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The antimicrobial peptide Amyl-1-18 is a cationic a-helical octadecapeptide derived from a-amylase in rice (Oryza
sativa L. japonica) that contains four cationic amino acid residues (two arginines and two lysines). To enhance the
antibacterial activity of Amyl-1-18 against Porphyromonas gingivalis (a bacterium associated with periodontal disease),
we synthesized 12 analogs bearing substitutions with alanine, leucine, and/or arginine that were designed based on
helical wheel projections and investigated their antibacterial properties. The antibacterial properties of four analogs
bearing substitution of a single arginine or lysine with alanine were almost similar to those of Amyl-1-18, suggesting
that the antibacterial properties depend on the presence of three cationic amino acid residues. Of three single arginine-
substituted analogs, Amyl-1-18(G12R) exhibited an antibacterial activity 2.8-fold higher [50% growth-inhibitory con-
centration (ICsg): 4.6 pM] than that of Amyl-1-18 (ICso: 13 uM). Likewise, the antibacterial properties of two single
leucine-substituted analogs were significantly enhanced; in particular, Amyl-1-18(N3L) exhibited an antibacterial ac-
tivity (ICsq: 2.5 pM) 5.2-fold higher than that of Amyl-1-18. The hemolytic activity of Amyl-1-18(N3L) against mammalian
red blood cells was low (2% at 50 uM). A membrane-depolarization assay using a membrane potential-sensitive fluo-
rescent dye revealed that, similar to Amyl-1-18, the antibacterial activity of AmylI-1-18(N3L) was not dependent on its
membrane-disrupting activity. Our results demonstrate that the antibacterial properties of Amyl-1-18 against
P. gingivalis are significantly improved, without a significant increase in hemolytic activity, by replacing asparagine with

leucine at position 3.
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Antimicrobial peptides (AMPs) represent promising alternatives
to conventional antibiotics because of their potency and different
mechanisms of action, which avoid the induction of bacterial
resistance. Among AMPs, cationic a-helical AMPs including LL-37 in
humans, cecropins and melittin in insects, magainin 2 and buforin 2
in amphibians, and fowlicidins in chickens are attractive alterna-
tives to conventional antibiotics (1—3). For cationic a-helical AMPs
to be useful therapeutic agents against human pathogens, they
must exhibit a high antimicrobial potency and the ability to
distinguish microbial cells from mammalian cells based on their
differing membrane lipid compositions. However, it is likely that
naturally occurring cationic a-helical AMPs do not possess suffi-
cient antimicrobial activity to kill human pathogens. Furthermore,
previous studies have showed that several cationic a-helical AMPs
including melittin (4,5) and LL-37 (6,7) exhibit cytotoxic behaviors
such as hemolysis. Thus, by replacing amino acids in naturally
occurring AMPs, it is necessary to create AMPs that exhibit a high
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antimicrobial activity and display little or no cytotoxic activity for
use as therapeutic agents (8—12).

Structure—function studies on cationic a-helical AMPs indicate
that several parameters modulate antimicrobial and cytotoxic
activities, including net positive charge, charge distribution,
hydrophobicity, amphipathicity, and helical propensity (12—20).
Despite the diversity of amino acid sequences in cationic a-helical
AMPs, most share a high net positive charge as a result of multiple
arginine and lysine residues and hydrophobic amino acids such as
tryptophan, phenylalanine, and leucine (11,13,21-23). These
cationic properties are crucial for binding to the negatively charged
surfaces of microbial lipid membranes. However, the a-helical
amphipathic propensity, which depends on the balance between
cationic (hydrophilic) and hydrophobic residues, is also a key factor
facilitating selective insertion into and/or translocation across
microbial cell membranes, ultimately leading to cell death. There-
fore, the antimicrobial activities of cationic a-helical AMPs are
governed by both the positive charge and hydrophobicity of their
residues. Helical wheel projections (http://rzlab.ucr.edu/scripts/
wheel/wheel.cgi?sequence) are frequently used to define the
structure—antimicrobial activity relationship of cationic a-helical
AMPs, as well as to design analogs with improved antimicrobial
activity and/or cell selectivity. To date, a large number of AMP
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analogs exhibiting high antimicrobial activities and displaying few
or no cytotoxic behaviors have been successfully designed and
created based on helical wheel projections (24—28).

