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ABSTRACT

Presence of lipopolysaccharide and emergence of drug resistance make the treatment of
Gram-negative bacterial infections highly challenging. Herein, we present the synthesis and
antibacterial activities of Cholic Acid-Peptide conjugates (CAPs) demonstrating that Valine-
Glycine dipeptide-derived CAP 3 is the most effective antimicrobial. MD simulations and
structural analysis revealed that precise intramolecular network of CAP 3 is maintained in
the form of evolving edges suggesting intramolecular connectivity. Further, we found high
conformational rigidity in CAP 3 that confers maximum perturbations in bacterial membranes
relative to other small molecules. Interestingly, CAP 3-coated catheters did not allow the
formation of biofilms in mice, and treatment of wound infections with CAP 3 was able to
clear the bacterial infection. Our results demonstrate that molecular conformation and
internal connectivity are critical parameters to describe antimicrobial nature of compounds,
and analysis presented here may serve as a general principle for design of future

antimicrobials.
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INTRODUCTION

Microbial infections caused by Gram-negative bacteria pose a serious healthcare challenge
due to emergence of multi-drug resistance towards existing antibiotics." Escherichia coli (E.
coli) is one of the major causative agent for skin and soft tissue infections especially in case
of neonatal omphalitis, surgical site infections and infections after burn injuries.?2 E. coli-
mediated nosocomial catheter-associated infections caused by drug resistant bacteria are
a serious burden in medical settings.? Ability of the E. coli to form biofilms on skin or soft
tissues and catheters make the treatment more difficult due to ability of biofilms to evade
components of host immune response, stability of biofilms against mechanical forces,
repeated infections and inability of the existing antibiotics to penetrate the enriched matrix
of biofilms.4>

Antimicrobials targeting key components of protein machinery may not adequately control
the evolving drug-resistance as bacteria has the propensity to become resistant through
accumulation of genetic mutations and evolutionary selection.® In contrast, bacterial
membranes provide a suitable target for engineering of antimicrobial agents as targeting of
membranes does not allow the bacteria to acquire drug resistance.” Membrane targeting of
Gram-negative bacteria is more challenging over Gram-positive bacterial membranes due
to presence of extra lipopolysaccharide (LPS) coated outer membranes® where lipid A-
mediated bridge crosslinking creates a tough barrier for any toxic material.®1°

Lipopeptides (LPPs) and antimicrobial peptides (AMPs) are naturally occurring metabolites
produced by host organisms as a part of innate immune system that can act against different
pathogenic viral, bacterial and fungal infections.’-12 Naturally isolated LPPs have a single
hydrophobic chain attached to cyclic peptides making them amphiphilic in nature.® In
contrast, a-helix and fsheet-based natural AMPs provide required facial amphiphilic

character with clear segregation of charge and hydrophobic amino acids.’> Amphiphilic
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nature of these LPPs and AMPs allow them to fold into certain structural conformations that
is essential for executing antimicrobial activities. Therefore, numerous LPPs, AMPs and their
derivatives have been engineered with different amino acid variations and hydrophobic
tails,3-16 but only few studies have stressed on the role of different structural conformations
in antimicrobial activity.17-20

Cholic Acid (CA) scaffold, like AMPs, provides a facial amphiphilic character with three
hydroxyl groups on its concave side.?' Many CA-derived steroidal antimicrobials called
Ceragenins have designed where CA was modified with charged amino groups along with
different hydrophobic tails at carboxyl terminal.22-2* However, the impact of natural amino
acid-derived CA-peptide conjugates on antibacterial properties and their interactions with
bacterial membranes at atomistic level has never been studied in detail.25> Therefore, we
undertook a systematic study to probe the antibacterial effect of all natural amino acid-
derived peptides appended at CA scaffold against Gram-negative bacteria. In-depth
molecular dynamics (MD) simulations followed by network analysis witnessed that tethering
of Valine-Glycine dipeptides on CA (CAP 3) provides required conformational rigidity for
executing the effective interactions with bacterial membranes. Biophysical and biochemical
assays validated that specific conformation stabilized by intramolecular interactions allows
CAP 3 in executing membrane perturbations through specific contacts and in combating
drug resistant, persistent, wound and catheter infections in in vitro and in vivo model
systems.

RESULTS AND DISCUSSION

Design, synthesis and structure-activity relationship. We synthesized twenty CAPs with
general chemical formula of CA-(G-X); (referred as CA-X3) where X is any natural amino
acid conjugated to CA through a glycine linker (Figure 1A). For synthesis, CA (21) was first

esterified with benzyl bromide in basic conditions to give benzyl cholate (22) in quantitative
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yields (Figure S1). Boc protected glycines were then conjugated to three hydroxyl groups of
benzyl cholate (22) using DCC/DMAP coupling followed by Boc deprotection using 4M HCI
in dioxane. Different amino acids with suitable protecting groups were then attached to tri-
glycine conjugated benzyl cholate (23) using diimide-based coupling reagents followed by
deprotection as mentioned in Supplementary Information. All CAPs were characterized by
"H NMR and HRMS and purity of CAPs (>95%) was confirmed by HPLC.

