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Ciprofloxacin has been used to replace tryptophan at positions 3
and 6 in the antimicrobial peptide (AMP) Bac8c. Bac8c(Cip>®)
showed comparable antimicrobial activity but increased selectivity
toward some Gram-negative bacteria with MIC values of <6.25 pM.
Bac8c(Cip>®) was also non-cytotoxic to cultured HepG2 cells at
antimicrobial concentrations, with a CCso >300 pM.

Antimicrobial resistance (AMR) has become a global health
threat with an estimated 10 million deaths predicted by 2050."
Antimicrobial peptides (AMPs) are of particular interest to
combat this challenge due to their natural origins, alternative
and multimodal mechanisms of action and a tendency for low
promotion of AMR compared to conventional antibiotics.*?
AMPs are a diverse group of peptides with a variety of lengths
(usually 12-50) and sequences of amino acids, charge, function
and mechanism of action. Despite these diverse structures,
most AMPs share similar characteristics, such as the ability
to form an amphiphilic structure and an overall cationic charge,
which allows stronger and more selective interactions with anionic
bacterial membranes compared to human cell membranes.> Con-
sequently, conjugation of small biomolecules and peptide mimetics
of AMPs has been applied to exploit these advantageous properties
while increasing effective and selective killing of bacteria.!

One group of antibiotics which are increasingly associated with
AMR and has been used as a peptide conjugate, are fluoroquino-
lones (FQ).” Peptides used in conjugation with FQs include cell
penetrating peptides (CPPs),>” AMPs®*° and homopoly(a-amino
acids) for physicochemical property modifications,'® with variable
results. Further modification of peptides has also produced pepti-
domimetics, molecules designed to mimic a peptide, usually
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containing non-peptide moieties."" One amino acid which has been
modified or replaced for the purposes of a peptidomimetic is
tryptophan (Trp), due to its aromatic nature and unique contribu-
tions to membrane interactions and subsequently antimicrobial
activity.”>™"> Mimics of Trp have been used for several applications
including fluorescence'®™® and some mechanistic studies."

These peptide conjugate and mimetic approaches have been
developed relatively independently to date. To bridge this gap
between peptide mimetic and conjugate, molecular hybridisation,
the combining of two or more pharmacophores into a single entity,
has been employed to produce a series of hybrid mimetic peptides.
Peptides containing an FQ as a replacement for Trp have been
proposed and synthesised to address this and may offer combined
advantages of both peptide conjugate and mimic. Ciprofloxacin
(Cip) and Bac8c, a FQ and AMP respectively, were chosen as
candidates for this research. Ciprofloxacin is a broad spectrum
FQ which has been used clinically for decades and has a well
understood mechanism of action as well as pharmacokinetic/
pharmacodynamic profiles.”® Bac8c (RIWVIWRR-NH,) is an eight
residue synthetic AMP also with a broad spectrum of activity and
well documented mechanism of action.** Analogues of Bac8c have
also been previously reported including amino acid alteration and
conjugation.”*>* Crucially, Bac8c contains two Trp residues reg-
ularly interspersed within the sequence, lending itself to systematic
replacement with a ciprofloxacin unit to assess its impact on the
antimicrobial activity and mechanism of action in comparison to
the parent peptide.

The minimum inhibitory concentration (MIC) of the Bac8c-
mimetic hybrids, the structures of which are shown in Fig. 1,
were assessed against representative bacteria, Escherichia coli
(E. coli, ATCC 25922) and Staphylococcus aureus (S. aureus, ATCC
25923), results of which are summarised in Table 1. MIC values
for the analogues were dependent on the position of replace-
ment. Comparison of the Bac8c(Cip®) and Bac8c(Cip®) analo-
gues showed a noticeable difference in activity. An 8-fold
decrease in MIC was observed against Gram-negative E. coli
compared to Gram-positive S. aureus for Bac8c(Cip®), however,
the activity of Bac8c(Cip®) was less discriminatory between the
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Fig. 1 Structures of Bac8c and the Lys(Cip) analogues synthesised Bac8c(Cip?), Bac8c(Cip®) and Bac8c(Cip*®).

