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Abstract

Numerous reports have indicated the important role of human normal flora in the prevention of
microbial pathogenesis and disease. Evidence suggests that infections at mucosal surfaces result from
the outgrowth of subpopulations or clusters within a microbial community and are not linked to one
pathogenic organism alone. To preserve the protective normal flora while treating the majority of
infective bacteria in the community, a tuneable therapeutic is necessary that can discriminate between
benign bystanders and multiple pathogenic organisms. Here we describe the proof-of-principle for
such a multitargeted antimicrobial: a multiple-headed specifically-targeted antimicrobial peptide
(MH-STAMP). The completed MH-STAMP, M8(KH)-20, displays specific activity against targeted
organisms in vitro (Pseudomonas aeruginosa and Streptococcus mutans) and can remove both
species from a mixed planktonic culture with little impact against untargeted bacteria. These results
demonstrate that a functional, dual-targeted molecule can be constructed from a wide-spectrum
antimicrobial peptide precursor.
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1. Introduction

For nearly 30 years antimicrobial peptides (AMPs) have been rigorously investigated as
alternatives to small molecule antibiotics and as potential solutions to the growing crisis of
antibiotic-resistant bacterial infections [1,2]. Numerous reports have characterised potential
AMPs from natural sources and a great body of work has been carried out designing ‘tailor-
made’ AMPs owing to the approachable nature of solid-phase peptide synthesis (SPPS) [3,4].
Several examples of the latter have shown remarkable activities in vitro against fungi, Gram-
positive and Gram-negative bacteria as well as some enveloped viruses [5].

Unlike small molecule antibiotics that may lose activity when their basic structures are
modified even incrementally, peptides are a convenient canvas for molecular alteration. AMPs
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can be optimised through the incorporation of more or less hydrophobic or charged amino
acids, which has been shown to affect selectivity for Gram-positive, Gram-negative or fungal
membranes [6,7]. Additionally, lysine residues can be utilised to improve AMP activity per
uM. In this approach, multiple AMP chains can be attached to a single peptide scaffold through
branching from lysine -amines [8,9].

AMP activity can be specifically tuned through the attachment of a targeting peptide region,
as described for a novel class of molecules, the specifically-targeted antimicrobial peptides, or
STAMPs [10,11]. These chimeric molecules consist of functionally independent targeting and
killing moieties within a linear peptide sequence. A pathogenic bacterium recognised (i.e.
bound) by the targeting peptide can be eliminated from a multispecies community with little
impact to bystander normal flora. As an extension of this concept, we hypothesised that a
STAMP could be constructed with multiple targeting peptide ‘heads’ attached to a single AMP
by utilising a central lysine residue branch point. Potentially, targeting ‘heads’ could be specific
for the same pathogen or have different binding profiles. Utilising the former approach,
microbial resistance evolution linked to a targeting peptide could be inhibited or reduced, as
no single microbial population would have the genetic diversity necessary to mutate multiple
discrete targeting peptide receptors in one cell [12].

Multiple-headed STAMP (MH-STAMP) molecules with differing bacterial targets may have
appeal in treating polymicrobial infections or where it may be advantageous to remove a cluster
of biofilm constituents without utilising several distinct molecules, for example in the
simultaneous treatment of dental caries and periodontitis or in the eradication of
Propionibacterium spp. and Staphylococcus spp. involved in acne and skin infections,
respectively.

In this report, we present the proof-of-principle design, synthesis and in vitro activity of such
a MH-STAMP, M8(KH)-20. Previously, we identified two functional STAMP targeting
domains, one with specific recognition of the cariogenic pathogen Streptococcus mutans [10]
and the other with Pseudomonas spp.-level selectivity [13]. Conjoined to a normally wide-
spectrum linear AMP, we observed antimicrobial effects directed specifically to Pseudomonas
aeruginosa and S. mutans in vitro. Additionally, treatment of mixed bacterial communities
with the MH-STAMP resulted in specific eradication of the target organisms with little impact
on bystander population levels.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Pseudomonas aeruginosa ATCC 15692, Klebsiella pneumoniae KAY 2026 [14], Escherichia
coli DH5a (pFW5, spectinomycin resistance) [15], Staphylococcus aureus Newmann [16] and
Staphylococcus epidermidis ATCC 35984 were cultivated under aerobic conditions at 37°C
with vigorous shaking. Aerobic Gram-negative organisms were grown in Luria—Bertani (LB)
broth and Gram-positive bacteria in brain-heart infusion (BHI) broth. Streptococcus mutans
JM11 (spectinomycin-resistant, UA140 background) was grown in Todd—Hewitt (TH) broth
under anaerobic conditions (80% N, 15% CO», 5% Hy) at 37°C [17]. All bacteria were grown
overnight to an optical density at 600 nm (ODggg) of 0.8-1.0 prior to appropriate dilution and
antimicrobial testing.

