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ABSTRACT: We have designed de novo and synthesized ten 26-residue Dconformation amphipathic α-helical cationic antimicrobial peptides (AMPs),
seven with “speciﬁcity determinants”, which provide speciﬁcity for prokaryotic
cells over eukaryotic cells. The ten AMPs contain ﬁve or six positively charged
residues (D-Arg, D-Lys, D-Orn, L-Dab, or L-Dap) on the polar face to understand
their role in hemolytic activity against human red blood cells and antimicrobial
activity against seven Acinetobacter baumannii strains, resistant to polymyxin B
and colistin, and 20 A. baumannii worldwide isolates from 2016 and 2017 with
antibiotic resistance to 18 diﬀerent antibiotics. AMPs with speciﬁcity
determinants and with L-Dab and L-Dap residues on the polar face have
essentially no hemolytic activity at 1000 μg/mL (380 μM), showing for the ﬁrst
time the importance of these unusual amino acid residues in solving longstanding hemolysis issues of AMPs. Speciﬁcity determinants maintained
excellent antimicrobial activity in the presence of human sera.

1. INTRODUCTION
Antimicrobial peptides (AMPs) represent a ubiquitous
response in nature to microbial infections. They are produced
by a wide variety of organisms, including bacteria, fungi, plants,
insects, amphibians, crustaceans, ﬁsh, and mammals, including
humans, either constitutively or in response to the presence of
a microbe.1 This immune response to bacterial infection has
taken on considerable signiﬁcance in recent years because of
the extensive clinical use of classical antibiotics having led to an
ever-growing emergence of many medically resistant strains of
bacteria. Indeed, there are now “Superbugs” that are resistant
to most or all of available antibiotics.2 Clearly, the development of a new class of antibiotics has become critical,3 with
AMPs (speciﬁcally, cationic AMPs)4 representing such a new
class of antibiotics with immense potential.4−17
AMPs are rapidly bactericidal and generally have broad
spectrum activity. In addition, it is diﬃcult for bacteria to
develop resistance to AMPs that do not have speciﬁc targets
(unlike traditional antibiotics) as their mode of action
generally involves nonspeciﬁc interactions with the cytoplasmic
membrane of bacteria, whereby peptide accumulation in the
membrane causes increased permeability and loss of barrier
function.5,6,9,10,12−22 However, despite such advantages over
traditional antibiotics, the major barrier to the use of AMPs as
antibiotics is their ability to lyse eukaryotic cell membranes as
well as bacterial membranes. Indeed, such hemolytic activity
© 2019 American Chemical Society

and toxicity has always been the main criticism and prevented
its widespread usage of such peptide-based drugs. Interestingly,
polymyxin B and polymyxin E (also known as colistin) are
cationic peptide antibacterials, which saw widespread use in
the 1960s. However, their clinical use in the 1970s was scaled
back considerably because of serious toxicity issues.23,24 With
the advent of prevalent Gram-negative bacteria with multidrug
resistance in the 1970s, there was a revival in the use of these
two peptides, which have become antibiotics of the last resort.
Unfortunately, the emergence of polymyxin-resistant “Superbugs”23,24 now means that it is vital that newly developed
antibiotics are eﬀective against both polymyxin B- and colistinresistant microorganisms.
From numerous structure/activity studies on both natural
and synthetic AMPs, factors important for antimicrobial
activity were identiﬁed, including the presence of both
hydrophobic and basic residues, an amphipathic nature, and
preformed or inducible secondary structure (α-helix or βsheet).13 Clearly, to be useful as antibiotics, it is necessary to
dissociate anti-eukaryotic activity from antimicrobial activity,
that is, increase antimicrobial activity and reduce lysis to
normal cells (as determined by the degree of lysis of human
red blood cells). We have always believed that a synthetic
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Table 1. Polar Face Substitutions of Positively Charged Residues in AMPs

a

D denotes that all amino acid residues in each peptide are in the D-conformation except for Dab and Dap which are in the L-conformation.
Speciﬁcity determinants are positively charged residues in the center of the nonpolar face (Lys13/Lys16). Without speciﬁcity determinants means
replacement with Ala residues (Ala13/Ala16) (Figure 2). bPeptide sequences are shown using the one-letter code for all amino acid residues except
at X1, X2, X3, X4, X5, and (except for D101 and D102) X6, where the three-letter code is used. Ac denotes Nα-acetyl and amide denotes Cα-amide.
Positions X1, X2, X3, X4, X5, and (except for D101 and D102) X6 are positively charged residues (Arg, Lys, Orn, Dab, and Dap) on the polar face of
the amphipathic α-helix (Figure 1); −1 denotes 6 positively charged residues on the polar face at positions 3, 7, 11, 18, 22, and 26 or 5 positively
charged residues on the polar face at positions 3, 7, 11, 18, and 22 (position 26 is substituted by Ser).

peptide approach to examining the eﬀect of small incremental
changes in hydrophilicity/hydrophobicity, amphipathicity, and
helicity of α-helical cationic AMPs would enable rapid progress
in the rational design of peptide antibiotics.
In an earlier study,13 we utilized the structural framework of
a 26-residue amphipathic α-helical AMP, denoted V681, with
excellent antimicrobial activity but with strong hemolytic
activity, to study the eﬀects of peptide hydrophilicity/
hydrophobicity, amphipathicity, and helicity on biological
activities through single D- or L-amino acid substitutions in the
center of either the polar or nonpolar faces of the amphipathic
helix. Such an amphipathic α-helical conformation permits
insertion of a well-deﬁned hydrophobic sector into a lipid
bilayer.8 The helix destabilizing properties of D-amino acids in
a helix of otherwise all-L-amino acids is well known.25−29
Indeed, we had previously demonstrated how the helixdestabilizing properties of D-amino acids oﬀered a systematic
approach to the controlled alteration of hydrophobicity,
amphipathicity, and helicity of amphipathic α-helical model
peptides.29 Controlled disruption of the α-helical structure of
V681 (disruption under aqueous conditions, thus preventing or
reducing self-association, and the inducible helical structure in
hydrophobic conditions) seemed to be related to strong
antimicrobial activity and reduced hemolytic activity. In
addition, a higher ability to self-associate in solution was
correlated with weaker antimicrobial activity and stronger
hemolytic activity of the peptides. Concomitant with such
work was our development of a sensitive reversed-phase
chromatography (RP-HPLC) approach to monitoring selfassociation of small amphipathic molecules.13,30−38 Further,
and as had been observed previously, the D-enantiomers
showed excellent stability against proteolytic digestion,31,39−46

