Designer co-beta-peptide copolymer selectively targets resistant and biofilm Gram-negative
bacteria
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Abstract

New antimicrobials are urgently needed to combat Gram-negative bacteria, particularly

multi-drug resistant (MDR) and phenotypically resistant biofilm species. At present, only


https://www.elsevier.com/open-access/userlicense/1.0/
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sequence-defined alpha-peptides (e.g. polymyxin B) can selectively target Gram-negative
bacterial lipopolysaccharides. We show that a copolymer, without a defined sequence, shows
good potency against MDR Gram-negative bacteria including its biofilm form. The tapered
blocky co-beta-peptide with controlled N-terminal hydrophobicity (#4) has strong interaction
with the Gram-negative bacterial lipopolysaccharides via its backbone through electrostatic and
hydrogen bonding interactions but not the Gram-positive bacterial and mammalian cell
membranes so that this copolymer is non-toxic to these two latter cell types. The new #4
co-beta-peptide selectively kills Gram-negative bacteria with low cytotoxicity both in vitro and
in a mouse biofilm wound infection model. This strategy provides a new concept for the design

of Gram-negative selective antimicrobial peptidomimetics against MDR and biofilm species.

1. Introduction

No new antibiotic classes have been discovered for Gram-negative bacteria such as
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae in the past 7 decades
and in that time many resistant strains have evolved and spread in both clinical and community
settings[1]. These Gram-negative bacteria are often recalcitrant to conventional antibiotic
treatments, with rapid emergence of resistance to last-resort antibiotics[2]. Further, antibiotics are
largely ineffective against persisters and biofilms as they target metabolically active bacteria. It
is known that biofilm bacteria can be up to 1000 times more resistant to antibiotics than their
planktonic forms [3, 4]. Further, biofilm, rather than planktonic bacteria are the relevant forms of
colonization state of many clinically relevant infections, such as in chronic wounds, lung
infections, urinary tract infections, etc[5]. It is worrisome that multi-drug resistance and biofilm

phenotypes of Gram-negative bacteria have very limited treatment options.



Many works have been reported for selectively eradicating Gram-positive bacteria but no
work has been published on MDR and biofilm Gram-negative bacteria[6-9]. Amongst the
challenges to Gram-negative bacteria are their double membranes which makes them rather
impenetrable. The Gram-negative bacterial outer membrane contains lipopolysaccharide (LPS)
in the outer leaflet, forming a tight barrier that prevents the translocation of hydrophobic
molecules through the impermeable outer membrane[10]. However, since LPS is the outermost
layer of the Gram-negative bacterial envelope, it may be possible to achieve selective targeting
of Gram-negative bacteria with rationally designed molecules that specifically target LPS
molecules. LPS contains negatively charged lipids decorated with long chains of polysaccharides
with phosphate and plentiful hydroxyl groups[11]. This suggests that molecules rich in their
ability to engage in electrostatic and hydrogen bonding interactions hold the potential to
selectively bind to LPS molecules. However, up to now, this principle of LPS targeting has not
been translated. Even polymyxin B's (PMB) interaction with Gram-negative bacterial envelope is
based on electrostatic and hydrophobic interaction with LPS and the displacement of divalent

ions that hold the LPS together[12].

Beta-peptides are much less explored than natural alpha(a) antimicrobial peptides (AMPs)
though they may be promising alternatives because their biological activity is similar to that of
natural a-peptides with the added properties of being more resistant to proteolysis and commonly
non-mutagenic[13-15]. Importantly, the existence of an extra carbon in the backbone of
B-peptides allows them more compositional diversity than a-peptides. Despite advances in the
synthetic chemistry of -amino acids and peptides that make it possible to design and synthesize
various antimicrobial B-peptides[7, 16-20], they have not been shown to selectively target

Gram-negative bacteria over mammalian cells and Gram-positive bacteria, particularly their



biofilm forms. The most potent antimicrobial B-peptide yet synthesized is a poly(dimethyl
B-lactam)-co-poly(cyclohexyl  B-lactam) copolymer (P(DM-co-CH)) which has a
tert-butylbenzoyl group at the N-terminus, but it has poor biocompatibility and no

Gram-selectivity and has not been shown to have efficacy against biofilms[21].

Herein, we modulated the local terminal hydrophobicity of the P(DM-co-CH) co-B-peptide.
Eight co-beta-peptides made from DM and CH residues, including the control (#1), and #2, #3
and #4-#8 co-beta-peptide, which are symmetric random, diblock, and controlled tapered blocky
copolymers having different terminal compositions (Scheme 1). We found that the new
co-beta-peptide (#4) with reduced N-terminal hydrophobicity shows strong potency against
Gram-negative bacteria while having reduced/no potency against Gram-positive bacteria and
mammalian cells. The #4 co-beta-peptide shows a high selectivity ratio against Gram-negative
bacteria. Further, the new co-beta-peptide #4 eradicates the MDR Gram-negative bacteria

biofilm in in vitro and in vivo wound tests and shows no toxicity in murine tests.

