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ABSTRACT: Leucocin A, a representative class Ila bacteriocin, is a
ribosomally synthesized antimicrobial peptide (AMP) that displays
potent activity against specific gram-positive bacteria. The antibacterial
activity of such peptides is preceded by the binding event that can be
utilized for studying specific peptide—bacteria interactions. In this
study, 37-residue Leucocin A (LeuA) was synthesized using solid-
phase peptide synthesis and covalently immobilized on gold substrates
from either the N- or C-terminal. Both the peptide monolayers on
gold substrates were incubated separately with five strains of gram-
positive bacteria and displayed differential binding to different strains
with highest binding to pathogenic Listeria monocytogenes. The C-

terminally immobilized LeuA showed higher bacterial binding compared to the N-terminally attached LeuA. The full length
immobilized LeuA (37-residue) was active as well as displayed higher bacterial binding (73 =+ 6 bacteria/100 ym?) compared to
24-residue inactive LeuA fragment (40 + 8 bacteria/100 ym?) from the C-terminal region. The high and specific bacterial
binding ability of LeuA functionalized surfaces support the potential use of class IIa bacteriocins in antimicrobial peptide-based

diagnostic platforms.

KEYWORDS: antimicrobial peptide, class Ila bacteriocin, Leucocin A, surface conjugated peptide, bacterial binding,
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1. INTRODUCTION

Bacteriocins or antimicrobial peptides (AMPs) produced by
lactic acid bacteria (LAB) are ribosomally synthesized peptides
that are ‘%enerally active against phylogenetically related
bacteria.' ™" Bacteriocins are classified into different classes
according to their genetics and biochemical characteristics.
Among different classes of bacteriocins, class IIa bacteriocins
are the most well-studied AMPs. Class IIa bacteriocins are
unmodified single-chain peptides varying in length between 37
and 49 amino acids that display potent antibacterial activity
(active in the nanomolar range). These AMPs exhibit
significant activity against gram-positive Listeria strains; there-
fore, these are also known as antilisterial peptides. However,
their inhibitory spectrum includes several other genera of gram-
positive bacteria such as Enterococcus, Carnobacterium,
Lactobacillus, Leuconostoc, Pediococcus, and Clostridium and are
inactive toward gram-negative bacteria.”>™® Structurally, these
peptides consist of two distinct domains: N-terminal domain
and C-terminal domain. While the N-terminal domain has a
well-maintained disulfide bond and a YGNGV motif, the C-
terminal domain consists of an amphipathic a-helical structure,
ending with a loop or hairpin-like structure at the C-terminal
tail.®

The exact mechanism of action of class Ila bacteriocins is not
clearly understood; however, several studies suggest that a
receptor-mediated mechanism is most likely behind the
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specificity of this class of AMPs. It is proposed that, first,
the peptide may bind the target cell surface, mediated by
electrostatic interactions involving the positively charged N-
terminal residues, followed by specific interactions of the C-
terminal region of the peptide with a specific membrane-located
protein of the mannose phosphotransferase system (man-PTS).
This tight binding may lead to pore formation in the target cell
membrane and eventual cell death.'> Man-PTSs are not found
in eukaryotes; therefore, these peptides are highly specific and
nontoxic to humans.® The specific mechanism of action of class
Ila bacteriocins, together with their high activity against Listeria
monocytogenes can be exploited for utilizing these AMPs for
diagnostic purposes.

Contamination of water, food, and pharmaceutical products
with pathogenic and resistant bacteria remains one of the main
concerns in developed and developing nations, because of a
lack of fast, inexpensive, portable, and easy-to-handle tools to
detect pathogens. Currently available methods for the detection
of micro-organisms utilize the old traditional techniques such as
culture-based and colony-counting procedures.'> These meth-
ods of enumerating bacteria are very slow to provide a full
protection from exposure to microbial invasion. Alternatively,

Received: October 25, 2013
Accepted: December 20, 2013
Published: December 20, 2013

dx.doi.org/10.1021/am404729¢ | ACS Appl. Mater. Interfaces 2014, 6, 1131-1138


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

(a)

(i)

|

(b)

Figure 1. Schematic showing peptide immobilization on gold-coated silicon wafer substrates. Peptide leucocin A (LeuA, 37-residue) was covalently
conjugated to functionalized gold substrates through the (a) N-terminus or (b) C-terminus. Reagents used were (i) 11-MUA and 3-mercapto-1-
propanol in absolute ethanol, (ii) LeuA (0.8 mg/mL), EDC, and NHS in PBS, and (iii) cysteamine and 3-mercapto-1-propanol in absolute ethanol.

rapid detection methods such as polymerase chain reaction
(PCR) based techniques and monoclonal antibodies-based
immunoassays have proven to be fast and highly sensitive.'*'
However, these methods suffer from numerous potential
constraints, such as sample-pretreatment requirements and
trained labor necessities, as well as a lack of stability under
harsh environmental conditions.

