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ABSTRACT: The anaphylatoxin C3a and its inactivated derivative C3adesArg, generated during complement
activation, exert direct antimicrobial effects, mediated via its C-terminal region [Nordahl et al. (2004)
Proc. Natl. Acad. Sci. U.S.A. 101, 16879—16884]. During evolution, this region of C3a displays subtle
changes in net charge, while preserving a moderate but variable amphipathicity [Pasupuleti et al. (2007)
J. Biol. Chem. 282, 2520—2528]. In this study, we mimic these evolutionary changes, employing a design
approach utilizing selected amino acid substitutions at strategic and structurally relevant positions in the
original human C3a peptide CNYITELRRQHARASHLGLA, followed by structure—activity studies
incorporating sequence-dependent QSAR models as tools for generation of C3a peptide variants with
enhanced effects. While the native peptide and related amphipathic analogues of moderate positive net
charge were active against the Gram-negative Escherichia coli, activity against the Gram-positive
Staphylococcus aureus was primarily observed for peptides characterized by a combination of a relatively
high net charge (+6—7) and a propensity to adopt an a-helical conformation with amphipathic character.
Such increased helicity and charge also conferred activity against the fungus Candida albicans. A central
histidine residue (H11), evolutionarily conserved among vertebrates, conferred high selectivity toward
microbes, while substitutions with leucine rendered the peptides hemolytic. Selected C3a analogues retained
their specificity against staphylococci in the presence of human plasma, while showing low cytotoxicity.
The work illustrates structure—activity relationships underlying the function and specificity of antimicrobial
C3a and related analogues and provides insights into the forces that drive evolution of antimicrobial

peptides.

It has been estimated that humans contain about 1 kg of
bacteria (~10'* cells) (1), an observation that reflects our
coexistence with colonizing microbes. In order to control
this microbial flora, humans as well as virtually all life forms
are armored with a rapidly acting antimicrobial system based
on short cationic and amphiphilic antimicrobial peptides
(AMP).! Most AMPs are linear peptides, many of which may
adopt an «-helical and amphipathic conformation upon
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bacterial binding (2—8). Amphipathic and o-helical AMPs,
such as the human cathelicidin LL-37, magainin-2, PGLa,
and pleurocidin, adopt highly ordered amphipathic helices
in relevant phospholipid and ionic environments (2-8).
However, the exact molecular mechanisms governing these
processes, which have implications for AMP activities against
Gram-negative and Gram-positive bacteria, as well as for
toxicity against mammalian cells, are only just starting to
be understood (4, 7, 9-13). Considering the increasing
resistance problems against conventional antibiotics, AMPs
have recently emerged as potential therapeutic candidates.
Various strategies, such as use of combinational library
approaches (/4), stereoisomers composed of D-amino acids
(I5) or cyclic D,L-a-peptides (16), and high-throughput based
screening assays (/7, 18), are currently employed in the
development of therapeutically interesting AMPs (19, 20).

We have previously shown that the human anaphylatoxin
peptide C3a exerts a direct and potent antimicrobial effect
against bacteria and fungi (27, 22). C3 deficiency is also
connected with increased susceptibility to bacterial infections
in humans (23), as well as in animal models (24, 25), findings
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compatible with this direct antibacterial effect of C3a (25).
The carboxy-terminal region of the anaphylatoxin peptide
C3a is released by neutrophilic enzymes, harbors typical
features of helical AMPs, and is protective against systemic
infection with Streptococcus pyogenes (22). Previous studies
also indicated that natural selection, affecting antimicrobial
activity of this C3a region, favors changes in charge, while
preserving a moderate amphipathicity. Thus, notwithstanding
a significant sequence variation, functional and structural
constraints imposed on C3a during evolution have preserved
critical properties governing antimicrobial activity (26).
During the course of these previous studies we noted that
the human natural C3a peptide, being active against several
Gram-negative bacteria in vitro, as well as against S.
pyogenes also in vivo, displayed limited activity against the
Gram-positive Staphylococcus aureus. Given this, the objec-
tives of this study were 2-fold. First, we wanted to generate
an understanding for the structural basis governing activity
of this helical AMP against bacteria and fungi, as well as
eukaryotic cells. Second, we wanted to identify C3a peptide
analogues with enhanced activities against Gram-positive
bacteria, such as S. aureus. Obviously, a design approach
using systematic alterations of all possible positions in the
amino acid framework of the peptide would not be feasible.
For example, replacement of each position with only four
amino acids would generate 4% (~1 x 10'?) individual
peptides. Here, we therefore adopted a strategy based on
selected amino acid alterations in the peptide template,
utilizing structural considerations, current knowledge on
structural prerequisites for helix stabilization (27, 28), and
bacterial as well as eukaryotic data, combined with peptide
sequence dependent QSAR modeling for identification of
novel C3a peptide variants with enhanced antimicrobial
effects.

EXPERIMENTAL PROCEDURES

Peptides. Peptides were from Sigma-Genosys, generated
by a peptide synthesis platform (PEPscreen, Custom Peptide
Libraries, Sigma Genosys). Yield was ~1—6 mg, and peptide
length 20 amino acids throughout. MALDI-ToF mass
spectrometry was performed on these peptides, and average
crude purity of the 20mers was found to be 60—70%.
Peptides were supplied lyophilized and in a 96-well tube
rack. Prior to biological testing the PEPscreen peptides were
diluted in dH,O (5 mM stock) and stored at —20 °C. This
stock solution was used for the subsequent experiments.
Selected C3a variant peptides were synthesized by Innovagen
AB, Lund, Sweden, and Sigma Genosys, U.K. The purity
(>95%) and molecular weight of these peptides were
confirmed by both suppliers by mass spectral analysis
(MALDITOF Voyager). Biopeptide, San Diego, CA, syn-
thesized the peptides Novisprin and Omiganan. Polymyxin
B was from Sigma Genosys (purity >95%).

Microorganisms. Escherichia coli 37.4, S. aureus ATCC
29213, and Candida albicans ATCC 90028 were obtained
from the Department of Clinical Bacteriology at Lund
University Hospital. Additional S. aureus clinical isolates
were obtained from patients with skin infections. S. aureus
molecular typing was performed using ADSRRS-fingerprint-
ing analysis (29). Briefly, S. aureus DNA was digested with
the two restriction enzymes BamHI (10 units/uL) (Sigma)
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and Xbal (10 units/uL) (Sigma). Cohesive ends of DNA were
ligated with adapters and amplificated. PCR products were
electrophoresed on polyacrylamide gels, stained by ethidium
bromide, and photographed under UV light.

Radial Diffusion Assay. Essentially as described earlier (22, 30)
bacteria were grown to midlogarithmic phase in 10 mL of
full-strength (3% w/v) trypticase soy broth (TSB) (Becton-
Dickinson, Cockeysville, MD). The microorganisms were
then washed once with 10 mM Tris, pH 7.4. Subsequently,
4 x 10° bacterial colony-forming units was added to 15 mL
of the underlay agarose gel, consisting of 0.03% (w/v) TSB,
1% (w/v) low electroendosmosis type (EEO) agarose (Sigma,
St. Louis, MO), and 0.02% (v/v) Tween 20 (Sigma). The
underlay was poured into a @ 144 mm Petri dish. After
agarose solidification, 4 mm diameter wells were punched,
and 6 uL of test sample was added to each well. Plates were
incubated at 37 °C for 3 h to allow diffusion of the peptides.
The underlay gel was then covered with 15 mL of molten
overlay (6% TSB and 1% Low-EEO agarose in distilled
H,0). Antimicrobial activity of a peptide is visualized as a
zone of clearing around each well after 18—24 h of
incubation at 37 °C.