We then tested the antibacterial activity of CAPs against E. coli using broth dilution assay to
determine the minimum inhibitory concentration at which 99% bacterial killing (MICgyg) was
observed.?® SAR studies revealed that basic and acidic amino acid-derived CAPs like 14
(CA-D3), 15 (CA-E3), 16 (CA-R3), 18 (CA-Kj3), 19 (CA-N3) and 20 (CA-Q3), and aromatic
amino acid-derived CAPs like 8 (CA-F3), 9 (CA-Y3) and 10 (CA-W3) are not active (Table
S1). In contrast, CAPs appended with aliphatic amino acid residues like 1 (CA-G3), 2 (CA-
A3), 3 (CA-V3), 4 (CA-I3), 5 (CA-L3) and 7 (CA-M3) are active in the range of 8-128 uM.
Valine-derived CAP 3 (CA-V3) and Isoleucine-derived CAP 4 (CA-l3) are most active with
MICgg of 8 uM (Table S1). SAR against other Gram-negative bacteria Klebsiella pneumoniae
and Acinetobacter baumannii witnessed that CAP 3 and CAP 4 are active at 16 uM (Table
S1). Hemolytic activity of CAPs against human red blood cells (RBCs) and cytotoxicity
against epithelial cells (A549) revealed that CAP 4 is highly toxic towards RBCs and
epithelial cells without any selectivity for bacterial membranes (Table S1). In contrast, CAP
3 was ~6-7 fold selective for E. coli over RBCs and epithelial cells. To overrule the detergent-
mediated effect of CAP 3, we studied the self-assembled properties of CAP 3 and
determined the critical miceller concentration (CMC) of CAP 3. CAP 3 did not show any
aggregation up to 100 uM (CMC > 100 uM) confirming the non-detergent-mediated

antibacterial effect of amphiphile.
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Natural AMPs and LPPs are usually rich in basic amino acids like lysine, arginine or polar
hydrophobic amino acids like tryptophan that allows them to bind effectively with bacterial
membranes.?’ In contrast, above results witnessed that lysine, arginine and tryptophan-
derived CAPs did not show any antibacterial activity. To understand this SAR, we selected
most active hydrophobic valine-derived CAP 3 and three inactive CAPs based on polar
hydrophobic tryptophan ( CAP 10), acidic glutamic acid (CAP 15) and basic lysine (CAP 18)
amino acids (Figure 1B). We compared their interactions with LPS-derived membranes
using computational, biophysical and biochemical approaches.

Biomolecular simulations. We performed all-atom molecular dynamics simulations to
study the differential binding modes of the selected CAPs with model Gram-negative
bacterial membranes.?® Four independent molecular systems containing complex LPS of
Gram-negative bacteria were generated that mimic the experimentally tested molecular
process. Gram-negative outer membrane model consists of LPS molecules in the outer
leaflet and varied phospholipids in inner leaflet to simulate the physiologically relevant
bacterial membrane interface (Figure S2, Table S2).2230 The starting structure
representation was prepared with no prior membrane contacts (Figure S3A), and after 300
ns, subtle changes in membrane architecture were observed (Figure S3B). Towards the end
of the simulation at 500 ns, CAPs displayed varied membrane permeabilization activity. In
particular, CAP 3 was completely inserted within the outer leaflet comprising of LPS
molecules (Figure 2A). CAP 15 also showed partial insertion, whereas CAP 10 and CAP
18 could execute relatively few membrane interactions (Figure 2A). The contour maps
shown in Figure 2B depict top view of the simulation box after 500 ns with each grid value
showing membrane thickness that represents the distance between upper and lower
membrane atoms. Significant membrane thinning in CAP 3-membrane complex was

observed with scattered blue color patches of ~2 nm thickness representing compressed
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membranous structures. CAP 10 and 18 did not cause any thinning of membranes, whereas
we observed CAP 15 induced membrane thinning to some extent (Figure 2B).

Above results revealed a clear trend, where CAP 3 causes maximum disruptions to the
membrane architecture and CAP 18 showed poor interactions with membranes in spite of
being appended to basic charged amino acids. As molecular crowding is a key factor in
antimicrobial activity, we ran additional simulations with higher concentrations of CAP 3
where two independent structures were generated containing membranes with 5 and 20
molecules of CAP 3 in water environment (Figure S4). As a consequence, severe membrane
defects were observed as compared to control (only membrane) trajectories (Figure S4).
These findings demonstrate the ability of CAP 3 to integrate into the bacterial LPS groups
and cause significant structural variations.

We then characterised four segments of bacterial membranes, O-Antigen, outer and Inner
polysaccharides, lipid A and phospholipids to depict the precise binding site differences of
CAPs with bacterial membranes. We found that CAP 3, most active antibacterial, favourably
interacts with inner polysaccharides of bacterial membranes (Figure S5A). In contrast,
inactive CAPs 10, 15 and 18 reside on the surface of bacterial membranes and interact with
the outer core polysaccharides (Figure S5B-D). Remarkably, the core fold of CAP 3 was
inserted completely to interact with O-antigen segment through polar interactions (Figure
S5A). In contrast, position of other CAPs were not able to form an inward or membrane
facing binding pocket and therefore could not perform same interactions as that of CAP 3
(Figure S5B-D).

To understand the toxicity differences observed between CAP 3 (less toxic) and CAP 4
(more toxic) against mammalian cells, we also performed simulations of these molecules
(CAP 3 and CAP 4) with model mammalian cell membranes (Table S2). The atomistic

trajectories of these two molecules with DPPC-cholesterol molecules (model membranes)
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were generated to mimic the mammalian membranes. CAP 4 showed immediate membrane
penetration as compared to CAP 3 that was residing only at the surface of membrane without
any insertion (Figure S6A-B). The kinetic calculations of the distance showed increased
membrane contacts of CAP 4 as compared to CAP 3 (Figure S6C). Number of contacts in
case of CAP 4 significantly increased from 40 to ~80 as compared to CAP 3 that did not
show any significant increase in number of contacts (Figure S6D). Therefore, favorable
interactions of CAP 4 with mammalian cell membranes make it more toxic than CAP 3.
Savage’s group has performed fluorescence-based studies to decipher the interactions of
CA-derived amphiphiles (Ceragenins) with Gram-negative membranes, and proposed that
lipid A component of LPS is responsible for interactions of these antimicrobials with bacterial
membranes.?223 They also synthesized water soluble derivative of Lipid A and fluorophore-
derivatives of cationic steroids and compared the binding abilities of Ceragenins with lipid
A.2223 In contrast, our studies provided atomistic level interactions of CA-derived
amphiphiles with bacterial membranes.