2.2. Synthesis of MH-STAMPs

Conventional SPPS methodologies were utilised for the construction of all peptides shown in
Fig. 1 (Symphony® synthesiser; Protein Technologies Inc., Tucson, AZ). Chemicals, amino
acids and synthesis resins were purchased from AnaSpec (San José, CA). BD2.20
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[FIRKFLKKWLL, amidated c-terminus, molecular weight (MW) 1491.92], an AMP
developed in our laboratory with robust antimicrobial activity against a number of bacterial
species (Table 1), served as the root sequence to which differing targeting peptides were
attached. First, BD2.20 was synthesised by SPPS (Rink-Amide-MBHA resin, 0.015 mmol),
followed by the stepwise coupling of a functionalised alkane (NH,(CH»)7COOH) and an
Fmoc-protected Lys [side-chain protected with 4-methyltrityl (Mtt)] to the N-terminus.
Standard SPPS methods were then employed for the step-wise addition of the S. mutans
targeting peptide M8 plus a tri-Gly linker region (TFFRFLNR-GGG) to the N-terminal of the
central Lys. After assembly of Fmoc-M8-GGG-K(Mtt)-(CH,);CO-BD2.20, the Fmoc group
was removed with 25% piperidine in dimethylformamide (DMF) and the N-terminal was re-
protected with an acetyl group with Ac,O/DIEA (1:1, 20 molar excess) for 2 h. The Mtt-
protected amino group of the central Lys was then selectively exposed with 2% trifluoroacetic
acid (TFA) in dichloromethane (DCM) (1.5 mL) for 15 min (three cycles of 5 min). The
resulting product was reloaded into the synthesiser and the peptide sequence built from the Lys
side chain was completed with standard Fmoc SPPS methods. As shown in Fig. 1, the
completed MH-STAMP M8(KH)-20 contained the side-chain peptide KH (Pseudomonas spp.-
targeting, KKHRKHRKHRKH-GGG), whilst in MH-STAMP M8(BL)-20, a peptide with no
bacterial binding (data not shown) BL-1 (DAANEA-GGG), was utilised. BL(KH)-20 was
constructed identically to M8(KH)-20, utilising BL-1 in place of M8 (Fig. 1).

Synthesis progression was monitored by the ninhydrin test, and completed peptides were
cleaved from the resin with 95% TFA utilising appropriate scavengers and precipitated in
methyl tert-butyl ether. Purification and MH-STAMP quality was confirmed by high-
performance liquid chromatography (HPLC) (Waters, Milford, MA) using a linear gradient of
increasing mobile phase (acetonitrile 10% to 90% in water with 0.1% TFA) and a Waters
XBridge™ BEH 130 C18 column (4.6x100 mm, particle size 5 um). Absorbance at 215 nm
was utilised as the monitoring wavelength, although 260 nm and 280 nm were also collected.
Liquid chromatography spectra were analysed with MassLynx Software v. 4.1 (Waters).
Matrix-assisted laser desorption/ionisation mass spectroscopy (MALDI-MS) was utilised to
confirm correct peptide mass (Voyager System 4291; Applied Biosystems, Foster City, CA)
[18].

2.3. Minimum inhibitory concentration (MIC) assay

Peptides were evaluated for basic antimicrobial activity by broth microdilution, as described
previously [10,11]. Briefly, ca. 1x10° colony-forming units (CFU)/mL bacteria were diluted
in TH (S. mutans) or Mueller-Hinton (MH) broth (all other organisms) and distributed to 96-
well plates. Serially-diluted (two-fold) peptides were then added and the plates were incubated
at 37 °C for 18-24 h. Peptide MICs were determined as the concentration of peptide that
completely inhibited organism growth when examined by eye (clear well). All experiments
were conducted 10 times.