Viable-Count Analysis. S. aureus ATCC 29213 bacteria
were grown to midlogarithmic phase in Todd—Hewitt (TH)
medium (Becton and Dickinson, Baltimore, MD). They were
then washed and diluted in 10 mM Tris, pH 7.4, containing
5 mM glucose. Following this, bacteria (50 uL., 2 x 10° cfu/
mL) were incubated, at 37 °C for 2 h, with the peptides 100,
100H-L, 122, 122H-L, and LL-37 (at 0.03, 0.06, 0.3, 0.6, 3,
6, 30, 60 uM) in 10 mM Tris and 0.15 M NaCl with 20%
human citrate—plasma. To quantify the bactericidal activity,
serial dilutions of the incubation mixtures were plated on
TH agar, followed by incubation at 37 °C overnight, and
the number of colony-forming units was determined. 100%
survival was defined as total survival of bacteria in the same
buffer and under the same condition in the absence of
peptide. Significance was determined using the statistical
software SigmaStat (SPSS Inc., Chicago, IL).

Hemolysis Assay. EDTA blood was centrifuged at 800g
for 10 min, whereafter plasma and buffy coat were removed.
The erythrocytes were washed three times and resuspended
in 5% PBS, pH 7.4. The cells were then incubated with end-
over-end rotation for 1 h at 37 °C in the presence of peptides
(60 uM). Triton X-100 (2%) (Sigma-Aldrich) served as
positive control. The samples were then centrifuged at 800g
for 10 min. The absorbance of hemoglobin release was
measured at 4 540 nm and is in the plot expressed as % of
Triton X-100 induced hemolysis.

Minimal Inhibitory Concentration Assay (MIC). MIC
analysis, defining the lowest concentration of the AMP that
prevents microbial growth, was carried out by a microtiter
broth dilution method (37) with modifications to minimize
interference by anionic compounds in the conventional
growth medium, yielding less unspecific interactions and
enhanced sensitivity (32). For preparation of polyanion-
depleted (refined) media, 100 mL of Luria—Bertani broth
was made in Tris, pH 7.4, and applied to a column packed
with 40 mL of DEAE-Sephacel (Sigma, 9013-34-7). The
column was previously rinsed with water, 2 M NaCl, 0.1 M
NaOH, water, and 70% ethanol, respectively, and finally
equilibrated 10 mM Tris, pH 7.4, before use. The medium
was passed through the column twice and finally filter
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sterilized (Millex GP filter unit 0.22 #m) and stored at 8 °C
until use. For determination of MIC, peptides were dissolved
in 10 mM Tris, pH 7.4, at a concentration 5 times higher
than the required range by serial dilutions from a stock
solution. Twenty microliters of each concentration was added
to each corresponding well of a 96-well microtiter plate
(polypropylene; Costar Corp., Cambridge, MA). Bacteria
grown overnight in 3% TSB were rinsed with Tris, pH 7.4,
and diluted in refined LB medium to get a concentration of
~1 x 10° CFU/mL. One-hundred microliters of bacterial
solution in the refined LB medium was added to each well
containing the test peptides. The plate was incubated at 37
°C overnight. The MIC was taken as the concentration at
which greater than 95% of growth inhibition was observed.

Flow Cytometry. S. aureus bacteria were grown to mid-
logarithmic phase in TH medium and washed in 0.15 M NaCl
and 10 mM Tris, pH 7.4. The bacteria (2.5 x 107 cfu) were
incubated for 2 h with LL-37 or the 100 and 100H-L peptides
(30 uM) in 0.15 M NaCl and10 mM Tris with 20% human
citrate—plasma in a total volume of 250 uL. The bacteria
were then fixed by incubation on ice for 5 min and at room
temperature for 45 min in 4% paraformaldehyde. Propidium
iodide (Invitrogen) was added (9 uM), and the samples were
incubated at room temperature for 15 min. Flow cytometry
analysis was performed using a FACS-Calibur flow cytom-
etry equipped with a 15 mW argon laser turned at 488 mm
(Becton-Dickinson, Franklin Lakes, NJ). The bacterial
population was selected by gating with appropriate settings
of forward scatter (FSC) and sideward scatter (SSC). The
FL2 fluorescence channel was used to record the emitted
fluorescence of propidium iodide.

Lactate Dehydrogenase (LDH) Assay. HaCaT Xkerati-
nocytes were grown in 96-well plates (3000 cells/well) in
serum-free keratinocyte medium (SFM) supplemented with
bovine pituitary extract and recombinant EGF (BPE-rEGF)
(Invitrogen) to confluency. The medium was then removed,
and 100 uL of the peptides investigated (at 60 M, diluted
in SFM/BPE-rEGF) was added in triplicate to different wells
of the plate. The LDH-based TOX-7 kit (Sigma-Aldrich, St.
Louis, MO) was used for quantification of LDH release from
the cells. Results given represent mean values from triplicate
measurements. Results are given as fractional LDH release
compared to the positive control consisting of 1% Triton
X-100 (yielding 100% LDH release).

MTT Assay. Sterile filtered MTT (3-(4,5-dimethylthiaz-
olyl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) solu-
tion (5 mg/mL in PBS) was stored protected from light at
—20 °C until usage. HaCaT keratinocytes, 3000 cells/well,
were seeded in 96-well plates and grown in keratinocyte-
SFM/BPE-rEGF medium to confluency. Peptides investi-
gated were then added at 60 uM. After incubation overnight,
20 uL of the MTT solution was added to each well, and the
plates were incubated for 1 h in CO; at 37 °C. The MTT-
containing medium was then removed by aspiration. The blue
formazan product generated was dissolved by the addition
of 100 uL of 100% DMSO per well. The plates were then
gently swirled for 10 min at room temperature to dissolve
the precipitate. The absorbance was monitored at 550 nm,
and results given represent mean values from triplicate
measurements.

Fluorescence Microscopy. For study of membrane per-
meabilization using the impermeant probe FITC, S. aureus
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ATCC 29213 bacteria were grown to midlogarithmic phase
in TSB medium. The bacteria were washed and resuspended
in either 10 mM Tris, pH 7.4, or 10 mM glucose to yield a
suspension of 1 x 107 cfu/mL. The bacterial suspension (100
uL) was incubated with 30 uM of the respective peptides at
30 °C for 30 min. Microorganisms were then immobilized
on poly(L-lysine)-coated glass slides by incubation for 45
min at 30 °C, followed by addition onto the slides of 200
uL of FITC (6 ug/mL) in the appropriate buffers and
incubated for 30 min at 30 °C. The slides were washed, and
bacteria were fixed by incubation, first on ice for 15 min
and then at room temperature for 45 min in 4% paraform-
aldehyde. The glass slides were subsequently mounted on
slides using Prolong Gold antifade reagent mounting medium
(Invitrogen). For fluorescence analysis, bacteria were visual-
ized using a Nikon Eclipse TE300 (Nikon, Melville, NY)
inverted fluorescence microscope equipped with a Hamamat-
su C4742-95 cooled CCD camera (Hamamatsu, Bridgewater,
ME) and a Plan Apochromat 100x objective (Olympus,
Orangeburg, NY). Differential interference contrast (Nomar-
ski) imaging was used for visualization of the microbes
themselves.

