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The evolution of drug-resistant bacteria is one of the most critical problems facing modern medicine and
requires the development of new drugs that exhibit their antibacterial activity via novel mechanisms of
action. One potential source of new drugs could be the naturally occurring peptides that exhibit antimicrobial
activity via membrane disruption. To develop antimicrobial peptides exhibiting increased potency and
selectivity against Gram positive, Gram negative, and Mycobacterium bacteria coupled with reduced hemolytic
activity, peptides containing unnatural amino acids have been designed, synthesized, and evaluated. These
compounds were designed on the basis of the electrostatic surface potential maps derived from the NMR
determined SDS and DPC micelle-bound conformations of (Ala8,13,18)magainin-2 amide. Unnatural amino
acids were incorporated into the polypeptide backbone to control the structural and physicochemical properties
of the peptides to introduce organism selectivity and potency. The methods and results of this investigation
are described below.

Introduction

Antimicrobial peptides (AMPa) have evolved in almost every
class of living organism as a defense mechanism against
invading microorganisms.1,2 As of 2004,3 over 800 antimicrobial
peptides had been isolated and characterized from various
organisms including humans,4 amphibians,5 insects, mammals,
birds, fish, and plants.2 AMPs are generally small (10-50 amino
acid residues) and highly positively charged (+3 to +9)6

amphipathic molecules with well-defined hydrophobic and
hydrophilic regions.3,7 The exact mechanism of lipid-induced
cytotoxicity of these peptides is currently debated in the
literature8 with AMPs divided into two mechanistic classes,
membrane disruptors and nonmembrane disruptors.8,9 However,
there is a general agreement that the first target for either
membrane disruptor or nonmembrane disruptor AMPs is the
negatively charged membranes of bacterial cells.8 There are
several different structural classes of membrane-disruptor AMPs,
but for the purpose of this investigation we focused on linear
amphipathic helical peptides. These peptides make up the most
abundant class of AMPs with over 290 different peptides
reported,9,10most exhibiting minimum inhibitory concentrations
(MIC) for antibacterial activity in the low-micromolar range.2,8

In many cases these peptides exhibit characteristics of a random
coil conformation in aqueous or in organic solvents; however,
on binding to micelles or membranes, they adopt an ordered
amphipathic secondary structure.11

TheR-helical structural class of membrane disruptors can be
divided into two subclassifications based on biological activ-
ity: (1) cell selective and (2) nonselective.12 As the name
implies, cell selective AMPs exhibit potent activity against
bacterial cells while being inactive against mammalian cells,
and nonselective AMPs exhibit activity against bacterial as well
as mammalian cells. A large number of investigations have

focused on the development of cell selective AMPs12-15 with
varying degrees of success. In general, hemolytic activity
correlates with high hydrophobicity, amphipathicity, and he-
licity.15,3,16 Selective incorporation ofD-amino acids, proline,
peptoids, and amino acids with differing hydrophobicity can
reduce the resulting hemolytic activity.12,13,15,17

To provide insight into the process of AMP cell type selec-
tivity, one needs to look into their mechanism of action. All
membrane disruptors follow specific steps during the process
of interacting with and binding to the target cell’s membranes.18

The first step is the attraction (movement of the AMP though
bulk solution to areas near the surface) of the AMP to the surface
of the membrane.9 The driving force for this attraction is the
electrostatic interaction between the positively charged basic
amino acids of the AMP and the negatively charged acidic
phospholipids of the cell membrane.2,11,19,20The second step is
binding of the AMP to the surface of the membrane.9 In this
step the AMP attaches to the surface of the membrane by
locating the positively charged side chains relatively close to
the negatively charged polar head groups of the phospholipids
followed by insertion of the hydrophobic side chains of the AMP
into the hydrophobic core of the membrane. During this process
conformational changes occur on the AMP that stabilizes the
attractive electrostatic and hydrophobic interactions concurrently
minimizing the repulsive interactions between the AMP and the
membrane.3 At lower concentrations the long axis of the AMP
is oriented parallel to the surface of the membrane called the
S-state21 (surface). As the concentration of the AMPs increases
on the surface of the membrane, a critical concentration is
reached where the peptides self-assemble to form complexes
of four to six AMPs. This induces a change in the orientation
of the long axis of the AMPs from parallel to perpendicular
relative to the surface of the membrane, resulting in the insertion
of the assembled AMPs into the membrane and forming a
transmembrane pore called the I-state (inserted).9,22

On the basis of the above theory, the observed selectivity of
AMPs for prokaryotic vs eukaryotic cells must be derived from
one of two possible scenarios. (1) The AMP is not attracted by
electrostatic interactions to the surface of the membrane, and
therefore, the S-state is not formed. (2) If the S-state is formed,
then self-assembly of the AMPs to the I-state does not occur,
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preventing transmembrane pore formation. In either case it is
the interaction between the physicochemical properties of the
AMP and the membrane that determines whether the S-state
and I-state are formed. This observation is consistent with
current discussion in the literature that speculates that the
selectivity for bacterial vs mammalian cells is believed to be
based on the differences in the chemical composition of the
two cell membranes.2,3 Bacterial cells contain a high percentage
of negatively charged phospholipids, while mammalian cells
contain a much higher concentration of zwitterionic phospho-
lipids.23 Other differences also exist, including membrane
composition (sterols, lipopolysaccharide, peptidoglycan, etc.),1

structure, transmembrane potential, and polarizability. These
differences are in part responsible for the observed selectivity
of some AMPs for bacterial vs mammalian cells.6,24 In addition
to the differences between eukaryotic and prokaryotic cells, the
membranes surrounding different types of bacteria are also
different. The lipid bilayer of Gram positive bacteria is covered
by a porous layer of peptidoglycan, while the structure of Gram
negative bacteria is more complex with two lipid membranes
containing lipopolysaccharides and porins.2,25 The outer mem-
brane of mycobacteria is the most complex consisting of a very
thick mycolate-rich outer coat26 that is very difficult to penetrate.
There is a developing preponderance of evidence in the literature
supporting the concept that the selectivity and potency of a
specific AMP are determined in a large measure by the chemical
composition of the target membrane.8,24 Thus, it is reasonable
to postulate that the membrane’s physicochemical surface
interactions with the physicochemical surface of the AMP define
organism selectivity.2,8,25,27The hypothesis guiding our research
was developed from this observation. The physicochemical
properties of the target cell’s membrane interact with the
physicochemical properties of the approaching AMP defining
its selectivity and potency against that particular cell. During
this process conformational changes are induced onto the AMP
that will maximize the attractive interactions between the two
to facilitate AMP-membrane binding.