2. Results and Discussion

2.1. Synthesis and chemical characterization of copolymers.

Co-beta-peptide #2 to #3 were made using the co-initiator of terephthaloyl chloride via
anionic ring-opening polymerization (AROP) of beta-lactam monomers under lithium
bis(trimethylsilyl)amide (LiHMDS)-catalyzed conditions (Scheme Sla and S1b). To make the
co-B-peptides (#4) and (#5) where the N-terminal has reduced hydrophobicity, the protected
amine and hydroxyl containing active ester of perfluorophenyl

(tert-butoxycarbonyl)-glycinate(Boc-Gly-OPFP) and 2,5-dioxopyrrolidin-1-yl



2-(trityloxy)acetate (Trt-Glycolate-NHS) were prepared (Scheme S2, Figure S1-S2) and
employed as the co-initiator (Scheme Slc and Sle). T-butylbenzoyl chloride was used as the
co-initiator to prepare the control polymer having the bulky hydrophobic group of t-butylbenzoyl
as the N-terminus (Scheme S1d). Propionyl chloride, hexanoyl chloride and decanoyl chloride
were used as the co-initiators to prepare polymers having different hydrophobicity in the
N-terminus (Scheme S1f-1h). The molecular structures of the obtained polymers were confirmed
by NMR spectroscopy (Figure S3-S10). The degrees of polymerization of the polymers
measured using GPC were 20 to 24 for polymers #1-#8, which were close to the
monomer/initiator feed ratio of 20:1, and all polymers exhibited relatively narrow molecular
weight distributions (HP=1.20-1.34) (Figure S11). Circular dichroism (CD) spectroscopy
measurement suggests that these beta-peptides do not self-assemble into stable secondary

structures, even in the presence of bacterial or mammalian membranes (Figure S12).

2.2. Antimicrobial potency and biocompatibility.

The minimum inhibitory concentrations (MICs) of the synthesized B-peptides against a
series of bacteria were evaluated. Consistent with previous report[21], #1 co-beta-peptide
exhibited broad-spectrum antimicrobial potency (Table 1 and Table 2). However, the high
toxicity of #1 co-beta-peptide against both erythrocytes (HCs0=312.5 pg/ml) and human kidney
cells (HEK293) (ICs0=125 pg/ml) resulted in low selectivity indexes, i.e. (HCso/MIC) of 19.5
and (ICso/MIC) of 7.81, when tested against E.coli (Table 1). #2 co-beta-peptide had slightly
improved HEK?293 cell toxicity (ICs0=250 pg/ml) and hemolysis (HCs0=625 pg/ml) (Table 1).
#3 co-beta-peptide was interestingly not hemolytic and less HEK293 cell toxic (HCs0=5000
ug/ml and ICs50=500 pug/ml) but it has lost its efficacy against Gram-positive bacteria and reduced

efficacy against Gram-negative bacteria E. coli and P. aeruginosa (Table 1). With #4



co-beta-peptide, its efficacy against Gram-negative bacteria is preserved though the efficacy
against Gram-positive bacteria is reduced (Table 1 and Table 2). The antimicrobial activity of
#4 against P. aeruginosa PAOl can be further enhanced to 4 ug/ml by 1 pg/ml
polyimidazolium[22] (Table S1), which will be further explored in futures studies. Interestingly,
#4 co-beta-peptide has significantly reduced toxicity against both erythrocytes (HCs0=5000
pug/ml) and human kidney cells (ICs0=500 pg/ml) giving the best selectivity index (HCso/MIC
=312.5 and ICso/MIC= 31.25). Similar to #4, #5 maintained good antimicrobial activity towards
Gram-negative bacteria while its toxicity towards both Gram-positive bacteria and mammalian
cells was reduced (Table 1). To further explore the influence of N-terminal hydrophobicity, a
series of B-peptide (#5-#8) with different hydrophobicity in N-terminus was prepared and
evaluated. Interestingly, the selectively towards Gram-negative bacteria decreased with the
increase in N-terminal hydrophobicity (Table 1). The increase in N-terminal hydrophobicity has a
significant influence on their activity towards Gram-positive bacteria and mammalian cells, but
has only a minor effect on Gram-negative bacteria. The reduction in N-terminal hydrophobicity
also reduces their overall logP values (Figure S13). #4 and #5 with hydrophilic N-terminus have
the relatively small logP values and the best selectivity. The #4 co-beta-peptide is one of our lead
compounds with the highest selective index and was used for detailed characterization (The other
lead compound with similar biological properties was #5).

With #4 co-beta-peptide, excellent antimicrobial activity was retained against various
Gram-negative clinical isolates (Table 2), including carbapenem-resistant strains, with MICs
against multi-drug resistant (MDR) P. aeruginosa, A. baumannii and E. coli ranging from 4 to 32
ug/ml. The potency of #4 co-beta-peptide against Gram-positive bacteria was lower than that of

#1, which might result from the new polymer’s reduced hydrophobicity at the N-terminus.