Liposome Preparation and Leakage Assay. The liposomes
investigated were either zwitterionic (DOPC/cholesterol, 60/
40 mol/mol) or anionic (DOPC/DOPA/cholesterol, 30/30/
40 mol/mol). DOPA (1,2-dioleoyl-sn-glycero-3-phosphate,
monosodium salt) and DOPC (1,2-dioleoyl-sn-glycero-3-
phoshocholine) were both from Avanti Polar Lipids (Ala-
baster, AL) and of >99% purity, while cholesterol (>99%
purity) was from Sigma-Aldrich (St. Louis, MO). The latter
was added for reducing spontaneous liposome leakage to less
than a couple of percent over the time scale of the
experiment. Due to the long, symmetric and unsaturated acyl
chains of these phospholipids, several methodological ad-
vantages are reached. In particular, membrane cohesion is
good, which facilitates very stable, unilamellar, and largely
defect-free liposomes (observed from cryo-TEM) and well-
defined supported lipid bilayers (observed by ellipsometry
and AFM), allowing very detailed values on leakage and
adsorption density to be obtained. Although seemingly
somewhat suboptimal as a bacterial membrane model, it has
previously been shown that semiquantitatively similar effects
of peptide modifications such as length, charge, hydropho-
bicity, and topology are obtained for zwitterionic and anionic
phospholipid membranes (33, 34), as well as from such
liposomes with or without cholesterol present (33—35). The
lipid mixtures were dissolved in chloroform, whereafter the
solvent was removed by evaporation under vacuum over-
night. Subsequently, 10 mM Tris buffer, pH 7.4, was added
together with 0.1 M carboxyfluorescein (CF) (Sigma, St.
Louis, MO). After hydration, the lipid mixture was subjected
to eight freeze—thaw cycles consisting of freezing in liquid
nitrogen and heating to 60 °C. Unilamellar liposomes, of
about @ 140 nm were generated by multiple extrusions
through polycarbonate filters (pore size 100 nm) mounted
in a LipoFast miniextruder (Avestin, Ottawa, Canada) at 22
°C. Untrapped carboxyfluorescein (CF) was then removed
by two subsequent gel filtrations (Sephadex G-50) at 22 °C,
with Tris buffer as eluent. CF release from the liposomes
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was determined by monitoring the emitted fluorescence at
520 nm from a liposome dispersion (10 mM lipid in 10 mM
Tris, pH 7.4). An absolute leakage scale was obtained by
disrupting the liposomes at the end of the experiment through
addition of 0.8 mM Triton X-100 (Sigma, St. Louis, MO).
A SPEX-fluorolog 1650 0.22 m double spectrometer (SPEX
Industries, Edison, NJ) was used for the liposome leakage
assay. Measurements were performed at 37 °C.

CD Spectroscopy. The CD spectra of the peptides in
solution were measured on a Jasco J-810 spectropolarimeter
(Jasco, U.K.). The measurements were performed at 37 °C
in a 10 mm quartz cuvette under stirring, and the peptide
concentration was 10 uM. The effect on peptide secondary
structure of liposomes at a lipid concentration of 100 uM
was monitored in the range 200—250 nm. The only peptide
conformations observed under the conditions investigated
were 0-helix and random coil. The fraction of the peptide
in a-helical conformation, X,, was calculated from

X, =A—A)(A,—A)

where A is the recorded CD signal at 225 nm and A, and A,
are the CD signal at 225 nm for a reference peptide in 100%
o-helix and 100% random coil conformation, respectively.
100% a-helix and 100% random coil references were
obtained from 0.133 mM (monomer concentration) poly(L-
lysine) in 0.1 M NaOH and 0.1 M HCI, respectively (36, 37).
For determination of effects of lipopolysaccharide on peptide
structure, the peptide secondary structure was monitored at
a peptide concentration of 10 4M, both in Tris buffer and in
the presence of E. coli lipopolysaccharide (0.02 wt %) (E.
coli 0111:B4, highly purified, less than 1% protein/RNA;
Sigma, U.K.). To account for instrumental differences
between measurements, the background value (detected at
250 nm, where no peptide signal is present) was subtracted.
Signals from the bulk solution were also corrected for.

OSAR Analysis of Peptide Activities. The peptide sequence
dependent QSAR modeling was performed using ProPH-
ECY, a proprietary software from SARomics AB, Lund,
Sweden (www.saromics.com). This software contains > 100
descriptors specifically adapted for both peptide and protein
design. Typically, both global (e.g., net charge, net hydro-
phobicity) and local (e.g., amino acid principal properties
(38)) descriptors are included. The method uses PLS regres-
sion in order to correlate the experimental activity with the
descriptors, which were subjected to unit-variance scaling
and mean centering. In the design of peptide variants 99—117
using ProPHECY all previous peptides (1—98) were used
in each model; thus the models were not trimmed by deletion
of particular peptides.

Prediction of Helix Propensity and Other Calculations.
An algorithm based on helix—coil transition theory, AGA-
DIR, was used to predict helical propensity (28). Calculations
were performed through the AGADIR service at the EMBL
WWW gateway AGADIR (http://www.embl-heidelberg.de/
Services/serrano/agadir/agadir-start.html). Input parameters
were as follows: Cterm free, Nterm free, pH 7.4, temperature
278 K, and ionic strength 0.15 M. Amphipathicity was
investigated by generating helical wheel diagrams. Relative
hydrophobic moment («Hrel) was calculated using the web-
based algorithm found at http://www.bbcm.univ.trieste.it/
~tossi/HydroCalc/HydroMCalc.html.
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RESULTS

