 6
had narrow (10.4 Hz) linewidths (Full width at half maximum) as compared to 1 (24.73 Hz), and 9
(23.67 Hz) confirming the rigid nature of 6. B) 'H NMR spectra of 1, 6 and 9 in CDCls show
broadening and shifting of amine protons of 1 and 9 due to solvent effect. In contrast, 6 showed
sharp peaks at d 8.385 and 8.954 ppm due to its less flexible nature. C) 2D [*H,'*H] NOESY (Black)
spectra of 6 shows space correlation of H-bonded amine proton and protons of bile acid backbone
in 6 (at region 1-2 ppm) confirming the intramolecular H-bonding. Effect of temperature (Red) on
NOESY spectra of 6 reveal the disappearance of the space correlation (nOe cross peaks) that
confirm the intramolecular H-bonding. Black: 6 NOESY at 25°C, Red: NOESY at 50°C, Yellow:
TOCSY at 50°C. D) 2D [*H,'H] NOESY spectra of 1 (Black) and 9 (Red) showed no space
correlation of amine protons with other protons of CA backbone confirming no intramolecular H-

bonding in 1 and 9.
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