a key property for such AMPs to be useful as injectable
antibiotics. Subsequent work in our laboratory involved
determining the eﬀect of varying the hydrophobicity of the
nonpolar face32 or the number of positively charged residues
on the polar face on the biological activity of V13K.33 In
summary, the results showed that the number of positively
charged residues on the polar face and net charge are both
important for both antimicrobial and hemolytic activity,33
while there is threshold hydrophobicity at which optimal
antimicrobial activity can be obtained.32 In addition, both of
these papers solidiﬁed the choice of V13K as a promising lead
compound at the time.
To this point, the purpose had been the development of a
class of potentially broad-spectrum antimicrobial agents.
However, our discovery of the eﬀectiveness of a single Val to
Lys substitution in the middle of the nonpolar face of a highly
hemolytic peptide in dramatically reducing hemolytic
activity,31 coupled with our assessment of the eﬀects of
varying the nonpolar and polar face,32,33 led to a major change
in our approach; we could take a broad spectrum 26-residue
AMP in the all-D conformation (V13K) and use a rational
design approach to enhance further the biological properties if
the focus was to develop a better Gram-negative AMP rather
than to maintain broad-spectrum activity. An advantage to this
approach is that limiting studies to one class of organism, in
this case Gram-negative organisms, would hasten development
of such antibiotics relative to attempting a “one size ﬁts all”
approach. Thus, the disruption of peptide self-association by
the positively charged Lys residue on the nonpolar face
prevents penetration of the membrane bilayer as a transmembrane helix in eukaryotic cells by a “barrel-stave”
mechanism,17,47 thus preventing hemolysis. In contrast, for
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prokaryotic organisms, the induced α-helical structure of
peptide monomers results in the peptides lying at the interface,
parallel with the membrane surface, followed by disruption of
the membrane via a “carpet” mechanism.17,48,49 What dictates
the two diﬀerent modes of interaction is the diﬀerence in lipid
composition of prokaryotic and eukaryotic membranes. Thus,
the mode of interaction of our AMPs is a “membrane
discrimination mechanism”,31 with the Lys residue inserted
into the nonpolar face of the helix now being referred to as a
“speciﬁcity determinant”. Brieﬂy, by utilizing charged, speciﬁcity determinants (Lys residues at positions 13 and 16 in the
center of the nonpolar face), total hydrophobicity, hydrophobe
type, and location as design parameters, we demonstrated not
only improvements in antimicrobial activity but also further
dramatic reductions in hemolytic activity, concomitant with
unprecedented improvements in the therapeutic indices
(hemolytic activity/antimicrobial activity, HC50 value/MICGM
value).36,38 Of profound importance to the future of peptidebased AMPs as therapeutic agents was our demonstration that
modiﬁcation of native AMPs (Piscidin 1 isolated from ﬁsh and
dermaseptin S4 isolated from frog) with Lys speciﬁcity
determinants in the nonpolar faces of these amphipathic αhelical peptides (22 residues and 28 residues, respectively)
produced similar results of improved antimicrobial activity and
dramatically decreased hemolytic activity.37,50 Thus, speciﬁcity
determinants are the key to removing hemolytic activity of
nature’s AMPs.
The current study now turns to an examination of the role of
the type of positively charged residues on the polar face of our
model 26-residue AMP template in hemolytic activity against
human red blood cells and antimicrobial activity against
Acinetobacter baumannii strains resistant to polymyxin B and
colistin and 2016/2017 worldwide isolates of the same
organism resistant to 18 diﬀerent antibiotics. Speciﬁcally, we
examined the eﬀect of replacing Lys residues on the polar face
with positively charged residues: Arg or unusual amino acids
ornithine (Orn),4,51−56 diaminobutyric acid (Dab),4,51−56 or
diaminopropionic acid (Dap)4,51−57 in the absence or presence
of two Lys speciﬁcity determinants in the nonpolar face.

phobic medium. Thus, Figure 1 shows a general amino acid
sequence in a helical wheel and helical net representations

Figure 1. Helical wheel (upper panel) and helical net (lower panels)
representations of our amphipathic helical AMPs. In the helical wheel,
the nonpolar face is indicated as a yellow arc (Leu residues are
colored yellow and the Lys “speciﬁcity determinants” at positions 13
and 16 are colored red). Lys 1 is also on the nonpolar face and
colored red. The polar face is indicated as a black arc (positively
charged residues at positions 3, 7, 11, 18, 22, and 26 are denoted by X
and are colored blue). In the helical net (left side), the residues on the
polar face are boxed and shown along the center of the net with the
positively charged residues at positions 3, 7, 11, 18, 22, and 26 also
colored blue. In the helical net (right side), the residues on the
nonpolar face are circled (Leu residues are colored yellow) and shown
along the center of the net. The Lys “speciﬁcity determinants” are at
positions 13 and 16 in the center of the nonpolar face between the
hydrophobic clusters of Leu residues.

2. RESULTS AND DISCUSSION
2.1. Peptide Design, Speciﬁcity Determinants, and
the Type of Positively Charged Residue on the Polar
Face. Enantiomeric forms of AMPs with all-D-amino acids
have shown equal activities to their all-L-enantiomers.31,39−46
In this study, we designed de novo, synthesized, puriﬁed, and
characterized ten potentially amphipathic α-helical AMPs.
Seven AMPs have speciﬁcity determinants, lysine residues on
the nonpolar face at positions 13 and 16, and three control
AMPs are without these determinants, where the lysine
residues at positions 13 and 16 were replaced with alanine
residues (Table 1). Five AMPs have six positively charged
residues on the polar face which contain Arg, Lys, Orn, Dab, or
Dap residues at positions 3, 7, 11, 18, 22, and 26; two AMPs
have only ﬁve positively charged residues on the polar face at
positions 3, 7, 11, 18, and 22, containing either ﬁve Lys or ﬁve
Dab residues (position 26 has been replaced with Ser) (Table
1). All ten peptides have a lysine residue at position 1, and the
net charges on these peptides are either +9 or +8 for the AMPs
with speciﬁcity determinants or +7 for the control AMPs
without such determinants (Table 1).
These peptides are unstructured in aqueous medium and
structured amphipathic α-helices in the presence of hydro-