Solid supports with covalently conjugated AMPs have been
exploited as alternatives to traditional pathogen-detection
platforms.lé_20 Our group, as well as others, have shown that
AMPs can act as potential candidates for use as molecular
recognition elements in biosensing platforms.*'~>* Mannoor et
al. utilized AMP magainin I conjugated gold microelectrodes to
show differential binding of bacterial strains, as well as detection
of pathogenic strains of E. coli and Salmonella in real time.** We
showed that 24-residue C-terminal fragment of a class Ila
bacteriocin, Leucocin A (LeuA) immobilized on gold surface
displayed significant binding toward gram-positive bacteria with
various binding affinities for different strains and no binding to
gram-negative bacteria.”' The study highlighted the importance
of the C-terminal region of class IIa bacteriocins for receptor
and bacterial binding. The 24-residue LeuA fragment (24AA
LeuA) showed no activity, whereas it displayed good binding to
the indicator bacterial strains such as Listeria monocytogenes.

The full-length LeuA (37-residue) is a potent antimicrobial
peptide that exhibits activity against Listeria monocytogenes in
the nanomolar range (minimum inhibitory concentration
(MIC) = 0.1 nM).*>* We hypothesized that full-length
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LeuA immobilized on a gold surface may display improved
binding, compared to the LeuA fragments. Therefore, the
objective of the current study was to immobilize LeuA on gold
substrates seeking for improved bacterial binding and high
specificity toward pathogenic gram-positive Listeria monocyto-
genes. Accordingly, full-length LeuA was synthesized and
conjugated to gold substrates through the N- or C-terminal
groups (Figure 1), followed by evaluation of bacterial binding
using fluorescently labeled bacteria. The C-terminally immobi-
lized LeuA showed much higher binding to Listeria strains
compared to S. aureus and E. faecalis. The immobilized LeuA
peptide displayed antibacterial activity and showed higher
bacterial binding, compared to 24AA LeuA fragment
immobilized on the gold surface, highlighting the potential of
LeuA immobilized surfaces for developing peptide-based
diagnostic platforms.

2. MATERIAL AND METHODS

Antimicrobial Peptide Leucocin A. Leucocin A (LeuA)
consisting of 37 amino acid residues (NH;-KYYGNGVHC-
TKSGCSVNWGEAFSAGVHRLANGGNGFW-COOH) was
chemically synthesized using standard Fmoc solid-phase
peptide synthesis (Fmoc-SPPS). The synthesis was carried
out on Fmoc—Trp(Boc)—Wang resin (0.2 mmol scale, 0.27
mmol/g) using an automated peptide synthesizer (Tribute,
Protein Technology, Inc, USA) as described previously.>
Briefly, the resin was loaded to the peptide synthesizer reaction
vessel and Fmoc—amino acids were loaded into the amino acid
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vials (4 equiv, 0.8 mM). The synthesis protocol was set up in
order for washing, Fmoc deprotection, washing, and coupling,
respectively, for each cycle. HCTU (0.8 mM) was used as an
activating agent, while NMM/DMF (1M/L) acted as a base.
Freshly prepared 20% piperidine in DMF was used for Fmoc-
deprotection. The completed peptide sequence (37 residues)
was ultimately released from the resin with concomitant
removal of the acid-labile side-chain protecting groups by
adding a mixture of 90% TFA, 9% DCM, and 1%
triisopropylsilane (~10 mL) for 90 min at room temperature
with automatic shaking. The filtrate from the cleavage reaction
was collected in a collection tube attached to the synthesizer
and was concentrated under vacuum and precipitated by adding
cold diethyl ether (~15 mL). After triturating for 2 min, the
peptide was collected by centrifugation and decantation of
ether. A lyophilized crude peptide was then obtained by freeze-
drying the collected product.

The purification and characterization of the peptide was
carried out on a reversed-phase (RP) HPLC (Varian Prostar
210, USA) using Vydac semipreparative C18 (1 cm X 25 cm, §
um) and analytical C8 (0.46 cm X 25 cm, S um) columns.
Initially, the crude peptide was reconstituted in a 1:1
acetonitrile/water solution and introduced to the HPLC. The
peptide was monitored at a 220 nm wavelength, using a linear
gradient of acetonitrile/water (0.05% TFA, v/v) mixture. Peak
(fraction) showing the correct mass [M + H]* was collected
and evaporated on a rotary evaporator followed by lyophiliza-
tion in a freeze dryer to obtain the pure peptide. Next, the
peptide was oxidized to form disulfide bond between Cys9 and
Cysl14 by dissolving in Tris buffer (pH 8.4) at a concentration
of 1 mg mL™". DMSO (10%) was added to the buffer to
increase peptide solubility and expedite oxidation. Peptide
solution was stirred overnight and the oxidized product was
subjected to RP-HPLC to obtain pure LeuA. The identity and
purity of LeuA was confirmed by MALDI-TOF spectrometry
(caled. [M+H]+ 3928.7, found [M+H]+ 3929.2) and semi-
preparative C18 RP-HPLC (elution time 29 min using a
gradient of 15%—55% ACN/water (0.1% TFA) in S5 min with
a flow rate of 1 mL/min).