Further, #4 co-beta-peptide was stable after 24 h incubation with mouse blood plasma (Table
S2), while the natural AMP melittin totally lost its potency, representing a significant
improvement over classical antimicrobial alpha-peptide melittin as therapeutic agents.

#4 co-beta-peptide exhibited fast-killing kinetics against various multi-drug resistant
(MDR) Gram-negative strains. At 2XMIC, it completely eradicated MDR A. baumannii MDRAB
and P. aeruginosa PAER within 1 hour and MDR E. coli ECOR in 5 hours (Figure 1). The
positive zeta potential value of #4 and the negative zeta potential values of bacteria suggest that
the electrostatic interaction may be the initial driving force for association (Figure 2a). Indeed,
bacteria treated with #4 show a trend of increasing zeta potential to more positive values with
increasing concentration of polymer (Figure 2a), supporting that the electrostatic interaction is
important. The antimicrobial activity of #4 was dramatically suppressed in the presence of LPS
(Figure 2b), suggesting that it targets LPS molecules. Super-resolution stimulated emission
depletion microscopy (STED) shows that rhodamine labelled #4 (Rho-#4) was mainly seen on
the periphery of the bacteria (Figure 2c); superimposition of the red Rho-#4 and green
membrane emissions results in bacterial images with an orange membrane (Figure 2c),
indicating that the polymer was indeed adsorbed and resided in the bacterial membrane. Outer
membrane and inner membrane permeabilization studies further show that #4 promotes the
permeabilization of the bacterial outer and inner membranes (Figure 2d-2g). Cryo-TEM shows
that, compared with the untreated E. coli K12 (Figure 3a) and P. aeruginosa PAO1 (Figure 3c)
that have intact membranes, substantial wrinkling and lysis occurred in the membranes of #4
treated E. coli K12 (Figure 3b) and P. aeruginosa PAO1 (Figure 3d). Furthermore, #4 treated
bacteria did not show an obvious increase in ROS signal compared to untreated bacteria control

(Figure S14a, S14b and Figure S15) and the antimicrobial potency of the polymer was not



affected in the presence of the ROS quencher N-acetyl-L-cysteine (NAC) (Figure S14c¢). These
results suggest that ROS generation does not contribute to the antimicrobial activity of the
polymer.

2.3. Copolymerization kinetics and polymer structure.

For #4 co-beta-peptide, the copolymerization using Boc-Gly-OPFP as the new co-initiator
was tracked using gas chromatography (GC) following a reported procedure[21]. The
hydrophobic cyclohexyl (CH) beta-lactam monomers were found to be consumed faster than the
cationic dimethyl (DM) beta-lactam monomers (Figure S16), indicating that the N-terminus of
#4 was significantly richer in the hydrophobic (CH) residues while the C-terminus was richer in
the cationic (DM) residues (Figure 4), which is similar to the reported distribution of DM and
CH residues in #l wusing t-butylbenzoyl chloride as the co-initiator[21]. The faster
copolymerization of CH versus DM results in a tapered blocky structure in the resulting
co-beta-peptides with a greater accumulation of the hydrophobic CH units at the N-terminals.
Replacement of the bulky hydrophobic residual N-terminal group t-butylbenzoyl (LogP=3.43) in
#1 with a highly hydrophilic ammonium group (LogP=-3.20) from the new co-initiator
(Boc-Gly-OPFP) for #4 would significantly decrease the local hydrophobicity at the N-terminus
of the new co-beta-peptide (Figure 4b). The higher hydrophobicity near the N-terminus in #1
compared to #4 was supported by dynamic light scattering (DLS) measurements in
phosphate-buffered saline (PBS) solution; the critical aggregation concentration (CAC) of #1 is
about 0.5 mg/mL and the hydrodynamic radius of this polymer increased significantly at
concentration above 0.5 mg/mL while #4 remained as solvated single polymer chains up to 16
mg/mL (Figure S17).