where X3X7X11X18X22X26 shows the positions on the polar face
of the positively charged residues (colored blue). We have
displayed two versions of the helical nets where the polar
residues are displayed along the center of the helical net (left
side) and where the nonpolar residues are displayed along the
center of the helical net (right side). The hydrophobic/
nonpolar faces of the seven peptides with speciﬁcity
determinants have eight Leu residues in two clusters of four
(colored yellow) separated by the two Lys residues (speciﬁcity
determinants in the center of the nonpolar face (colored red)).
Lys 1 is also on the nonpolar face and colored red. Figure 2
shows the diﬀerence between the peptides with these
determinants (Lys 13 and Lys 16) in the center of the
nonpolar face and those without (Ala 13 and Ala 16). Thus,
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Table 2. Antibacterial Activity against 7 Strains of A.
baumannii Resistant to Polymyxin B and Colistin and 20
Worldwide 2016 and 2017 Isolates Resistant to 18 Classical
Antibiotics
peptide namea

peptide
mass

MICGM
(μM)b

With Speciﬁcity Determinants
D87(Lys1-6 Arg-1)
3033.7
0.8
D84(Lys1-6 Lys-1)
2865.6
0.5
D85(Lys1-6 Orn-1)
2781.5
0.5
2697.3
1.0
D86(Lys1-6 Dab-1)
D105(Lys1-6 Dap-1)
2613.1
1.2
D101(Lys1Ser26-5 Lys-1)
2824.5
0.8
2684.3
0.7
D102(Lys1Ser26-5 Dab-1)
Without Speciﬁcity Determinants
D85(K13A/K16A)-(Lys1-6 Orn-1)
2667.3
2.0
D86(K13A/K16A)-(Lys1-6 Dab-1)
2583.1
0.9
D105(K13A/K16A)-(Lys1-6 Dap-1)
2499.0
1.3
Colistin
1155.5
>28
Polymyxin B
1301.6
>25

MICGM
(μM)c
nd
0.7
nd
1.0
1.0
1.0
0.6
1.9
0.9
2.0
nd
nd

a

6 Lys-1 denotes 6 Lys residues on the polar face at positions 3,7, 11,
18, 22, and 26; 5 Lys-1 denotes 5 Lys residues on polar face at
positions 3, 7, 11, 18, and 22 (position 26 is substituted by Ser).
b
MIC is minimal inhibitory concentration (μM) that inhibited growth
of diﬀerent strains in MH medium at 37 °C after 24 h, with the MIC
based on three sets of replicates; MICGM is the geometric mean of the
MIC values from seven diﬀerent strains of A. baumanii resistant to
polymyxin B and colistin, antibiotics of last resort. cMICGM is the
geometric mean of the MIC values for 20 worldwide 2016 and 2017
isolates resistant to 18 classical antibiotics.

Figure 2. Helical wheel (upper panels) and helical net (lower panels)
representations of an AMP with and without “speciﬁcity determinants”. Lys 13 and Lys 16 (colored red) are in the center of the
nonpolar face (left side) between the two clusters of hydrophobic Leu
residues (colored yellow). The right side shows the helical net in the
absence of speciﬁcity determinants, where Lys residues are replaced
with Ala 13 and Ala 16, thus maintaining a continuous hydrophobic
surface along the center of the helix. The positively charged residues
on the polar face are indicated in the helical wheels with an X at
positions 3, 7, 11, 18, 22, and 26.

small eﬀect or actually enhanced the geometric mean MIC
value (D84 0.5 μM vs D101 0.8 μM) and (D86 1.0 μM vs
D102 0.7 μM) (Tables 2 and S1).
2.3. Hemolytic Activity and Therapeutic Indices. The
biological activities of the 10 peptide analogs, with and without
speciﬁcity determinants are shown in Table 3. The three
peptides without speciﬁcity determinants are extremely
hemolytic, with HC50 values (the peptide concentration
required for 50% hemolysis) of 0.9−7.7 μM, which is of
comparable magnitude to the antimicrobial activity of 0.9−2.0
μM. Thus, the therapeutic indices vary from 0.5 to 8.6,
depending on the positively charged residue used on the polar
face (Table 3). The speciﬁcity determinants have very little
eﬀect on antimicrobial activity where the geometric mean MIC
ranges from 0.5 to 1.2 μM for the seven AMPs compared to
0.9−2.0 μM without determinants. The speciﬁcity determinants result in dramatic decreases in hemolytic activities from a
range of 0.9−7.7 μM for HC50 for AMPs lacking these
determinants to 4.0 to >1148 μM, depending on the positively
charged residue on the polar face of the AMP. This
corresponds to increases in the therapeutic indices from 5.0
to >1012 depending on the AMP. Our best AMP shows an
increase in the therapeutic index of >202-fold relative to the
Arg-containing peptide (Table 3). Our results show that the
improvements in the hemolytic activity and thus the
therapeutic indices depend on the type of positively charged
residue used on the polar face. The HC50 value for Arg in the
six polar face positions (3, 7, 11, 18, 22, and 26) is 4.0 μM
compared to Lys (54.3 μM) and Orn (146.1 μM). Thus, the
use of Orn residues instead of Arg provides a 37-fold decrease
in the hemolytic activity or a 58-fold improvement in the
therapeutic index. The dramatic and unexpected decrease in

