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Antimicrobial peptides (AMPs) have recently gained attention as potentially valuable diagnostic and therapeutic agents. The
utilization of these peptides for diagnostic purposes relies on the ability to immobilize them on the surface of a detection
platform in a predictable and reliable manner that facilitates target binding. The method for attachment of peptides to a
solid support is guided by peptide length, amino acid composition, secondary structure, and the nature of the underlying
substrate. While immobilization methods that target amine groups of amino acid sequences are widely used, they can result
in heterogeneous conjugation at multiple sites on a peptide and have direct implications for peptide presentation and func-
tion. Using two types of commercial amine-reactive microtiter plates, we described the effects of analogous immobilization
chemistries on the surface attachment of AMPs and their differential binding interaction with Gram-specific bacterial biomar-
kers, lipopolysaccharide and lipoteichoic acid. As might be expected, differences in overall binding affinities were noted
when comparing AMPs immobilized on the two types of plates. However, the two-amine-targeted linking chemistries also
affected the specificity of the attached peptides; lipopolysaccharide generally demonstrated a preference for peptides
immobilized on one type of plate, while (when observed at all) lipoteichoic acid bound preferentially to AMPs immobilized
on the other type of plate. These results demonstrate the potential for tuning not only the binding affinities but also the
specificities of immobilized AMPs by simple alterations in linking strategy. Published 2012. This article is a U.S. Government

work and is in the public domain in the USA.

Supporting information may be found in the online version of this article.
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Introduction

As part of the innate immune system of many organisms, an-
timicrobial peptides (AMPs) serve as the first line of defense
against invading microbes. Almost 1000 naturally occurring
AMPs have been isolated and characterized [1,2]. AMPs typi-
cally consist of 9-45 amino acids and can be categorized
based on their secondary structures and mode of synthesis.
Perhaps the most well-characterized group is composed of am-
phipathic a-helical peptides that most often possess between 2
and 9 positively charged residues provided by arginine and
lysine. Studies with model membranes, liposomes, and live cells
support the current dogma that many of these AMPs exert their
antimicrobial activity by binding to invariant components of
microbial surfaces, presumably through polyanions such as
Gram-negative lipopolysaccharide (LPS), and causing membrane
leakage/disruption either directly or through ‘self-promoted
uptake’ [3-6]. Intriguing evidence for additional mechanisms of
killing has been described, but it is difficult to confirm whether
these other mechanisms arise as a result of membrane permea-
bilization [7-10]. A key feature of the interaction of AMPs with
their target organisms is their broad selectivity. Interactions
between AMPs and microbial targets may occur across different
genera, but the strength of interaction varies according to the
membrane composition, presence of different membrane com-
ponents [e.g. LPS and Gram-positive lipoteichoic acid (LTA)],
and the structure and amino acid sequence of the AMP (e.qg.
see Refs. [11-13]).

Numerous efforts have sought to utilize the semi-selective
binding characteristics of AMPs, presented as free or surface-
bound peptides, for various applications. Pawel, Welling, and
coworkers have used radiolabeled AMPs for target delivery to
and in vivo detection of localized bacterial and fungal infections
[14-16]. For many years, polymyxins have been immobilized onto
various substrates for neutralizing Gram-negative LPS-contaminated
samples [17-19] and, more recently, for detoxifying clinical fluids
[20,21]. As surface-sensitive techniques gain increasing importance
in the field of biodetection, controlled immobilization of small
biological molecules in a functionally active form on the sensor
surface has become critical. Surface-bound AMPs have been uti-
lized to enrich for and detect microbial cells [22-28] as well as
markers for microbial infections such as LPS and LTA [17,29]. In
our laboratory, AMP-based arrays have been used to detect and
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classify a wide range of microbial targets, including Gram-negative
and Gram-positive bacteria, rickettsiae, and certain viruses
[24,25,28,30].

In our effort to transition low-density peptide-based detection
assays to high-throughput screening (HTS) applications, we inte-
grated a set of AMPs previously demonstrated in planar arrays to
an HTS microtiter plate platform. It has been shown by some
researchers that immobilization parameters, such as linker length
and peptide density, can affect the antimicrobial activity of
surface-bound AMPs without affecting the target specificity and
activity profile [31-35]. However, we have observed that the
choice of immobilization method significantly affects AMP-target
interactions and binding affinities in rapid detection assays
[23,28,30]. The current study was undertaken to quantify the effects
of two analogous amine-reactive immobilization to commercial
pre-activated microtiter plates on the presentation and binding
activity of AMPs of varied length, charge, and structure. The density
of immobilized peptides was quantified; the number of free
amines on the immobilized peptides was assessed; and finally,
the functionality of the immobilized peptides was characterized
with respect to binding of the bacterial biomarkers LPS and LTA.