Structural Considerations, Design, and Initial Evaluation
of Peptide Variants. Previous X-ray crystallographic studies
of human C3a anaphylatoxin have shown that the C-terminal
segment (CNYITELRRQHARASHLGLAR) adopts an o-he-
lical conformation when part of the holoprotein (39), where
the helix ends at G18 in the peptide. As an isolated peptide,
on the other hand, this region adopts a dynamic random coil
conformation in aqueous solution. Nevertheless, the peptide
has the ability to adopt a helical conformation in specific
solvent environments, such as the presence of TFA (40, 41)
or bacterial lipopolysaccharide (LPS) (26). For the initial
antimicrobial screening studies, a PEP screen library com-
posed of the 20mer peptide CNYITELRRQHARASHLGLA
and its variants (CNY-peptides) was used. This peptide shows
a preserved antibacterial activity when compared to the
endogenous 21 aa peptide (22), despite lacking the C-terminal
arginine residue. In Figure 1A, the 20 aa peptide (hereafter
denoted peptide 1) is modeled to adopt an a-helical
conformation, and possible interactions are depicted (one-
letter amino acid designations and their respective position
in the peptide are indicated). For example, the side chains
of R9 and Q10 may form hydrogen bonds to the side chain
of E6, while the side chain of R13 may form a hydrogen
bond to the side chain of Q10, both stabilizing the helical
conformation. Helix content in the peptide is drastically
increased by insertion of preferred N-cap and C-cap motifs,
as well as by optimization of the spacing of hydrophobic
residues in the peptide. A spacing of i, i + 3 ori, i + 4
especially between leucines is known to stabilize helices with
the latter spacing giving the strongest interaction (42). In
this context, it is worth noting that Y3 and 14 contribute to
favorable i, i + 4 and 7, i + 3 interactions, respectively, with
L7 in the N-terminus of the C3a peptide. For example, the
predicted helix content (using AGADIR) is increased from
5% to almost 50% by inserting leucine residues at positions
8, 11, 12, and 16. Considering cationicity, it is noteworthy
that variation in net charge correlates to antimicrobial activity
of the C-terminal region of C3a and related peptides during
evolution (26). Likewise, a disproportionate alteration of
charge appears to characterize the evolution of 5-defensins
(43) and the primate cathelicidin (6). These evolutionary
clues, combined with the structural considerations above,
facilitated the design of new peptide variants with increased
positive net charge, high helicity, and improved amphipath-
icity. The amino acid alterations are illustrated in Figure 1B,
whereas peptide sequences are given in Figure 2. The
different design strategies used for the various peptides are
outlined in Table 1. Figure 2 illustrates antimicrobial effects
of peptides against E. coli, S. aureus, and C. albicans, as
well as hemolysis, in relation to net charge, predicted helical
propensity, and the hydrophobic moment (assuming a helical
conformation) of the peptides. Among the first 20 peptides,
which were designed to increase helicity by stabilization of
N-cap and C-cap motifs, relatively few displayed any
enhancement of antimicrobial effects. Peptides with net
charge +3 (i.e., peptide 12) as well as increased hydropho-
bicity (peptides 18—23) displayed significantly increased
RDA values against E. coli. In general, peptides with
optimized amphipathic structure demonstrated high RDA
values against E. coli (peptides 30, 31, 33, and 34). However,
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FIGURE 1: Structure and sequence variations. (A) Space-filling model of the native CNY peptide (no. 1) CNYITELRRQHARASHLGLA
arranged as an o-helix (upper, space filling model; lower, side chains depicted). Dashed lines (magenta) indicate possible hydrogen bonds
and ionic interactions discussed in the text. Yellow arrows outline the existing and induced (dashed arrows) hydrophobic side of the peptide
making up the amphiphathic character. The one-letter amino acid designations and their respective position (R8, H11, etc.) are used throughout
the text. (B) A helical wheel (Edmundson) projection of the peptide. The innermost amino acids represent the native structure. The outer
amino acids indicate the modifications introduced (see Figure 2 for sequences). The amino acids are indicated.

peptides 33 and 34, predicted to have a high helical content,
also displayed a hemolytic activity. Correspondingly, pep-
tides 35—45 (except 38) which had combined substitutions
to maximize helicity demonstrated a high hemolytic activity.
In order to decrease hemolytic activity, a second round of
peptides was designed with less optimal amphipathicity.
Peptides were designed to have enhanced amphipathicity in
the N- and C-terminus or a break of amphipathicity in the
central region (Table 1, Figure 2). Almost all peptides tested
displayed significant antimicrobial effects against E. coli, and
several were also effective against S. aureus. No obvious
differences were detected for the different peptide groups
having breaks in amphipathicity at the N-terminus, C-
terminus, or central regions (Figures 1B and 2). Particularly,
peptides 62—84 showed high antimicrobial activity against
E. coli. Furthermore, the results indicate that peptides with
imperfect amphipathic structures, carrying also a high net
charge, are preferably active on both S. aureus and Candida
species.

OSAR Analysis of Peptide Activities. Sequence-dependent
QSAR models based on the data for peptides 1—98 were
developed for S. aureus, C. albicans, and E. coli, as well as
peptide-induced hemolysis using the software ProPHECY
(Figure 1, Supporting Information). The squared correlation
for the fitted data, 2, the cross-validated data, ¢°, and the
number of PLS components, A, are given for each model
(see figure legends). A moderate ¢> equal to 0.42 was
obtained for S. aureus, and a similar result was noted for E.
coli. Considerably higher values, around 0.75, were obtained
for C. albicans and for hemolysis. The QSAR model for the

S. aureus activity was used in order to design new peptides
with high predicted activities. Around 1000 virtual peptide
sequences were hereby constructed, and their activity was
predicted using the previously created model. From the
virtual library, peptides 99—117, having predicted high
activities against S. aureus (Figure 1, Supporting Informa-
tion), were selected for synthesis and testing. The high
activity of the new peptides (Figure 2) showed that this
procedure resulted in a successful selection of peptides.
Regressions based on the results for all peptides 1—117 were
performed in order to evaluate whether the added data could
improve the models, particularly for S. aureus and E. coli.
The new models for S. aureus and E. coli yielded ¢> = 0.74
and (.55, respectively, which is considerably higher than
obtained with the previous models (Figure 1, Supporting
Information). As before, the models for C. albicans and for
hemolysis yielded high values of ¢, 0.76 and 0.78, respec-
tively. One reason for the improved models, particularly for
S. aureus, is the inclusion of several more highly active
peptides. The observed and predicted activities for peptides
1—117 are shown in Figure 3. Additional analyses (correla-
tion plots) utilizing the data presented in Figure 2 showed
that AMPs of low and intermediate helical propensities, as
judged by the AGADIR predictions, yielded antimicrobial
effects on both E. coli and S. aureus as well as C. albicans
(Figure 2A, Supporting Information). A significant correla-
tion to the product of net charge and hydrophobic moment
was detected for the hemolytic activity (Figure 2B, Support-
ing Information). In contrast to the results with E. coli, the
RDA values for S. aureus (r> = 0.72) and Candida correlated
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E. coli 37.4 S. aureus C. albicans

ATCC 29213 ATCC 90028
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01-CNYITELRRQHARASHLGLA
02-CNYIDELRRQHARASHLGLA
03 -CNYIEELRRQHARASHLGLA
04 -CNYIKELRRQHARASHLGLA
05-CNYIRELRRQHARASHLGLA
06-CSYITELRRQHARASHLGLA
07-CSYIEELRRQHARASHLGLA
08-CSYIDELRRQHARASHLGLA
09-CTYITELRRQHARASHLGLA
10-CTYIEELRRQHARASHLGLA
11-CTYIDELRRQHARASHLGLA
12-CNYITALRRQHARASHLGLA s}
13-CNYIEALRRQHARASHLGLA
14-CNYIELLRRQHARASHLGLA
15-CNYITELRRQHARLSHLGLA
16-CNYITELRRQHARASALGLA
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FIGURE 2: Activities and biophysical data of peptides. A composite figure indicating numbered peptide sequences, antimicrobial activity
against E. coli 37.4, S. aureus ATCC 29213, and C. albicans ATCC 90028 (black bars), hemolysis (in %), relative hydrophobic moment
(uHrel), net charge, and predicted helical propensity (AGADIR). For determination of antimicrobial activities, E. coli 37.4, S. aureus
ATCC 29213 isolates (4 x 10° cfu) or C. albicans ATCC 90028 (1 x 103 cfu) was inoculated in 0.1% TSB agarose gel. Each 4 mm
diameter well was loaded with 6 4L of peptide (at 100 #M). The zones of clearance correspond to the inhibitory effect of each peptide after

incubation at 37 °C for 18—24 h (mean values are presented, n = 3).

strongly to net charge (Figure 2A, Supporting Information).
Despite this, it would be insufficient to use net charge alone
as a guide for optimization as there are evidently also
contributions related to hydrophobicity and amphipathicity.
It is also of interest to note that the activity for S. aureus
correlates strongly, » = 0.80, with the activity for C. albicans
(Figure 3, Supporting Information), while there is a low

correlation with E. coli and the logarithm of the hemolytic
activity (r = 0.69 and 0.56, respectively).