the positive charge on the nonpolar face decreases from +3 to
+1 and the overall net charge on the AMPs decreases from +9
to +7.
2.2. Antibacterial Activity. Tables 2 and S1 show the
antibacterial activities against seven diﬀerent A. baumannii
strains resistant to polymyxin B and colistin (antibiotics of last
resort). The geometric mean MIC values for the ﬁve AMPs,
where the positively charged residue was varied from Arg, Lys,
Orn, Dab, and Dap, ranged from 0.5 μM (six Lys- and six Orncontaining peptides) to 0.8 μM for 6 Arg, 1.0 μM for 6 Dab,
and 1.2 μM for 6 Dap residues on the polar face. Thus,
shortening the number of carbon atoms between the side-chain
amino group and the α-carbon atom from four (Lys) to one
(diaminopropionic acid) had very little eﬀect on antibacterial
activity (Tables 2 and S1). We also determined the
antibacterial activity of our ﬁve AMPs against 20 additional
A. baumannii isolates from four continents, 12 diﬀerent
countries, and 17 diﬀerent cities that were resistant to 18
diﬀerent antibiotics. As shown in Tables 2 and S2, the
geometric mean MIC value was 0.7 μM for the 6 Lyscontaining AMP to 1.0 μM for 6 Dab- or 6 Dap-containing
AMPs. Thus, it is very clear that changing the type of positively
charged residue on the polar face of these AMPs had very little
eﬀect on the antibacterial activities. Removing the C-terminal
positively charged residue from the peptides D84(Lys26Ser)
and D86(Dab26Ser) to give peptides D101 and D102 had a
3357
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Table 3. Polar Face Substitutions of Positively Charged Residues
peptide namea
with speciﬁcity determinants
D87(Lys1-6 Arg-1)
D84(Lys1-6 Lys-1)
D85(Lys1-6 Orn-1)
D86(Lys1-6 Dab-1)
D105(Lys1-6 Dap-1)
D101(Lys1Ser26-5 Lys-1)
D102(Lys1Ser26-5 Dab-1)
without speciﬁcity determinants
D85(K13A/K16A)-(Lys1-6 Orn-1)
D86(K13A/K16A)-(Lys1-6 Dab-1)
D105(K13A/K16A)-(Lys1-6 Dap-1)

net
charge

peptide
Mass

HC50
(μg/mL)b

HC50
(μM)b

HC50 fold
improvementc

MICGM
(μM)d

T.I.e

+9
+9
+9
+9
+9
+8
+8

3033.7
2865.6
2781.5
2697.3
2613.1
2824.5
2684.3

12
155.5
406.5
>2000
>3000
279
>2000

4.0
54.3
146.1
>742
>1148
103.9
>708

0.8
0.5
0.5
1.0
1.2
0.8
0.7

5.0
108.6
292.2
>742
>957
129.9
>1012

+7
+7
+7

2667.3
2583.1
2499.0

2.3
20.0
7.2

0.9
7.7
2.9

1.0
13.6
36.5
>186
>287
26.0
>177
fold decreasec
−162.3
>−96.4
>−395.9

2.0
0.9
1.3

0.5
8.6
2.2

T.I. fold
improvementf
1.0
21.7
58.4
>148
>191
26.0
>202
fold decreasef
−584.4
>−86.3
>−435.0

a

6 Lys-1 denotes 6 Lys residues on the polar face at positions 3,7,11,18, 22, and 26. 5 Lys-1 denotes 5 Lys residues on polar face at positions 3,
7,11,18, and 22 (position 26 is substituted by Ser). bHemolytic activity, HC50, is the concentration of peptide that results in 50% hemolysis of
human red blood cells after 18 h at 37°C. cFold improvement in hemolytic activity, HC50, relative to the Arg-containing peptide. Fold decrease
compares the same peptide with and without speciﬁcity determinants. That without speciﬁcity determinants shows a dramatic fold decrease in
HC50. dMIC is minimal inhibitory concentration (μM) that inhibited growth of diﬀerent strains in MH medium at 37°C after 24 h, with the MIC
based on three sets of replicates; MICGM is the geometric mean of the MIC values from seven diﬀerent strains of A. baumanii resistant to polymyxin
B and colistin, antibiotics of last resort. eTherapeutic index (T.l.) was calculated from HC50 (μM)/MICGM (μM). Fold decrease compares the same
peptide with and without speciﬁcity determinants. That without speciﬁcity determinants shows a dramatic fold decrease in the therapeutic index.
f
Fold improvement in the therapeutic index, relative to the Arg containing peptide.

Figure 3. Percent lysis of human red blood cells vs peptide concentration of AMPs. Panel (A): The sequences of the ﬁve peptides (all containing
Lys speciﬁcity determinants at positions 13 and 16 of the nonpolar face; Figure 1) are shown in Table 1. Note that peptide denotations in this
ﬁgure have been abbreviated from those shown in Table 1; for example, D87(Lys1-6 Arg-1) has been shortened to D87(6Arg-1), where 6Arg-1
denotes six Arg residues on the polar face at positions 3, 7, 11, 18, 22, and 26. Panel (B): Comparison of percent lysis of the Dap- and Dabcontaining peptides in the presence and absence of Lys speciﬁcity determinants at positions 13 and 16. The sequences of the peptides are shown in
Table 1. HC50 values (concentration of peptide that results in 50% hemolysis of human red blood cells after 18 h at 37 °C) derived from such data
are shown in Table 4.

to >1148 μM for Dap, a >21-fold change in hemolytic activity,
resulting in a therapeutic index of 108.6 for Lys and >957 for
Dap (Table 3). The signiﬁcance of this change from Arg, Lys,
Orn to Dab or Dap is observed graphically in a plot of percent
lysis of human red blood cells versus peptide concentration up
to 1000 μg/mL [Figure 3, panel (A)]. No signiﬁcant lysis is
observed for Dab- or Dap-containing peptides. The importance of using these unusual amino acids in place of Lys or Arg
residues in AMPs on the polar face cannot be over emphasized.
Removing the C-terminal positively charged residue has no
eﬀect on the hemolytic activity or therapeutic index; compare
peptide D101(5 Lys-1) to D84(6 Lys-1) or D102(5 Dab-1) to
D86(6 Dab-1) (Table 3). The importance of speciﬁcity
determinants is shown in Figure 3, panel (B) where the 6 Dab-