Materials and Methods

Materials

The following AMPs were purchased from American Peptide Com-
pany, Inc. (Sunnyvale, CA): cecropin B (cecB), cecropin P1 (cecP1),
cecropin A—melittin hybrid [CA(1-8)ME(1-18)NH,] (ceme), melittin
(mel), and indolicidin (indol); their amino acid sequences and
domain structures are shown in Table 1. LPS from Salmonella
typhimurium and LTA from Streptococcus pyogenes, phosphate buff-
ered saline (PBS; pH 7.4), Tween 20, bovine serum albumin (BSA),
and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO). Cy5 monofunctional N-hydroxysuccinimidyl
ester was purchased from Amersham Pharmacia (Piscataway, NJ).
Alexa Fluor 555 N-hydroxysuccinimidyl ester (AF555-NHS), AF555-
cadaverine, and AF555-maleimide were purchased from Invitrogen
(Carlsbad, CA). Two analogous amine-reactive microtiter plate sur-
faces were used in this study (Figure 1): maleic anhydride-activated
(MA) plates (Pierce Scientific, Rockford, IL) and NUNC Immobilizer
Amino® (IA) (Thermo Fisher Scientific, Waltham, MA). Microfluor I®
untreated polystyrene plates were used as controls and were also
purchased from Thermo Fisher.

Preparation of Fluorescently Labeled LPS and LTA

Cy5-labeled LPS and LTA were used as labeled targets in peptide-
target binding assays. One milligram of LPS or LTA was incubated
in 1 ml of 50 mm sodium borate (pH8.5) with one packet of Cy5
monoreactive dye dissolved in 25l of anhydrous DMSO. After
1-h incubation at room temperature, the labeled LPS or LTA was
purified from unincorporated dye by gel filtration on BioGel P-2
(Bio-Rad, Hercules, CA). The labeled biomolecules were stored in
the dark at 4 °C until use. The molar ratios of dye to labeled species
ranged from 1.1 to 1.4 for both LPS and LTA. The concentrations of
labeled LPS and LTA were determined from absorbance readings at
259 and 650 nm, using a calibration curve generated with unla-
beled LPS or LTA standards and corrected for Cy5 background
absorbance at 259 nm.

Peptide Immobilization

Lyophilized peptides were resuspended at 200 pg/ml in 100 mm
carbonate coating buffer (30mm NayCOs, 70mm NaHCOs,
pH9.6) and sonicated for 5min. Sonicated solutions were then
added to IA, MA, or control polystyrene plates (100 pl/well) and
incubated for 2h at room temperature with gentle agitation;
each peptide was patterned in quadruplicate. Following peptide
immobilization, plates were washed three times with PBS + 0.005%
Tween 20 (PBST) and incubated with 125 ul of blocking buffer
(10 mg/ml BSA in 0.1 M Tris, pH8.5) for 1 h.

For the assessment of the total number of peptides immobilized
on IA and MA plates, cysteine-terminated peptides were used in
place of the standard peptides during immobilization, and thiol
groups were labeled by incubating with AF555-maleimide in PBS
(pH6.5) for 2h at room temperature with gentle agitation. The
number of free amines on immobilized peptides was measured
by incubating the coated plates for 1 h at room temperature with
AF555-NHS monoreactive dye [in 50 mm sodium borate (pH 8.5),
100 pl/well]. After labeling of the immobilized peptides with
AF555-NHS (amine-specific) or AF555-maleimide (thiol-specific),
the plates were washed with PBST, wells were filled with 100 pl of
PBS, and AF555 fluorescence was read on a SAFIRE microplate
reader (Tecan Group Ltd., Mannedorf, Switzerland).

LPS/LTA Binding Assay

For determination of peptide binding activity, peptide-coated
plates were washed three times and each well received 100 pl

Table 1. Peptide sequences
Peptide Sequence* Structure upon interaction with No. of amino
membrane/LPS/LTA acids

CecB Lys-Trp-Lys-Val-Phe-Lys-Lys-lle-Glu-Lys-Met-Gly-Arg-Asn-lle-Arg-Asn-Gly-lle-Val-Lys- Helix-hinge-helix 35
Ala-Gly-Pro-Ala-lle-Ala-Val-Leu-Gly-Glu-Ala-Lys-Ala-Leu-NH,