Bacterial Cells. The bacterial strains used in this study were
Listeria monocytogenes ATCC 43256, L. monocytogenes ATCC
19116, Carnobacterium divergens LV13, Staphylococcus aureus
ATCC 13565, and Enterococcus faecalis ATCC 19433. All
bacterial stocks were obtained from CanBiocin, Inc. (Edmon-
ton, AB, Canada). The experiments with the bacterial
subculture, maintenance, and treatments were conducted in a
level II biosafety cabinet.

Surface Functionalization. Gold-coated silicon substrates
(0.5 cm X 1 cm, 50 mm thickness, Ultrasil, Hayward, CA) were
cleaned by immersion in a freshly prepared piranha solution
(30% H,0,/H,SO,, 1:3, v/v) prior to use. Highly reactive
piranha solution was handled with extreme caution. The clean
substrates were rinsed with copious amount of Milli-Q water
followed by washing with 95% ethanol. The substrates were
dried under a stream of nitrogen. The peptide (LeuA) was
covalently immobilized on gold surface either from the N- or
C-terminal.

For the N-terminal immobilization of the peptide, gold
surface was first treated with 11-mercaptoundecenoic acid (11-
MUA).”” The substrates were incubated overnight with 0.01 M
(75/25) of 11-mercaptoundecenoic acid (7.5 mM) and 3-
mercapto-1-propanol (2.5 mM) in absolute ethanol at room
temperature. After washing with ethanol, the substrates were
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rinsed with Milli-Q water in order to remove any unbound 11-
MUA. The SAM of 11-MUA was activated for about 2 h using a
mixture of EDC (0.2 M) and NHS (0.05 M). Thereafter,
peptide immobilization was carried out by depositing LeuA
peptide (200 pL, 0.8 mg/mL) in PBS on the 11-MUA
monolayer and kept overnight at room temperature for the
amide bond formation between amine group of the peptide and
the activated carboxylic terminal of 11-MUA monolayer (Figure
la). The surfaces were then vigorously rinsed in PBS with
agitation and finally dried under nitrogen.

The peptide was similarly immobilized on the gold surface
via the C-terminal except that the gold substrates were first
treated with 0.01 M (75/25) of cysteamine hydrochloride (7.5
mM) and 3-mercapto-1-propanol (2.5 mM) in absolute
ethanol.”” The reaction mixture was kept overnight at room
temperature followed by washing and rinsing with ethanol and
Milli-Q water. The cysteamine functionalized-substrates were
dispersed in a phosphate buffer solution (pH 7.4) containing
LeuA (0.8 mg/mL), followed by addition of EDC (0.2 M) and
NHS (0.05 M) for activation of the peptide COOH group. The
activated carboxyl group reacts with the NH, group of the
cysteamine leading to formation of amide bond (Figure 1b).
Prior to surface analysis, the substrates were removed from the
solution and rinsed with copious amounts of PBS to remove
any physically adsorbed materials. The samples were then dried
with nitrogen and characterized immediately using FTIR-RAS
and ellipsometric spectroscopy. Here we assumed that both N-
and C-terminal conjugations give comparable peptide density
as both methods used similar steps. In addition, LeuA has two
lysines with side chain NH, group (1K and 11K) and one
glutamic acid with side chain COOH (20E). Both lysines are in
the N-terminal region close to the N-terminal free amino
group, and COOH of 20E is most likely sterically hindered
giving less chance for immobilization (amide bond formation)
from different sites.

Fourier Transform Infrared Reflection—Absorption
Spectroscopy (FTIR-RAS). FTIR-RAS of the surface immo-
bilized peptide was acquired using a Nexus 670 FTIR (Thermo
Nicolet, Madison, WI) equipped with a surface-grazing angle
attachment (SAGA, Thermo Spectra-Tech, Shelton, CT) and a
liquid-nitrogen-cooled MCT detector. The grazing angle was
75°, and all spectra were averaged over 1064 scans at a
resolution of 2 cm™'. Peak information was obtained using
OMNIC provided by Thermo Nicolet.

Ellipsometric Spectroscopy. A Sopra GESS variable angle
spectroscopic ellipsometer (Sopra Inc, Palo Alto, CA) was
used to determine the film thickness of the SAMs on the gold
surfaces. The measurements were acquired under ambient
conditions on the gold-coated substrates before and after
incubation with the peptide solution in order to determine the
thickness of the chemisorbed peptide monolayer. The
ellipsometer equipped with a He—Ne Laser (1 = 632.8 nm)
with fixed incidence angle of 70° and using an analyzer at 45°.
The thickness of the peptide monolayer was calculated using
the regression method with Sopra WinElli (version 4.07) by
setting the n and k values for the peptide immobilized
monolayers as 1.5 and 0.0, respectively. The data presented are
the averages of at least five measurements.