Evaluation of Antimicrobial and Hemolytic Activities of
AMPs. Although valuable for the initial evaluation, the PEP
libraries contained on average only ~62% pure peptide and,
hence, were only used for initial screening purposes and for
selection of putative active AMPs. Still, inspection of the
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Table 1: Design Strategies

structural feature peptide position design criteria peptide no.
First Set
N-terminal capping box 2,5—6 increase helicity 2—14
C-terminal capping box 14, 16 increase helicity 15—17
leucine spacing 8, 11—12, 16 increase helicity 18—23
amphipathicity 8, 11-12, 15—17 improve amphipathicity 24-34
combinations of above features 2,5,8,11—-12, 15—17 optimization 35—45
net positive charge 2,5-6,8, 11-12, 15—17, 20 increase positive charge 46—61
Second Set
amphipathic C-terminal 5,8, 11, 15—17 nonoptimal amphipathicity 62—68
amphipathic N-terminal 5,8, 11, 15—17 nonoptimal amphipathicity 69—82
amphipathic break 5,8, 11-12, 14—17 nonoptimal amphipathicity 83—93
tryptophan insertion 4-5,8, 11, 15, 17—18 increase hydrophobicity 94—98

mass spectrometry data showed that contaminants consisted
of smaller peptides, likely being truncated version of the
major peptide of relatively minor effect on the observed
antimicrobial activity (34, 35). The demonstration that
antimicrobial activity is dependent on peptide length, shorter
truncated peptides being significantly less active (34),
together with a good agreement of experimental data for
peptides of specific structural groups (charge, amphipathicity,
predicted helicity) therefore clearly indicates the usefulness
of these initial data. Nevertheless, based on the data obtained
from the initial screening, a series of highly pure (>95%)
peptides were synthesized and further analyzed (Figure 4A).
These included additional (peptides 118—122) in silico
constructed peptides based on the existing QSAR model with
high predicted activity against S. aureus.

Antimicrobial assays confirmed the high activity of these
peptides, when compared to the benchmark peptide LL-37
on S. aureus, C. albicans, and E. coli (Figure 4A). The in
silico selected peptides also displayed (with the exception
of 121) little hemolytic effect. A good agreement was also
demonstrated for hemolysis and human keratinocyte (HaCat)
permeabilization (Figure 4A and B), indicating that hemolysis
could serve as a sufficient and suitable variable for assessing
cell toxicity. Analogously, a reciprocal relationship was noted
for cell permeabilization and cellular viability (Figure 4A).
A subset of these peptides were analyzed on nine different,
genotypically distinct clinical S. aureus isolates derived from
patients with atopic dermatitis (Figure 4C). Compared to the
native C3a-derived peptide, the designed peptides presented
MIC values® that were comparable to or lower than those
obtained for the benchmark peptide LL-37. On the basis of
these results, we selected two peptides (100 and 122) for
further analysis. In order to test the importance of the central
histidine residue (H11), which is highly conserved in
vertebrates (26), peptide variants having H replaced by L
were synthesized and analyzed (Figure 5A). As demonstrated
by RDA and dose—response experiments, the four peptide
variants displayed similar activities on S. aureus and C.
albicans, whereas the H-L variants were slightly less active
against E. coli (Figure 5B). In correspondence with the RDA
results presented in Figure 4A, the modified peptides
permeabilized S. aureus, in contrast to the original peptide
1 (Figure 5C). It was noted that the leucine-substituted
peptides (100H-L and 122H-L) were highly hemolytic
(Figure 5D), which was paralleled by an increase in cell-

2 The standard MIC method according to CLSI (formerly NCCLS)
was modified; for details see Experimental Procedures.

permeabilizing activity (Figure SE, upper panel) and decrease
in cellular viability (Figure 5E, lower panel). An additional
QSAR model using ProPHECY based on peptides 1—122
was constructed in order to predict the properties of the H-L
variants. The activity changes were in good agreement with
the experimental observations. For both variants the model
predicted a slight increase in the activity against S. aureus
and C. albicans and an insignificant decrease in activity
against E. coli. Furthermore, the hemolysis was predicted
to increase by a factor of 2 compared to peptides 100 and
122, respectively (not shown).

For illustrative purposes we constructed also simplified
QSAR models for S. aureus, C. albicans, E. coli, and
hemolysis using all 122 peptides but only three computed
variables, i.e., net charge, AGADIR, and the mean hydro-
phobicity per residue (using the scale of Chen et al. (9))
(Figure 6). The variables had small pairwise correlations,
ranging from » = —0.30 to » = 0.39. We point out that these
simple QSAR equations were not used during the optimiza-
tion and hence are only presented in order to simplify an
interpretation of the experimental results. The PLS technique
was used, and as before the variables were subjected to mean
centering and scaling to unit variance, and the number of
components was determined by cross-validation. In spite of
using only three descriptors, the models capture most of the
variation in the experimentally determined activities. Figure
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FIGURE 3: QSAR analyses. QSAR models for the experimental
versus predicted values for the set of C3a-derived peptides (1—117).
Antimicrobial activities: (A) S. aureus, r* = 0.77, ¢> = 0.74, and
A =3, (B) C. albicans, r» = 0.84, ¢> = 0.76, and A = 4, (C) E.
coli, » = 0.70, ¢*> = 0.55, and A = 4, and (D) hemolytic activity
against human erythrocytes, 2 = 0.84, ¢> = 0.78, and A = 4.
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FIGURE 4: Activities of selected peptides. (A) Antimicrobial activity of selected peptides (at 100 #uM in RDA) against E. coli 37.4, S. aureus
ATCC 29213, and C. albicans ATCC 90028, hemolysis (in %), and LDH release and viability (MTT) of a human keratinocyte cell line
subjected to the indicated peptides at 60 #M. (B) Relation between hemolysis of human erythrocytes and permeabilizing activity on human
HacCat cells. (C) Minimum inhibitory concentrations of indicated peptides against nine different S. aureus isolates (of which eight were
clinical isolates from atopic dermatitis patients).

6 graphically illustrates the coefficients of the variables in
the different QSAR models. Strikingly, there is a pronounced
difference between the model for the hemolysis and the
antimicrobial activities. Thus, the former model has a
dominant contribution from the mean hydrophobicity, but
there is also a substantial contribution from the net charge
and a smaller contribution from AGADIR. The coefficients
for all variables are positive so that large and positive values
of all of these variables contribute toward a predicted high
hemolytic activity. The models for the antimicrobial activi-
ties, on the other hand, are all dominated by the positive
coefficient for the net charge. In particular for S. aureus this
variable completely dominates the predicted activity. The
models for C. albicans and E. coli both have coefficients
that are negative for mean hydrophobicity and positive for
AGADIR while the magnitude of the coefficients is different
(see Table 1, Supporting Information, for equations).
Application of the simplified QSAR models (Figure 6) to
the H-L substituted variants of peptides 100 and 122
shows that the models capture much of the observed effects.
As the substitutions do not result in any change in net charge,
the predicted effects are due to changes in hydrophobicity
and/or AGADIR. The hemolysis, in turn, is predicted to
increase by about 45—60%, due mostly to the increase in
hydrophobicity upon H-L substitution. Moreover, the model

for S. aureus predicts that the H-L substitutions only result
in very slight activity changes, a consequence of the small
magnitude of the coefficients for AGADIR and hydrophobic-
ity. In comparison, the E. coli model predicts a decrease in
activity for the H-L substituted peptides by about 0.5 unit,
in qualitative agreement with the experimental observation.
The increase in hydrophobicity upon replacement of H with
L, in combination with a negative coefficient for the
hydrophobicity, is responsible for the majority of the decrease
in predicted activity. The situation is more complex for the
C. albicans predictions. In this case the contributions from
both AGADIR and hydrophobicity can substantially influence
the predicted activity (Figure 6). The equation has a positive
coefficient for AGADIR and a negative coefficient for
hydrophobicity. Due to contributions of similar magnitudes
but of opposite sign from AGADIR and hydrophobicity, the
predicted C. albicans activity is almost the same for peptides
100 and 100H-L. For peptides 122 and 122H-L, the increase
in AGADIR (for peptide 122) is almost twice as compared
with the contribution from the change in hydrophobicity. The
positive coefficient for AGADIR leads to a predicted net
increase in activity of about 0.8 unit. Thus the predictions
of the extremely simple QSAR equations are in qualitative
agreement with the experimental observations for the influ-