Analogues of the magainin family of host defense peptides
were selected to evaluate this hypothesis because these peptides
are active against Gram positive and negative bacteria, fungi,
and protozoa while exhibiting little mammalian cell toxicity.28

The interactions of the magainins29-31 with membrane models
have been extensively investigated, resulting in the characteriza-
tion of the magainins as well-definedR-helical amphipathic cell-
selective membrane disruptors. A great deal of what is known
about the mechanisms of antibacterial activity is based on
investigations of AMP interactions with model membrane
systems.9 These interactions can be characterized using various
types of spectroscopy including NMR,32-34 circular dichroism,35

Fourier transform infrared spectroscopy,36 and Raman spec-
troscopy.37 Because of our previous experience,38-41 we selected
NMR as the method of choice for this investigation. For this
preliminary investigation, DPC micelles42 were selected as a
simple model for zwitterionic lipids and SDS micelles43 were
selected as a simple model for anionic lipids. We previously
reported two-dimensional NMR and molecular modeling11

investigations conducted in our laboratory that indicated that
(Ala8,13,18)magainin-2 amide bound to DPC micelles adopts an
R-helical structure involving residues 2-16 with the four
C-terminal residues converging to a looseâ-turnlike structure,
while (Ala8,13,18)magainin-2 amide bound to SDS micelles adopts
anR-helical structure involving residues 7-18 with the C- and
N-terminal residues exhibiting a great deal of conformational
flexibility. The most plausible cause for this observation is that

different noncovalent (electrostatic and hydrophobic) interactions
are occurring between the peptide’s surface and the two micelle
surfaces. The results of our previous research into peptide-
micelle interactions provided the following insight: (1) Elec-
trostatic interactions are responsible for peptide-micelle bind-
ing, while hydrophobic interactions are responsible for inducing
a stable secondary structure onto the peptide.44,45 (2) The
electrostatic interaction that occurs between cationic peptides
and zwitterionic micelles, such as DPC, are more “complex”
than those that occur with anionic micelles, such as SDS.45 The
reason for this behavior is that the counterions for anionic
micelles in this case (SDS) are Na+ ions, which are not
covalently linked to the SDS. Hence, they are free-flowing in
solution and in turn are easily displaced by the positively
charged side chains of the incoming peptide. However, for the
zwitterionic micelle the counterions are covalently bound to each
other. Thus, the positive and negative charges of the zwitterionic
micelle have limited freedom of motion. As the positive charges
of the incoming peptide approaches the surface of the zwitte-
rionic micelle, the positive counterions of the micelle cannot
be displaced from the surface and are forced to diffuse into
solution away from the micelle, as was the case with anionic
micelles. Therefore, both attractive electrostatic interactions
between the positive charges on the peptide and the negative
charges on the micelle as well as the repulsive electrostatic
interactions between the positive charges on the peptide and
the positive charges on the micelle will be inversely synergistic
in nature and are not mutually exclusive.45 Thus, the binding
process will require the conformation of the incoming peptide
to adapt in response to these interactions in order to maximize
the attractive interactions concurrently minimizing the repulsive
interactions. We and others have observed that the position in
three-dimensional space of each of the multiple positive charges
on the peptide relative to the hydrophobic residues controls the
allowable conformational changes.45 Therefore, electrostatic
interactions between the polar head groups of the micelle and
the cationic side chains of the peptides define the positions along
the peptide backbone where the helical structures begin and end.

By use of the NMR-determined SDS and DPC micelle bound
conformations of (Ala8,13,18)magainin-2 amide, the electrostatic
surface potential maps calculation for these conformers indicated
that the surface electron density of these peptides is highly
conformation-dependent.

Results

The different physicochemical surface properties of the SDS
and DPC micelle-bound conformations of (Ala8,13,18)magainin-2
amide were used to design a novel class of AMPs. These AMPs
contain both natural and unnatural amino acids that induce a
semirigid conformation onto the peptide backbone, thus control-
ling the three-dimensional physiochemical properties of the
peptide. In our laboratory we are using the two unnatural amino
acids Tic and Oic to induce an amphipathic and a looseR-helical
structure. Kyle and co-workers reported, using NMR and
molecular modeling methods, that the dipeptide Tic-Oic, when
placed in positionsi + 1 and i + 2 of a four amino acid
sequence, induced aâ-turn.46 We hypothesized that placement
of multiple Tic-Oic units connected via two amino acid spacers
with defined properties of charge and hydrophobicity will result
in peptides with well-defined physiochemical properties while
maintaining sufficient conformational flexibility to allow inter-
actions with membranes of different physicochemical properties.

The basic polypeptide skeleton of the new AMPs is given in
Figure 1. This skeleton begins with a turn-inducing Tic-Oic
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unit coupled to a spacer amino acid followed by an amino acid
with a cationic side chain. This is followed by another Tic-
Oic unit coupled to a spacer followed by a hydrophobic amino
acid residue. Preliminary 1D1H NMR investigations confirmed
that these AMPs have sufficient structural flexibility to undergo
significant conformational changes on interacting with mem-
branes with different physicochemical properties, such as SDS
and DPC micelles. The effect of binding to DPC and SDS
micelles is illustrated in Figure 2. The 600 MHz1H NMR
spectrum shows the amide and aromatic region of two peptides
bound to SDS and DPC micelles. Spectrum A is the antibacterial
peptide23 bound to DPC micelles, and spectrum B is the same
peptide bound to SDS micelles. Clearly these two spectra are
very different, and the most likely explanation for this observa-

tion is that the peptides exist in two different conformations.
The broadening in the resonances of compound23 bound to
SDS micelles, particularly the aromatic resonances, indicates
restricted motion of the phenyl rings, which is consistent with
a “tighter” binding to the micelle. Also shown in Figure 2 are
the spectra of the inactive analogue8 bound to DPC (spectrum
C) and SDS (spectrum D) micelles. Again, these spectra are
different, indicating that the peptide exists in two different
conformations. However, the line widths of both spectra are
narrower than those observed for compound23, indicating that
even though compound8 binds to both micelles, it has a greater
degree of molecular flexibility. A more rigorous structural NMR
investigation is ongoing in our laboratory.

To date, 49 new AMPs have been synthesized, and Table 1
shows their amino acid sequences. To evaluate the antibacterial
activity of these compounds, the following four bacterial strains
were selected. (1)Salmonella typhimurium(ATCC 13311)
because of its clinical relevance to the evaluation of activity
against Gram-negative bacteria; (2)Staphylococcus aureusME/
GM/MTC resistant bacteria (ATCC 33592) because of its
clinical relevance to the evaluation of activity against drug-
resistant Gram positive bacteria; (3)Mycobacterium ranae
(ATCC 110) because it is a commercially available screen for
mycobacterium that hopefully will provide insight into activity
against tuberculosis; (4)Bacillus subtillis (ATCC 43223)
because it is a commercially available screen that will hopefully
provide insight into activity againstBacillus anthraces.