Ceme Lys-Trp-Lys-Leu-Phe-Lys-Lys-lle-Gly-lle-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu- Helix-hinge-helix 26
Pro-Ala-Leu-lle-Ser-NH,

CecP1  Ser-Trp-Leu-Ser-Lys-Thr-Ala-Lys-Lys-Leu-Glu-Asn-Ser-Ala-Lys-Lys-Arg-lle-Ser-Glu-Gly- Uninterrupted helix 31
lle-Ala-lle-Ala-lle-GIn-Gly-Gly-Pro-Arg

Mel Gly-lle-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-lle-Ser-Trp-lle-Lys- Helix-hinge-helix 26
Arg-Lys-Arg-GIn-GIn-NH,

Indol lle-Leu-Pro-Trp-Lys-Trp-Pro-Trp-Trp-Pro-Trp-Arg-Arg-NH, Unstructured 13

* Sequence of native peptide; custom peptides with C-terminal cysteine were also used.
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Figure 1.

of Cy5-conjugated LPS or LTA. Plates were then incubated for an
additional 2 h at room temperature with gentle agitation. After be-
ing rinsed three times with PBST, the wells were filled with 100 pl of
PBS, and fluorescence was read on a SAFIRE microplate reader.

Statistical Analyses

Data are presented as mean =+ standard error, with a minimum of
four replicates for each experiment. Each experiment was per-
formed at least twice. Analyses were conducted using InStat 3
(GraphPad Software, San Diego, CA). Statistical significance was
determined using Student'’s t-test. Limit of detection (LOD) is de-
fined as the lowest analyte concentration that produces a fluores-
cence signal equal to or greater than 3 SD above the background.

Results
Quantification of Reactive Sites on Commercial Microtiter Plates

Immobilizer Amino® and maleic anhydride-activated plates possess
chemically activated surfaces to which peptides can be covalently
coupled via primary amines. To quantify the number of reactive
groups on each plate type that could potentially mediate peptide
immobilization, we incubated fluorescently labeled cadaverine
(cad-AF555) with the amine-reactive plates. As cad-AF555 possesses
a single -NH, end group, the level of AF555 fluorescence detected
should be directly proportional to the number of reactive sites on
the plate surface. Statistical analysis indicated significant differences
in the surface density of reactive sites between IA and MA plates
(p < 0.001; Figure 2). Control polystyrene plates, which have no
chemically reactive groups, showed cad-AF555 labeling equivalent
to background (p > 0.5). The total fluorescence intensity signal on
the MA plates was approximately 1.5-fold higher than that of the
IA plates.

Quantification of Packing Density of Immobilized Peptides
on IA and MA Plates

A series of peptides incorporating C-terminal cysteines were cus-
tom synthesized as analogs to the native peptides used throughout
this study (New England Peptides, Gardner, MA; cys-cecB, cys-ceme,
cys-cecP, cys-mel, and cys-indol). For quantification of the density
of immobilized peptides, cysteine-terminated peptides were immo-
bilized according to standard protocols onto MA and IA plates in
place of native peptides using amine-directed chemistry. After
immobilization and rinsing, the C-terminal cysteines were then tar-
geted for labeling with AF555-maleimide. As each custom peptide
possessed only a single maleimide-targeted moiety (cysteine), this

Schematic representations of commercial, amine-reactive microtiter plate surfaces used for AMP immobilization.
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Figure 2. Quantitation of surface reactive groups for commercial microtiter
plates. Fluorescence intensities of cad-AF555 bound to amine-reactive IA or
MA microtiter plates. ***p < 0.001.

labeling strategy was expected to result in the incorporation of a
single fluorophore per peptide.

On the basis of the fluorescence labeling of the bound cysteinyl
peptides, the surface densities of all peptides tested were signifi-
cantly higher on MA plates than on IA plates (p < 0.001; Figure 3).
Differences ranged from 3- to 48-fold higher fluorescence intensities
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Figure 3. Differential immobilization efficiencies of AMPs attached to IA or
MA plates. Fluorescence intensities of AF555-maleimide-labeled, cysteine-
terminated AMPs (cys-cecB, cys-ceme, cys-cecP, cys-mel, and cys-indol)
immobilized to IA or MA microtiter plates.
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on the MA plates. The densities of immobilized cecP1 and mel on
MA plates were the highest.