hemolytic activity resulted from the use of the two unusual
amino acid residues Dab and Dap on the polar face. There was
>186-fold decrease in hemolytic activity relative to Argcontaining AMP when using diaminobutyric acid (4 to >742
μM) and >287-fold decrease in hemolytic activity when using
diaminopropionic acid (4 to >1148 μM). Because the
antimicrobial activity does not vary signiﬁcantly between
peptides, the changes in therapeutic indices show a similar
large increase in fold improvement relative to Arg as the amino
acid residues are changed systematically from Arg to Lys, Orn,
Dab, and Dap. We are systematically decreasing the number of
carbon atoms in the side chain from four in the case of lysine
to one in the case of a diaminopropionic acid residue. This
results in a change in hemolytic activity from 54.3 μM for Lys
3358
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the Dap analog compared to 20% for the Lys peptide. Zou et
al.53 substituted three Arg residues in 30-residue α-defensives
(3-stranded β-sheet with three intramolecular disulﬁde
bridges) with Lys, Orn, Dab or Dap. Brieﬂy, antibacterial
activity decreased with decreasing side chain length (Lys < Orn
< Dab < Dap) with little diﬀerence between the analogs in
terms of very high vesicle leakage at just 100 μg/mL peptide.
Clearly, by comparing our present results to other studies,
including those employing similar amphipathic α-helical
templates, the eﬀects of introducing Dab or Dap residues
into the polar face of our 26-residue amphipathic α-helical
AMP template are consistently superior when one considers
the combination of maintenance of excellent MIC and
dramatic lowering/elimination of hemolysis, the latter being
evident even at high peptide concentrations and long
incubation times.
The critical issue for other researchers is not to use short
incubation times 0.5−2 h in hemolytic assays because it is well
known that extending incubation time to 18 h dramatically
increases hemolysis and hemolysis is dependent on peptide
concentration which must be increased to 1000 μg/mL (380
μM) for reliable information to be obtained.
Interestingly, the present results also reﬂect previous
observations concerning the “snorkel eﬀect”, which determines
the penetration depth of the peptide.4,52 Thus, the longer the
aliphatic chain of the substituted positively charged residue on
the polar face (Lys > Orn > Dab > Dap), the deeper the
insertion of the helix (parallel to the membrane surface) with
the positive charge interacting with the polar head groups on
the lipid bilayer. In particular, Zelezetsky et al.52 with a 19residue amphipathic α-helical AMP template noted a strong
correlation of hemolytic activity with the hydrophobic sector
depth in a similar manner to the results of the present study,
that is, decreasing hemolysis with decreasing aliphatic chain
length (Table 3). In addition, the small eﬀect of decreasing the
aliphatic chain length on antimicrobial activity in the present
study (Table 3) was also apparent with the amphipathic αhelical model of Zelezetsky et al.52 who described a similar
small eﬀect of helix insertion depth on antimicrobial activity.
2.5. Antimicrobial Activity of AMPs in the Presence of
Human Sera. An important consideration for the routine use
of AMPs to treat Gram-negative bacterial infections is whether,
and to what extent, the peptides bind to human serum
proteins. AMPs bound to serum proteins are unable to interact
with the therapeutic target, thus lowering their eﬃcacy. We
addressed this issue by determining the MIC values of our
AMPs in the presence of Mueller Hinton (MH) medium and
MH medium supplemented with 25% (v/v) human sera. This
assay allows an estimation of the in vivo bioavailability of our
AMPs, where an increase in MIC in the presence of serum is
attributed to binding to serum proteins and, hence, lowering of
antimicrobial activity. From Table 4, the three AMPs without
speciﬁcity determinants have reduced antimicrobial activity
against A. baumannii blood strain 649 in the presence of 25%
human sera except for AMP D105 which shows a 4-fold
decrease in MIC. Peptide D85, without speciﬁcity determinants, caused precipitation when peptides were added to the
assay mixture containing serum (after 18 h incubation, more
precipitation was observed), while D86 and D105, without
speciﬁcity determinants, resulted in a 4-fold and 16-fold loss of
antimicrobial activity, respectively (Table 4). These results
emphasize the importance of speciﬁcity determinants in
preventing any signiﬁcant loss of antimicrobial activity. Thus,

and 6 Dap- containing peptides without determinants (Ala13/
Ala16) are extremely hemolytic compared to the same peptides
with determinants (Lys13/Lys16) which show no lysis of
human red blood cells. This is an unprecedented result.
2.4. Comparison of Antibacterial and Hemolytic
Activity to Other Studies Utilizing Dab and Dap in
AMPs. As noted above, much of the signiﬁcance of our results
lies in the maintenance of excellent antimicrobial activity
(Tables 2, S1 and S2) whilst essentially eliminating hemolytic
activity (Table 3, Figure 3), resulting in huge increases in the
therapeutic index (Table 3). Furthermore, the hemolysis
results of the present study are even more impressive when one
considers the peptide/blood cell incubation time of 18 h
compared to the 0.5−2 h incubation time characteristic of
other studies. Three of these studies4,52,56 reﬂect a similar
approach to the present study, whereby substitutions of
unusual amino acids are made in the polar face of an
amphipathic α-helical AMP. Thus, Uggerhoj et al.,4 when
substituting for one Lys in the hydrophilic face of a 10-residue
amphipathic α-helix (MIC = 100 μM), reported little eﬀect on
antimicrobial activity against Escherichia coli for Dab (MIC =
75 μM) or Dap (100 μM). Note the MIC values for the Dap
and Dab analogs of the present study are just 1.0−1.2 μM
(Tables 2, S1 and S2). These other researchers reported no
change of hemolytic activity within the range of concentrations
tested (≤∼500 μM for 1 h incubation at 37 °C). Interestingly,
these authors stated that Dap should not be used in the design
of AMPs, this statement being qualiﬁed in that the data they
presented were only valid for the speciﬁc group of short (10
residue) cationic α-helical AMPs under consideration.
Zelezetsky et al.52 replaced four positively charged residues
in the polar face of a 19-residue amphipathic α-helical AMP
with Dab or Dap. MIC values against Gram-negative bacteria
were generally maintained by Dab or Dap substitutions in the
range of 1−4 μM relative to the Lys analog (0.5−1 μM);
however, hemolytic activity, although an improvement of that
over the Lys analog (90 ± 10% for 100 μM peptide) was still
considerable for the Dab (55 ± 15%) and Dap (30 ± 7%)
analogs (incubation time not reported). When Kohn et al.56
replaced seven Lys residues in the polar face of an 18-residue
amphipathic α-helical AMP with Dap residues, the MIC values
(1.875−7.5 μM) increased, decreased, or remained constant,
depending on the Gram-negative microorganism being tested.
Although reported as the peptides inducing hemolysis only to a
very low extent (∼9% for the Lys peptide vs ∼2% for the Dap
analog), these results were obtained with just 15 μM of the
peptide and a 1 h incubation for hemolysis study. This is in
stark contrast to the present study, with 18 h incubation up to
1000 μg/mL (380 μM) of the peptide and essentially no
hemolysis at concentrations of the Dab and Dap peptides of
1000 μg/mL (∼380 μM) (Figure 3).
Although it is important to compare the results of the
present study with a similar template (amphipathic α-helix)
and substitutions (Lys for Dap/Dab in the hydrophilic face of
the helix), other studies of interest are represented by refs 53
and 55. Thus, Arias et al.55 substituted Dab or Dap at the Nand C-termini of an α-helix-like AMP (two residues
substituted at each end of the peptide sequence). Compared
to the Lys analog (MIC = 16 μM), the Dab and Dap analogs
exhibited improved MIC values of 4−8 and 4 μM, respectively.
However, membrane permeabilization assays (mimicking
erythrocyte membranes) showed increasing permeabilization
with just 0.2 μM of the peptide producing 50% leakage with
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Table 4. Antimicrobial Activitv against A. baumannii Strain
649 in the Presence and Absence of 25% Human Sera
MIC(μM)
peptide name