The results obtained from these assays are given in Table 2,
and these compounds exhibit a broad spectrum of antibacterial
and hemolytic activity. The observed minimum inhibitory
concentrations (MIC) for many of these analogues are as low
as, or lower than, those reported for other AMPs against
Staphylococcus aureusstrains,47-49 Gram-negative strains,50 and
mycobacterium strains.48 Many of these compounds are very

Figure 1. Diagrammatic representation of the basic skeleton units of
AMPs developed in our laboratory.

Figure 2. Amide and aromatic regions of the 600 MHz1H NMR spectra of two peptides bound to SDS and DPC micelles. Spectrum A is the
antibacterial peptide23 bound to DPC micelles, and spectrum B is the same peptide bound to SDS micelles. Spectrum C is the inactive peptide8
bound to DPC micelles, and spectrum D is the same peptide bound to SDS micelles.
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active (0.3-1 µM) against the Gram positiveBacillus subtillis
strain, exhibiting very similar activity to the helical peptoid
mimics of magainin-2 amide reported by Patch and Barron.51

As a reference, magainin-1 was also screened against three of
these bacterial strains at concentrations as high as 100µM. In
these assays magainin-1 exhibited activity againstSalmonella
typhimuriumonly. As a point of reference, literature MIC values
for magainin analogues againstStaphylococcus aureus52,53and
Bacillus subtillis54,55 are included in Table 2. These analogues
of magainin exhibited activity similar to the activity of our
compounds.

As stated previously, these compounds were engineered to
mimic the electrostatic surface potential of (Ala8,13,18)magainin-2
amide. In Figure 3 the electrostatic surface potential map for
one of the most active analogues, compound23 (activity against
Salmonella typhimuriumis 10 µM; activity againstStaphylo-
coccus aureusME/GM/MTC resistant bacteria is 3µM; activity
againstMycobacterium ranaeis 10µM), is shown, which clearly
indicates that the compound is highly charged and amphipathic.

By contrast, the electrostatic surface potential map for the much
less active analogue31 (activity againstSalmonella typhimurium
is 100µM; there is no activity againstStaphylococcus aureus
ME/GM/MTC resistant bacteria; activity againstMycobacterium
ranae is 100µM) shown in Figure 4 clearly indicates that the
compound is highly charged but the charge is not localized onto
any one face of the molecule, and therefore, the molecule is
not amphipathic. It is interesting to note that incorporation of
the negatively charged pentapeptide (ELMNS) found at the
C-terminus of the magainins at either the C-terminus or the
N-terminus, or both, of these analogues not only dramatically
reduced the hemolytic activity but also eliminated the antibacte-
rial activity. The effect of incorporation of this pentapeptide
sequence at both the C and N terminuses is shown by the
electrostatic potential map of the completely inactive analogue
7 in Figure 5. Figure 5 suggests that these inactive analogues
are neither highly charged nor amphipathic.

In addition to exhibiting activity against a broad spectrum of
bacteria in vitro, these compounds have also shown activity in

Table 1. Amino Acid Sequences for the Novel Antimicrobial Peptides Synthesized

peptide amino acid sequencea

1 H2N-GKGL-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-Oic-GKR-CONH2
2 H2N-GKGL-Tic-Oic-GR-Tic-Oic-GF-Tic-Oic-GR-Tic-Oic-GF-Tic-Oic-GR-Tic-Oic-GKR-CONH2

3 H2N-GKGL-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GLR-CONH2
4 H2N-GKGL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GKR-CONH2
5 H2N-GKGL-Tic-Oic-FK-Tic-Oic-KF-Tic-Oic-FK-Tic-Oic-KF-Tic-Oic-FK-Tic-Oic-FKR-CONH2
6 H2N-GKGL-Tic-Oic-GR-Tic-Oic-GF-Tic-Oic-GR-Tic-Oic-GF-Tic-Oic-ELMNS-CONH2
7 H2N-ELMNS-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-ELMNS-CONH2
8 H2N-ELMNS-Tic-Oic-GKLGK-Tic-Oic-ELM S-CONH2

9 H2N-ELS-Tic-Oic-GKG-Tic-Oic-LKES-CONH2
10 H2N-ELMNS-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-GL-Tic-Oic-GK-Tic-Oic-ELMNR-CONH2
11 H2N-GKM FPGLGKFPGLGKFPELMGR- CONH2
12 H2N-GKM-Tic-Oic-GLGK-Tic-Oic-GLGK-Tic-Oic-ELMGR-CONH2

13 Ac-GKMFPGLGKEFGLGKFPELMGER-CONH2
14 Ac-GK-Tic-Oic-GLGKE-Tic-Oic-GLGK-Tic-Oic-ELMGER-CONH2
15 H2N-GKM-Tic-PGLGK-Tic-PGLGK-Tic-PELMGR-CONH2
16 H2N-GKM-Tic-Oic-G-Ahx-GK-Tic-Oic-G-Ahx-GK-Tic-Oic-ELMGR-CONH2

17 H2N-GKM-Oic-PGLGK-Oic-PGLGK-Oic-PELMGR -CONH2
18 H2N-GKM-Oic-GLGK-Oic-GLGK-Oic-ELMGR-CONH2

19 H2N-GKM-Tic-GLGK-Tic-GLGK-Tic-ELMGR-CONH2

20 H2N-GKGL-Tic-Oic-âAla-K-Tic-Oic-âAla-F-Tic-Oic-âAla-K-Tic-Oic-âAla-F-Tic-Oic-ELMNS-CONH2

21 H2N-EGKGLG-âAla-âAla-K-Tic-Oic-âAla-F-Tic-Oic-âAla-E-Tic-Oic-âAla-F-Tic-Oic-ELMNS-CONH2

22 H2N-KL-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-KR-CONH2

23 Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH2

24 Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH-CH2-CH2-NH2

25 Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH-CH2-CH2-CH2-NH2

26 H2N-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH2

27 H2N-KL-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH2

28 Ac-F-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-KKKK-CONH2

29 Ac-GABA-F-Tic-Oic-GABA-K-Tic-Oic-GABA-F-Tic-Oic-GABA-K-Tic-KKKK-CONH 2

30 Ac-G-Tic-Oic-K-Tic-Oic-G-Tic-Oic-K-Tic-KKKK-CONH2

31 Ac-GF-Oic-GK-Oic-GF-Oic-GKKKKK-CONH2

32 Ac-GF-Tic-GK-Tic-GF-Tic-GK-Tic-KKKK-CONH2

33 Ac-GF-Tic-G-GK-Tic-G-GF-Tic-G-GK-Tic-KKKK-CONH2

34 Ac-GF-G-Oic-GK-G-Oic-GF-G-Oic-GK-G-KKKK-CONH2
35 Ac-GF-F-Oic-GK-F-Oic-GF-F-Oic-GK-F-KKKK-CONH2
36 Ac-âAla-F-Tic-Oic-âAla-K-Tic-Oic-âAla-F-Tic-Oic-âAla-K-Tic-KKKK-CONH 2