2.4. Post-antibiotic effect assay

The activity and selectivity of MH-STAMPs after 10 min incubation was determined by growth
retardation experiments against targeted and untargeted bacteria in monocultures, as described
previously [10,11]. Cells from overnight cultures were diluted to ca. 5x10% CFU/mL in MH
broth (or TH broth with 1% sucrose for S. mutans), normalised by ODggg = 0.05-0.1, and
seeded to 96-well plates. Cultures were then grown under appropriate conditions for 2 h (3 h
for S. mutans) prior to the addition of peptides for 10 min. Plates were then centrifuged at 3000
xg for 5 min, the supernatants discarded, fresh medium returned (MH or TH without sucrose
for S. mutans) and incubation resumed. Bacterial growth after treatment was then monitored
over time by ODgqo. Data were analysed for significance by an unpaired Student’s t-test.
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2.5. Microbial population shift assay

3. Results

Mixed planktonic populations of P. aeruginosa, E. coli, S. epidermidis and S. mutans were
utilised to examine the potential of MH-STAMPs to direct species composition within a culture
after treatment. Samples were prepared containing ca. 6x10* CFU/mL S. mutans, ca. 2x104
CFU/mL E. coli, ca. 2x10% CFU/mL S. epidermidis and ca. 0.5x10% CFU/mL P. aeruginosa
in BHI broth (mixed immediately before peptide addition). Peptide (10 uM) or mock-treatment
[1xphosphate-buffered saline (PBS)] was then added and samples were incubated at 37°C for
24 h under anaerobic conditions (80% N, 15% CO,, 5% H>) to maintain similar growth rates
between the bacterial species utilised. After incubation, samples were serially diluted (1:10)
in 1xPBS and aliquots from each dilution were then spotted to agar plates selective for each
species in the mixture [TH plus 800 pg/mL spectinomycin (S. mutans), LB plus 25 pg/mL
ampicillin (P. aeruginosa), LB plus 200 pg/mL spectinomycin (E. coli) and mannitol salt agar
(S. epidermidis)] in order to quantitate survivors from each species. Plates were then incubated
37 °C under aerobic conditions (TH plates were incubated anaerobically) and colonies were
counted after 24 h to determine survivors. Expected colony morphologies were observed for
each species when plated on selective media. Gram stains and direct microscopic observation
(from select isolated colonies) were undertaken to confirm species identity (data not shown).
The detection limit of the assay was 200 CFU/mL.

3.1. Design and synthesis of MH-STAMPs

3.2. General

A prototype MH-STAMP was constructed from the well established targeting peptides KH
(specific to Pseudomonas spp.) and M8 (specific for S. mutans). The wide-spectrum
antimicrobial peptide BD2.20 was utilised as the base AMP for all MH-STAMP construction.
BD2.20 is a novel synthetic AMP with a cationic and amphipathic residue arrangement, which
has robust MICs against a variety of Gram-negative and Gram-positive organisms (Table 1).
For the synthesis of MH-STMAP M8(KH)-20 (construct presented in Fig. 1), BD2.20 and a
Lys (Mtt-protected side chain) residue were joined via an activated alkane spacer, followed by
addition of the M8 targeting peptide to the N-terminus of the product. Selective deprotection
of the central Lys(Mtt) side chain was then undertaken and the KH targeting peptide was
attached. The correct molecular mass (4884.91) and ca. 90% purity was confirmed by HPLC
and MALDI-MS (Fig. 2).

The non-binding ‘blank’ targeting peptide BL-1 was incorporated into the synthesis scheme
in place of KH or M8 to construct variant MH-STAMPs possessing a single functional targeting
head: M8(BL)-20 and BL(KH)-20 (Fig. 1). The correct MW and acceptable purity were
observed for these MH-STAMPs (data not shown).

antimicrobial activity of multihead constructs

After synthesis, the completed MH-STAMPs were evaluated for general antimicrobial activity
by MIC against a panel of bacteria. As shown in Table 1, the MH-STAMP constructs M8
(KH)-20, BL(KH)-20 and M8(BL)-20 were found to have similar activity profiles to that of
BD2.20 for the organisms examined (less than two titration steps difference). Additionally, a
difference in general susceptibility was observed between P. aeruginosa and the other
organisms tested, suggesting that this bacterium is more resistant to BD2.20. Overall, these
data indicate that the addition of the targeting domains to the base sequence was tolerated and
did not completely inhibit the activity of the AMP.

Peptide selectivity could not be determined utilising these methods, as STAMPS and their
parent AMP molecules often display similar MICs but have radically different antimicrobial
kinetics and selectivity due to increased specific killing mediated by the targeting regions
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[10,11]. Therefore, different experiments were performed to test for antimicrobial selectivity
and functional MH-STAMP construction.