no serum

25% human serum

With Speciﬁcity Determinants (Lys13Lys16)
1
D87(Lys -6 Arg-1)
0.7
1.3
D84(Lys1-6 Lys-1)
0.3
0.3
D85(Lys1-6 Orn-1)
0.4
0.2
0.7
0.2
D86(Lys1-6 Dab-1)
Dl05(Lys1-6 Dap-1)
0.8
3.0
Dl01(Lys1Ser26-5 Lys-1)
0.7
0.7
D102(Lys1Ser26-5 Dab-1)
0.4
0.7
Without Speciﬁcity Determinants (Ala13Ala16)
D85(K13A/K16A)-(Lys1-6 Orn-1)
1.5
precipitate
D86(K13A/K16A)-(Lys1-6 Dab-1)
0.8
3.0
D105(K13A/K16A)-(Lys1-6 Dap-1)
0.8
12.5

Figure 4. Relative hydrophobicity of AMPs as expressed by RP-HPLC
elution time. Column: Zorbax 300 SB-C8, 150 × 2.1 mm ID, 5 μm
particle size, 300 Å pore size; conditions, linear AB gradient (0.25%
acetonitrile/min) at a ﬂow rate of 0.3 mL/min, where eluant A was 20
mM aq TFA and eluant B was 20 mM TFA in acetonitrile and the
temperature was 25 °C. The sequences of the ten peptides (with
seven peptides containing Lys speciﬁcity determinants at positions 13
and 16 of the nonpolar face (Figure 1) are shown in Table 1. Note
that peptide denotations in this ﬁgure have been abbreviated from
those shown in Table 1; for example, D87(Lys1-6 Arg-1) has been
shortened to D87(6 Arg-1). For the peptides without speciﬁcity
determinants, we have added A13/A16 to the peptide denotations.

speciﬁcity determinants have three major roles: maintain or
enhance antimicrobial activity, prevent binding to serum
proteins, and decrease α-helical structure in aqueous
conditions but allow inducible helical structure in the presence
of the hydrophobicity of the membrane.
2.6. Peptide Hydrophobicity. Retention behavior in RPHPLC is an excellent method to represent overall peptide
hydrophobicity. Retention times of amphipathic α-helical
peptides are highly sensitive to the conformational status of
the peptides upon interaction with the hydrophobic surface of
the column matrix.29,58 The nonpolar face of amphipathic αhelical peptides represents the preferred binding domain for
interaction with the hydrophobic matrix of the reversed-phase
column.29,58 In this study, the observed peptide retention times
are relative hydrophobicities because they are dependent on
the triﬂuoroacetic acid (TFA) concentration and the organic
solvent in the mobile phase, gradient rate, column temperature,
ﬂow-rate, and column used. The three control AMPs without
speciﬁcity determinants have hydrophobic residues on the
nonpolar face of the helix 8 Leu residues in two clusters,
colored yellow L2, L4, L6, and L9 in the N-terminal cluster,
L17, L20, L21, and L24 in the C-terminal cluster, and 2 Ala
residues at positions 13 and 16 between the two clusters of Leu
residues (Figure 2). This hydrophobic surface is the preferred
binding domain for binding to the hydrophobic surface on the
column matrix; however, the overall hydrophobicity is also
aﬀected by the composition of residues on the polar face which
contains six positively charged residues (Figure 2). The amino
acid composition on the polar face has the positively charged
residues in the same positions (3, 7, 11, 18, 22, and 26) but
varies the type of positively charged residue from either six Arg,
Lys, Orn, Dab, or Dap residues. The seven AMPs with
speciﬁcity determinants have two Lys residues between the two
hydrophobic clusters (Figure 2), thus decreasing the overall
hydrophobicity. Thus, the overall hydrophobicity varied from
115.8 to 143.2 min considerably less than the peptides without
speciﬁcity determinants which varied from 158.3 to 188.7 min
(Figure 4 and Table 5). All ten peptides used in this study
could be readily separated by RP-HPLC with the seven
peptides with speciﬁcity determinants being much more
hydrophilic than the three control peptides without speciﬁcity
determinants (Figure 4). The type of positively charged
residue on the polar face has a dramatic eﬀect on the overall
hydrophobicity, with the Dab residue being more hydrophilic
(less hydrophobic) than the Dap residue, even though the Dab