Presentation of Peptides after Inmobilization

For characterization of the orientation of covalently immobilized
AMPs on the plate surface, native peptides were immobilized onto
IA and MA plates and were subsequently treated with AF555-NHS
to determine the levels of free (unlinked) amines (Figure 4). Signif-
icant differences in labeling between plates were observed for all
peptides except cecB. All peptides immobilized onto IA plates
exhibited high levels of amine-targeted labeling, with fluorescence
for all five peptides within a twofold range of values. In contrast,
peptides immobilized on MA plates demonstrated a wider range
of labeling efficiencies, ranging from no modification [cecP1,
not significantly above background levels (p >0.05)] to levels
higher than those observed on IA plates (ceme, mel). However,
a trend was observed on both plates for peptides possessing a
helix-turn-helix motif (cecB, ceme, and mel), wherein fluores-
cence values for the three peptides increased in the same order
(cecB < ceme < mel).

The fluorescence values presented in Figure 4 are related to
both the number of free amines and the number of peptides pres-
ent on the surface (i.e. peptide density). To account for peptide
density, we determined the number of free amines per peptide

45000 A *
W A

36000

sl
27000 -
*
1
18000 - NS Hkdk
11 B 1 _
9000 I I
0. L !

CecB Ceme CecP1 Mel Indol
Peptides (free amines)

Mean Fluorescence Intensity

Figure 4. Effects of immobilization chemistry on the orientation/presen-
tation of AMPs on microtiter plate surfaces. Fluorescence intensities of
AF555-NHS-labeled amines of AMPs immobilized to IA or MA microtiter
plates. NS, statistically not significant. *p < 0.05; ***p < 0.001.

by normalizing the free amine fluorescence (AF555-NHS) with
respect to the total number of amines immobilized on each plate
(AF555-maleimide); the results are presented in Table 2. On IA
plates, the number of labeled amines per peptide (Table 2,
4th column) mirrored the total number of primary amines available
for labeling (Table 2, 2nd column) based on their amino acid
sequences, with indol having the fewest and cecB having the high-
est number of primary amines. Perhaps more importantly, the 1A
normalized values roughly approximated the expected numbers
of free amines if peptides were immobilized on the plates by a sin-
gle linkage (Table 2, 3rd column). Only cecB showed a significantly
lower value from the expected single-point linkage number; this
difference may reflect either multipoint linkage to the plate surface
or steric effects after immobilization, leading to inaccessibility of the
primary amines to the labeling solution.

Interestingly, trends observed with the IA-immobilized pep-
tides were not observed on MA plates. Levels of amine labeling
did not reflect the expected number of amines available based
on sequence: Ceme labeled to a higher degree than cecB, which
possesses a larger number of lysines, and results with cecP indi-
cated that all primary amines were either linked to the plate or
inaccessible for modification after immobilization.

Binding Activity of Immobilized Peptides

We examined the effect of immobilization on the peptides’ ability
to bind fluorescently labeled LPS and LTA, two bacterial markers
released by Gram-negative and Gram-positive bacteria, respec-
tively, into the circulation of infected individuals. The LPS and
LTA dose-response curves of immobilized peptides were deter-
mined (see Supporting Information), and the LODs, defined as
the LPS/LTA concentrations that produce a fluorescence signal
equal to or above 3 SD of the background signals, are indicated
(tables shown at the bottom of Figure 5). The binding activity
of LPS or LTA at the highest concentration tested (40 pug/ml) is
shown both as a function of total fluorescence signal (Figure 5)
and after normalization to account for the density of surface-
bound peptides (Figure 6). The fluorescence signal intensities in
the target binding assays varied considerably from plate to plate
and from peptide to peptide, yet we identified some general
trends in LPS and LTA binding.

Overall, with the exception of indol, LPS binding to IA-immobilized
peptides resulted in significantly higher signals than the
corresponding MA-immobilized peptides (Figure 5, left panel;
p <0.05). The higher signals on IA plates for cecB, cecP1, and
mel translated into improved LODs. In spite of the higher signals
with IA-immobilized ceme, there was, however, no difference in

Table 2. Number of free amines per peptide
Peptide Total no. of primary Primary amines No. of labeled amines per peptide
amines available for
modification after IA plates MA plates
single-point
immobilization
(column 2 minus 1)
CecB 7 Lys + N-terminus =8 7 45 1.2
Ceme 5 Lys + N-terminus =6 5 4.0 26
CecP 5 Lys + N-terminus =5 5 4.0 0.0
Mel 3 Lys+ N-terminus =4 3 35 0.3
Indol 1 Lys + N-terminus =2 1 0.7 0.2
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Figure 6. Binding of Cy5-labeled LPS and LTA to MA- and IA-immobilized peptides after normalization for peptide density. The values shown were

obtained at 40 pg/ml of each target.