Structural analysis of CAPs. We then undertook a detailed survey of molecular
conformations adopted by these CAPs. Values of root mean square fluctuations (RMSF)
were calculated and mapped onto chemical structures as shown in Figure 3A. CAP 10 was
the most flexible with highest RMSF of 0.73 nm (Figure 3A, S7A). Interestingly, CAP 3
showed rigid conformational character with lowest RMSF value of 0.42 nm. These values
were then decomposed depending on the atoms of cholic acid and side-chain where cholic
acid atoms, a common denominator across all molecules, showed considerable changes in
all CAPs except for CAP 3 (Figure S7B). In contrast, side-chain atoms for all CAPs were
highly mobile and dynamic during interactions with membrane groups (Figure S7C).

To determine the most commonly occurring conformations, we performed clustering on all

structures within each trajectory and selected top clusters (Figure S8). Top clusters for CAPs
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10 and 15 trajectories showed only ~11.8 and ~22.4% due to varying number of
conformations in these CAPs (Figure S8). CAP 3 exhibited similar conformation as the top
cluster was present in ~94.56% probability whereas CAP 18 existed in a conformation with
90% probability. Superimpositions of all the top clusters revealed structural variability in each
CAP that clearly witnessed the rigidity of CAP 3 over other CAPs (Figure 3B). Therefore,
structural analysis of CAPs confirmed that chemical space of CAP 3 is highly rigid and this
unique interfacial conformational state may be directly coupled to its potent activity towards
membrane permeabilization.

Intra-molecular network-based analysis. We then quantified the number of membrane
contacts and hydrogen bonds formed by each CAP with membrane surface, and observed
that both membrane contacts and hydrogen bonds increased as a function of time for all the
CAPs (Figure S9). CAPs 3 and 15 formed minimal membrane contacts (Figure S9A). Kinetic
plots demonstrated the ability of these molecules to form strong interactions with
membranes where CAP 3 is perturbing the membranes with relatively few non-covalent
interactions (Figure S9B).

In order to probe the differential interactions executed by these CAPs, we studied the
dynamics of intra-molecular interactions in CAPs at LPS membrane surface. We utilized the
network approach analogous to Residue Interaction Network (RIN) that is computed widely
for intra-protein interactions.3'-32 In this network analysis, interactions among different atoms
within a molecule correspond to “edges” and number of atoms within molecule correspond
to “nodes”. Specifically, the nodes stay constant and edges are dynamically formed by non-
covalent interactions during the length of the simulations. In order to probe geometric
arrangements between nodes and edges, we computed networks for CAPs at 0 and 500 ns.
Global network topology derived from structures of CAPs shown in Figure S10-S13 suggests

that networks are dense with disparate nodes towards the periphery. We then computed
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general network parameters about centrality and connectedness of the networks and
witnessed that several edges are contributed from CA backbone atoms (Figure 4).

Further, we quantified the dynamic parameters of networks and noticed that CA backbone
presented “hub” features across all the CAPs. The hubs are defined as nodes that have
stable and more number of interactions. Comparison of all nodes (in particular 20-64 nodes)
representing CA backbone atoms (or hub) of CAPs suggested that only CAP 3 execute new
interactions within molecule after 500 ns with 885 edges whereas only 868 interactions were
observed at 0 ns (Figure 4, Figure S14). In contrast, significantly lesser number of edges
are formed in other three CAPs (Figure 4, Table S3). In addition, side-chain atoms of CAP
3 also contributed to this increase where benzene ring interacts heavily with the backbone
atoms (Figure S10). We observed that interactions between side-chain atoms and CA
backbone in other CAPs are highly dynamic (Figure S11-S13, Figure S14).

Our network analysis therefore suggests that transition from starting conformational state to
other structures occurs through dynamic changes within CAP 3. In particular, new edges
(interactions) are formed within the molecule in different parts of chemical space. These
findings suggested that intra-molecular interactions compensated with low membrane
contacts formed by CAP 3 may directly aid in membrane perturbation behavior. To test how
the order parameters calculated from MD simulations can rank the molecules based on
activity, we ran additional simulations of CAP 4 (antibacterial like CAP 3) and CAP 9 (inactive
against bacteria) with model bacterial membranes. CAP 4 showed full insertion into the
bacterial membranes (Figure S15A-B) as compared to interfacial contacts made by CAP 9
(Figure S15C-D). Quantification of membrane thickness witnessed CAP 4-mediated
enhanced thinning of bacterial membranes as compared to CAP 9 (Figure S15E) and RMSF
calculations confirmed more rigidity of CAP 4 over CAP 9 amphiphile (Figure S15F). Time

calculations of membrane contacts and hydrogen bonding could not capture any molecular
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differences (Figure S16A, S16B). In contrast, intramolecular networking of CAP 4 revealed
higher number of edges with increased intramolecular networking as compared to CAP 9 on
interactions with bacterial membranes (Figure 16C-D). Therefore, these simulations validate
that intramolecular networking of small molecules may accurately predict the activity of small
molecules with high precision.