37 Ac-Ahx-F-Tic-Oic-Ahx-K-Tic-Oic-Ahx-F-Tic-Oic-Ahx-K-Tic-KKKK-CONH2

38 Ac-F-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-KKKKKK-CONH2

39 Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKKK-CONH2

40 Ac-GABA-F-Tic-Oic-GABA-K-Tic-Oic-GABA-F-Tic-Oic-GABA-K-Tic-KKKKK-CONH 2

41 Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-OrnsOrn-OrnsOrn-CONH2

42 Ac-G-Fpa-Tic-Oic-GK-Tic-Oic-G-Fpa-Tic-Oic-GK-Tic-KKKK-CONH2
43 Ac-GF-Tic-Oic-G-Orn-Tic-Oic-GF-Tic-Oic-G-Orn-Tic-OrnsOrn-OrnsOrn-CONH2

44 Biotin-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH2

45 Ac-GF-Tic-Oic-G-Dpr-Tic-Oic-GF-Tic-Oic-G-Dpr-Tic-Dpr-DprDpr-Dpr-CONH2
46 Ac-âAla-Fpa-Tic-Oic-âAla-Dpr-Tic-Oic-âAla-Fpa-Tic-Oic-âAla-Dpr-Tic-Dpr-Dpr-Dpr-Dpr-CONH2

47 Ac-G-f-Tic-Oic-GK-Tic-Oic-G-f-Tic-Oic-GK-Tic-KKKK-CONH2

48 Ac-GF-Tic-Oic-G-k-Tic-Oic-GF-Tic-Oic-G-k-Tic-KKKK-CONH2

49 Ac-G-Nph-Tic-Oic-GK-Tic-Oic-G-Nph-Tic-Oic-GK-Tic-KKKK-CONH2

a Tic, tetrahydroisoquinolinecarboxylic acid, Oic, octahydroindolecarboxylic acid,âAla, â-alanine, Dpr, diaminopropionic acid, Fpa, 4-fluorophenylalanine,
Nph, 4-nitrophenylalanine, GABA,γ-aminobutyric acid, Ahx, 6-aminohexanoic acid, k,D-lysine, f, D-phenylalanine, Ac, acetyl.
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the in vivo mouse wound healing model, implying that these
compounds stimulate the innate immune system. As seen in
Table 3, compounds 23, 29, and 43 all caused significant
increase in closure of wounds at all time points and exhibited
a significant decrease in half closure time in the mouse
cutaneous injury assay. In fact, these analogues exhibited activity
very similar to that of the reference compound 2-p-[2-carboxy-
ethyl]phenethylamino-5′-N-ethylcarboxamideadenosine, a po-
tent adenosine A2a receptor agonist that accelerates wound
healing.56,57

In an attempt to determine if there is a correlation of
hemolytic activity and toxicity, six of these compounds were
evaluated in an in vivo mouse maximum tolerated dose study.
The first four compounds (27-30) were evaluated at doses of

1, 5, and 25 mg/kg for 6 days, and none of these compounds
exhibited any acute toxicity (Table 4). Two other compounds
(23 and 36) were evaluated at 5, 25, and 125 mg/kg, and in
both cases acute toxicity was observed at a dosage of 125 mg/
kg. In the case of compound23, all animals lost weight and
one animal died, while compound36 exhibited much greater
toxicity where 5 out of 5 animals died. It is interesting to note
that for all six compounds at a dosing of 1, 5, and 25 mg/kg,
no correlation between hemeolytic activity and acute toxicity
was observed. Deslouches and co-workers58 reported the
synthesis of a series of peptides composed of repeating Arg
and Val residues to induce an idealized amphipathicR-helix
with selective substitution of Trp residues on the hydrophobic
face of the helix to increase the overall hydrophobicity of the

Table 2. Minimum Inhibitory Concentration for Antimicrobial and Hemolytic Activity (100 and 25µM)