3.3. Selectivity and post-antibiotic effect of MH-STAMP constructs

MH-STAMP antimicrobial kinetics was ascertained utilising a variation of the classical post-
antibiotic effect assay, which measures the ability of an agent to affect an organism’s growth
after ashort exposure period. Monocultures of MH-STAMP-targeted and untargeted organisms
were exposed to M8(KH)-20, M8(BL)-20, BL(KH)-20 or unmodified BD2.20 and then
allowed to recover. As shown in Fig. 3A, S. mutans growth was effectively and significantly
retarded as early as 2.5 h by M8-containing constructs [M8(KH)-20 and M8(BL)-20] but was
not altered by a MH-STAMP construct lacking this region [BL(KH)-20] (comparison at 2.5 h,
Student’s t-test, P = 0.0001). Similarly, growth of the other targeted bacterium, P.
aeruginosa, was significantly inhibited in a KH-dependent manner by 4 h (Fig. 3B) [Student’s
t-test, P = 0.001, comparing BL(KH)-20 or M8(KH)-20 with M8(BL)-20]. In comparison, the
non-targeted bacteria E. coli, S. aureus and S. epidermidis were not inhibited by treatment with
any MH-STAMP (Fig. 3C-E) and were only inhibited by the base antimicrobial peptide
BD2.20, which displayed robust antimicrobial activity against all examined strains. These
results indicate that MH-STAMPs containing KH or M8 targeting domains have activity
against P. aeruginosa or S. mutans, respectively, and not other bacteria. Furthermore,
replacement of the targeting region with a non-binding peptide abolishes specific activity.

3.4. Ability of MH-STAMPs to direct a ‘population shift’ within a mixed-species population

It was hypothesised that potential MH-STAMP dual functionality could affect a particular set
of bacteria within a mixed population, thereby promoting the outgrowth of non-targeted
organisms and ‘shifting’ the constituent make-up. To examine this possibility, defined mixed
populations of planktonic cells were treated continuously and the make-up of the community
was examined after 24 h. As shown in Fig. 4, treatment with the wide-spectrum antimicrobial
peptide BD2.20 resulted in a significant loss of recoverable CFU/mL after 24 h from all species
in the mixture. Treatment with M8(KH)-20 was found to alter this pattern; ca. 1x10% CFU/mL
surviving E. coli and S. epidermidis were observed, although S. mutans and P. aeruginosa
CFU/mL were not recovered. In BL(KH)-20-treated samples, P. aeruginosa CFU/mL were
not observed, although higher than input CFU/mL were recovered from S. mutans and
unchanged numbers of S. epidermidis and E. coli. In samples exposed to M8(BL)-20, S.
mutans recoverable CFU/mL were greatly reduced compared with input CFU/mL, whilst other
species were not affected or affected to a lesser extent. Interestingly, these results suggest that
M8(KH)-20, M8(BL)-20 and BL(KH)-20 retain their ability to affect organisms recognised by
the targeting regions present, even within a mixed population of bacteria.

4. Discussion

Our results indicate that we have successfully constructed a STAMP with dual antimicrobial
specificities controlled by the targeting peptides present in the molecule, namely KH for
Pseudomonas spp. and M8 for S. mutans. In a closed multispecies system (Fig. 4), the dual
specificity of M8(KH)-20 was readily discernable: the population of the culture *shifted’ away
from targeted organisms following MH-STAMP treatment. The targeted bacteria were
eliminated and the population of untargeted organisms increased, to varying degrees, above
input CFU/mL. Additionally, interruption of KH or M8 in the MH-STAMP construct with the
non-binding peptide BL-1 resulted in the expected elimination of only one targeted species.
These results support the hypothesis that functional MH-STAMPSs can be constructed from a
wide-spectrum AMP base.
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The emergence of metagenomics and the development of more sensitive molecular diagnostics
has driven an increase in the understanding of human-associated microbial ecologies and host—
microbe interactions [19-21]. At mucosal surfaces, it has become clear that human bodies
harbour an abundance of residential flora that may impact innate and humoral immunity,
nutrient availability, protection against pathogens and even host physiology [22-25].
Furthermore, findings have indicated that shifts in the diversity of normal flora are associated
with negative clinical consequences, for example the overgrowth of S. mutans in the oral cavity
during cariogenesis (linked to the uptake of sucrose) or the antibiotic-assisted colonisation of
the intestine by Clostridium difficile [26,27]. Other population shifts may be linked to axilla
odour (Corynebacterium spp.) [28,29] or even host obesity. Given the quantity and diversity
of microbes present, pathogenesis at mucosal surfaces is not likely to be associated with the
overgrowth of a single strain or species. More often, it is a population shift resulting in the
predominance of two or more species, for example the persistence of Burkholderia cepacia
and P. aeruginosa in cystic fibrosis airways or Treponema denticola and Porphymonas
gingivalis and other ‘red cluster’ organisms in gingivitis [30,31]. In many cases (such as the
latter), these species may have only distant phylogenetic relationships and display differential
susceptibilities to antibiotic therapies resulting in persistent disease progression despite
treatment [32,33]. Currently available treatments for infections of mucosal surfaces are largely
non-specific (traditional small molecule antibiotics, mechanical removal) and thus are not
effective in retaining flora or shifting the constituent balance back to a health-associated
composition [34]. There is a need for a therapeutic treatment that can selectively target multiple
pathogens, regardless of their phylogenetic relationship, and MH-STAMPs may help achieve
this goal.