Validation of CAP-LPS Interactions. We then validated the differential interactions of the
selected CAPs with model membranes as depicted by MD simulations using biophysical
and biochemical assays. To assess the impact of CAPs on membrane rigidity, we first
prepared diphenylhexatriene (DPH)-doped model Gram-negative bacterial vesicles using
LPS, DPPE and DMPG lipids,33 and measured the change in DPH anisotropy on incubation
with CAPs. We observed ~2-fold increase in fluidity of membranes on incubation with CAP
3 whereas insignificant change in rigidity was observed on incubation of other CAPs (Figure
5A). We then evaluated the comparative binding affinities of these CAPs with LPS using
Dansyl-Polymyxin B displacement assay where complexes of LPS with Dansyl-labelled
Polymyxin B were titrated with CAPs and change in fluorescence was quantified (10 was
insoluble in water and not tested further).34 Increase in fluorescence of Dansyl-Polymyxin B
due to its displacement from LPS complexes confirmed the strongest affinity of CAP 3 for
LPS over other CAPs (Figure 5B). Similarly, increase in fluorescence on titrations of CAPs
with fluorescent boron-dipyromethane conjugated LPS (BODIPY-LPS) established that CAP
3 can bind and disintegrate the LPS aggregates more effectively than other CAPs (Figure
5C).3%

We then assessed the relative membrane binding affinities of CAPs using Surface Plasmon
Resonance (SPR)3 where CAP 3 showed highest binding response with irreversible binding
among all the CAPs (Figure 5D-5F). Analysis of overall affinity constant (Ka) witnessed

highest binding of CAP 3 over CAP 15 and CAP 18.37 Comparison of K; and K, revealed
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that second step involving integration of antimicrobials into bacterial membranes is
responsible for higher K for CAP 3 (Figure 5G). This strong association of CAP 3 in second
step might be due to presence of balanced charge and hydrophobicity in valine-derived CAP
3 that allows electrostatic interactions followed by hydrophobic integration in bacterial
membranes.

Bactericidal effect of CAP 3. To further validate the differential interactions of CAPs with
bacterial membranes, we compared the abilities of CAPs to permeabilize the outer bacterial
membranes in E. coli using N-phenyl naphthylamine (NPN) fluorescent dye as its
fluorescence gets enhanced on penetration in disrupted hydrophobic membranes.3®
Comparison of permeation assay witnessed that CAP 3 is more effective in permeabilization
of outer bacterial membranes over other CAPs (Figure 6A). Interactions of membrane
targeting antimicrobials in general induce depolarization of the membranes and release of
accumulated quenched fluorescent dyes like 3',3'-diethylthiadicarbocyanine DiSC,(5) from
depolarized membranes results in enhanced fluorescence.3® Comparative analysis of CAPs
confirmed CAP 3-mediated increase in fluorescence of DiSC,(5) thereby making it most
effective in depolarization of bacterial membranes (Figure 6B). Quantification of the uptake
of membrane impermeable dye propidium iodide (Pl) by bacteria on treatment with different
CAPs revealed CAP 3-induced significant increase in number of Pl positive cells (Figure
6C). Microscopy studies showed the uptake the Pl confirming the membrane lytic nature of
the CAP 3 (Figure S17A). To confirm the LPS-mediated interactions of CAP 3 with bacterial
membranes, we tested the antibacterial activity of CAP 3 against E. coli in presence of LPS
and measured the percentage of Pl positive cells. We observed LPS-mediated dose
dependent inhibition of Pl uptake by E. coli on CAP 3 treatment thereby confirming the
effective CAP 3-LPS interactions (Figure S17B). Therefore, above studies validated the SAR

and our observations from MD simulations where valine-derived CAP 3 was found most
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effective in binding with LPS membranes over other CAPs that is responsible for its
antibacterial effect.

We then performed time dependent killing assay where bacteria (E. coli) were treated with
CAP 3 for different time and CFUs were quantified. We did not observe any colony after 6h
of CAP 3 treatment at 1X MICgg and 90 min of CAP 3 treatment at 4X MICgy9 was sufficient
to kill most of the bacteria (Figure 6D). Impact of CAP 3 on membrane morphology was then
assessed using transmission electron microscopy where untreated bacteria showed a
smooth rod-shaped morphology and CAP 3 treatment induced distinct morphological
changes with distorted shapes and ‘kinks’ in the bacterial membrane (Figure 6E).

Major challenge for use of any antimicrobial is the ability of bacteria to develop resistance
against antimicrobials.? Therefore, we tested the ability of E. coli to develop resistance
against CAP 3 and observed that E. coli was unable to develop resistance against the CAP
3 whereas there was multi-fold increase in MICgg of neomycin (Figure 6F). Antimicrobial
activity of CAP 3 against stationary and persistent E. coli cells established that CAP 3 was
able to kill the stationary and persistent bacteria where ampicillin was ineffective (Figure
6G). Antibacterial activities at different CFUs of E. coli validated that CAP 3 was also able
to clear the bacterial growth even at CFUs of 10'2/mL, making it highly potent antimicrobial
(Figure 6H).