residues are a carbon atom larger in their side chain compared
to the Dap residues (Dab peptide (D86) retention time 115.8
min compared to Dap peptide (D105) retention time of 127.9
min). This can be explained by the Dab residues stabilizing the
α-helical structure considerably more than Dap residues. This
means that the polar face of Dab residues is interacting more
with the hydrophobic matrix than the polar face of Dap
residues, which results in large decrease in the retention time
(tR for Dap is 127.9 min and tR for Dab is 115.8 min, i.e., a
decrease of 12.1 min), even though each of the six Dab
residues has one more carbon atom in its side chain than the
Dap residue (Table 5).
All our AMPs shown in Table 1 have the identical
hydrophobic density with eight Leu residues on the nonpolar
face. The hydrophobic density of our de novo-designed AMPs
is similar to that observed for native AMPs of 22−27 residues
(see review by Hodges et al., 2012).16 Hydrophobic density is
calculated by the sum of the hydrophobicity values of nonpolar
residues (Pro, Val, Ile, Leu, Met, Tyr, Phe, and Trp) in the
AMP divided by the number of residues in the peptide.
Systematic decreases or increases of hydrophobicity of the
nonpolar face of our model AMP (leading to an overall
decrease or increase in peptide hydrophobicity, as expressed by
RPC retention behavior) showed that increasing peptide
hydrophobicity resulted in increased hemolysis.32 Interestingly,
this result was also observed in the present study where, just
taking into account the RPC retention behavior of the AMPs
with speciﬁcity determinants, there is a general trend of
increasing hemolysis (Table 3) with an increase in the peptide
retention time/hydrophobicity (Figure 4). For instance,
D102(5Dab-1), D86(6Dab-1), and D105(6Dap-1), the most
hydrophilic peptides, exhibit HC50 values of >2000 μg/mL to
>3000 μg/mL compared to the most hydrophobic of these
peptides, D85(6Arg-1), with an HC50 value of 12 μg/mL.
Further, this relationship also extends to the control peptides
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Table 5. Biophysical Data
hydrophobicityb

50%
TFE

Δ[θ]222

amphipathicityg
d

net
charge

pH 2tR

D87(Lys1-6 Arg-1)
D84(Lys1-6 Lys-1)
D85(Lys1-6 Orn-1)
D86(Lys1-6 Dab-1)
D105(Lys1-6 Dap-1)
Dl0l(Lys1Ser26-5 Lys-1)
Dl02(Lys1Ser26-5 Dab-1)

+9
+9
+9
+9
+9
+8
+8

143.2
138.1
134.7
115.8
127.9
140.3
113.9

D85(K13A/K16A)-(Lys1-6 Orn-1)
D86(K13A/K16A)-(Lys1-6 Dab-1)
D105(K13A/K16A)-(Lys1-6 Dap-1)

+7
+7
+7

188.7
158.3
172.3

peptidenamea

aqueous pH 7
[θ]222c

% helixd

[θ]222c

With Speciﬁcity Determinants
10192
33
31308
8230
24
33653
4808
13
38423
1769
6
27923
5961
25
24192
2538
7
38538
5962
25
23385
Without Speciﬁcity Determinants
9269
51
18038
2308
12
18731
9577
53
18038

Tpe

f

TFE-aqueous

% helix
induced

(°C)

PA
(min)

pH 2

21116
25423
33615
26154
18231
36000
17423

67
76
87
94
75
93
75

21.2
21.2
17.3
5.0
16.9
21.2
5.0

5.9
5.9
4.1
0
3.7
6.0
0

3.625
3.327
3.420
3.879
3.570
3.419
3.842

8769
16423
8461

49
88
47

41.0
31.0
39.0

28.0
12.5
18.0

4.631
5.135
4.797

a
D denotes all amino acids in each peptide are in the D-conformation. btR denotes retention time in RP-HPLC at pH 2 at a temperature of 25 °C
and is a measure of overall peptide hydrophobicity. cThe mean residue molar ellipticities [θ]222 (mdeg cm2/(dmol × res)) at a wavelength of 222
nm were measured at 25 °C in aqueous conditions (100 mM KC1, 50 mM Na2HPO4/NaH2PO4, pH 7.0) or in aqueous buﬀer containing 50%
triﬂuoroethanol (TFE) by circular dichroism spectroscopy. dThe helical content (as a percentage) of a peptide is relative to the molar ellipticity
value of the peptide in the presence of 50% TFE. % helix induced is the increase in molar ellipticity (as a percentage) of the peptide in the presence
of 50% TFE. eTp, temperature at which maximum retention time is observed over the temperature range 5−77 °C. fPA denotes the self-association
parameter (dimerization/oligomerization) of each peptide during RP-HPLC temperature proﬁling, which is the maximal retention time diﬀerence
of (tRt − tR5 for peptide analogs) − (tRt − tR5 for control peptide RC) within the temperature range; tRt − tR5 is the retention time diﬀerence of a
peptide at a speciﬁc temperature (tRt) compared with that at 5 °C (tR5). The sequence of the random coil control peptide (RC) is AcELEKGGLEGEKGGKELEK-amide. gAmphipathicity was determined by calculation of the hydrophobic moment [Eisenberg et.al 1982]59 using
hydrophobicity coeﬃcients determined by RP-HPLC at pH 2.

of the hydrophobicity of the membrane. The % helix induced
in 50% TFE varied from 67 to 94% for the AMPs with
speciﬁcity determinants depending on the type of positively
charged residue used on the polar face (Table 5). It is
interesting that when using six diaminobutyric acid residues on
the polar face in aqueous conditions, the peptide had the least
α-helical structure (6%) and the highest inducible α-helical
structure in the presence of 50% TFE (94%). For peptides with
speciﬁcity determinants, the amphipathicity ranged from a low
value of 3.327−3.879, depending on the positively charged
residue used on the polar face. As expected, removing the Lys
speciﬁcity determinants at positions 13 and 16 and replacing
them with Ala residues increased amphipathicity which ranged
from 4.631 to 5.135, depending on the positively charged
residue used on the polar face. All the +9 peptides shown in
Table 1 are identical in sequence except for the six polar face
substitutions which were either Arg, Lys, Orn, Dab, or Dap
residues. Thus, amphipathicity is aﬀected by the hydrophobicity coeﬃcient used for the calculation of amphipathicity.
These values were Arg (0.6), Lys (2.8), Orn (2.1), Dab
(−1.2), and Dap (1.0). Thus, the peptide with the highest
amphipathicity was the Dab-containing peptide 3.879 (with
speciﬁcity determinants) and 5.135 without speciﬁcity
determinants (Table 5). The amphipathicity values of our
AMPs are similar to those observed for native AMPs in the
length of 22−27 residues (see review by Hodges et al.,
2012).16 In summary, both amphipathicity and the inducible
α-helical structure play a critical role in providing AMPs with
the desired properties.
2.8. Peptide Self-Association. We have proposed that
monomeric random-coil AMPs in aqueous solution are best
able to pass through a polysaccharide capsule, followed by the
outer membrane lipopolysaccharide and the cell wall
peptidoglycan layer of Gram-negative bacteria before the