LOD for LPS binding to IA-immobilized versus MA-immobilized
ceme. In contrast, fluorescent signals in LTA binding assays were
much higher on MA plates than on IA plates (Figure 5, right panel).
Signals for LTA binding to three of the peptides attached to IA
plates were indistinguishable from background, and therefore,
LODs could be determined only for two of the IA-immobilized
AMPs; when comparing the LODs for LTA binding to cecB and
ceme, lower values (i.e. higher sensitivity) were obtained with the
MA-immobilized AMPs. When normalized to account for the pep-
tide densities on each plate type, other trends emerged (Figure 6).
On a per-peptide basis, all peptides immobilized on IA plates were
observed to be functionally active and capable of binding either
LPS or LTA. Interestingly, IA-bound peptides demonstrated a
greater binding specificity to LPS than to LTA, with cecB and ceme
demonstrating the highest fluorescence signal intensities. In
contrast, on MA plates, only cecB, ceme, and indol demonstrated
any significant binding to LPS or LTA when normalized for density.
MA-bound cecP1 and mel did not bind LPS or LTA above back-
ground levels.

Discussion

There are many papers describing surface immobilization of
AMPs to provide materials for decontamination or implantation

(for an excellent review, see Ref. [33]). However, the design
requirements for implantable materials differ from those applied
to biosensing and biodetection, in that the latter group seeks to
promote binding of target microbes, rather than prevent it.
Several studies have recently suggested that surface attachment
chemistries in detection-intended systems influence the confor-
mation [36,37] and activity of surface attached peptides [30]
and will therefore affect their performance in sensors. The
purpose of the present work was to characterize the effects of
covalent AMP immobilization onto two presumably analogous,
commercially available HTS platforms on the activity and specific-
ity of several AMPs of varied length and structure. Five candidate
peptides were studied: three peptides with helix-hinge-helix
structures (cecB, ceme, mel; Refs. [38,39]), one peptide compris-
ing an uninterrupted o-helix (cecP1; Ref. [40]), and a short
peptide whose principal structural motif is type VI turns (indol;
Ref. [41]). These peptides were immobilized onto two plates
designed for covalent attachment of biomolecules via primary
amines: maleic anhydride-activated (MA) and Immobilizer Amino®
(IA) plates. The commercial plates were evaluated for the number
of reactive sites, the density and presentation of the surface-bound
peptides, and finally, the ability to bind Gram-negative LPS or
Gram-positive LTA.

The first parameters measured were the density of reactive
groups on IA and MA plate surfaces and the number of peptides
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attached, following the manufacturers’ standard immobilization
procedures. Surprisingly, the higher number of reactive groups
on the MA plates did not translate to proportional levels of
peptide packing. Indeed, the surface densities of covalently
immobilized peptides varied considerably with each peptide.
The MA plate exhibited ~1.5-fold more reactive sites than the
IA plate (Figure 2), yet surface densities of cecP1 and mel were
48- and 15-fold greater, respectively (Figure 3). The results sug-
gest that (1) the maleic anhydride moieties on MA plates bind
preferentially to certain peptides, or (2) peptides immobilized
on |A plates take up more surface area per peptide than those
immobilized to MA plates.

Each of the four a-helical peptides possesses multiple lysines in
its sequence (Table 1), which potentially provide multiple points
for attachment of the peptide to the plate. As these charged
residues also play an important role in the peptide’s interaction
with the polyanionic LPS/LTA [13], we sought to determine the
availability of these amine residues for binding to LPS and LTA
after the peptides were immobilized. Although the peptide pack-
ing density on the IA plates was low (Figure 3), the surface-bound
a-helical peptides exhibited high levels of free amines (Figure 4)
as well as increased biomarker binding activity, with greater spec-
ificity for LPS than LTA (Figure 6).

On the MA plates, the levels of peptide activity, measured on a
per-peptide basis (Figure 6), appeared to mirror the trend of free
amines per peptide (Table 2, 5th column) for the four a-helical
peptides: a-Helical peptides with higher numbers of free amines
per peptide (cecB, ceme) had higher per-peptide functionality in
LPS and LTA assays. More interesting were the results that despite
extremely high levels of MA-bound cecP1 and mel (Figure 3), the
number of free amines per peptide was extremely low for both of
these peptides (Table 2, 5th column). These results suggested that
all reactive amines were involved in covalent bonds to the plate
surface or were otherwise sterically prevented from modification
by AF555-NHS and also, presumably, from interacting with LPS
or LTA. This hypothesis was supported by the low binding of
MA-immobilized cecP1 and mel to either of the LPS or LTA species
tested. The only non-helical peptide tested, indol (random-coiled
structure), was also present in high concentrations on MA
plates but had a low amine/peptide ratio. This peptide is
postulated to bind LPS via both hydrophobic interactions
between its tryptophans and salt bridges between its two
arginines [42]; therefore, loss of its lysine (not involved in salt
bridges) or amino terminus through covalent attachment to
the MA was not expected to have much effect on its ability
to bind LPS and presumably LTA.