peptide
Salmonella

typhimurium
Staphylococcus aureus

ME/GM/TC resistant bacteria
Mycobacterium

ranae
Bacillus
subtillis

hemolysis
100/25µM

1 not active 10µM/35 µg/mL not tested not tested
2 100µM/360 µg/mL 10 mM/36µg/mL not active 1µM/3.6 µg/mL 100%
3 not active 100µM/340 µg/mL not tested not tested 100%
4 100µM/350 µg/mL 10µM/35 µg/mL not tested not tested 100%
5 100µM/400 µg/mL 30µM/120 µg/mL not active 3µM/12 µg/mL 100%
6 not tested not tested not tested not tested 70%
7 not active not active not tested not tested 3%
8 not active not active not tested not tested 23%
9 not tested not tested not tested not tested 23%
10 not tested not tested not tested not tested not tested
11 not active not active not tested not tested not tested
12 not tested not tested not tested not tested not tested
13 not active not active not tested not tested not tested
14 not active not active not tested not tested not tested
15 not active not active not tested not tested not tested
16 not active not active not tested not tested not tested
17 not active not active not tested not tested not tested
18 not active not active not tested not tested not tested
19 not active not active not tested not tested not tested
20 not active not active not tested not tested 55%
21 not tested not tested not tested not tested 27%
22 not active 10µM/31 µg/mL 30µM/93 µg/mL 1 µM/3.1 µg/mL 63%
23 10 µM/24 µg/mL 3 µM /7.2 µg/mL 10µM/24 µg/mL 1 µM/2.4 µg/mL 14%
24 10 µM/25 µg/mL 3 µM /7.5 µg/mL 10µM/25 µg/mL 1 µM/2.5 µg/mL not tested
25 30 µM/75 µg/mL 10µM/25 µg/mL 10µM/25 µg/mL 3 µM/7.5 µg/mL not tested
26 3 µM/7.2 µg/mL 10µM/24 µg/mL 10µM/24 µg/mL 1 µM/2.4 µg/mL 33.4%/14.3%
27 3 µM /7.5 µg/mL 30µM 75 µg/mL 3 µM/7.5 µg/mL 1 µM 2.5 µg/mL 43.6%/24.9%
28 10 µM/22 µg/mL 3 µM/6.6 µg/mL 30µM/66 µg/mL 1 µM/2.2 µg/mL 86.8%/50%
29 100µM/280 µg/mL 10µM/28 mg/mL 10µM/28 mg/mL 1µM/2.8 µg/mL 10.8%/1.0%
30 10 µM/20 µg/mL 10µM/20 µg/mL 3 µM/6.0 µg/mL 1 µM/2.0 µg/mL 26.7%/9.2%
31 100µM/180 µg/mL not active 100µM/180 µg/mL 3 µM/5.4 µg/mL 5.9%/3.2%
32 100µM/200 µg/mL not active 30µM/60 µg/mL 10µM/20 µg/mL 6%/4.9%
33 100µM/220 µg/mL not active 30µM/66 mg/ mL 10µM/22 µg/mL 5.70%/3.80%
34 not active not active 100µM/200 µg/mL 30µM/60 µg/mL 3.30%/3.3%
35 10 µM/24 µg/mL 10µM/24 µg/mL 10µM/24 µg/µL 3 µM/7.2 µg/mL 27.30%/8.9%
36 10 µM/25 µg/mL 10µM/25 µg/mL 1 µM/2.5 µg/mL 1 µM/2.5 µg/mL 24.4%/7.4%
37 10 µM/27 µg/mL 10µM/27 µg/mL 3 µM/8.1 µg/mL 1 µM/2.7 mg/mL 44.7%/26.6%
38 10 µM/25 µg/mL 3 µM/7.5 µg/mL 3 µM/7.5 µg/mL 1 µM/2.5 µg/mL 41.3%/33.5%
39 10 µM/26 µg/µL 3 µM/7.8 µg/mL 3 µM/7.8 µg/mL 1 µM/2.6 µg/mL 24.9%/18.9%
40 10 µM/27 µg/µL 30 µM/81 µg/mL 3 µM/8.1 µg/mL 1 µM/2.7 µg/mL 29.7%/10.5%
41 10 µM/24 µg/µL 10 µM/24 µg/mL 10µM/24 µg/mL 1 µM/2.4µg/mL not tested
42 30 µM/75 µg/µL 10 µM/25 µg/mL 3 µM/7.5 µg/mL 0.3µM/ 0.75µg/mL not tested
43 3 µM/7.2 µg/µL 3 µM/7.2 µg/mL 10µM/24 µg/mL 0.3µM/0.72µg/mL not tested
44 30 µM/75 µg/µL 3 µM/7.8 µg/mL 10µM/26 µg/mL 1 µm/2.6µg/mL not tested
45 3 µM/ 6.6 µg/µL 10 µm/22µg/mL 100µM/220 µg/µL 1 µM/2.2 µg/µL not tested
46 3 µM/6.6 µg/mL 30µM/66 µg/mL 100µM/228 µg/mL 0.3µM/0.66µg/mL not tested
47 10 µM/24 µg/mL 3 µM/7.2 µg/mL 10µM/24 µg/mL not tested not tested
48 10 µM/24 µg/mL 10µM/24 µg/mL 10µM /24 µg/mL not tested not tested
49 30µM/75 µg/mL 10µM/25 µg/mL 10µM / 25 µg/mL not tested not tested
magainin-1 amide 30µM not active at 100µM not tested not active at 100µM not tested
maginin-252 g100µg/mL 0.78µM54

NH2-Lys4-magainin-252 g100µg/mL
NH2-Arg10-magainin-252 25 µg/mL
pexiganan53 16 µg/mL
helical peptoid analogues

of magainin-2 amide55

analogue no. 1 > 100µM
analogue no. 2 7.8µM
analogue no. 5 0.82µM
analogue no. 7 >75 µM
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peptides. These very potent antibacterial compounds exhibited
a maximum tolerated dose of only 16 mg/kg. The observed
improvement in the maximum tolerated dose suggests

that the incorporation of the Tic-Oic dipeptide does not allow
these peptides to adopt an idealized amphipathicR-helical
structure.

Figure 3. Electrostatic surface potential map of the active analogue23 shows the polar and nonpolar faces of the molecule. Blue color indicates
a positive charge. Red indicates a negative charge, and white indicates a neutral electric charge.

Figure 4. The electrostatic surface potential map of the much less active analogue31 shows an even distribution of charge over the entire surface
of the molecule. Blue color indicates a positive charge. Red indicates a negative charge, and white indicates a neutral electric charge.

Figure 5. The effect of incorporation of the negatively charged pentapeptide (ELMNS) found at the C-terminus of the magainins at both the C and
N terminus is shown by the electrostatic potential map of the completely inactive analogue7. Blue color indicates a positive charge. Red indicates
a negative charge, and white indicates a neutral electric charge.
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Discussion

In order to systemically investigate the effects of varying the
spacer and functional groups (Figure 1) on selectivity and
potency for the three different bacterial strains, compound23
was selected on the basis of its broad spectrum activity (activity
againstSalmonella typhimuriumis 10 µM; activity against
Staphylococcus aureusME/GM/MTC resistant bacteria is 3µM;
activity againstMycobacterium ranaeis 10µM; activity against
Bacillus subtillisis 1µM coupled with relatively low hemolytic
activity of 14%) as the reference compound for this investiga-
tion. The first hypothesis to be evaluated was the importance
of the Tic-Oic dipeptide turn-inducing unit to antibacterial and
hemolytic activity. In compound31 the Tic residue was
completely deleted from the sequence and resulted in loss of
activity againstStaphylococcus aureusME/GM/MTC resistant
bacteria and in a dramatic reduction in activity againstSalmo-
nella typhimuriumfrom 10 to 100µM and againstMycobac-
terium ranaefrom 10 to 100µM. Hemolytic activity was also
reduced to 6%. It is of interest to point out that compound31
was still very active (3µM) against the Gram-positive strain
Bacillus subtillis.To determine whether the dramatic reduction
in activity was due to the reduction of the overall amino acid
sequence length from 19 to 15, compound34 was prepared
where all the Tic residues were replaced with Gly residues, thus
maintaining the overall amino acid sequence length of 19. This
resulted in the loss of activity against bothSalmonella typh-
imurium and Staphylococcus aureusME/GM/MTC resistant
bacteria, while the activity againstMycobacterium ranae
remained at 100µM. Again, compound34 was still relatively