Biological Activity. Leucocin A activity was measured
against five bacterial strains: Listeria monocytogenes ATCC
43256 (grown in TSBYE, 37 °C), Listeria monocytogenes ATCC
19116 (TSBYE, 37 °C), Enterococcus faecalis ATCC 19433
(APT broth, 37 °C), Staphylococcus aureus ATCC 13565 (APT
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broth, 37 °C), and Carnobacterium divergens UAL9 (APT broth,
25 °C). Antimicrobial activity assay, followed by determination
of minimum inhibitory concentrations (MICs), were done
using the liquid growth inhibition assay in microtiter plates, as
described previously.”®*® Briefly, peptide stock solution (25
UM) was prepared in methanol/water (1:3) and serial dilutions
were made as required. Peptide concentrations of the stock
solutions was determined by measuring UV absorbance at 280
nm, following the literature procedure.’® The final volume of
each well of the microtiter plate was made 200 uL with the
culture medium containing LeuA fractions at 2-fold dilutions
and an indicator strain at an OD (610 nm) of 0.01. The
microtiter plate culture was incubated overnight, after which
the growth of the indicator strain was measured spectrophoto-
metrically at 600 nm using a microtiter plate reader (TECAN,
Minnedorf, Switzerland). MICs were defined as the peptide
concentration that inhibited the growth of the indicator strain
by 50%.

Confocal Microscopy for Monitoring Bacterial Adhe-
sion. Samples of bacteria (C. divergens) with varying
concentrations (1 X 10, 10% 10%, 10* cfu mL™") were incubated
independently with the N- and C-terminally immobilized
peptide substrates for 30 min at room temperature. Previously,
we found that longer incubation times (40—90 min) did not
increase binding between the immobilized peptide and
bacteria.>' After incubation, the surfaces were washed with
PBS buffer several times. Stock solution of nucleic acid stain
propidium iodide (PI) (Molecular Probes) was made by
dissolving PI in deionized water at 1 mg/mL (1.5 mM) and was
stored at 4 °C protected from light. PI solution (3 ¢M), made
by diluting 1 mg/mL stock solution 1:500 in buffer, was
deposited on top of the substrates and the substrates were
incubated for 3 h in darkness at 37 °C. Thereafter, the
substrates were rinsed with fresh PBS (1X) and dried under
nitrogen followed by analysis using confocal microscopy.

To examine binding affinity of the immobilized peptide to
five different strains, each bacterial strain (10° cfu/mL) was
incubated separately with surfaces immobilized LeuA for 30
min at room temperature. The bound cells were treated as
described above prior to the microscopic analysis.

The viability of bacterial cells attached to the substrates was
evaluated using a live/dead Bacterial Viability Kit (Life
Technologies Inc., Burlington, ON, Canada). Live/dead
bacterial viability stains, CyQUANT green and propidium
iodide (PI), respectively, were prepared separately by dilution
with sterile water (1:10) and were mixed together in equivalent
ratio. The mixed live/dead solution (100 L) was deposited on
the surface of the samples, and the samples were incubated for
10 min in darkness at room temperature prior to analysis using
confocal microscopy.

Peptide-bacterial interaction and bacterial viability were
examined with a confocal inverted microscope, Quorum
WaveFX spinning disk confocal system (Quorum Technolo-
gies, Inc,, Guelph, Canada). Images were acquired with an oil
immersion lens at a magnification of 60X/1.4. Multiple
fluorescence signals were acquired sequentially to avoid cross
talk between image channels. Fluorophores were excited with
the 488 nm line of an argon laser (for CyQUANT) and the 543
nm line of a HeNe laser (for PI). The emitted fluorescence was
detected through spectral detection channels between 500—530
nm and 555—655 nm for green and red fluorescence,
respectively.
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3. RESULTS AND DISCUSSION

Peptide Leucocin A. The synthesis of peptide Leucocin A
(LeuA) was attempted by stepwise solid phase peptide
synthesis using standard Fmoc-chemistry. Preloaded Wang
resin with Fmoc-protected tryptophan amino acid (Fmoc—
Trp(Boc)—Wang resin) was used for automated peptide
synthesis on a peptide synthesizer. The crude 37-residue
peptide obtained was purified using semipreparative RP-HPLC.
Oxidative folding was carried out in a buffer solution overnight
to form the native disulfide bond between Cys9 and Cysl14,
followed by purification using RP-HPLC. Class IIa bacteriocins
contain a conserved disulfide bond in the N-terminal region.
LeuA was obtained with an overall yield of 18% and purity of
>95%. The pure peptide was characterized using analytical
HPLC and MALDI-TOF mass spectrometry.26

Peptide Immobilization. The peptide was covalently
conjugated to a gold surface using gold—thiol chemistry. A
thiol linker was used to anchor the peptide to the gold surface
(Figure 1). For immobilizing peptide through the N-terminal
amine, a monolayer of 11-MUA was first created on the gold
surface. Peptide was conjugated to the carboxylic acid group of
11-MUA using EDC and NHS as coupling reagents. Peptide
was conjugated from the C-terminal using cysteamine as the
linker. A monolayer of cysteamine on a gold surface was created
followed by peptide conjugation to the free amine of
cysteamine. In order to obtain low density of functionalization,
the monolayers on Au surface (11-MUA or cysteamine) were
prepared in the presence of 3-mercaptopropanol (25%).