2.4. Isothermal titration calorimetry and interaction with model liposomes.



To delineate the interaction force of the beta-peptides at the molecular level with the three
cell types, isothermal titration calorimetry (ITC) was applied to study the interaction of #1 versus
#4 with liposome models of the mammalian plasma membrane (POPC)[23], Gram-positive
cytoplasmic membrane (POPG)[7] and Gram-negative bacterial outer membrane (LPS)[24]. The
ITC titration thermograms are shown in supplementary Figure S18 and the derived
thermodynamic interaction parameters are shown in Table 3. The #1 (control) strongly
interacted with all 3 liposomes (mammalian model liposome (AG=-25.1 kJ/mol, Ka=16694 M),
Gram-positive bacteria model liposome (AG=-25.7 kJ/mol, Ka=21459 M) and Gram-negative
LPS liposome (AG=-26.3 kJ/mol, Ka=26954 M!) (Table 3, Figure S18a(i), 18b(i) and 18c(i)),
which corroborates its non-selective toxicity to all three types of cells. The #1 displayed slightly
unfavourable (positive) enthalpic interactions with both the mammalian model liposome
(AH=1.04 kJ/mol) and Gram-positive model liposome (AH=3.68 klJ/mol). However, the #1
showed a large favorable (positive) entropic gain with the mammalian (AS =84.2 J/mol/K) and
Gram-positive liposomes (AS =94.7 J/mol/K), which may arise from the release of ordered water
molecules, as well as the decrease in lipid order, during the penetration of the tert-butylbenzoyl
group into the mammalian and bacterial cytoplasmic membrane. So the control peptide
interaction with mammalian and Gram-positive cells is hydrophobic-driven. The #1 binding with
the Gram-negative LPS is an exothermic process (AH=-50.2 kJ/mol), indicating that the heat
release associated with the electrostatic interaction and hydrogen bonds between the cationic
groups of the B-peptide and phosphate groups of LPS was larger than the unfavorable entropic
contribution (AS =-77.4 J/mol/K) which is probably associated with desolvation (excluding the

surrounding water molecules around LPS) and lipid perturbation. Hence, the control B-peptide



(#1) interactions with mammalian cells, Gram-positive bacteria and Gram-negative bacteria are

respectively governed by entropic, entropic, and enthalpic interactions (Table 3).

To prove that our new copolymer (#4) has different interaction forces that will lead to
selectivity, we also carried out the ITC studies. We found that #4 showed no interaction with the
mammalian model liposome and weak interaction with Gram-positive model liposome
(AG=-22.0 kJ/mol, Ka=5076 M), but strong interaction with Gram-negative LPS (AG=-26.5
kJ/mol, Ka=29325 M!) (Table 3, Figure S18a(ii), 18b(ii) and 18c(ii)), which is consistent with
its observed selectivity towards Gram-negative bacteria. With the new #4 peptide, the ITC
measurements with the mammalian model liposome did not show any detectable heat flow
(Table 3, Figure S18a(ii)), suggesting no interaction of #4 with the mammalian membrane,
which is consistent with its low toxicity against mammalian cells. With the Gram-positive model
liposome, the titration of #4 results in relatively weak but still favorable affinity (AG=-22.0
kJ/mol, Ka=5076 M), which is consistent with its weak antimicrobial potency against
Gram-positive bacteria. The #4 interaction with the Gram-positive bacteria is governed by
entropic interaction (AS =82.1 J/mol/K), which is attributed to water displacement. However, the
interaction of #4 with Gram-negative LPS (AG=-26.5 kJ/mol, Ka=29325 M) is much more
favorable than with mammalian cell and Gram-positive bacteria. The #4 interaction with LPS is
driven by enthalpic interaction, and a large enthalpy release (AH=-48.6 kJ/mol) was observed,
which is probably due to electrostatic interactions and the formation of hydrogen bonds between
the peptide amine and LPS phosphate groups. In the case of the Gram-negative inner membrane
model liposome, although the titration of #4 is still favourable (AG=-14.8 kJ/mol, Ka=311 M)
(Figure S19), the interaction is weaker than with the outer membrane, supporting the view that

#4 mainly targets the outer membrane. Gram-positive bacteria have anionic lipoteichoic acid
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(LTA) in the outer layer of the bacterial membrane, but it only covers around 10% Gram-positive
bacterial membrane[25], whereas LPS covers around 75% Gram-negative bacterial outer
membrane[26, 27]. In addition to the lower abundance of LTA in the bacterial membrane, #4
polymers have a relatively weaker interaction with Gram-positive bacterial LTA (Ka=12364 M)
(Figure S20) compared to Gram-negative bacterial LPS (Ka=29325 M™!). Similar to #4, #5 also
showed no interaction with the mammalian model liposome and weak interaction with
Gram-positive model liposome (AG=-23.0 kJ/mol, Ka=7518 M) (Figure S21a and S21b), but
strong interaction with Gram-negative outer membrane LPS (AG=-28.2 kJ/mol, Ka=57803 M)
(Figure S21c), all of which is consistent with its observed selectivity towards Gram-negative

bacteria.

In summary, for the control #1 peptide interaction with the mammalian and Gram-positive
model liposomes, the positive entropy changes (which are favorable), together with positive
enthalpy changes (which are unfavorable), indicate that the binding of this B-peptide to the two
membranes was driven by entropy due to hydrophobic insertion[28]. A change of the bulky
hydrophobic tert-butylbenzoyl group at the N-terminus of the control #1 beta-peptide to the
hydrophilic ammonium makes the new #4 peptide insufficiently hydrophobic to permit strong
interaction with mammalian cell membrane and with Gram-positive cytoplasmic membrane. The
interactions of both [B-peptides with LPS are driven by enthalpic effects resulting from
electrostatic and hydrogen bonding interactions[29], which were unchanged for the two peptides.
The selectivity of #4 is achieved through retention of enthalpic interactions with Gram-negative
LPS coupled with removal/reduction of entropic interactions with mammalian and Gram-positive

membranes.
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2.5. Molecular dynamics simulations.