active (30 µM) against Bacillus subtillis. A reduction in
hemolytic activity (3%) was also observed for this analogue.
Two similar analogues were prepared by completely deleting
the Oic residues in compound32 or replacing it with a Gly
residue to give compound33, resulting in loss of activity against
Staphylococcus aureusME/GM/MTC resistant bacteria and
dramatic reduction in activity againstSalmonella typhimurium
(100µM) while still maintaining relatively good activity against
Bacillus subtillis. A reduction of hemolytic activity of (6%) was
also observed. However, it is interesting to note that in both
cases activity againstMycobacterium ranaewas reduced only
from 10 to 30µM. This observation provides critical insight
into the conformational and hydrophobic requirements for
selective binding to the membranes of mycobacterium vs Gram-
positive and Gram-negative bacterium. The final analogue
prepared in the series was compound35 where the Tic residue
was replaced by the less conformationally restrained aromatic
residue Phe, resulting in an analogue exhibiting antibacterial
activity similar to that of compound23; however, a 2-fold
increase in hemolytic activity (28%) was observed. This
observation supports the hypothesis that in addition to playing
the major role of inducing a turn conformation, the hydropho-
bicity of the Tic residue is also important for antibacterial
activity and hemolytic activity.

Spacers 1 and 2 in compound23are both Gly residues; thus,
there is only one carbon atom between the amide nitrogen atom
and the carbonyl carbon atom of the amino acid residue.
Compound 36 spacers 1 and 2 are bothâ-Ala residues
containing a two-carbon spacer. This modification had little or
no effect on the activity against all four bacterial strains;
however, hemolytic activity increased to 25%. Compound29
spacers 1 and 2 are both the amino acid GABA containing a
three-carbon spacer. This modification had no effect on activity
against Salmonella typhimuriumor Mycobacterium ranae.
However, the activity againstStaphylococcus aureusME/GM/
MTC resistant bacteria was dramatically reduced from 3 to 100
µM. Hemolytic activity was approximately equal to compound
23. Compound37 spacers 1 and 2 are both 6-aminohexonic
acid containing a five-carbon spacer. This modification had little
or no effect on the activity againstSalmonella typhimuriumor
Staphylococcus aureusME/GM/MTC resistant bacteria or
Mycobacterium ranae. However, the hemolytic activity in-
creased to 45%. The final modification to spacers 1 and 2 was
to delete this residue altogether in compound28. The deletion
of both spacers 1 and 2 resulted in no change in the activity
againstSalmonella typhimuriumandStaphylococcus aureusME/
GM/MTC resistant bacteria, with a very small increase in the

Table 3. Mouse Wound Healing Model Results

wound healing, %

compd dose day 3 day 5 day 7 day 9 day 11 CT50

vehicle 20µL/mouse 19.7 35.8 49.6 60.6 66.4 7.7 days
SEMa 4.9 3.4 3.0 0.9 0.9 0.2%

23 100µg/mouse 36.3 51.5 63.3 69.8 77.5 6.1 days
SEM 1.9 2.9 1.6 2.0 2.3 0.2%

29 100µg/mouse 39.7 54.1 64.9 72.7 79.0 5.7 days
SEM 2.3 3.0 2.0 0.6 0.6 0.2%

43 100µg/mouse 38.8 51.2 67.2 72.8 81.1 5.7 days
SEM 3.1 2.1 1.1 1.6 1.5 0.1%

controlb 10 µg/mouse 41.1 54.6 70.6 77.6 84.3 5.4 days
SEM 2.0 3.0 1.6 1.7 1.6 0.2%

a SEM is the deviation from the average % wound closure of the five
animals within the specific group.b 2-p-[2-carboxyethyl]phenethylamino-
5′-N-ethylcarboxamideadenosine is a potent adenosine A2a receptor agonist
that promotes wound healing and was used as the reference standard in
this study.

Table 4. Maximum Tolerated Dose Studies.

peptide 1 mg/kg 5 mg/kg 25 mg/kg 125 mg/kg

% hemolytic
activity

at 100µM
peptide

23 not tested no observed toxicity no observed toxicity minor weight loss in
4 of 5 animals, 1 death

14

27 minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

not tested 43

28 minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

not tested 86

29 minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

minor weight loss/
no observed toxicity

not tested 10

30 no observed toxicity no observed toxicity no observed toxicity not tested 27

36 not tested no observed toxicity minor weight loss/
no observed toxicity

5 out of 5 animals died 25
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activity againstMycobacterium ranae. The hemolytic activity,
however, dramatically increased to 87%, making this compound
the most toxic to red blood cells of the series tested. This data
strongly suggest that spacers 1 and 2 play a major role in
determining the conformational flexibility of these compounds.
On the basis of the observation that compound28 exhibits the
highest hemolytic activity, coupled with the observation in the
literature that helical character favors hemolytic activity,3,15,16

one can postulate that the absence of spacers 1 and 2 reduces
the conformational freedom of the peptide and induces a helical
conformation onto the peptide, facilitating the binding to the
membrane of red blood cells. The other spacers seem to exhibit,
as one would expect, greater conformational freedom, allowing
the peptide to adopt different conformations on interaction with
red blood cells. In summary, spacers 1 and 2 seem to exhibit
their greatest effect on hemolytic activity. As far as antibacterial
activity is concerned, none of the spacers had a great effect
except for GABA (29), which had a dramatic effect by reducing
the activity by 33-fold againstStaphylococcus aureusME/GM/
MTC resistant bacteria. This result implies that this spacer makes
it more difficult for compound29 to adapt, under the influence
of the physicochemical properties of theStaphylococcus aureus
cell membrane, a favorable binding conformation. This informa-
tion may be critical in designing Gram-negative and mycobac-
terium selective agents.

Spacer 3 defines the distance from the side chain terminal
amine group to the polypeptide backbone. To determine whether
or not this distance has any affect on antibacterial activity,
analogues with three different side chain lengths were investi-
gated: compound23contains Lys residues with four methylene
groups in the side chain; compound43 contains Orn residues
with three methylene groups in the side chain; compound41
had only the C-terminal Lys residues replaced with Orn;
compound45contains Dpr residues with two methylene groups
in the side chain. The net result of this study was that these
modifications had very little effect on activity againstSalmonella
typhimuriumandStaphylococcus aureusME/GM/MTC resistant
bacteria; however, the activity againstMycobacterium ranae
was dramatically reduced by 10-fold from 10 to 100µM. This
result indicates that inclusion of Dpr residues will increase
selectivity for Gram-positive and Gram-negative bacteria vs
mycobacterium with a 33-fold selectivity for Gram negative and
a 10-fold selectivity for Gram positive bacteria vs mycobacteria.