Surface Characterization. FTIR-RA spectroscopy was
used to estimate the orientation and conformation of the
surface-conjugated peptide.”’ Figure 2a shows the spectra for
the peptide immobilized through the N-terminal and with free
C-terminal domain. The observed absorbance bands at 1663
and 1535 cm™" correspond to the amide I and amide II bands,
respectively, and are characteristic of a helical conformation of
the surface-conjugated peptide.”’ >* A shoulder peak at 1722
nm next to the amide bands is likely due to the C-terminal free
carboxylate (C=O0 stretch). The intense bands recorded at
2922 and 2850 cm™' are assigned for CH, chains, which
suggest rather good crystallinity of the 11-MUA layer as also
observed previously.®® The weak absorbance band at 1251 cm™
is likely attributed to the OH twist of the mercaptopropanol.
Similarly, the peptide immobilized through the C-terminal and
with free N-terminal region shows characteristic peaks for the
peptide (1663 and 1535 cm™') as well as OH of
mercaptopropanol (Figure 2b). The signal for the cysteamine
CH,, was weak in this case; therefore, clear bands between 2950
and 2850 cm™' for the C—H stretch were not observed.
Furthermore, the orientation of the helical peptide on the gold
substrate, with respect to the surface normal, was deciphered
from the difference in the intensity ratio between the amide I
and amide II peaks. The calculated ratio for both the N- and C-
terminally conjugated LeuA was on the order of 1.4 suggesting
that the peptide lies predominantly parallel to the gold surface.
This is similar to our previous observation where a 24-residue
fragment of LeuA was found to position itself parallel to the
gold surface in a random orientation.”" The film thickness for
both the N- and C-terminally immobilized LeuA was found to
be 1.4 (£0.5) nm, suggesting a flat lying configuration for the
peptide layers. This is in close agreement with the peptide
width of 1.6 nm found in the three-dimensional (3-D) solution
structure of LeuA (based on NMR spectroscopy).’
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Figure 2. FTIR-RA spectra of the peptide monolayers on gold
substrates. The peptide (LeuA) was covalently immobilized on
functionalized gold substrates through the (a) N-terminus or (b) C-
terminus.

Bacterial Interaction with N- or C-Terminally Immo-
bilized Peptide. Confocal microscopy was used to detect
peptide—bacteria interactions, as well as to examine the viability
of the surface-adhered bacteria. Full-length LeuA was

conjugated to Au surface through the N- or C-terminal
amino acids. This was done to evaluate whether peptide with
free C-terminal domain or free N-terminal domain will lead to
enhanced bacterial binding. LeuA conjugated to the Au surface
was incubated with different concentrations (10'—10* cfu
mL™") of gram-positive C. divergens. A peptide-free gold surface
was used as a control. At low concentrations (10—10* cfu
mL™"), there was no significant difference between the bacterial
binding to a peptide-free or peptide-conjugated gold surface
(Figure 3a). However, at higher concentrations (10* and 10*
cfu mL™"), the bacterial binding on both the N- and C-
terminally immobilized peptide surfaces was much higher,
compared to the peptide-free surface. Furthermore, it was
found that peptide immobilized from the C-terminus (81 + 7
bacteria/100 um?) showed higher bacterial binding, compared
to the N-terminally immobilized peptide (73 + 6 bacteria/100
um?). This suggests that the free N-terminal region in the C-
terminally immobilized peptide provides a better interaction
interface between the immobilized peptide and bacteria, and
the increase in the binding activity could be due to the exposure
of the target bacteria to the highly charged N-terminus region
of LeuA. This observation supports the hypothesis that the
initial interaction of helical AMPs with the membranes of the
target bacteria occurs via electrostatic attraction between the
positively charged amino acids of the AMP and the negatively
charged phospholipids of the bacterial membrane.***” This is
likely followed by specific interaction between the C-terminal
ampbhipathic helical region of the peptide and the extracellular
domain of the target cell receptor protein (man-PTS).
Peptide Specificity for Different Bacterial Strains.
LeuA immobilized from the C-terminus was used to study
the interaction with different bacterial strains. The binding
affinity of the surface-immobilized peptide was tested against
five bacterial strains: L. monocytogenes 43256, L. monocytogenes
191116, C. divergens LV13, S. aureus, and E. faecalis (Figure 3b).
The binding was compared between pathogenic L. mono-
cytogenes and two other gram-positive pathogens, S. aureus, and
E. faecalis. The results showed highest binding affinity toward L.
monocytogenes 43256 and L. monocytogenes 19116, where an
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Figure 3. Bacterial interactions of surface-immobilized antimicrobial peptide LeuA using confocal microscopy: (a) average number of gram-positive
bacteria (C. divergens) bound to a gold surface with no peptide (peptide-free), N- or C-terminally immobilized peptide as a function of bacterial
concentration (10'—10* cfu mL™"); (b) average number of bacteria bound to gold surface with C-terminally immobilized peptide when incubated
with five different bacterial strains at 10° cfu mL™". The average number of bacteria was counted from confocal microscopy images using Image] 1.46.
Error bars are based on three individual samples prepared under the same conditions. (“L.M.” stands for Listeria monocytogenes.)
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average surface concentration of 101 + 11 and 97 + 12
bacteria/100 pm? respectively, was observed. E. faecalis and S.
aureus displayed much less binding, with an average surface
concentration of 39 #+ S and 38 + 5 bacteria/100 um?
respectively. In comparison, the nonpathogenic C. divergens also
showed good bacterial binding (81 + 7 bacteria/100 ym?). The
binding results can be correlated to the bactericidal activity of
LeuA toward these strains. All three strains that showed higher
binding are very sensitive to LeuA with a MIC value of ~39 nM