Activity against biofilms. Biofilms usually respond poorly to antibiotic therapy and are
responsible for inducing antibiotic resistance due to increased mutation rates, high
expression of efflux pumps and trapping of antibiotics in exopolysaccharide matrix.4'
Therefore, we assessed the ability of CAP 3 to disrupt the E. coli biofilms. Pre-formed E. coli
biofilms were treated with different concentrations of CAP 3 for 24h and were quantified by
CFU analysis. A dose dependent decrease in CFUs was observed on CAP 3 treatment and

CAP 3 at 64 uM (8X MICgyg) resulted in a ~8-log fold decrease in CFU (Figure 7A). Crystal

ACS Paragon Plus Environment

13



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 14 of 38

violet staining witnessed ~90% decrease in biofilm mass after treatment with CAP 3 at 8X
MICqg (Figure 7B). Although the concentrations for biofilm degradation are much higher than
the toxic concentration of the amphiphile for mammalian cells, it should be noted that the
experimental biofilms used here are very thick in nature with high bacterial load that is not
usually observed in clinical settings. Bactericidal nature of CAP 3 on biofilms was then
established using SYTO9-PI staining where SYTO9 can permeabilize and stain all the
bacteria and PI can only permeabilize and stain dead bacteria. Confocal laser scanning
micrographs (CLSM) of untreated biofilms stained with SYTO9-PI showed thick biofilm mass
of viable SYTO9-stained green fluorescent E. coli bacteria without any visible Pl-stained
red bacteria (Figure 7C, upper panel). CAP 3 treatment resulted in increase of Pl-stained E.
coli establishing the bactericidal and biofilm disrupting effect of CAP 3 (Figure 7C, lower
panel). Quantification of the biofilm thickness confirmed significant reduction in biofilm
formation on CAP 3 treatment (~ 3 um) as compared to untreated biofilms (>8 um) (Figure
7D). Scanning electron microscopy (SEM) was then performed to understand the effect of
CAP 3 on architecture of E. coli biofilms. Untreated biofilms presented a thick biomass with
rod shape (E. coli) bacteria forming an extensive network of pores and channels that helps
in distribution of nutrients (Figure 7E). CAP 3 treatment unsettles this network and
breakdowns the extracellular architecture by disrupting the bacterial membranes and by
creating isolated lytic bacteria (Figure 7E).#2 Therefore, these results establish the ability of
the CAP 3 to interact with Gram-negative bacteria submerged in thick biofilms and clear
them.

In vivo activity. As E. coli-mediated catheter and wound infections are very common, we
first tested the ability CAP 3-coated catheters to prevent the biofilm formation during in vitro
conditions. Sterilized catheter pieces (~1 cm) were first coated with CAP 3 where catheters

were dipped in solution of CAP 3 in dichloromethane (DCM) and DCM was evaporated
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providing CAP 3-coated catheters. These coated catheters were dipped in E. coli
suspension for three days and CFU analysis confirmed the absence of any adhered bacteria
on CAP 3-coated catheters whereas significant amount of bacterial coating was observed
on uncoated and control (DCM)-coated catheters (Figure 8A). To test the efficacy of CAP
3-coated catheters in preventing biofilm formation in mice, uncoated, DCM (control)- and
CAP 3-coated catheter pieces (~1cm, 1 catheter/mice, 4 mice/group) were inserted
subcutaneously in an incision on the flank of mice*3 and these incised sites were infected
with E. coli. CFU analysis confirmed that there was no adherence of any bacteria on CAP
3-coated catheters after three days unlike uncoated and control catheters establishing the
ability of CAP 3 in preventing bacterial growth in murine models (Figure 8B).

To assess the efficacy of CAP 3 in clearing the wound infections,** we first created the
wounds on BALB/c mice and infected them with E. coli strain. After 6h of infection, mice
were randomized into four groups (3 mice/group) and were either left untreated (group 1) or
treated with ampicillin (40mg/kg) (group 2) or CAP 3 (40mg/kg) (group 3) or neomycin
(40mg/kg) (group 4) thrice daily for four days. CFU analysis on day 5 witnessed significant
reduction in bacterial load on wound where ampicillin was less effective (Figure 8C). We
then performed bioluminescence imaging of mice infected with E. coli bioluminescent strain
(Xen14) and observed significant decrease in bioluminescence on CAP 3 treatment
confirming its bactericidal effect (Figure 8D). These results therefore establish that CAP 3
can act as bactericidal in clearing wound infections.

To validate the therapeutic efficacy of CAP 3 against multi-drug resistant strains,
antibacterial activity of CAP 3 was tested against different multidrug-resistant clinical strains
of E. coli, A. baumannii and K. pneumoniae. CAP 3 was active in range of 4-16 uM (MICgg)
against all clinical strains and activity was in range of 4-8 uM (MICgg) for E. coli strains

(Figure 8E).
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CONCLUSIONS

In this work, we presented the design of CA-peptide conjugates to decipher the impact of
all-natural amino acids on antibacterial activities against Gram-negative bacterial species.
Twenty CAPs were engineered where different natural amino acids were appended on
hydroxyl groups of benzylated cholic acid using a glycine linker. SAR witnessed that basic
charged amino acid like lysine, arginine and histidine, and polar hydrophobic amino acid
likes tryptophan and proline-derived CAPs are inactive in spite of their charged nature,
whereas valine-derived CAP 3 is the most active. Comparative MD simulations with LPS
model membranes revealed atomistic features with CAP 3, mediating maximum thinning of
bacterial membranes over other CAPs. Structural and network analysis witnessed stable
conformation of CAP 3 and enhanced intramolecular networking that allowed it to perform
specific interactions with bacterial membranes. Mechanistic studies confirmed LPS-
mediated bactericidal nature of CAP 3 that allowed it to kill drug resistant bacteria and
degrade/prevent the biofilms in murine models. Therefore, this report provides a mechanistic
understanding of membrane perturbations in context of detailed structural and molecular
information of CAPs and explain how intramolecular network of a given antimicrobial is the
distinguishing factor.