Table 1 MIC values for Bac8c and ciprofloxacin analogues of Bac8c
against E. coli (A\TCC 25922) and S. aureus (ATCC 25923)

Candidate E.coli (1M) S. aureus (UM)
Bac8c 1.7 3.4
Bac8c(Cip®) 22.2 177.9
Bac8c(Cip®) 44.5 44.5-89
Bac8c(Cip*°) 4.7 75.6

two bacteria. Compared to single substitutions, the doubly
substituted Bac8c(Cip*®) analogue showed almost a 4-fold
and 10-fold lower MIC against E. coli than Bac8(Cip®) and
Bac8c(Cip®) respectively, maintaining the activity of the parent
peptide Bac8c against this organism. Interestingly, Bac8(Cip>°)
was less active than Bac8c and ciprofloxacin against Gram-
positive S. aureus thereby modifying the broad-spectrum profile
of the parent molecules.>® The specificity and low MIC of
Bac8c(Cip>®) towards E. coli warranted further investigation
against ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanni, Pseudomonas
aeruginosa and Enterobacter cloacae.) pathogens.> These patho-
gens represent those associated with the greatest AMR threat
and are therefore those for which the need for novel and
effective treatment is most pressing. Susceptibility evaluation

of these bacteria is important in progressing potential peptide-
based therapeutics for priority AMR pathogens of clinical
relevance.”® In addition, other Gram-positive (Bacillus cereus,
Bacillus subtilis, Listeria monocytogenes and Staphylococcus epi-
dermidis) as well as Gram-negative bacteria (Salmonella enterica
and Shigella sonnei) were tested to further evaluate the selectiv-
ity of Bac8c(Cip>®).

Tables 2 and 3 show the MICs and minimum bactericidal
concentrations (MBCs) found for Bac8c, Bac8c(Cip*°®), cipro-
floxacin and a simple mixture of ciprofloxacin and Bac8c in the
same proportion as Bac8c(Cip*®) (2:1), with the MICs/MBCs
presented in the tables for this mixture, as ratios of concentra-
tions of ciprofloxacin and Bac8c respectively. While the parent
peptide and fluoroquinolone remained more active against
both Gram-positive and Gram-negative bacteria compared to
Bac8c(Cip>®), the spectrum of activity for the latter appeared
more targeted towards some Gram-negative bacteria, specifi-
cally P. aeruginosa, S. enterica and S. sonnei with MIC values of
6.25 pM in all cases, the same as Bac8c. Ciprofloxacin itself had
MICs and MBCs of up to 1000 times lower than Bac8c or
Bac8c(Cip>°) against E. cloacae. The physical mixture of 2:1
ciprofloxacin and Bac8c has MICs and MBCs generally equal to
that of ciprofloxacin alone, suggesting that ciprofloxacin is the

Table 2 MIC (MBC) values (uM) for Bac8c, Bac8c(Cip>®), Cip and physical mixture of Cip and Bac8c (2 : 1) against Gram-positive bacteria

B. cereus B. subtilis E. faecalis E. faecium L. monocytogenes S. epidermidis
Candidate (DSM 31) (ATCC 6633) (DSM 2570) (DSM 20477) (DSM 20600) (DSM 20044)
Bac8c 50 (50) 3.12 (3.12) 12.5 (25) 12.5 (12.5) 3.12 (3.12) 3.12 (3.12)
Bac8c(Cip>°) 50 (50) 12.5 (12.5) 100 (>100) 50 (100) 12.5 (12.5) 12.5 (12.5)
Cip 0.39 (0.39) 0.097 (0.097) 3.12 (3.12) 12.5 (12.5) 25 (25) 0.78 (0.78)
Cip + Bac8c 0.39:0.19 0.097:0.048 3.12:1.56 12.5:6.25 6.25:3.12 0.78:0.39
(2:1) (0.39:0.19) (0.097:0.048) (3.12:1.56) (12.5:6.25) (6.25:3.12) (0.78:0.39)
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Table 3 MIC (MBC) values (uM) for Bac8c, Bac8c(Cip>®), Cip and physical mixture of Cip and Bac8c (2 : 1) against Gram-negative bacteria

A. baumannii E. cloacae K. pneumoniae P. aeruginosa S. enterica S. sonnei
Candidate (DSM 30007) (DSM 30054) (DSM 30054) (ATCC 9027) (CIP 80.39) (ATCC 29930)
Bac8c 3.12 (6.25) 50 (100) 12.5 (12.5) 6.25 (6.25) 6.25 (6.25) 6.25 (6.25)
Bac8c(Cip3’6) 25 (25) 50 (50) 50 (50) 6.25 (6.25) 6.25 (6.25) 6.25 (6.25)
Cip 1.56 (1.56) 0.048 (0.048) 0.78 (0.78) 0.097 (0.097) 0.097 (0.097) 0.097 (0.097)
Cip + Bac8c 1.56:0.78 0.097:0.048 0.78:0.048 0.097:0.048 0.097:0.048 0.097:0.048
(2:1) (1.56:0.78) (0.097:0.048) (0.78:0.048) (0.097:0.048) (0.097:0.048) (0.097:0.048)

MIC values for 2: 1 Cip + Bac8c mixtures are quoted as the concentration of each component in the same ratio respectively, values in bold represent