(Table 1). While LeuA displays MIC values in the #M range for

Table 1. Antibacterial Activity of LeuA against Gram-
Positive Bacterial Strains

strain® medium MIC? (nM)
L. monocytogenes ATCC 43256 TSBYE 37 £ 05
L. monocytogenes ATCC 19116 TSBYE 39 + 04
C. divergens LV13 APT broth 42 + 0.6
E. faecalis ATCC 19433 APT broth 10000 + 300
S. aureus ATCC 13565 APT broth 32000 + 500

?All strains were obtained from the Strain collection of CanBiocin,

Inc Edmonton, Canada (ATCC: American Type Culture Collection).
PMIC values represent peptide concentration that inhibited the
growth by 50%. Data are represented as means =+ standard errors of
the means. The values are results of at least three independent
measurements.

S. aureus and E. faecalis. In addition, the variations in the
peptide-bacteria interactions between strains can be correlated
with the differential expression levels of the man-PTS receptors
from one bacterial strain to another.”®'" Many recent studies
have shown that the number of receptors on the cellular
membrane of bacteria play a crucial role in the peptide—
bacteria interactions.”'°

Bacterial Interaction with the Full Length LeuA or 24-
Residue LeuA Fragment. Previously, we observed that the
24AA LeuA fragment immobilized (from the N-terminal) on
gold surface displayed significant binding toward gram-positive
bacteria with various binding affinities from one strain to
another.”’ Here, we compare the binding affinities of the 24AA
LeuA with the full length LeuA when conjugated to the gold
surface through the N-terminal. We found that full length LeuA
bound more bacteria (73 + 6 bacteria/100 ym*) compared to

the 24AA fragment (40 + 8 bacteria/100 um®) (Figure 4a).
Class Ila bacteriocins like LeuA are characterized by a
conserved and positively charged N-terminal region involved
in the AMP activity and the C-terminal domain with the
amphiphilic o-helix responsible for antimicrobial specificity.
The C-terminal peptide, 24AA LeuA, which spans most of the
C-terminal region, shows less binding to bacteria compared to
the full-length peptide, suggesting that the full-length peptide is
required not only for antibacterial activity but also for
enhancing the binding affinity toward the target bacteria.

Next, we used a live/dead viability kit to stain the bacterial
cells bound to 24AA LeuA and full-length LeuA. C. divergens
(10* cfu mL™") were incubated with the peptide-functionalized
slides for 30 min at room temperature, followed by incubation
with a solution of a live/dead stain from the viability kit for 10
min at 37 °C. The live/dead stain contains two fluorescent
dyes, CyQUANT, which stains all live bacteria green, and
propidium iodide (PI), which gives red stain to the dead cells as
it can only crossover damaged cells membranes. Figure 4b
shows the bacterial cells bound to 24AA LeuA after staining.
More than 73.5% of the cells attached to the 24AA LeuA
functionalized surface appear green, indicating that the majority
are still alive and have bound to the immobilized peptide
without being harmed. On the other hand, more than 72.5%
bacteria attached to the LeuA functionalized surface carry the
red color (red-stained cells) and few cells (<27.5%) appear with
the green color (Figure 4c). Similar viability results were
obtained for the C-terminally immobilized LeuA (not shown
here). This suggests that the majority of the cells that bound to
the LeuA coated surface have been killed by coming in contact
with the AMP, and the full-length peptide maintains a high
portion of its activity when immobilized on surface.
Furthermore, the full-length peptide (LeuA-functionalized
surface) shows higher binding to bacterial cells than its shorter
C-terminal fragment (24AA LeuA-functionalized surface). The
LeuA-functionalized surface exhibits nearly 2-fold bacterial
binding, compared to the 24 AA LeuA functionalized gold
surface (Figure 4a).

While the C-terminal region has the ability to bind cells
without any harmful effect, the fulllength peptide has the
ability to capture and kill the cells at the same time, supporting
the conjecture that binding is a precursor to the biological
activity. Several studies have characterized the relationship

-
o
o

(a)

60 -
40 1
20‘ .

24AALeuA  LeuA (37AA)

No. of bacteria / 100 um?

Figure 4. Binding and viability of bacteria (C. divergens) attached to peptide coated surfaces. (a) Average number of bacteria bound to 24AA LeuA or
full-length LeuA functionalized gold surfaces. The bound bacteria were counted from confocal microscopy images based on five individual studies
performed under the same conditions. A gold surface coated with (b) 24 AA LeuA (24-mer) or (c) full-length LeuA (37-mer) was incubated with C.
divergens (103 cfu/mL) for 30 min and a live/dead viability kit was used to stain live cells green and dead cells red. Cells were imaged using a confocal

microscope (scale bar = 10 um).
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between surface binding of the AMPs and its subsequent ability
to produce biological activity.** ™ Such peptide-based plat-
forms are promising for developing AMP based diagnostics as
well as surface-coating materials with bactericidal properties.
Other studies have shown the ability of peptides to bind to
bacterial cells in which no activity was observed, suggesting that
antimicrobial peptides exhibit a broader range of binding than
antibacterial activity.*'~* Inactive peptides that bind bacteria
specifically may prove to be better molecular recognition
elements in diagnostic platforms as active peptides damage
cells, which may lead to a loss of binding between the peptide
and the dead bacteria.