Recently, we identified a novel cationic a-helical octadecapep-
tide [Amyl-1-18 (175—192 residues)] that contains four cationic
amino acids (two lysine and two arginine residues) and eight hy-
drophobic amino acids (one valine, one isoleucine, four leucine, and
two tryptophan residues) (Table 1). In our previous study (29), to
elucidate the antimicrobial spectrum and activity of AmyI-1-18, we
evaluated its performance against representative human patho-
gens, including Candida albicans (an opportunistic fungal path-
ogen), Porphyromonas gingivalis (a gram-negative bacterium
associated with periodontal disease), and Propionibacterium acnes
(an acne-related gram-positive bacterium). In addition, to improve
the antifungal properties of Amyl-1-18 against C. albicans, we
synthesized 11 analogs bearing substitutions with alanine, leucine,
and/or arginine that were designed based on helical wheel pro-
jections and investigated their antifungal properties (30). Of the 11
Amyl-1-18 analogs, Amyl-1-18(D15R), in which aspartic acid was
replaced with arginine at position 15, exhibited an approximately
twofold higher antifungal activity against C. albicans than Amyl-1-
18 while exhibiting a low hemolytic activity against mammalian
red blood cells (RBCs; 4% at 100 pM) similar to that of Amyl-1-18
(30). Interestingly, flow cytometric analysis using propidium io-
dide suggested that the antifungal properties of Amyl-1-18(D15R)
against C. albicans were dependent on its membrane-disrupting
activity, in contrast to Amyl-1-18 (30).

The antimicrobial and cytotoxic properties of cationic a-helical
AMPs targeted to cell membranes are greatly affected by their lipid
compositions (31—33). In this study, we selected P. gingivalis as a
test pathogen, because the lipid composition of Gram-negative
bacterial membranes, which are rich in phosphatidylethanol and
phosphatidylglycerol, is distinct from that of C. albicans mem-
branes, which contain phosphatidylcholine and ergosterol (31—33).
To enhance the antibacterial activity of Amyl-1-18 against
P. gingivalis, we synthesized 12 analogs bearing substitutions with
uncharged alanine, cationic arginine, and/or hydrophobic leucine
including three analogs bearing substitutions with two amino acids
(arginine and/or leucine) designed based on helical wheel structure
of Amyl-1-18 (30) and investigated the effects of the substitutions
on their antibacterial activity and mode of action. In addition, to
select potent AMPs that do not induce cytotoxicity, we investigated
the hemolytic activity of arginine- and/or leucine-substituted an-
alogs against mammalian RBCs. Furthermore, to clarify the mode of
action of Amyl-1-18 analogs exhibiting higher antibacterial activity
against P. gingivalis, we investigated their interactions with cell
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membranes using a membrane-depolarization assay and a mem-
brane potential-sensitive fluorescent dye [3,3’-dipropylth-
iadicarbocyanine iodide (diSC3-5)] (34—36). Finally, we discussed
the effect of arginine and/or leucine substitution on the antibac-
terial activity against P. gingivalis and mechanism of action of AmyI-
1-18.

MATERIALS AND METHODS

Materials  diSC3-5 and melittin, a component of bee venom known to disrupt
cell membranes, were purchased from Sigma—Aldrich (St. Louis, MO, USA). Sterile
defibrinated sheep blood was obtained from Cosmo Bio Co., Ltd. (Tokyo, Japan).

Peptides used in this study  The amino acid sequences and properties of
Amyl-1-18 and its analogs used in this study are summarized in Table 1. Chemically
synthesized Amyl-1-18 and its analogs, including alanine-substituted analogs
[Amyl-1-18(K4A), Amyl-1-18(R5A), Amyl-1-18(R8A), and Amyl-1-18(K18A)],
arginine-substituted analogs [Amyl-1-18(I11R), Amyl-1-18(G12R), and Amyl-1-
18(D15R)], leucine-substituted analogs [AmyI-1-18(N3L) and AmyI-1-18(E9L)], and
two amino acids-substituted analogs [Amyl-1-18(E9L, G12R), Amyl-1-18(N3L,
E9L), and Amyl-1-18(N3L, G12R)], which were designed based on helical wheel
projections of Amyl-1-18 (30), were obtained from Medical & Biological
Laboratories Co., Ltd. (Nagoya, Japan). The synthesized peptides were purified to
>95% by reversed-phase high-performance liquid chromatography. The molecular
weights of purified Amyl-1-18 and its analogs were confirmed by matrix-assisted
laser/desorption ionization—time-of-flight mass spectroscopy.