To gain further insights into the mechanism of action of these B-peptides with the different
membranes at the atomic level, we carried out molecular dynamics (MD) simulations of #1 and
#4 with model membranes of mammalian cells, Gram-positive bacteria and Gram-negative
bacteria. We first simulated the modes of interaction of #1 and #4 with a model POPC bilayer
mimicking the mammalian membrane[23]. Figure 5a(i) and Sa(ii) show snapshots of the two
B-peptide interactions with the model mammalian membrane. As the simulation progresses, with
the control #1 peptide, the N-terminal (orange peptide terminal) penetrates into the interior of the
bilayer (Figure Sa(i)) and the distance between the N-terminal residue and lipid bilayer center
gradually decreases (Figure S22a). The final distance of the N-terminal from the bilayer center
is around O nm, corresponding to the bilayer center. The C-terminal segment of the #1 still
locates at the head group region, forming an amphiphilic conformation that enables #1 to perturb
both head groups and lipid tails (Figure Sa(i)). In contrast with the #4 peptide, due to its lack of
hydrophobic groups at the N-terminus, #1 primarily locates at the head group region of the
membrane without insertion (Figure Sa(ii), Figure S22a), suggesting low membrane
perturbation. We conclude that the toxicity of #1 (control) towards mammalian membrane
mainly originates from the hydrophobic insertion of the tert-butylbenzoyl group into the

membrane, which is entropically driven (Table 3).

We subsequently examined the modes of interaction of the two B-peptides with a model
Gram-positive cytoplasmic membrane consisting of POPG lipids[7]. Figure 5b(i) shows that the
N-terminal segment of #1 (orange) also penetrates into the lipid tail region of the bacterial

cytoplasmic membrane (Figure S22b), while the C-terminal segment locates at the head group
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region, demonstrating a mode of interaction of the control peptide similar to the case of
mammalian membrane. For #4, both the N-terminal and C-terminal segments of the new
B-peptides were found to stay on the membrane surface without penetration during the entire
simulation (Figure Sb(ii), Figure S22b), suggesting low activity of the new peptide against the
Gram-positive bacterial cytoplasmic membrane. It is known that the water molecules around a
hydrophobic surface have restricted freedom[30]. Upon penetration into the membrane, the
dehydration of the hydrophobic groups restores the translational and orientational degrees of
freedom of the surface water molecules, which results in an entropy gain corroborated by the
ITC measurements. Because of the high hydrophobicity at the N-terminus of #1, the control
peptide experiences a much larger entropy gain than does #4, which is consistent with the ITC

results (Table 3).

To further understand the action mechanism against Gram-negative bacteria, we carried out MD
simulations of the two B-peptides with a model lipid A, an essential component of LPS, bilayer
mimicking the outer membrane of Gram-negative bacteria[31]. It has been shown that lipid A
membrane is stabilized by divalent cations that are involved in salt-bridges with the phosphate
groups of the membrane[31]. Figure Sc(i)-5c(ii) and Figure S22¢-22f show that both peptides
destabilize the lipid A membrane in a similar manner and release the divalent Ca** (yellow
spheres). As both peptides are cationic and the lipid A membrane is anionic, it is the electrostatic
interactions that steer the B-peptides to the membrane. Upon adsorption onto the membrane, the
amine groups in the side chains start to engage in hydrogen bonding with the phosphate groups
(Figure 5d(i)-5d(ii)), resulting in the disruption of the salt-bridges and release of calcium ions
from the membrane surface. As both the electrostatic interactions and the formation of

amine-phosphate hydrogen bonds are exothermic, the binding of the peptide to LPS results in
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significant enthalpy release. As the simulation progresses, the membrane is significantly
distorted, with some lipid tails becoming exposed to the aqueous phase. The hydration of the
exposed lipid tails has to pay an entropic penalty, consistent with the entropy loss (AS=-77.4
J/mol/K and AS=-70.4 J/mol/K, respectively) observed in the ITC experiments (Table 3). To
study the influence of ammonium N-terminus, molecular dynamistic simulation of #5 with
different model membranes was also carried out. Similar to #4, #5 only locates at the head group
region of the mammalian and Gram-positive membrane without insertion due to the lack of
hydrophobic groups at the N-terminus (Figure Sa(iii), Sb(iii), Figure S22a, S22b ). In the case
of Gram-negative bacterial membrane, the electrostatic interactions steer #5 to the membrane
(Figure S22g, S22h). Upon adsorption onto the membrane, the amine groups in the side chains
of #5 start to engage in hydrogen bonding with the phosphate groups (Figure 5d(iii)), resulting
in the disruption of the salt-bridges and release of calcium ions from the membrane surface

(Figure Sc(iii)), which eventually leads to significant membrane perturbations.

2.6. The #4 co-beta-peptide has activity against Gram-negative persisters and biofilm and

low resistance.