In summary, these results suggest that the target binding activ-
ities of surface-bound AMPs are highly sensitive to the choice of
immobilization chemistry used to covalently attach peptides to
microtiter plates. Although IA and MA microtiter plates should
display similar results due to their presumptively analogous
amine-directed immobilization chemistries, significant differences
were observed in peptide-specific immobilization efficiency, as
well as the presentation/orientation of surface-bound peptides.
These qualities translated into significant and potentially useful
differences in the ability of the immobilized peptides to
recognize and bind to LPS and LTA. While the density and total
number of recognition molecules present on a surface may
be important for target binding in many detection platforms
(e.g. immunosensors, ELISAs), clearly, they are not the only
factors affecting the peptide-based assays described here. Spe-
cifically, if the number of free amines per immobilized peptide is

sufficiently high, we have seen that peptide density is less impor-
tant for target binding. These results serve as an important
illustration that experiments utilizing small molecules, such as
peptides, immobilized onto HTS platforms such as microtiter plates
through presumably predictable attachment chemistries, may
result in highly unpredictable and unexpected observations.
Researchers using such technologies should therefore be
aware that presumptively analogous methods of immobilization
(i.e. amine-directed covalent attachment on IA and MA plates)
may not give equivalent results; assays incorporating small bio-
molecules such as peptides on HTS platforms may well require
significant optimization for the most favorable results.

Perhaps more importantly, the differences in peptide density
and presentation on the two plates translated into changes in bind-
ing specificity. A large number of studies have been published
assessing the effects of linkage on binding/killing activity (see
Refs. [33,35] for excellent reviews); as many of these studies aimed
to develop antimicrobial coatings and materials, the research
groups typically strove to retain broad-spectrum antimicrobial ac-
tivity. Of the few studies with direct, quantitative comparisons of
different linking strategies on specificity (versus overall affinity or
antimicrobial/killing activity)[31,32,34], only Chen et al. [43] de-
scribed any significant alterations in peptide selectivity; such a
change - while undesirable for antimicrobial coatings — is advanta-
geous when peptide-binding patterns might be used for classifica-
tion. In our study, the preferences of LPS for some IA-immobilized
AMPs and of LTA for the same AMPs immobilized on MA plates
can potentially be used for discrimination, although clearly, addi-
tional sources of LPS and LTA should be tested. Overall, our results
clearly demonstrate the potential for fine-tuning not just the affin-
ities but also the binding specificities of immobilized AMPs by sim-
ple alterations in linking strategies.

Acknowledgements

This work was funded by the Joint Science & Technology Office
for Chemical & Biological Defense/Defense Threat Reduction
Agency and the Office of Naval Research (ONR). J. W. was sup-
ported by a postdoctoral fellowship from the American Society
of Engineering Education (ASEE); V. M. C. was supported by the
Naval Research Enterprise Intern Program through ASEE and
ONR. The views expressed here are those of the authors and do
not represent the opinions of the US Navy, the US Department
of Defense, or the US Government.

References

1 Brogden K. Antimicrobial peptides: pore formers or metabolic inhibitors
in bacteria? Nat. Rev. Microbiol. 2005; 3: 238-250.

2 Guani-Guerra E, Santos-Mendoza T, Lugo-Reyes S, Teran L. Antimicrobial
peptides: general overview and clinical implications in human health
and disease. Clin. Immunol. 2010; 135: 1-11.

3 Fantner GE, Barbero RJ, Gray DS, Belcher AM. Kinetics of antimicrobial
peptide activity measured on individual bacterial cells using high-
speed atomic force microscopy. Nat. Nanotechnol. 2010; 5: 280-285.

4 Hancock REW, Scott MG. The role of antimicrobial peptides in animal
defenses. Proc. Natl. Acad. Sci. U.S.A. 2000; 97: 8856-8861.

5 Shai Y. Mechanism of the binding, insertion and destabilization of
phospholipid bilayer membranes by a-helical antimicrobial and cell
non-selective membrane-lytic peptides. Biochim. Biophys. Acta 1999;
1462: 55-70.