EXPERIMENTAL SECTION

1. Synthesis of CA-peptide (CAPs) conjugates. Detailed synthesis, characterization and
spectral data of all the molecules is described in Supporting information. Purity of the
compounds was tested by HPLC and found to be more than 95%.

2. Other experimental details. Computational methods used, microorganisms and culture
conditions, antibacterial assay, hemolytic assay, cytotoxicity assay, biophysical assay for
studying amphiphile model membrane interactions, membrane permeabilization studies,

activities against biofilms, /In vitro catheter assay, in vivo catheter infection studies, in vivo
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bioluminescence imaging and activity assay against clinical strains are detailed in supporting
information.

3. Ethics statement. All animal experiments were performed after due ethical approval from
Institutional Animal Ethics Committee of Regional Centre for Biotechnology
(RCB/IAEC/2016/001). All experiments with human blood samples and clinical bacterial
isolates were performed after due ethical approval from Institute Ethics Committee of All
India Institute of Medical Sciences (IEC/NP-433/09/10.2015) and Regional Centre for
Biotechnology (RCB-IEC-H-7).

SUPPORTING INFORMATION

Supporting figures S1-S17, supporting tables S1-S4, molecular formula strings, materials
and methods, detailed synthesis of molecules and other experimental details like
computational methods used, microorganisms and culture conditions, antibacterial assay,
hemolytic assay, cytotoxicity assay, biophysical assay for studying amphiphile model
membrane interactions, membrane permeabilization studies, activities against biofilms, in
vitro catheter assay, in vivo catheter infection studies, in vivo bioluminescence imaging and
activity assay against clinical strains are available in supporting information.
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Figure Legends

Figure 1. (A) General molecular structure of Cholic Acid Peptide conjugates (CAPs) (1-20)
where three hydroxyl termini were derivatized with dipeptides of X-G- motif (X = any natural
amino acid, G = glycine) and carboxyl terminal is modified with benzyl group. (B) Molecular
structures of Valine-Glycine- (CAP 3), Tryptophan-Glycine- (CAP 10), Glutamic Acid-

Glycine-(CAP 15), and Lysine-Glycine- (CAP 18) derived CAPs.

Figure 2. (A) Representative snapshot of MD simulations-derived structures in the
presence of model LPS membranes and different CAPs at 500 ns. (B) Membrane thickness
is plotted as a function of X-Y dimension of simulation box (top view) to quantify geometric
differences. The color bar indicated the thickness values with blue (lower) values towards

the spectrum shows membrane thinning.

Figure 3. (A) Mapping of root mean square fluctuation (RMSF) as a function of each atom
in CAPs 3, 10,15 and 18. (B) Superimposed conformations of four CAPs across different
time points in grey and representative coloured line conformation shows the top cluster in

each trajectory.

Figure 4. Global intra-molecular network for CAPs at 0 and 500 ns showing the CA
backbone and number of edges formed by each CAP at 0 and 500 ns. The
circles/edges/atom numbers are coloured in orange with different intensities (low to high),

with dark orange nodes connected to multiple atoms.
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Figure 5. (A) Change in anisotropy of Diphenylhexatriene (DPH) confirm the ability of CAP
3 to disrupt the membranes more effectively than other CAPs. DPH-doped model Gram-
negative bacterial membranes were incubated with CAPs and change in anisotropy was
measured by fluorescence. Data is presented as Mean + SD of three replicates and
statistical analysis was performed by unpaired two-tailed Student’s t-test. (B) LPS binding
abilities of CAPs show strongest binding of CAP 3 over other CAPs. Dansyl Polymyxin B-
LPS complexes were incubated with different CAPs and change in fluorescence of Dansyl-
Polymyxin was measured. Data is presented as Mean + SD of three replicates and statistical
analysis was performed by unpaired two-tailed Student’s t-test. (C) Change in fluorescence
of BODIPY show the strong interactions of CAP 3 with LPS causing its disintegration.
BODIPY-LPS aggregates were incubated with different CAPs and change in fluorescence
was measured. Data is presented as Mean + SD of three replicates and statistical analysis
was performed by unpaired two-tailed Student’s t-test. (D-F) Surface Plasmon Resonance
based sensorgrams of CAPs 3 (D), 15 (E) and 18 (F) confirm irreversible and strong binding
of CAP 3 over other CAPs. (G) Binding constants calculated from sensorgrams of 3, 15 and
18 after binding with bacterial membranes show strong association of CAP 3. Data is

presented as an average of three replicates.

Figure 6. (A) Change in fluorescence of N-phenyl naphthylamine (NPN) show enhanced
ability of CAP 3 to perturb the outer bacterial membranes as compared to other CAPs. NPN
stained E. coli were incubated with different CAPs (8 uM) and change in fluorescence
intensity was measured with time. Data is presented as an average of three replicates. (B)
Time dependent change in DISC,(5) fluorescence in E. coli show better ability of CAP 3 to
permeabilize the inner bacterial membranes over other CAPs. DISC,(5)-labelled E. coli were