It is known that the Phe residues participate in hydrophobic
interactions with the hydrophobic core of the cell membrane.
In an effort to determine whether changes in the electrostatic
properties of Phe residue’s aromatic ring do affect membrane
binding, the 4-flurophenylalanine (Fpa) analogue42 was
prepared. The net result was a small decrease in activity against
Salmonella typhimuriumandStaphylococcus aureusME/GM/
MTC resistant bacteria with a small increase in the activity
againstMycobacterium ranae. Replacement of the Phe residues
with the much more electronegative 4-nitrophenylalanine (Nph)
residues produced an analogue49with the same activity against
Salmonella typhimuriumandStaphylococcus aureusME/GM/
MTC resistant bacteria exhibited by42; however, this substitu-
tion resulted in a small decrease in the activity against
Mycobacterium ranae(from 3 to 10 µM). This is a very
interesting observation indicating that the hydrophobic interac-
tions between these peptides and the membranes of mycobac-
terium are different in some way from the hydrophobic
interactions with Gram-positive and Gram-negative membranes.
Additional investigations are being carried out to fully under-
stand this potential difference.

As seen in Table 2, various other modifications produced only
small variations in the observed antibacterial activity. The
Bacillus subtillisstrain seems to be very insensitive to these
subtle changes in structure and physicochemical properties. This
assay may provide insight into the overall lethality of these
compounds, but it provides very little insight into the physico-
chemical factors that define potency and selectivity. To date,
compound46, containingâ-Ala residues for spacers 1 and 2
and Dpr residues for spacer 3, exhibits the highest selectivity
for Salmonella typhimuriumwith a 10-fold selectivity over
Staphylococcus aureusME/GM/MTC resistant bacteria and a
33-fold selectivity overMycobacterium ranae.Compound40
with a 3-fold selectivity overSalmonella typhimuriumand a
10-fold selectivity overStaphylococcus aureusME/GM/MTC
resistant bacteria and compound42 with a 10-fold selectivity
over Salmonella typhimuriumand a 3-fold selectivity over
Staphylococcus aureusME/GM/MTC resistant bacteria are the
most selective analogues forMycobacterium ranae. Compounds
2 and4 are the only analogues to date that exhibit 10-fold or
greater selectivity overStaphylococcus aureusME/GM/MTC
resistant bacteria versusSalmonella typhimuriumand Myco-
bacterium ranae.However these compounds exhibit 100%
hemolytic activity and are therefore not selective agents.

To rule out the possibility of the mechanism of action of these
peptides involving a receptor mediated event, two analogues
47and48 incorporatingD-Phe orD-Lys residues were prepared.
It is well-established that a specific target or receptor for the
membrane-disruptive AMPs is absent and is supported by the
observation that analogues containingD-amino acid replace-
ments do not exhibit reduced antibacterial activity.59 As seen
in Table 1, both analogues47and48exhibited the same activity
againstStaphylococcus aureusME/GM/MTC resistant bac-
teria, Salmonella typhimurium, and Mycobacterium ranaeas
the reference compound23 containing all L-amino acids.
This observation is consistent with replacement studies, con-
ducted by Bessalle and co-workers,60 with the well charac-
terized membrane disruptor magainin, which indicated no
reduction in antibacterial activity even with 100%D-amino acid
incorporation.

Conclusion

The results of this investigation clearly support the original
hypothesis that AMPs interact differently with different bacterial
strains such as Gram-positive, Gram-negative, and Mycobac-
terium bacteria because of the differing chemical composition
of their respective cell membranes. Further, the results presented
here show that small changes in the structural and physico-
chemical properties of the constituent amino acid residues can
lead to major changes in the potency and selectivity of a
particular AMP for a particular bacterial strain. Therefore, it
should be possible, by careful selection and placement of
residues with specific physicochemical properties, to design
tailor-made AMPs with increased potency and selectivity for a
specific strain of bacteria.

Experimental Section

NMR. All 1H NMR data were collected using a Bruker Avance-
600 spectrometer using a1H, 13C, 15N z-gradient cryoprobe. The
samples of each peptide were prepared in (A) 100 mM SDS micelles
and (B) 100 mM DPC micelles in 600µL of 90% H2O/10%D2O
buffered with 150 mM sodium acetate to a pH of 4.2. 1D1H NMR
spectra were collected using the WATERGATE (water suppression
by gradient tailored excitation) water suppression pulse sequence
developed by Sklenar and co-workers.61 Data were collected at a
temperature of 300 K. A spectral width of 9090.9 Hz was used,
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and data were acquired with 128k data points in F2. A total of 16
scans were collected for each spectrum. Spectra were processed
using XWINNMR (Bruker) on a Hewlett-Packard workstation.

In Vitro Assays. All peptides were screened for antibacterial
activity in the following four in vitro assays: (1)Salmonella,
typhimurium(ATCC 13311) Gram-negative,62,63(2) Staphylococcus
aureusmethicillin/gentamicin/tetracycline resistant (ATCC 33592)
Gram-positive,64 (3) Bacillus subtillis (ATCC 43223) Gram-
positive,62,63 and (4) Mycobacterium ranae(ATCC 110)62,63 by
MDS Pharma Services using the following protocol. The test
substance/vehicle was added to test wells containing the selected
microorganisms (1× 10-4 to 5× 10-5 CFU/mL) in the appropriate
culture medium under controlled conditions. Final incubation
concentration was determined by comparison to a reference standard
optical density curve. After 1-4 days, growth of the culture was
examined and scored positive (+) for inhibition of growth or
turbidity and negative (-) for no effect upon growth or turbidity.
Samples were evaluated at concentrations of 100, 30, 10, 3, 1, 0.3,
and 0.1µM in 1% DMSO to determine the minimal inhibitory
concentration.