MICs and values in brackets represent MBCs

main active compound at such low concentrations and there is
no additive or synergistic effect as seen in previous litera-
ture.”®?” Bac8c(Cip*®) had interesting pathogen selectivity
but the activity did not surpass the parent peptide Bac8c. The
use of a ciprofloxacin rather than Trp residue may reduce the
cost effectiveness of any clinical application. However, there
may be additional inherent benefits in using a modified pep-
tide, such as increased metabolic stability or better bioavail-
ability which could contribute to reduced dosage ultimately.>®

Bac8c(Cip>®) appeared to be selective for certain Gram-
negative bacteria, therefore potential cytotoxicity to eukaryotic
cells was investigated. Replacement of a natural amino acid
with a non-canonical one could influence eukaryotic cell inter-
actions significantly. As such, cytotoxicity investigation of all
candidates discussed in Tables 2 and 3 were performed against
cultured human cells, taking human liver cells HepG2 as a
model. Fig. 2 shows the cell viability when exposed to increas-
ing concentrations of antimicrobial up to 300 uM. All antimi-
crobials had a concentration cytotoxic to 50% of cells (CCs)
>300 puM, with cell viability being maintained above 90% for
Bac8c, Bac8c(Cip*®) and ciprofloxacin for all concentrations
tested up to 300 uM. The 2:1 mixture of ciprofloxacin:Bac8c
maintained over 90% cell viability up to 150 uM, after which
there was a marked decrease in cell viability to 55% + 13.3% of
negative controls. High concentrations of fluoroquinolones are
toxic to mammalian cells, as discussed in the literature report-
ing their anti-cancer properties and known toxicity/side effects
clinically.?*' For Bac8c(Cip™®), although the ciprofloxacin was
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Fig. 2 Cell viability of HepG2 cells with increasing concentration of
antimicrobial.
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present in the same concentration/ratio as the Bac8c:Cip
mixture, it did not appear to display toxicity to the mammalian
cells when bound to the peptide. Furthermore, the Lys-Cip
amide bond is stable in several environments. Data presented
in Fig. 2 support the replacement of Trp within Bac8c(Cip*®), as
it did not compromise selectivity towards non-eukaryotic cells.

Both Bac8c and Cip are broad-spectrum antimicrobials but,
their incorporation into Bac8c(Cip*°) resulted in a more selec-
tive agent which could have inherent benefits. Interestingly
Bac8c(Cip™®) generally keeps the activity of the parent peptide
Bac8c against most Gram-negative bacteria within the Enter-
obacteriaceae family and also P. aeruginosa. More targeted
antimicrobials have a lower risk for AMR development than
broad-spectrum antibiotics. In addition, targeted agents better
support maintenance of a healthy microbiome, important in
lowering the risk of opportunistic infections.*” The hybridisa-
tion of the two antimicrobials has produced a peptide with
similar properties to specifically targeted antimicrobial peptides
(STAMPs), something which warrants further investigation.*
Although ciprofloxacin is much more potent than either peptide
against the bacteria tested, FQs are associated with increasing AMR
mechanisms such as DNA gyrase mutation, upregulation of efflux
pumps and downregulation of porins®*>® among clinically impor-
tant bacteria.’**’*® These mechanisms are not activated in response
to AMPs, where different and multiple targets have been described.
In addition, the covalent binding of ciprofloxacin to an AMP in this
way may help reduce toxicity/side effects currently causing reduced
use for FQs. Moreover, there exists a critical unmet need for narrow-
spectrum Gram-negative selective antimicrobial agents. Therefore,
modifications of broad-spectrum antimicrobials that favour more
targeted killing of Gram-negative organisms may extend their clinical
lifespan.

Conclusions

Ciprofloxacin has been used as a tryptophan mimic within AMP
Bac8c to produce a series of novel Bac8c mimetic hybrids which
combine peptide conjugation and mimetic approaches. These ana-
logues were investigated for their antimicrobial activity and it was
found that activity is site dependent with up to 2-fold difference in
MIC:s for E.coli and S. aureus when comparing substitution at the 3
and 6 positions. One analogue in particular, Bac8c(Cip*>®) showed
good activity and selectivity towards the majority of Gram-negative
bacteria tested. Bac8c(Cip>®) also showed no cytotoxicity against
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epithelial-like cells up to 300 pM. These results could also contribute
to a better understanding of the role played by Trp within AMPs.
Additional work is needed to further elucidate the mechanism of
action of the mimetic hybrid peptide and the contribution of the
ciprofloxacin to its antimicrobial activity. The potential evolution of
resistance to Bac8c(Cip™°), or cross-resistance, between Bac8c(Cip™°)
and its parent peptide also warrant further investigation.
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