treated with different CAPs (8 uM) and change in fluorescence intensity was measured with
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time. Data is presented as an average of three replicates. (C) Percentage of Propidium
iodide (PI) positive E. coli cells show maximum number of dead cells on CAP 3 treatment.
E. coli were treated with different CAPs at 32 uM, stained with Pl and analyzed by flow
cytometry. Data is presented as Mean + SD of four replicates and statistical analysis was
performed by unpaired two-tailed Student’s t-test. (D) Time kill assay confirm the bactericidal
effect of CAP 3 on E. coli as no colonies observed on treatment. E. coli was treated with 1X
and 4X MICgyg of CAP 3 and CFU analysis was performed at different time points. Data is
presented as Mean + SD of four replicates and statistical analysis was performed using two-
way ANOVA. (E) Transmission electron micrographs of untreated and CAP 3 (8 uM) treated
E. coli at different time show membrane disruption in bacteria on CAP 3 treatment. (F) Fold
change in MICgg of CAP 3 and neomycin on pre-treated E. coli show inability of the bacteria
to develop drug resistance. MICg9 of CAP 3 and neomycin was measured on pre-treated
samples using broth-dilution assay in four replicates. (G) Bactericidal effect of CAP 3 and
ampicillin treatment on persistent and stationary bacteria. Data is presented as Mean + SD
of two replicates and statistical analysis was performed by unpaired two-tailed Student’s t-
test. (H) Fold change in MICg9 of CAP 3 and Polymyxin at different CFUs show only 2-fold
increase in MICgg of CAP 3 at 10'2 CFU/mL. MICgyy of CAP 3 and Polymyxin was measured

at different CFUs using broth-dilution assay in four replicates.

Figure 7. (A-B) Dose-dependent effect of CAP 3 on colony forming units (A) and biofilm
biomass (B) of E. coli biofilms confirm bactericidal effect of CAP 3. Pre-formed biofilms were
treated with different doses of CAP 3 followed by CFU and biomass quantification using
crystal violet. Data is presented as Mean + SD of three replicates and statistical analysis
was performed by unpaired two-tailed Student’s f-test. (C) Representative fluorescence

micrographs of untreated and CAP 3-treated E. coli biofilms confirm bactericidal nature of
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CAP 3 with dead bacteria shown in red stained by PI and live bacteria shown in green
stained by SYTO9. (D) Quantification of thickness of untreated and CAP 3-treated biofilms
shows significant reduction in thickness on CAP 3 treatment. Data is presented as Mean +
SD of three replicates and statistical analysis was performed by unpaired two-tailed
Student’s t-test. (E) Representative scanning electron micrographs of untreated and CAP 3

treated E. coli biofilms show disintegration of the biofilm structure on CAP 3 treatment.

Figure 8. (A) CFU analysis showing the ability of CAP 3-coated catheters to prevent E. coli
biofilm formation during in vitro conditions. Untreated, DCM- and CAP 3-coated catheters
were incubated with bacteria for three days, and bacterial load on catheters was calculated
by CFU analysis. Data is presented as Mean + SD of three replicates and statistical analysis
was performed by unpaired two-tailed Student’s t-test. # no colonies were observed. (B)
CFU analysis showing the effect of CAP 3-coated catheters in BALB/c mice to prevent
biofilm formation by E. coli. Untreated, DCM and CAP 3-coated catheters were implanted in
BALB/c mice (n = 3/group) followed by E. coli infection, and CFU analysis was performed
after three days. Data is presented as Mean + SD of three mice and statistical analysis was
performed by unpaired two-tailed Student’s t-test. # no colonies were observed. (C) Effect
of CAP 3 in reducing the bacterial burden on wounds in BALB/c mice. E. coliinfected wounds
were treated with Ampicillin, CAP 3 and Neomycin for four days and bacterial load was
quantified by CFU analysis. Data is presented as Mean + SD of three mice and statistical
analysis was performed by unpaired two-tailed Student’'s t-test. # no colonies were
observed. (D) Bioluminescence images showing significant reduction in bioluminescence of
Xen 14 E. coli wound infections on CAP 3 treatment. Xen 14 E. coli infected wounds were

treated with CAP 3 for four days and bioluminescence imaging was performed. (E)
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Antibacterial activities of CAP 3 against different clinical strains of E. coli, K. pneumoniae,

A. baumannii and its comparison with standard antibiotics. # no colonies were observed.

ACS Paragon Plus Environment

29



Ofo

NH
X

X = any natural amino acid

3

00
ogt
NH

NH X
X

CA-X3

CAP 3

CAP 15

Journal of Medicinal Chemistry Page 30 of 38
1:X=G 6:X=P 1M:X=S 16:X=R
2. X=AT7:X=M 12: X=T 17: X=C
3:X=V 8X=F 13:X=H 18:X=K
4: X=1 9:X=Y 14:X=D 19:X=N
5:X=L 10: X=W 15: X=E 20: X=Q

Cholic Acid Peptide Conjugates (CAPs) (1-20)