Determination of antimicrobial activity  P. gingivalis ATCC 33277 was used
as a test microorganism for estimating the antimicrobial activity of Amyl-1-18 and
its analogs. P. gingivalis was precultivated overnight at 37°C in test tubes
containing modified Gifu anaerobic medium (GAM; Nissui Pharmaceutical Co.,
Ltd., Tokyo, Japan) under strictly anaerobic conditions. The cells obtained were
further cultivated under the same culture conditions to obtain mid-logarithmic
growth-phase cells. The antimicrobial activity of Amyl-1-18 and its analogs was
measured in 96-well plates under anaerobic conditions in the presence of a
deoxygenating reagent (AnaeroPack A03; Mitsubishi Gas Chemical Company, Inc.,
Tokyo, Japan) as reported previously (29,30,34—36). In brief, aliquots (20 pL) of
P. gingivalis cell suspension at a concentration of 5 x 10> colony forming units
(CFU)/mL were added to wells containing modified GAM (80 puL) with each
peptide at different concentrations (or water as a control). The concentrations of
Amyl-1-18 and its analogs were varied by serial dilution. After 48—60 h of
incubation, we determined the viable cell concentration using the BacTiter-
Glo Reagent (Promega Corporation, Madison, WI, USA), according to the
manufacturer’s instructions. The viable cell concentration was expressed in
relative light units (RLUs), which are calculated based on the level of ATP released
from intact cells. The growth ratio was calculated using the following equation:

Growth ratio (%) = {(Lp — Lo)/(Lc — Lo)} x 100 (1)

where Lp and Lc represent the RLUs of the samples treated with and without the
peptide, respectively, and Lo represents the RLU of the medium alone. The 50%
growth-inhibitory concentration (ICsp) of each peptide was determined using a plot
of the growth ratio versus the log-transformed peptide concentration. The results
are expressed as the mean + standard deviation (SD) of three to five individual
experiments.

TABLE 1. The amino acid sequences and properties of peptides used in this study.

No. Peptide Sequence* Molecular weight (Da) a-helix content® (%) MH" Net charge pl(—)
Measured Calculated
1 Amyl-1-18(parent peptide) HLNKRVQRELIGWLDWLK 2341.99 2341.75 61.1 113 +2 9.99
2 Amyl-1-18(K4A)" HLNARVQRELIGWLDWLK 2247.24 2247.65 61.1 113 +1 8.75
3 Amyl-1-18(R5A)¢ HLNKAVQRELIGWLDWLK 2219.35 2219.64 72.2 115 +1 8.60
4 Amyl-1-18(R8A)° HLNKRVQAELIGWLDWLK 2219.49 2219.64 55.6 115 +1 8.60
5 Amyl-1-18(K18A)° HLNKRVQRELIGWLDWLA 224745 2247.65 55.6 113 +1 8.75
6 Amyl-1-18(111R)" HLNKRVOQRELRGWLDWLK 2347.58 2347.78 72.2 10.2 +3 10.90
7 Amyl-1-18(G12R)" HLNKRVQRELIRWLDWLK 2403.67 2403.88 66.7 114 +3 10.90
8 Amyl-1-18(D15R)“ HLNKRVQRELIGWLRWLK 234543 2345.85 61.1 113 +4 11.72
9 Amyl-1-18(N3L)" HLLKRVQRELIGWLDWLK 2303.16 2303.80 833 12.7 +2 9.99
10 Amyl-1-18(E9L)* HLNKRVOQRLLIGWLDWLK 2288.60 2288.79 722 125 +3 11.00
11 Amyl-1-18(E9L, G12R) HLNKRVQRLLIRWLDWLK 2387.65 2387.93 72.2 125 +4 11.72
12 Amyl-1-18(N3L, E9L) HLLKRVOQRLLIGWLDWLK 2287.79 2287.65 833 13.8 +3 11.00
13 Amyl-1-18(N3L, G12R) HLLKRVQRELIRWLDWLK 2402.58 2402.94 77.8 12.7 +3 10.90

a

a-helix content and a-helical region (indicated by an underline) were estimated using MLRC secondary prediction available at the NPS website (https://npsa-prabi.ibcp.fr).

> The mean hydrophobicity (MH) values of the peptides were calculated using the hydrophobicity indices of amino acid residues reported by Shang et al. (37). Replaced

amino acids are indicated by bold letters.

¢ The single amino acid-substituted analogs (Nos. 2—10) were used for examining the antifungal activity against C. albicans in our previous study (30).
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