Antimicrobial C3a-Derived Peptides

B 71 E.coli37.4 D 50, —®— CNY 100
6 o CNY 100 H-L
40l " ONY 122
5 = o+ CNY 122 H-L
o = —v— LL-37 °
4 . & 30
o a
3 2 20
[=]
€ 2|k £
E 18 8 10
[=S) - 0
S 0 10 20 30 40 50
B 4] S aureusATCC 29213 E
£ |
= T
£ 3 P il >
5 - S 100
2 2| .o G 80 1
S e 3 :
S 7 o 60 |
L) 4/ T)
1147 = 40 \
T
“ 3% 11
0 - o
71 C. albicans ATCC 90028
6 = 1.6
o 14
]_
5 = 12
4 . 2 10
3 > 08
—eo— CNY 100 = 06
2 0+ CNY100HL 5 gy
—= CNY 122 g 5%
1 -0 CNY 122 H-L o2 i W
0 "~ CNYCNYCNYCNY LL- Control

0 20 40 60 80 100 100 100 122 122 37
Peptide (uM) H-L H-L

[CNY 1 2 Fﬁo

C

FIGURE 5: Activity of C3a peptide analogues and effects of leucine
substitution at position 11. (A) Helical wheel projections of CNY
peptides 100 and 122. The position of the H-L substitution is
indicated. (B) Antibacterial activities of 100 and 122 peptides and
their leucine-substituted variants (100H-L and 122H-L) against E.
coli, S. aureus, and C. albicans. The bacteria or C. albicans were
inoculated in 0.1% TSB agarose gel with different amounts of the
peptides. Each 4 mm diameter well was loaded with 6 uL of peptide
(at the indicated concentrations). The zones of clearance correspond
to the inhibitory effect of each peptide after incubation at 37 °C
for 18—24 h (mean values are presented, n = 3). (C) Permeabilizing
effects of peptides on S. aureus. S. aureus was incubated with the
indicated peptides, and permeabilization was assessed using the
impermeant probe FITC. (D) Hemolytic effects of peptides 100
and 122 and their H-L variant were investigated. The cells were
incubated with different concentrations of the peptides or LL-37;
2% Triton X-100 (Sigma-Aldrich) served as positive control. The
absorbance of hemoglobin release was measured at A 540 nm and
is expressed as % of Triton X-100 induced hemolysis (note the
scale of the y-axis). (E) Upper panel: HaCaT keratinocytes were
subjected to the C3a variant peptides and LL-37. Cell permeabi-
lizing effects were measured by the LDH based TOX-7 kit. LDH
release from the cells was monitored at 4 490 nm and was plotted
as % of total LDH release. Lower panel: The MTT assay was used
to measure viability of HaCaT keratinocytes in the presence of the
indicated peptides (at 60 uM). In the assay, MTT is modified into
a dye, blue formazan, by enzymes associated with metabolic
activity. The absorbance of the dye was measured at A 550 nm.

ence of the H-L substitutions on the changes in hemolytic
and antimicrobial activities.
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FIGURE 6: Coefficients for the simplified QSAR equations based
on peptides 1—122 and the computed variables net charge, helical
propensity (AGADIR), and hydrophobicity. The coefficients are
given for variables that are mean centered and scaled to unit
variance. Antimicrobial activities: (A) S. aureus, r> = 0.76, ¢> =
0.73, and A = 2, (B) C. albicans, r* = 0.79, ¢*> = 0.77, and A =
2, (C) E. coli, r* = 0.49, ¢*> = 0.46, and A = 2, and (D) logarithm
of the hemolytic activity against human erythrocytes, r> = 0.66, ¢°
= 0.65, and A = 1. The full equations are given in the Supporting
Information.

Hemolysis

Membrane Permeabilization and Structural Studies. In
order to obtain further structural and mechanistic information
on the mode of action of the above peptide 100 and 122
variants, CD measurements were performed in buffer as well
as in the presence of bacterial LPS (Figure 7A and Figure
4, Supporting Information) or liposomes (Figure 7B). As
exemplified in Figure 7A,B, the o-helix content for the
peptides is low in buffer, with random coil as the dominating
conformation. LPS induced a conformational change in
peptide 100 (Figure 7A), and to a greater extent in the
leucine-substituted variant, 100H-L (Figure 7A). Similar
results were obtained using the peptide 122 variants (Figure
4, Supporting Information). In analogy, addition of anionic
liposomes significantly affected helix content for the 100H-L
and 122H-L peptides (Figure 7B). In this context it should
be noted that CNY21 has previously been observed to form
a helical conformation in TFA (40, 41), which may indicate
that caution should be taken when using TFA or other
solvents as models for the lipid membrane environment. The
four modified C3a peptides showed significantly higher
membrane disruptive effects on liposomes when compared
with the native peptide, and notably, the H-L variants were
the most active (Figure 7C), likely reflecting their increased
hydrophobicity and helix-inducing capability in an membrane
environment. The similar leakage induction observed for the
zwitterionic and the anionic liposomes indicates that the
membrane disruptive effects are not drastically affected by
the magnitude of the negative electrostatic potential in the
range —10 mV (zwitterionic liposomes) to —30 mV (anionic
liposomes). This is in line with previous observations of
semiquantitatively similar effects of peptide modifications
such as length, charge, hydrophobicity, and topology are
obtained for zwitterionic and anionic phospholipids mem-
branes (33, 34). Having said that, it must of course be
recognized that isolated model systems (those used here or
other model lipid systems not composed of the complete lipid
composition, as well as membrane bound proteins, glyco-
proteins, etc.) do not reflect the complex interactions taking
place at bacterial surfaces. Nevertheless, it is clear that the
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FIGURE 7: CD analysis and permeabilization of liposomes. (A) CD
spectra of CNY peptide 100 and 100H-L in Tris buffer and in the
presence of LPS. For control, CD spectra for buffer and LPS alone
are also presented. (B) Helical content of the indicated peptides in
the presence of negatively charged liposomes (PA). The two
peptides 100H-L and 122H-L showed a marked helix induction
upon addition of the liposomes. (C) Effects of the indicated peptides
on liposome leakage. The membrane permeabilizing effect was
recorded by measuring fluorescence release of carboxyfluorescein
from liposomes. Upper panels show PC-containing (neutral) lipo-
somes, and lower panels show PA (negatively charged) liposomes.
Left panels indicate results obtained in 10 mM Tris buffer, whereas
right panels show results in buffer with 0.15 M NaCl. Values
represent mean of triplicate samples.

peptides induce membrane disruption as well as bactericidal
activity, suggesting that breakdown of bacterial membranes
is at least partly related to disruption of the bacterial lipid
bilayer(s).