In monoculture experiments (Fig. 3), our results suggest that inclusion of M8 or KH in the
MH-STAMP drove activity towards S. mutans or P. aeruginosa, but also that the presence of
a targeting domain reduced the activity of the parent AMP BD2.20 against untargeted
organisms. In contrast, the results of our MIC assays (Table 1) indicate little difference in
activity between BD2.20 and any MH-STAMP. Against untargeted organisms, the M8 and
KH regions are likely to have a negative, but not completely inhibitory, impact on BD2.20
activity. Given the long duration of activity and the lower inoculum size in the MIC assay
(compared with experiments in Fig. 3), it is likely that all BD2.20-containing peptides could
reach equal levels of growth inhibition, despite large and target-specific differences in
antimicrobial speed. This pattern of results was also observed when comparing the MICs of
targeted and untargeted organisms utilising STAMPs against S. mutans and Pseudomonas
mendocina [10,11].

Although more rigorous studies and a more medically relevant combination of pathogen targets
are necessary, these findings suggest that it is possible to design an AMP-based therapeutic
with multiple and defined fidelities in vitro. MH-STAMPs may help improve human health
through the promotion of healthy microbial constituencies.
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TFFRFLNRGGG - K~~~ ~~FIRKFLKKWLL

KKHRKHRKHRKHGGG
MS(KH)-20
(mw 4884.91)
DAANEAGGG - K~~~-~~FIRKFLKKWLL TFFRFLNRGGG - K~~~ ~~FIRKFLKKWLL
KKHRKHRKHRKHGGG DAANEAGGG
BL(KH)-20 MS(BL)-20
(mw 4373.4) (mw 3798.01)

Fig. 1.
Multiple-headed specifically-targeted antimicrobial peptides (MH-STAMPS) used in this
study: design, sequence and observed mass (m/z) for M8(KH)-20, BL(KH)-20 and M8(BL)-20.
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Fig. 2.

High-performance liquid chromatography (HPLC) and mass spectrometry (MS) spectra of M8
(KH)-20. The quality of the completed multiple-headed specifically-targeted antimicrobial
peptide (MH-STAMP) was analysed by (A) HPLC and (B) matrix-assisted laser desorption/
ionisation (MALDI)-MS. At ultraviolet absorbance 215 nm (260 nm and 280 nm are also
plotted), a single major product was detected by HPLC (* retention volume 11.04 mL). After
fraction collection, the correct mass (m/z) for single-charged M8(KH)-20 [4884.91 (marked
by *)] was observed for this peak. mAU milliabsorbance units.
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Fig. 3.

Growth inhibitory activity of multiple-headed specifically-targeted antimicrobial peptides
(MH-STAMPs). Monocultures of (A) Streptococcus mutans, (B) Pseudomonas aeruginosa,
(C) Staphylococcus epidermidis, (D) Staphylococcus aureus or (E) Escherichia coli were
treated with peptides for 10 min. The agent was then removed and fresh medium was returned.
Culture recovery was measured over time [optical density at 600 nm (ODggg)]. Plots represent
the average of at least three independent experiments with standard deviations.
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Fig. 4.

Selective activity of dual-targeted and single-targeted multiple-headed specifically-targeted
antimicrobial peptides (MH-STAMPS) in mixed culture. A mixture of Pseudomonas

aeruginosa (Pa), Streptococcus mutans (Sm), Escherichia coli (Ec) and Staphylococcus

epidermidis (Se) planktonic cells was mixed with MH-STAMPs and treated for 24 h. After
incubation, colony-forming units (CFU)/mL of remaining constituent species were quantitated
after plating to selective media. * Indicates <200 surviving CFU/mL recovered.
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