Bacteria become tolerant of conventional antibiotic treatment by either generating genetic
mutants (resistance)[32] or going into a dormant state (persister cells)[33]. Persister cells are a
special state of bacteria with inactive metabolism and are mostly un-treatable by classical
antibiotics, which usually eradicate only metabolically active cells [34, 35]. #4 killed persister A.
baumannii ATCC 19606 at 1x its MIC (Figure 6a), whereas the conventional antibiotic
gentamicin was totally ineffective at concentrations as high as 64x its MIC (Figure 6b). We

further demonstrated that #4 eradicated more than 99% of biofilm-associated A. baumannii
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ATCC19606 and MDR clinical isolate MDRAB (Figure 6¢-6d), indicating that this class of
antibacterial may prevent infection relapse by targeting both persisters and biofilm-associated
subpopulations. Consistent with biofilm-killing study, #4 treated bacterial biofilm showed a huge
number of dead bacterial cells compared to the untreated control (Figure 6e). We found that with
repeated sub-inhibitory dosing of #4, the MIC increased by only 2-fold for 10 to 18 passages,
while ciprofloxacin showed a 2048-fold increase in MIC (Figure 7). We attempt to generate
spontaneous mutants of E. coli K12 to #4 but were unsuccessful, giving a frequency of resistance
of less than 4.4 x10, which is less than that of the conventional antibiotic ciprofloxacin. These

results indicate that #4 does not rapidly elicit the emergence of resistance.

2.7. In vivo biocompatibility and efficacy against biofilm.

The #4 copolymer was tested in vivo in a murine wound biofilm model. Biofilm of the
multi-drug resistant (MDR) clinical isolate A. baumannii MDRAB was created at the murine
excisional wound by infecting the wound with the bacteria for 24 hours, so that bacterial biofilm
was established. The treatment with #4 reduced the bacterial burden by more than 99.2% in the
wound areas, which was superior to the last-resort antibiotic meropenem (Figure 8). To measure
the in vivo murine toxicity, #4 was injected via the tail vein at a dosage of 10 mg/kg body weight,
and the mouse condition was continuously monitored for 7 days. At 7 days post-injection, all the
mice were alive and active. No obvious illness or lassitude was found in visual observation of the
mice. The levels of biomarkers related to liver and kidney function and electrolyte balance did
not show significant change at 24 h and 7 days after intravenous injection (Table S3). The data
indicate that #4 could treat the MDR Gram-negative biofilm and did not cause acute toxicity to the

liver and kidney or influence the blood chemistry.
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2.8. Discussion.

We have discovered important differences in the interactions of these beta-peptides with the
three cell types. The #4 with controlled N-terminal hydrophobicity has the best biocompatibility
profile while retaining good efficacy against Gram-negative bacteria. The interactions of the two
tapered blocky co-peptides (#1 and #4) with Gram-negative bacterial LPS are driven by the
peptide backbone interactions via electrostatic interaction and hydrogen bonding with the LPS
phosphate groups. On the other hand, the interactions of the co-peptides with Gram-positive
bacteria and mammalian cells are driven by the peptide N-terminal segment hydrophobicity. The
modest structural change at the N-terminal from the bulky hydrophobic tert-butylbenzoyl group
of the highly potent but toxic original B-peptide (#1) to a hydrophilic ammonium group for the
new co-beta-peptide (#4) significantly improved biocompatibility without sacrificing potency
against multiple Gram-negative bacteria. Changing the co-initiator residue from the
tert-butylbenzoyl to the ammonium group significantly reduced the local hydrophobicity at the

N-terminus as well as the global amphiphilicity of the entire B-peptide.

The few peptides/antibiotics that are selective against Gram-negative bacteria include PMB
and darobactin[12, 36, 37]. PMB, a sequence-dependent peptide, selectively kills Gram-negative
bacteria by targeting the LPS molecules via electrostatic and hydrophobic interactions[12].
However, the hydrophobic lipid tail in PMB also imparts toxicity[38]. The depletion of
hydrophobic lipid tail in PMB caused its loss of antimicrobial potency against Gram-negative
bacteria[39]. Darobactin selectively kills Gram-negative bacteria by targeting the [-barrel
assembly machinery (Bam)A, an outer membrane protein[36]. However, darobactin-resistant

bacteria have emerged after only a few passages, which is possibly due to the fact that it targets a

16



specific protein that is easily mutated. In contrast to PMB, the #4 B-peptide copolymer made by
copolymerization is not sequence-dependent and can be made in large scale at low cost. Further,
our copolymer that interacts with LPS via electrostatic and hydrogen bonding interactions has
reduced toxicity associated with the non-selective hydrophobic interaction with mammalian cells.
As #4 targets the general structure of the outer membrane of Gram-negative bacteria, the

frequency of spontaneous resistance is low.