Together, liposome leakage and CD measurements show
that coil — helix transitions are not required for lipid
membrane disruption but seem to be related to activity at
higher salt conditions and lysis of erythrocyte and eukaryotic
cell membranes. This observation was further supported by
the finding that the H-L peptides showed improved activity
in 0.15 M NaCl in RDA (Figure 8A), when compared with
the 100 and 122 peptides. It is notable that peptide 100 still
retained activity against S. aureus also in 0.15 M NaCl,
whereas the benchmark LL-37 was completely inactive
against this bacterium (Figure 8A). It is also noteworthy that
the divalent cations Mg?>* and Ca?* at physiological con-
centrations (1 mM) and in the presence of 0.15 M NaCl did
not inhibit the activity of peptide 100 (Figure 5, Supporting
Information). In MIC assays the designed peptides Omiganan
(44) and Novispirin (45), as well as the lipopeptide Poly-
myxin B (46), showed activities against the various S. aureus
isolates which were comparable to peptide 100 (Figure 5,
Supporting Information).

Effects of AMPs in Biological Fluids. Contrasting to the
conditions used for most in vitro tests for activity and
toxicity, blood comprises a complex and protein-rich envi-

Pasupuleti et al.

ronment that may affect peptide activity. Notably, the peptide
100 variants required a low concentration for efficient killing
of S. aureus in the presence of salt as well as plasma (Figure
8B). Interestingly, the H-L variant was significantly more
inhibited by plasma (Figure 8B), possibly reflecting a higher
affinity to plasma proteins due to its higher hydrophobicity.
As demonstrated in Figure 8C, flow cytometry analysis
showed that treatment of staphylococci with peptide 100
variants (at physiological salt and presence of plasma) yielded
bacteria with permeabilized membranes, thus accessible to
influx of the normally impermeant marker propidium iodide.
A similar result was obtained with peptide 122 variants (not
shown). Although the 100 and 122 variants all killed all
bacteria strains investigated under these conditions, there was
a particularly increased uptake of propidium iodide after
treatment with 100H-L, likely reflecting the increased
membrane activity of this peptide variant. It is notable that
the native peptide (1) as well as LL-37 was not active against
staphylococci in these experiments. Neither the 100 and 122
variants nor LL-37 exhibited any hemolytic or cell-perme-
abilizing effects in 50% citrate—blood or 20% citrate—plasma,
respectively (Figure 8D,E). Taken together, the combination
of biophysical experiments, biological data, and in silico
predictions demonstrates the possibility of identifying C3a
peptide analogues with well-defined and graded activities
against bacteria and erythrocytes, as well as eukaryotic cells
in specific environments. Importantly, the data show that the
generated 100 and 122 peptides preserve a specificity for
bacterial membranes, even in the presence of plasma and
salt, and that the H-L peptide variants, which show high
“toxicity” in vitro, have an attenuated activity (at similar
concentrations) on eukaryotic cells in in vivo-like conditions.

DISCUSSION

The present work describes an approach comprising
selective amino acid changes based on structural consider-
ations in the human native C3a peptide template, followed
by analysis of interdependence of biophysical parameters and
antimicrobial as well as hemolytic activity. Using a low
number of amino acid substitutions at strategic positions in
the original peptide template, peptides were generated
exerting a significant activity on S. aureus. Overall, the
analysis of the substitutions provided information on pre-
requisites for antimicrobial activity of the C3a analogues.
As been found before for other AMPs and bacteria (2-7),
combinations of a relatively high net charge, a propensity
to adopt an o-helical conformation, and an imperfect
amphipathicity were identified as important factors for
selective antimicrobial activity also for this peptide family.
As exemplified with the highly hemolytic C3a analogues
having H11 substituted by L, cytotoxic peptides were
characterized by high net charge, amphipathicity, and high
predicted helicity. In this respect, our data corroborate well
with results from other studies on rationally designed
a-helical AMPs showing that increased hemolytic activity
could derive from both increased cationicity and overall
hydrophobicity, as well as from the propensity for helical
structuring (8, 9, 47-50). In this context it is interesting to
note that evolution has favored the selection of antimicrobial
C3a peptides showing imperfect hydrophobic regions (as-
suming a helical conformation). It is also interesting to note
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FIGURE 8: Activities of C3a variant peptides and LL-37 at physiological conditions. (A) Peptides were tested in RDA in low-salt conditions
and in the presence of 0.15 M NaCl. E. coli and S. aureus (4 x 10° cfu) were inoculated in 0.1% TSB agarose gel. Each 4 mm diameter
well was loaded with 6 4L of peptide at 100 uM. The zones of clearance correspond to the inhibitory effect of each peptide after incubation
at 37 °C for 18—24 h. (B) In viable count assays, S. aureus were subjected to the indicated peptides in 10 mM Tris, pH 7.4, containing 0.15
M NaCl in the absence (upper planel) or presence (lower panel) of 20% human citrate—plasma. Identical buffers without peptide were used
as controls. (C) Flow cytometry analysis of S. aureus treated with CNY peptides 1, 100, 100H-L, or LL-37. S. aureus (1 x 107 cfu/mL)
was incubated for 2 h at 37 °C in 0.15 M NaCl, 10 mM Tris, pH 7.4, containing 20% plasma with 30 4M peptide 100, 100H-L, or LL-37,
respectively, and analyzed by flow cytometry after addition of propidium iodide. (D) Hemolytic effects of peptides (indicated below) in
citrate—blood diluted with PBS (1:1) were investigated. The cells were incubated with different concentrations of the peptides or LL-37.
2% Triton X-100 (Sigma-Aldrich) served as positive control. The absorbance of hemoglobin release was measured at A 540 nm and is
expressed as % of Triton X-100 induced hemolysis. (E) Membrane permeabilizing effects (LDH, upper panel) and viability (MTT, lower

panel) on HaCat cells in the presence of 20% human plasma.

that R8 is globally conserved among both invertebrates as
well as vertebrates and that H11 is found in vertebrates (26).
These residues induce destructuring (Figure 1A), yielding a
low predicted helicity, but as demonstrated here also resulting
in a group of optimized C3a peptides, displaying low
hemolysis combined with a preserved antimicrobial activity.
Similar results have recently been observed for other
antimicrobial peptides where detailed experimental analysis
showed that stabilization of the a-helical conformation
promoted high hemolytic activity (/7). The C3a variants with
H11 substituted by L display a much higher helical content
due to establishment of an optimal hydrophobic residue
spacing that is otherwise broken by H11 (e.g., for peptide
100: Y3-14/L6-L7/L11/W15/L19). As observed by Carot-
enuto et al. (/1), it is probably the N-terminal stabilization
of the helical conformation in 100H-L and 122H-L, which

is responsible for the elevated hemolytic activity. In addition,
the observation that hemolysis correlates well with epithelial
cell permeabilization and thus viability provides a rationale
for using hemolysis as a marker for epithelial cell toxicity.
Finally, the finding that highly active peptides (the H-L
variants) may possess residual toxicity as judged by classical
hemolysis assays, but be nontoxic in blood and plasma,
illustrates the necessity of taking the environment into
account when developing AMPs for various indications. For
example, the requirements for tissue compatibility will vary
dependent on the locale (mouth, skin, mucous membranes,
eyes, etc,) and its salt and protein constituents.