To summarize, the antimicrobial peptide LeuA from class Ila
bacteriocins was chemically synthesized and immobilized on a
gold substrate. Ellipsometric spectroscopy and FTIR confirmed
the proper surface functionalization with peptide monolayer.
The immobilized peptide was then evaluated for its binding
properties toward various gram-positive bacterial strains.
Results of the bacterial screening displayed significantly higher
binding of the immobilized LeuA to L. monocytogenes species,
compared to S. aureus and E. faecalis, following the same trend
as that observed for the bactericidal activity of LeuA toward
these strains (Table 1). Moreover, the full-length active LeuA
(37-residue) turned out to be a much better interacting peptide
with bacteria than the shorter inactive fragment (24 AA LeuA).

4. CONCLUSIONS

The binding of the surface-immobilized LeuA to five strains of
gram-positive bacteria has been examined. The peptide
immobilized through the C-terminus shows higher binding to
bacteria compared to the N-terminally attached peptide,
suggesting that the free N-terminal positively charged region
of the peptide allows better interaction with bacteria. Moreover,
the full-length peptide (37-residue) binds to a higher number of
bacteria, compared to the 24AA LeuA fragment. Most bacteria
bound to the full-length LeuA immobilized on gold surface
were found dead. The activity and better binding of the LeuA
functionalized surface emphasizes the importance of the full-
length peptide for application in AMP-based bacterial
diagnostic platforms.

B AUTHOR INFORMATION

Corresponding Author
*Tel.: 780-492-8917. Fax: 780-492-1217. E-mail: kkaur@
ualberta.ca.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC) and
Canada Foundation for Innovation (CFI). H.E. is recipient of
a Ph.D. Scholarship from the Libyan—North American
Scholarship Program.

B REFERENCES

(1) Cotter, P. D; Hill, C.; Ross, R. P. Nat. Rev. Microbiol. 2005, 3,
777—788.

(2) Drider, D.; Fimland, G.; Hechard, Y.; McMullen, L. M.; Prevost,
H. Microbiol. Mol. Biol. Rev. 2006, 70, 564—582.

(3) Dobson, A,; Cotter, P. D.; Ross, R. P.; Hill, C. Appl. Environ.
Microbiol. 2012, 78, 1—6.

1137

(4) Nissen-Meyer, J.; Rogne, P; Oppegard, C; Haugen, H. S,;
Kristiansen, P. E. Curr. Pharm. Biotechnol. 2009, 10, 19—37.

(5) Wang, Y.; Henz, M. E.; Gallagher, N. L,; Chai, S.; Gibbs, A. C;
Yan, L. Z; Stiles, M. E; Wishart, D. S.; Vederas, J. C. Biochemistry
1999, 38, 15438—15447.

(6) Cotter, P. D.; Ross, R. P.; Hill, C. Nat. Rev. Microbiol. 2013, 11,
95—105.

(7) Nes, L. F; Diep, D. B.; Havarstein, L. S.; Brurberg, M. B.; Eijsink,
V.; Holo, H. Antonie Van Leeuwenhoek 1996, 70, 113—128.

(8) Kjos, M.; Borrero, J.; Opsata, M.; Birri, D. J.; Holo, H.; Cintas, L.
M.; Snipen, L.; Hernandez, P. E.; Nes, L. F.; Diep, D. B. Microbiology
2011, 157, 3256—3267.

(9) Kjos, M.; Nes, 1. F.; Diep, D. B. Microbiology 2009, 155, 2949—
2961.

(10) Jacquet, T.; Cailliez-Grimal, C.; Francius, G.; Borges, F.; Imran,
M.; Duval, J. F.; Revol-Junelles, A. M. Res. Microbiol. 2012, 163, 323—
331.

(11) Kjos, M.; Salehian, Z.; Nes, L. F.; Diep, D. B. J. Bacteriol. 2010,
192, 5906—5913.

(12) Johnsen, L.; Fimland, G.; Nissen-Meyer, J. J. Biol. Chem. 2008,
280, 9243—9250.

(13) Gracias, K. S.; McKillip, J. L. Can. J. Microbiol. 2004, S0, 883—
890.

(14) Daly, P.; Collier, T.; Doyle, S. Lett. Appl. Microbiol. 2002, 34,
222-226.

(15) Belgrader, P.; Benett, W.; Hadley, D.; Richards, J.; Stratton, P.;
Mariella, R,, Jr.; Milanovich, F. Science 1999, 284, 449—450.

(16) Mannoor, M. S.; Tao, H.; Clayton, J. D.; Sengupta, A.; Kaplan,
D. L; Naik, R. R;; Verma, N.; Omenetto, F. G.; McAlpine, M. C. Nat.
Commun. 2012, 3, 763.