Biofilms are aggregates of microorganisms in which the microorganisms are embedded in a
self-produced matrix of extracellular polymeric substances (EPSs)[40, 41]. The US National
Institutes of Health has attributed more than 80% of human infections to be biofilm-related[42].
Metabolically dormant persister bacteria which are present in biofilms are intrinsically tolerant to
antibiotics[33, 43]. However, persisters still need an intact membrane for survival. They are
vulnerable to agents that can perturb or disrupt membrane integrity or function, making the
membrane an ideal target for the treatment of persisters[44]. The efficacy of #4 against
Gram-negative persisters and biofilm is attributable to its ability to interact with the outer
membrane constituent LPS. Small cationic polymers/peptides are able to penetrate deep into
biofilms[45], thus #4 successfully removes biofilm bacteria by attacking persisters in the deep
layers of the biofilm. It offers an option for treating the Gram-negative bacterial biofilms not

easily treatable with antibiotics.

3. Conclusion

We have designed and synthesized a new biocompatible B-peptide copolymer (#4) with
controlled terminal hydrophobicity that selectively eradicates Gram-negative bacteria without

cytotoxicity towards mammalian cells. This is the first report of a copolymer that is not
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sequence-defined that shows Gram-negative LPS selectivity. We showed that both the control
and new copolymers have tapered blocky backbones that are able to intimately interact via
electrostatic and hydrogen bonding with the phosphate head groups of Gram-negative LPS,
without the need for a hydrophobic interaction driving force. To minimize local hydrophobicity
that leads to toxicity to mammalian cells, we used a new co-initiator that leaves behind a
hydrophilic ammonium group at the N-terminus of the tapered blocky copolymer. The decreased
local hydrophobicity at the N- terminus of the new #4 copolymer results in reduced hydrophobic
interactions with both mammalian cells and Gram-positive bacteria. The excellent in vitro
bactericidal activity against carbapenem-resistant A. baumannii MDRAB, the most critical
pathogen in the WHO list, was demonstrated in an in vivo mouse biofilm study. The design of
tapered blocky co-beta-peptides without global amphiphilicity (i.e. molecules with low local
hydrophobicity) and high propensity to engage in electrostatic and hydrogen bonding
interactions with LPS provides a new approach for the design of non-toxic Gram-negative

selective agents.
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Figure 1. Kill kinetics of #4 against multi-drug resistant Gram-negative clinical isolates (a) A.

baumannii MDRAB, (b) P. aeruginosa PAER and (c) E. coli ECOR at 1%, 2x and 4x MICs of
polymer addition.
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and #4 in the presence of LPS (500 pug/ml). (c¢) Super resolution STED microscopy images of E.
coli 8739 and P. aeruginosa PAOI1 treated with 1XMIC Rho-#4 (red); bacterial membrane was
stained with FM1-43FX (green), scale bar 2 pm. (d) and (e) 1xMIC #4 triggers a significant
increase in outer-membrane permeability of P. aeruginosa PAO1 (d) and E. coli 8739 (e)
using1-N-phenylnaphthylamine (NPN) as an indicator of outer membrane permeability. (f) and

(g) IxMIC #4 triggers a significant increase inner membrane permeability of P. aeruginosa
PAOI1 (f) and E. coli 8739 (g) using 3,3’-Dipropylthiadicarbocyanine iodide (DiSC3(5)) as an
indicator of inner membrane permeability.
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Figure 3. (a)-(d) Cryo-TEM images of untreated E. coli K12 (a) and (b) treated with 64 pg/ml of
#4. (c)-(d) Cryo-TEM images of untreated P. aeruginosa PAOI (c) and (d) treated with 64 pg/ml
of #4. The images shown in the right panels (ii) are enlargements of the indicated areas in the left
panels (i). The arrows highlight the membrane lysis.
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Figure 4. (a) The composition of B-peptide evolution as a function of total monomer conversion.

(b) Cartoon representation of the beta-lactam residue sequence. The lipophilicity of the

N-terminus (Log P) was calculated from www.molinspiration.com using the blue and pink