S. aureus displays an impressive number of resistance
mechanisms, including net charge alterations (51, 52). Thus,
the teichoic acid polymers found in the cell wall of this
bacterium, as well as in those of other Gram positives,
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normally having strong anionic properties mediated by
phosphate groups of the glycerophosphate repeating units,
can be modified by D-alanine residues with free amino
groups. Analogously, the major (and negatively charged)
lipid phosphatidylglycerol is modified into a net positive
charge by addition of L-lysine (4, 53). In relation to this, it
is therefore interesting that the present analysis showed that
the activity on the Gram-positive bacterium S. aureus by
the series of peptides strongly correlated with net charge,
albeit requiring a sufficient hydrophobicity and amphipath-
icity. Thus, it is conceivable that the initial electrostatic
attraction, which is attenuated by S. aureus, may be
compensated for by higher charge of the C3a analogues. In
this context, it should be added that the designed C3a
analogues were all amphipathic as reflected by their mean
hydrophobicity (¢H), and a content of (spaced) hydrophobic
residues, enabling peptide interactions with the bacterial
membrane structures. Thus, although the analysis showed
that the activity on S. aureus by the series of peptides strongly
correlated with net charge, it was also dependent on
hydrophobicity and amphipathicity, a conclusion supported
by the observation that peptides of uH <1 showed no or
little activity on this bacterium (see Supporting Information,
Figure 2). However, increasing hydrophobicity of highly
charged peptides such as exemplified by the H-L variants
did not further add to antimicrobial activity against S. aureus
but, as previously mentioned, instead conferred cytotoxic
properties to the peptides. Correspondingly, other studies
identify charge as a critical parameter for activity of helical
AMPs; decreasing the net charge below +3 reduces potency,
while increasing the net charge to +9 gradually increases
activity (8). In this context, it is notable that positive
selection, disproportionately favoring alterations in the
charge, appears to characterize the evolution of 5-defensins.
Interestingly, hBD3, the human defensin with the highest
positive net charge (+10), also has the highest activity against
S. aureus (54). Analogous relationships were recently
reported to apply to the evolution of primate cathelicidin,
showing positive selection affecting charge while keeping
hydrophobicity and amphipathicity constant, and as previ-
ously mentioned, C3a (26). Likely, these observations reflect
that evolution has generated AMPs, which control specific
bacteriological populations (e.g., certain Gram-negative
bacteria), while showing less activity against other bacteria.
Indeed, the observation that other AMPs, such as psoriasin,
are specific against E. coli, while showing little activity
against S. aureus, is compatible with this reasoning (55).
It is well established that structural differences between
bacterial, fungal, and mammalian cell surfaces underlie a
certain degree of selectivity for AMP action, and many
peptides may preferentially target bacteria, fungi, or mam-
malian cells or combinations thereof (4, 10). Thus, bacterial
surfaces contain many anionic components, including LPS
and anionic lipids of Gram-negative bacteria, as well as
teichoic and teichuronic acids of Gram-positive bacteria.
Similarly, S-glucan, chitin, mannoprotein, and a blend of
other cell wall proteins and polysaccharides contribute to a
negative surface potential of fungal surfaces (56). Beyond
the outer cell surface, AMPs interact with the plasma
membrane. Contrasting to eukaryotic membranes, including
fungal membranes, which contain mostly zwitterionic lipids
(e.g., phosphatidylcholine), bacterial membranes comprise
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various acidic phospholipids (phosphatidylglycerol, phos-
phatidylserine, and cardiolipin), which confer a negative
charge facilitating AMP binding and sometimes also defect
formation (5, 57). The plasma membrane of eukaryotic cells
contains sphingolipids and sterols, which are missing in
prokaryotes (58), and which are frequently found to provide
some resistance to AMP membrane rupture (5, 58, 59).
Ergosterol is the major sterol in yeasts, whereas the sterol
in plasma membranes of mammalian cells is represented by
cholesterol (58). It has also become increasingly clear that
AMP selectivity may also depend on factors such as AMP
oligomerization and preassembly (in solution and membrane)
(60). Clearly, all of these factors contribute to AMPs
exhibiting different activity spectra on bacterial and fungal
membranes, as well as toxicity on eukaryotic cells. Hypo-
thetically, all of this complexity should correspond to
different activity profiles of individual peptides, reflecting
the different physicochemical properties of microbes as well
as peptide behavior in solution. Using the H-L variants as
an example, a change of one critical amino acid induces a
striking selectivity change, i.e., the peptide increases its
affinity for eukaryotic membranes. Considering the whole
group of C3a analogues, peptides characterized by intermedi-
ate charge (42 to +3) as well as helicity showed activity
on E. coli, whereas those having moderate charge and a high
predicted helicity were preferably acting on C. albicans. In
this context, it is noteworthy that the activity against
staphylococci appeared to correlate well with activity against
the yeast C. albicans. The observation that there was no clear
association between activity of the Gram-negative E. coli
and the Gram-positive S. aureus, as well as hemolysis, further
underscores that subtle peptide changes address different
physicochemical relationships of microbes and eukaryotes.
Furthermore, the correlation between activity of S. aureus
and C. albicans suggests that these organisms must share
common physicochemical properties recognized by this
family of C3a analogues. Application of sequence-dependent
QSAR models has previously been in use for assessing
antimicrobial activity on single (I8, 61, 62) or two bacterial
species (63). Interestingly, the latter study showed that
differences in antibacterial activities of AMPs reflect different
properties of the target membranes, an observation which is
compatible with the results presented here for the C3a peptide
analogues and also a two-state model that explains the action
of both helical and [3-sheet antimicrobial peptides after they
bind to the plasma membranes of cells (64). In the present
work, utilization of QSAR models aided in the further
generation of active C3a analogues, and as demonstrated
here, the models were also helpful in the generation and
prediction of C3a analogues of low hemolysis as well as
high activity against S. aureus, demonstrating that QSAR
analyses could be a valuable tool aiding in the design of
novel peptide analogues with altered activity spectra. It is
notable that analogously to the conclusions reached above,
based on structural reasoning and “two-dimensional” data,
a correspondence was observed with the QSAR analyses.
For example, the simplified QSAR models with only three
global descriptors showed that the increase in mean hydro-
phobicity (uH) was responsible for a major part of the
predicted increase in hemolysis. Although this study, as well
as work of others (63), indicates the existence of specific
peptide—microbe interactions governing activity spectra
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against different microbial species (e.g., Gram-positive and
Gram-negative bacteria), it should also be considered that
the results are based on a limited number of organisms. Thus,
the possibility exists that intraspecies variations may account
for some of the differences observed. For example, although
peptide 100 showed a narrow MIC range against different
S. aureus isolates, other peptides (e.g., 119; see Figure 4C)
as well as the benchmark LL-37 exhibited MICs between 5
and 80 uM. Clearly, the differences in spectra vis-a-vis
Gram-positive, Gram-negative bacteria, fungi, and eukaryotic
cells noted here for various C3a analogues, and their relation
to both classical descriptive features (AGADIR, u«H, net
charge, etc.) as well as QSAR model differences need further
verification using a selected set of C3a analogues and
additional bacterial as well as fungal isolates. This is currently
addressed and is well beyond the scope of this work.
Nevertheless, our results point at the interesting possibility
of developing peptides that specifically target selected
microbial populations. From an ecological perspective, this
approach could have therapeutical advantages, leading to
preservation of the normal bacterial flora.
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