(17) Yonekita, T.; Ohtsuki, R.;; Hojo, E.; Morishita, N.; Matsumoto,
T.; Aizawa, T.; Morimatsu, F. J. Microbiol. Methods 2013, 93, 251—-256.

(18) Pavan, S.; Berti, F. Anal. Bioanal. Chem. 2012, 402, 3055—3070.

(19) Kulagina, N. V.; Lassman, M. E.; Ligler, F. S.; Taitt, C. R. Anal.
Chem. 2005, 77, 6504—6508.

(20) Lee, J.; Jung, J; Na, K; Heo, P.; Hyun, J. ACS Appl. Mater.
Interfaces 2009, 1, 1359—1363.

(21) Etayash, H.,; Norman, L.; Thundat, T.; Kaur, K. Langmuir 2013,
29, 4048—4056.

(22) Cui, Y.; Kim, S. N.; Naik, R. R;; McAlpine, M. C. Acc. Chem. Res.
2012, 45, 696—704.

(23) McAlpine, M. C.; Agnew, H. D.; Rohde, R. D.; Blanco, M;;
Ahmad, H.; Stuparu, A. D.; Goddard, W. A,, III; Heath, J. R. J. Am.
Chem. Soc. 2008, 130, 9583—9589.

(24) Mannoor, M. S.; Zhang, S; Link, A. J.; McAlpine, M. C. Proc.
Natl. Acad. Sci. USA. 2010, 107, 19207—19212.

(25) Derksen, D. J.; Stymiest, J. L.; Vederas, J. C. J. Am. Chem. Soc.
2006, 128, 14252—14253.

(26) Bodapati, K. C; Soudy, R.; Etayash, H; Stiles, M.; Kaur, K.
Bioorg. Med. Chem. 2013, 21, 3715—3722.

(27) Costa, F.; Carvalho, 1. F.; Montelaro, R. C.; Gomes, P.; Martins,
M. C. Acta Biomater. 2011, 7, 1431—1440.

(28) Soliman, W.; Wang, L.; Bhattacharjee, S.; Kaur, K. J. Med. Chem.
2011, 54, 2399—2408.

(29) Soudy, R; Wang, L.; Kaur, K. Bioorg. Med. Chem. 2012, 20,
1794—1800.

(30) Gill, S. C; von Hippel, P. H. Anal. Biochem. 1989, 182, 319—
326.

(31) Barth, A. Biochim. Biophys. Acta 2007, 1767, 1073—1101.

(32) Uzarski, J. R;; Tannous, A.; Morris, J. R.; Mello, C. M. Colloids
Surf, B 2008, 67, 157—165.

(33) Enander, K; Aili, D.; Baltzer, L.; Lundstrom, I; Liedberg, B.
Langmuir 2008, 21, 2480—2487.

(34) Frasconi, M.; Mazzei, F.; Ferri, T. Anal. Bioanal. Chem. 2010,
398, 1545—1564.

(35) Briand, E.; Salmain, M.; Herry, J. M.; Perrot, H.; Compere, C.;
Pradier, C. M. Biosens. Bioelectron. 2006, 22, 440—448.

(36) Matsuzaki, K; Sugishita, K.; Harada, M.; Fujii, N.; Miyajima, K.
Biochim. Biophys. Acta 1997, 1327, 119—130.

dx.doi.org/10.1021/am404729c | ACS Appl. Mater. Interfaces 2014, 6, 1131—-1138


mailto:kkaur@ualberta.ca
mailto:kkaur@ualberta.ca

ACS Applied Materials & Interfaces

Research Article

(37) Matsuzaki, K.; Murase, O.; Miyajima, K. Biochemistry 1995, 34,
12553—12559.

(38) Ivanov, I. E; Morrison, A. E; Cobb, J. E; Fahey, C. A;
Camesano, T. A. ACS Appl. Mater. Interfaces 2012, 4, 5891—5897.

(39) Fulmer, P. A; Lundin, J. G,; Wynne, J. H. ACS Appl. Mater.
Interfaces 2010, 2, 1266—1270.

(40) Lim, K; Chua, R. R. Y,; Saravanan, R.; Basu, A,; Mishra, B.;
Tambyah, P. A; Ho, B.; Leong, S. S. J. ACS Appl. Mater. Interfaces
2013, 5, 6412—6422.

(41) Dennison, S. R; Harris, F; Mura, M,; Morton, L. H,;
Zvelindovsky, A.; Phoenix, D. A. Biochemistry 2013, 52, 6021—6029.

(42) Oh, D,; Shin, S. Y.; Lee, S.; Kang, J. H.; Kim, S. D.; Ryu, P. D.;
Hahm, K. S.; Kim, Y. Biochemistry 2000, 39, 11855—11864.

(43) Abdolhosseini, M.; Nandula, S. R;; Song, J.; Hirt, H,; Gorr, S. U.
Peptides 2012, 35, 231-238.

1138

dx.doi.org/10.1021/am404729c | ACS Appl. Mater. Interfaces 2014, 6, 1131—-1138