highlighted atoms in the calculation.
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Figure 5. Molecular dynamics simulations of copolymers with model membranes. (a) Snapshots
of (i) #1, (i1) #4 and (iii) #5 with mammalian model membrane POPC. Peptides are represented
with sticks; the N-terminal residues are in orange. (b) Snapshots of (i) #1, (ii) #4 and (iii) #5 with
Gram-positive cytoplasmic model membrane POPG. (c) Snapshots of (i) #1 at 600 ns, (i1) #4 at
420 ns and (ii1) #5 at 700 ns with Gram-negative outer membrane lipid A. Individual yellow
spheres denote the calcium ions. (d) Enlargements of the indicated areas in (c). The phosphate
groups in lipid A are represented with orange sticks. The green dashed lines are the formed
hydrogen bonds between the peptide side chain amines and the lipid A phosphate groups.
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Figure 6. (a) Kill kinetics of #4 against A. baumannii ATCC 19606 persisters at 1%, 2x and
4xMIC. (b) Kill kinetics of gentamicin (Gen) against A. baumannii ATCC 19606 persisters at 4X,
16x and 64xMIC. (c) #4 and gentamicin efficacy against A. baumannii ATCC 19606 in the
biofilm environment. (d) #4 and gentamicin efficacy against clinical multi-drug resistant A.
baumannii MDRAB in the biofilm environment. (¢) LIVE/DEAD viability staining of multi-drug
resistant A. baumannii MDRAB biofilm before and after treatment with #4. Samples were
co-stained with SYTO 9 (live, green) and propidium iodide (dead, red) and visualized by
confocal microscopy.
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Resistance evolution E. coli K12
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Figure 7. Resistance evolution profile of E. coli K12 by serial passages with #4 at sub-MIC.
Colistin and ciprofloxacin were used as controls.
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Figure 8. In vivo antimicrobial activity of #4 against multi-drug resistant clinical isolate A.
baumannii MDRAB in a murine biofilm wound infection model. Excision wounds were infected
with 5%10° CFUs of A. baumannii MDRAB and the infection was developed for 24 hours. Mice
were subsequently dosed with 3 mg/kg #4, 3 mg/kg meropenem and PBS control (UNT) 3 times
at 4 hours intervals. Bacterial counts in the wound site were determined by plating on LB agar
plates. Symbols represent the bacterial counts in mice, and the central lines represent the
geometric mean of the individual counts (n=6). Statistical analysis was done by one-way
ANOVA followed by Dunnett test. P <0.0001 (****); P=0.0062 (**).
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Table 1. Summary of antimicrobial activities and biocompatibility of #1-#8.

MIC (pg/m))’ Cytotoxicityb Hemolysis Selective index’
Entry Gram-negative Gram-positive (ng/ml) (ng/ml)
E.coli  P.aeruginosa  A. baumannii S. aureus  MRSA IC,, HC, IC, /MIC HC, /MIC
#1 16 16 16 16 16 125 3125 7.81 19.53
#2 32 32 32 32 64 250 625 7.81 19.53
#3 32 32 16 128 128 500 5000 15.62 156.2
#4 16 16 16 64 128 500 5000 31.25 312.5
#5 16 16 16 64 128 500 5000 31.25 312.5
#6 16 16 16 64 128 250 2500 15.62 156.2
#7 16 16 16 32 64 250 312.5 15.62 19.53
#8 32 16 32 32 32 125 156 391 4.88

£lStrains used were: E.coli 8739, P. aeruginosa PAO1, A. baumannii ATCC 19606, S. aureus ATCC 29213 and S. aureus MRSA BAA40. bCell line used was HEK293. CThe blood was purchased
from InVivos, Singapore. dSelective index was calculated against E. coli 8739.
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Table 2. Antimicrobial activity of #1 and #4 against various Gram-negative and Gram-positive
bacteria.

Strains MICs (ug/mb)

#1 #4
Gram-negative
E. coli 8739 16 16
E. coli K12 8 8
E. coli UT189 16 32
E. coli ATCC 25922 32 16
E.coli ATCC BAA 2774 (CRE) 16 16
P. aeruginosa PAO1 16 16
P. aeruginosa PAW238 4 4
P. aeruginosa PAES 16 16
P. aeruginosa PAD1 (MDR) 16 16
P. aeruginosa PAD25 (MDR) 16 16
P. aeruginosa PAER (MDR) 8 8
P. aeruginosa ATCC 27853 32 16
P. aeruginosa ATCC BAA2797 (MDR) 8 8
A. baumannii ATCC 19606 16 16
A. baumannii ATCC 17978 16 16
A. baumannii ATCC BAA 2803 (MDR) 16 8
A. baumannii ACBAS 8 16
A. baumannii MDRAB (MDR) 16 16
Gram-positive
S. aureus ATCC 29213 16 64
S. aureus MRSA BAA40 (MDR) 16 128
E. faecium V583 (VRE) 32 128
S. aureus Lac 16 64
S. aureus MRSA USA300 16 64
E. faecium ATCC 29212 32 64
Bacillus cereus ATCC 11778 32 64
Bacillus subtilis ATCC 6633 16 128
S. epidermidis ATCC 700563 16 64
S. epidermidis ATCC 12228 16 64
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Table 3. Thermodynamic parameters for #1 and #4 with the model membranes.

Thermodynamic #1 #4
oy Gnmpoiiye  Grveive - Manmlan G080 G i s
KaM1) 16694 21459 26954 NA¢ 5076 29325
AG (kJ/mol) -25.1 -25.7 -26.3 NA¢ -22.0 -26.5
AH (kJ/mol) 1.04 3.68 -50.2 NAd 3.47 -48.6
AS (J/mol/K) 84.2 94.7 -77.4 NAY 82.1 -70.7

aZwitterionic POPC liposome was used to mimic the mammalian plasma membrane; *negative charged POPG liposome was used to mimic Gram-positive cytoplasmic membrane; °LPS was used to
represent Gram-negative bacterial outer membrane. “NA means not available due to no interaction.
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