6 Wimley WC. Describing the mechanism of antimicrobial peptide
action with the interfacial activity model. ACS Chem. Biol. 2010;
5: 905-917.

7 Hsu C-H, Chen C, Jou M-L, Lee AY-L, Lin Y-C, Yu Y-P, Huang W-T, Wu
S-H. Structural and DNA-binding studies on the bovine antimicrobial

J. Pept. Sci. 2012; 18: 366-372

wileyonlinelibrary.com/journal/jpepsci

Published 2012. This article is a U.S. Government work and is in the public domain in the USA.




Peptide

10

1

12

13

14

15

16

17

18

19

20

21

22

23

24

25

peptide, indolicidin: evidence for multiple conformations involved
in binding to membranes and DNA. Nucleic Acids Res. 2005; 33:
4053-4064.

Koo S-P, Bayer AS, Yeaman MR. Diversity in antistaphylococcal
mechanisms among membrane-targeting antimicrobial peptides.
Infect. Immun. 2001; 69: 4916-4922.

Li W-F, Ma G-X, Zhou X-X. Apidaecin-type peptides: biodiversity, struc-
ture—function relationships and mode of action. Peptides 2006; 27:
2350-2359.

Marchand C, Krajewski K, Lee H-F, Antony S, Johnson AA, Amin R,
Roller P, Kvaratskhelia M, Pommier Y. Covalent binding of the natural
antimicrobial peptide indolicidin to DNA abasic sites. Nucleic Acids
Res. 2006; 34: 5157-5165.

Dathe M, Wieprecht T. Structural features of helical antimicrobial
peptides: their potential to modulate activity on model membranes
and biological cells. Biochim. Biophys. Acta 1999; 1462: 71-87.

Oren Z, Shai Y. Mode of action of linear amphipathic a-helical antimi-
crobial peptides. Biopolymers 1998; 47: 451-463.

Yeaman M, Yount N. Mechanisms of antimicrobial peptide action and
resistance. Pharmacol. Rev. 2003; 55: 127-155.

Welling MM, Lupetti A, Balter HS, Lanzzeri S, Souto B, Rey AM, Savio
EO, Paulusma-Annema A, Pauwels EKJ, Nibbering PH. **™Tc-labeled
antimicrobial peptides for detection of bacterial and Candida albicans
infections. J. Nucl. Med. 2001; 42: 788-794.

Lupetti A, Welling MM, Pauwels EK, Nibbering PH. Radiolabelled anti-
microbial peptides for infection detection. Lancet Infect. Dis. 2003; 3:
223-229.

Lupetti A, Welling M, Mazzi U, Nibbering P, Pauwels, EK. Technetium-
99 m labelled fluconazole and antimicrobial peptides for imaging of
Candida albicans and Aspergillus fumigatus infections. Eur. J. Nucl.
Med. Mol. Imaging 2002; 29: 674-679.

Blais BW, Yamazaki H. Method for using polymyxin-coated substrate
for lipopolysaccharide detection. US Patent 1996, 5510242.

Issekutz AC. Removal of gram-negative endotoxin from solutions by
affinity chromatography. J. Immunol. Methods 1983; 61: 275-281.
Kodama M, Tani T, Hanazawa K, Oka T, Teramoto K, Nishiumi S. Endo-
toxin detoxifying material. US Patent 1988, 4771104.

Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati A,
Malcangi V, Petrini F, Volta G, Bobbio Pallavicini FM, Rottoli F, Giunta
F, Ronco C. Early use of polymyxin B hemoperfusion in abdominal
septic shock. J. Am. Med. Assoc. 2009; 301: 2445-2452.

Vincent J-L, Laterre P-F, Cohen J, Burchardi H, Bruining H, Lerma FA,
Wittebole X, De Backer D, Brett S, Marzo D, Nakamura H, John S. A
pilot-controlled study of a polymyxin B-immobilized hemoperfusion
cartridge in patients with severe sepsis secondary to intra-abdominal
infection. Shock 2005; 23: 400-405.

Gregory K, Mello CM. Immobilization of Escherichia coli cells by use of
the antimicrobial peptide cecropin P1. Appl. Environ. Microbiol. 2005;
71: 1130-1134.

Kulagina NV, Lassman ME, Ligler FS, Taitt CR. Antimicrobial peptides
for detection of bacteria in biosensor assays. Anal. Chem. 2005; 77:
6504-6508.

Kulagina NV, Shaffer KM, Anderson GP, Ligler FS, Taitt CR. Antimicro-
bial peptide-based array for Escherichia coli and Salmonella screening.
Anal. Chim. Acta 2006; 575: 9-15.