CAP 10

o
NH,*CI-
NH;* CI-

ACS Paragon Plus Environment



Page 31 of 38

1
2
3
4
5
6
7
8

9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Figure 2

A

CAP 3

CAP 10

CAP 15

CAP 18

Journal of Medicinal Chemistry

ACS Paragon Plus Environment

5.0
4.5
4.0
352
S
305
n
259
=4
203
2
15F
1.0
0.5
0.0

5.0
45
4.0
35
3.0E
0
258
C
209
g
15F
1.0
0.5
0.0

5.0
4.5
4.0
35
305
%]
259
=
203
L
15F
1.0
0.5
0.0

5.0
45
4.0
35 -
30E
I
259
c
2,03
2
15F
1.0
0.5
0.0



Journal of Medicinal Chemistry Page 32 of 38

0.73

g
(wu ur) Jswu

0.04

ACS Paragon Plus Environment



Page 33 of 38

1
2
3
4
5
6
7
8

9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Figure 4

Total Edges

Total Edges

Journal of Medicinal Chemistry

500 ns

ACS Paragon Plus Environment

837

902



Figure 5

Journal of Medicinal Chemistry

Page 34 of 38

A B C
** p<0.005 **** 1y < 0.0001 ** p <0.005
=+ p=0.0005 70- o 100 -
=% p < 0,0001 | §
60 il
0.30 i—| s o % 80
X B o
£ x S Z 60
S £ 401 >
2 0.25 % £ 40
g o 301 8
£ 5 1 20
S 0.20 201 ‘©
= 2 )}
104 S !—
0.15 0 -20
Control 3 10 15 18 3 15 18 3 15 18
CAPs CAPs CAPs
D E F
300 300 300
2UM — 3uM — 4puM 2uM —3uM  — 4uM 2pM —3uM — 4uM
S 2501 —5uM — 6uM — 8uM S 2500 —5uyM —6uM  — 8 M _.250{ —5uyM — 6uM — 8uM
14 ; =)
= 2001 ,g_f' 200 & 200
c =
3 150 2 50 S 150
5 2 3
g 100 g 100 § 100
& 3 =3
501 Z 5 & 50
o/ g /
0 20 40 60 0 S : - -
0 20 40 60 0 20 40 60
Time (s) Time (s) Time (s)
G
CAP ka1(1/Ms) ka1(1/s) Ki(M™) ka2 (1/Ms) ka2 (1/s) Ka(M™ Ka (M)
3 (2.41£0.33)E+4 (6.00+0.85)E-2 4.06E+5 (9.8211.0) E-3 (4.19+0.58) E-5 2.39E+2 9.60E+07
15 (2.77+0.89)E+4 (9.42+0.97)E-1 3.00E+4 (2.88+0.53) E-2 (5.83+0.12) E-3 4.92 1.71E+05
18 (1.41£0.41)E+5 (2.80+0.89)E-1 5.08E+5 (4.15£0.18) E-2 (3.81+0.61) E-2 1.11 1.07E+06

ACS Paragon Plus Environment



Page 35 of 38 Journal of Medicinal Chemistry

>
w

)

8000~

U
©
S
S

o Untreated = 3 10 15 - 18 ] - Untreated & 3 o 10 -o 15 -o 18

6000

o
S
Q@

4000

A
o
Q

2000+

)
(=)
Q@

)
NPN Relative Fluorescence (A.U.)

o

DISC; (5) Relative Fluorescence (A.

16 0 10 20 30 40 10 20 30
17 Time (min) Time (min)

o

o
@)
@)

21 . 101 o Untreated -o 3 (1XMICyg) -o 3 (4X MICq)
22 **p <0.005 e
1004 ol

80+

@

*kkk

60+

40

N
o
% PI Positive Cells
Colony Forming Units
(Log;o ML)
N

n

20 **** p <0.0001

:? o= - i l 0 o o » .

32 Untreated 3 10 15 18 0 15 30 60 90 120 240 360
33 CAPs (32 uM) Time (min)

CAP 3 treated

Untreated

45 IT . - A
46 A
s ,v‘%(" &
48 .‘”“a."! -

49
50 F G H
51
52 4o ) 8- 161 )
53 251 - 3 -» Neomycin [ Persister [l Stationary - CAP3 -e Polymyxin B

@ 3 4
54 & 30l . ge
55= 25 . S

s 491 - £ a4
56 g < 4

S 20 € g
57 s 24 e 5

151 =) !

58 o .8 S

[s] ¥ ~ =
59 10 N .
60 °

0 1 T T T T T T
¢ 5 10 15 20 25 30 ol 105 106 10° 1070 o 1012
Days Control CAP 3 Ampicillin CFU mL™"

ACS Paragon Plus Environment



Colony Forming Units

(Log,, mLT)

Journal of Medicinal Chemistry Page 36 of 38

121

@

>

i

Untréated 8

***p <0.0005
**** p < 0.0001

16 32 64 CIPX

CAP 3 (uM)

120
*k ok p< 0.005

1001 **** p < 0.0001

80+
60+

40

Biofilm Biomass (%)

20

0 .
Untreated 8 16 32 64 CIPX
CAP 3 (uM)

Untreated Biofilms

100 pym

SYTO9

CAP

PI

Overlay

3 Treated

47

49
50
51
52
53
54
55
56
57
58
59
60

D

1S
2
[
(%}
o
=
X
©
£
E
E
&=
S
om

**** p < 0.0001

Hkkek

Control

SYTO9

CAP 3

Untreated Biofilms CAP 3 Treated
Magnified Magnified

P

ACS Paragon Plus Environment



Page 37 of 38 Journal of Medicinal Chemistry

10- *** p < 0.0001
**% p < 0.0001 104

*kkk

@

&

Colony forming Units
(LogqomL)

Colony Forming Units
(Log,q mL"")

# #
i . 0 .
19 Uncoated DCM Coated 3 Coated Uncoated DCM Coated 3 Coated

Untreated CAP 3 treated

** p < 0.005
7] % ) < 0.0005

*%

(Log,o, mLT)

w
o
Colony Forming Units

35 . #
36 Control  Ampicillin  CAP 3 Neomycin

w

43 E. coli A. baumannii K. pneumoniae

&
9/44
9/203
6/23
6/27
6/38
4/307
1/303
5/321
4/202
5/412
8/407
8/307
7/47
12823
12744

48 Amikacin
49 | Ceftazidime

51 Ciprofloxacin

Meropenem

Imipenem

56 | Piperacillin
57 | tazobactum

% | CAP3 8 8 8 4 4 |16 | 16 | 4 8 4 8 8 4 8 8

ACS Paragon Plus Environment



oNOYTULT D WN =

Cholic Acid-
Peptide Conjugate

Journal of Medicinal Chemistry

Table of Contents Graphic

Intramolecular
Networking

ACS Paragon Plus Environment

Antimicrobial
Action

Page 38 of 38