In Vivo Assays. Selected compounds were evaluated in an in
vivo mouse skin wound healing model by MDS Pharma Services
using the following protocol. Groups of CD-1 derived male mice
(n ) 5) weighing 24( 2 g were used. Under hexabarbitol (90
mg/kg, ip) anesthesia, the shoulder and back region of each animal
was shaved. A sharp punch (i.d. of 12 mm) was applied to remove
the skin includingpanniculus carnosusand adherent tissues. Test
substances at a concentration of 100µg/mouse were each admin-
istered topically immediately following cutaneous injury, once daily
for 10 consecutive days. The wound area, traced onto clear plastic
sheets, was measured by use of an Image-ProPlus (Media Cyber-
netics, version 4.5.0.29) on days 1, 3, 5, 7, 9, and 11. The percent
closure of the wound was calculated, and wound half-closure time
(CT50) was analyzed by linear regression using GraphPad Prism
(GraphPad Software, San Diego, CA). One-way ANOVA followed
by Dunnett’s test was applied for comparison between the treated
and its corresponding vehicle groups at each measurement time
point. Differences were considered statistically significant at
P < 0.05.65

Maximum Tolerated Dose.Six compounds were evaluated in
an in vivo mouse model to determine the maximum tolerated dose
for each compound by BIOCON, Inc., using the following protocol.
For each compound, three dose concentrations (1, 5, and 25 mg/
kg or 1, 5, and 125 mg/kg) were administered ip 1-2 times per
day as split doses: day “0”, weigh the animals; days 1-6, dose
daily and observe animals; day 7, weigh, euthanize, and necrotize
to examine abdominal cavity.

Hemolytic Studies. An amount of 5 mL of blood was taken
and spun down at 2500 rpm for 5 min. The supernatant was
decanted, washed with PBS (20 mL each time, pH 7.4, isotonic)
six times or until the supernatant became clear, and resuspended
in 125 mL of PBS to obtain a 4% count. An amount of 500µL
each was used for the experiments.

Peptide Synthesis.All of the above-mentioned peptides were
synthesized at 60µM scale using an Advanced Chemtech ACT
396 model multiple peptide synthesizer. Standard Fmoc chemistry
was followed for the synthesis.66-68 Rink amide MBHA resins
[4(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)phenoxyacetamido-
L-norleucyl-p-methylbenzhydrylamine resin] (purchased from Nov-
aBioChem) were used as the solid phase and DMF (dimethyl
formamide) was used as the primary transfer and wash solvent. A
20% piperidine solution in DMF was used for deprotection. A
solution of HBTU (O-benzotriazole-N,N,N′,N′-tetramethyluroni-
umphosphate) in conjunction with HOBT (1-hydroxybenzotriazole)
in DMF was used as the coupling agent, and 5% acetic anhydride
in DMF was used for capping. DIPEA (diisopropylethylamine, 2
M in N-methylmorpholine) was used as the tertiary amine in the
coupling step. All amino acids were dissolved in NMM (N-
methylmorpholine). Upon completion of the synthesis, the resin
was thoroughly washed with methanol (5 times), dried overnight
under high vacuum (0.05 Torr), and cleaved using a cocktail

containing TFA (88%), water (5%), phenol (5%), and triisopro-
pylsilane (2%) for 3 h. This mixture of resin and cleave cocktail
was filtered followed by addition to cold (-20 °C) stabilizer-free
dry diethyl ether. The precipitated peptide was centrifuged, and
the supernatant was removed. This pellet of peptide was repeatedly
washed with dry diethyl ether (20 mL× 2) and dried overnight
under high vacuum (0.05 Torr). The crude peptide thus obtained
was dissolved in 0.1% TFA (trifluoroacetic acid), and a 1% aliquot
was saved for HPLC, mass spectrometry, and other analyses. These
crude peptides were purified by reverse-phase HPLC for further
applications.

Peptide Purification and Analyses.All HPLC analyses were
carried out using an Agilent 1100 series analytical instrument
(equipped with autosampler and diode array detector) and a Vydac
C18 narrow bore reverse-phase column (250 mm× 2.1 mm, 5µM
particle size, 100µL/min flow rate). The mobile phase A consisted
of water (97.5%, containing 0.5 mL TFA) and 2-propanol (2.5%),
while mobile phase B consisted of MeCN (88.88%), water (8.88%,
containing 0.4 mL of TFA), and 2-propanol (2.4%). All analyses
were carried out under gradient conditions (1-90% B over 60 min)
at a flow rate of 100µL/min. All crude peptides were purified to
97% or more for analytical and other experimental purposes. All
preparative purifications were carried out using an Agilent 1100
series preparative instrument and a Vydac C18 reverse-phase
preparative column (250 mm× 22 mm, 10µM particle size, 10
mL/min flow rate) using the same mobile phases. All purified
peptides were analyzed again by HPLC and mass spectrometry.
Mass Spectral analyses were carried out using a Finnigan LTQ ESI-
MS instrument running Xcalibur 1.4SR-1 or a Kratos PC Axima
CFR Plus instrument (MALDI) running Kompact V2.4.1. ESI-MS
showed multiply charged ions, and the accurate mass was calcu-
lated. MALDI analyses were performed in reflectron mode, and
hence, in most cases the (M+ H)+ ion corresponding to the
monoisotopic mass was observed (Supporting Information, Table
1). In the case of compounds showing only (M+ Na)+ or (M +
K)+ peaks, the mass was confirmed by running the same experiment
in negative ion mode.

Molecular Modeling. Cerius2 (C2), version 4.9,69 and InsightII,
version 2001,70 running on a Silicon Graphics Octane workstation
under the IRIX 6.5 operating system were used for all of the
modeling calculations presented here. Gasteiger71 charges with
consistent force field72 was used for all of the computations
employing involving C2, and consistent valence force field (CVFF)
was used for all computations employing InsightII. Unless otherwise
noted, default C2 and InsightII parameters were used. Each peptide
was built using the Biopolymer module; the resulting structure was
minimized using steepest descent algorithm73 after a brief molecular
dynamics simulation run. These structures were then subjected to
a conformational search algorithm using the Boltzmann jump
method74 as implemented in C2 to obtain a series of minimum
energy conformers. The parameters used in this search were as
follows: Torsion window was fixed to 120, temperature was set
to 5000 K, and the number of perturbations was set to 50. The
torsion bond is defined as a single bond connecting different groups,
which on rotation would give rise to a potential local minimum
conformer. Cluster analysis was performed on the basis of the rms
(root mean square) differences of the torsion angles between the
conformers. Electrostatic potential surfaces for selected AMP
conformers were computed as follows. The electrostatic potential
for each conformer was computed employing a grid with origin at
its grid points, resolution of 65 points per axis, and solute extending
to 80 Å. The solute was defined with Gasteiger charges, van der
Waals radii, dielectric constant of 2.0, and point charge distribution.
The solvent dielectric constant was set to 80, solvent radii were
set to 1.4 Å, ionic strength was set to 0.145, and the ionic radii
were set to 2.0 Å. The molecular surfaces computed were Connolly
surfaces with solid display style, using atom radii scale of 1.0, atom
radii increment of 0.0, and probe radius of 1.4 Å. The surfaces
were colored with Delphi spectrum using the electrostatic potential
grid as the coloring method.
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