Kulagina NV, Shaffer KM, Ligler FS, Taitt CR. Antimicrobial peptides as
new recognition molecules for screening challenging species. Sensor.
Actuat. B: Chem. 2007; 121: 150-157.

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

NORTH ET AL.

Mannoor MS, Zhang S, Link AJ, McAlpine MC. Electrical detection of
pathogenic bacteria via immobilized antimicrobial peptides. Proc.
Natl. Acad. Sci. U.S.A. 2010; 107: 19207-19212.

Soares JW, Morin KM, Mello CM. Antimicrobial peptides for use in
biosensing applications. In 24th Army Science Conference November
29-December 2: 2004.

Taitt CR, North SH, Kulagina NK. Antimicrobial peptide arrays for de-
tection of inactivated biothreat agents. Meth. Mol. Biol. 2009; 570:
233-255.

James E, Schmeltzer K, Ligler F. Detection of endotoxin using an
evanescent wave fiber-optic biosensor. Appl. Biochem. Biotechnol.
1996; 60: 189-202.

North SH, Lock EH, Cooper CJ, Franek JB, Taitt CR, Walton SG. Plasma-
based surface modification of polystyrene microtiter plates for covalent
immobilization of biomolecules. ACS Appl. Mater. Interfaces 2010; 2:
2884-2891.

Bagheri M, Beyermann M, Dathe M. Immobilization reduces the activ-
ity of surface-bound cationic antimicrobial peptides with no influence
upon the activity spectrum. Antimicrob. Agents Chemother. 2009; 53:
1132-1141.

Cho W, Joshi B, Cho H, Lee K. Design and synthesis of novel antibac-
terial peptide-resin conjugates. Bioorg. Med. Chem. Lett. 2007; 17:
5772-5776.

Costa F, Carvalho IF, Montelaro RC, Gomes P, Martins MCL. Covalent
immobilization of antimicrobial peptides (AMPs) onto biomaterial sur-
faces. Acta Biomater. 2011; 7: 1431-1440.

Haynie S, Crum G, Doele B. Antimicrobial activities of amphiphilic pep-
tides covalently bonded to a water-insoluble resin. Antimicrob. Agents
Chemother. 1995; 39: 301-307.

Onaizi SA, Leong SSJ. Tethering antimicrobial peptides: current status
and potential challenges. Biotechnol. Adv. 2011; 29: 67-74.

Uzarski JR, Tannous A, Morris JR, Mello CM. The effects of solution structure
on the surface conformation and orientation of a cysteine-terminated
antimicrobial peptide cecropin P1. Colloids Surf. B Biointerfaces 2008; 67:
157-165.

Ye S, Nguyen KT, Boughton AP, Mello CM, Chen Z. Orientation differ-
ence of chemically immobilized and physically adsorbed biological
molecules on polymers detected at the solid/liquid interfaces in situ.
Langmuir 2009; 26: 6471-6477.

Sipos D, Chandrasekhar K, Arvidsson K, Engstrom A, Ehrenberg A.
Two-dimensional proton-NMR studies on a hybrid peptide between
cecropin A and melittin. Eur. J. Biochem. 1991; 199: 285-291.

Holak TA, Engstroem A, Kraulis PJ, Lindeberg G, Bennich H, Jones TA,
Gronenborn AM, Clore GM. The solution conformation of the antibacte-
rial peptide cecropin A: a nuclear magnetic resonance and dynamical
simulated annealing study. Biochemistry 1988; 27: 7620-7629.

Sipos D, Andersson M, Ehrenberg A. The structure of the mammalian
antibacterial peptide cecropin P1 in solution, determined by proton-
NMR. Eur. J. Biochem. 1992; 209: 163-169.

Ladokhin AS, Selsted ME, White SH. CD spectra of indolicidin antimi-
crobial peptides suggest turns, not polyproline helix. Biochemistry
1999; 38: 12313-12319.

Nagpal S, Kaur KJ, Jain D, Salunke DM. Plasticity in structure and inter-
actions is critical for the action of indolicidin, an antibacterial peptide
of innate immune origin. Protein Sci. 2002; 11: 2158-2167.

Chen R, Cole N, Willcox M, Park J, Rasul R, Carter E, Kumar N. Synthesis,
characterization and in vitro activity of a surface-attached antimicro-
bial cationic peptide. Biofouling 2009; 25: 517-524.

wileyonlinelibrary.com/journal/jpepsci
Published 2012. This article is a U.S. Government work and is in the public domain in the USA.

J. Pept. Sci. 2012; 18: 366-372