without speciﬁcity determinants with noninterrupted nonpolar
faces and, hence, longer RPC retention time. Thus, retention
values of 158.3, 172.3, and 188.7 min for peptides D86(K13A/
K16A)6-Dab-1, D105(K13A/K16A)6-Dap-1, and D85(K13A/
K16A)6Orn-1, respectively (Figure 4), correlate with HC50
values of 20, 7.2, and 2.3 μg/mL (Table 3).
In contrast to hemolytic activity, there is no correlation
between overall peptide hydrophobicity and antimicrobial
activity. This is not surprising given the complex relationship
seen in the previous study (as described in the Introduction),
where changes to the nonpolar face of the peptides were
substantial with systematic substitutions of very nonpolar Leu
residues for mildly nonpolar Ala residues. This would, in turn,
lead to substantial increases in overall peptide hydrophobicity
as Leu residues replaced Ala residues. In contrast, in the
present study, the changes in overall peptide hydrophobicity
are much more subtle for most of the analogs, where
substitutions of positively charged residues are made on the
polar face of the peptides (i.e., the nonpreferred binding face in
RPC) and the nonpolar face remains constant for the seven
peptides with speciﬁcity determinants and the three peptides
without the determinants.
2.7. Peptide Secondary Structure and Amphipathicity. Table 5 shows the circular dichroism (CD) results for the
10 peptides used in this study in conditions of pH 7 (50 mM
PO 4 , 100 mM KCl) and in the presence of 50%
triﬂuoroethanol (TFE), a mimic of the hydrophobicity and
the α-helix inducing ability of the hydrophobic membrane. The
two Lys speciﬁcity determinants substituted in the center of
the nonpolar face was to disrupt the continuous hydrophobic
surface on the nonpolar face. A continuous hydrophobic
surface stabilizes the α-helical structure. Our design concept
was to minimize the α-helical structure in aqueous conditions
and maximize the inducible α-helical structure in the presence
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diﬀerence in RP-HPLC retention time between an amphipathic α-helical AMP and the control peptide represents the
degree of self-association of the AMP. The association
parameter, PA, is larger for AMPs without speciﬁcity
determinants (Ala 13 and Ala 16), ranging from 12.5 to 28.0
min (Table 5), denoted by a black arrow in Figure 5.
Conversely, the association parameter, PA, is smaller for AMPs
with speciﬁcity determinants (Lys 13 and Lys 16, in the center
of the nonpolar face), ranging from 0 to 6 min (Table 5).
Thus, the speciﬁcity determinants clearly inhibit peptide selfassociation, a critical property of eﬀective AMPs, as described
in the Introduction. We have shown previously the relationship
of antimicrobial activity (MIC) and peptide hydrophobicity
(expressed as retention times of peptides in RP-HPLC) as a Ushaped relationship.32 Hydrophobicity has two eﬀects on
peptide antimicrobial activity: at a relatively lower level of
hydrophobicity, an increase in peptide hydrophobicity caused
an improvement in antimicrobial activity until an optimum
hydrophobicity was reached; in contrast, peptide antimicrobial
activity was weakened dramatically with further increase in
hydrophobicity beyond the optimum, even resulting in the
dramatic loss of antimicrobial activity.32 AMPs that strongly
self-associate by their hydrophobic face, that is, too hydrophobic on their nonpolar face, are inactive. Thus, we have a
monomer/dimer peptide equilibrium where the stronger the
dimerization, the more time that the peptide spends as a dimer,
leading to lessening of the antimicrobial activity eﬀectiveness
(i.e., higher MIC value).32 Too little or too much hydrophobicity precluded eﬃcient antimicrobial eﬀectiveness.
Hence, in the present study, we are working in the region of
this optimum peptide nonpolar face hydrophobicity in the
presence or absence of speciﬁcity determinants, and the
substitution of polar residues on the polar face of the peptides
is having only very subtle eﬀects on overall peptide
hydrophobicity. Thus, the relative eﬀects on antimicrobial
activity would be expected to be small in the absence or
presence of the speciﬁcity determinants which was in fact
observed.

cytoplasmic membrane is penetrated. The membrane then
induces the α-helical structure and disrupts the membrane
structure, leading to cell leakage and death of bacterial cells. In
contrast, if self-association of an AMP in aqueous medium is
too strong via interaction of their non-polar faces, this
decreases the ability of the peptide to dissociate to the
monomer, with the dimer/oligomer being too large to pass
through the capsule and cell wall eﬃciently in order to reach
the cytoplasmic membrane. The self-association tendency of an
AMP was determined by a RP-HPLC technique developed in
our laboratory,13,30−38 termed temperature proﬁling. Figure 5

Figure 5. Self-association of AMPs determined by temperature
proﬁling in RP-HPLC. Retention behavior from eight AMPs after
normalization to their retention times at 5 °C over the temperature
range 5−41 °C in 2 °Cincrements or 5−75 °C in 10°C
increments (details shown in Section 2.3). The sequences of the eight
peptides are shown in Table 1. D85(A13/A16-6Orn-1), D86(A13/
A16-6Dab-1) and D105(A13/A16-6Dap-1) do not contain Lys
speciﬁcity determinants, whereas the remaining AMPs contain Lys
speciﬁcity determinants at positions 13 and 16 on the non-polar face
(Figure 1). Note that peptide denotations in Figure 5 have been
abbreviated from those shown in Table 1; for example, D87(Lys1-6
Arg-1) has been shortened to D87(6 Arg-1). RC is a random coil
control peptide (Ac-ELEKGGLEGEKGGKELEK-amide) used for
RP-HPLC temperature proﬁling. The peptide self-association
parameter, PA, represents the maximum change in peptide retention
time relative to the random coil peptide, RC (PA values shown in
Table 5).

3. CONCLUSIONS
The main goal of this study was to eliminate hemolysis of
human red blood cells by changing the type of positively
charged residues used on the polar face of amphipathic αhelical AMPs. We used the most rigorous test of hemolytic
activity (18 h at 37 °C and up to 1000 μg/mL, or >350 μM, of
AMP). We have shown that substantially greater hemolysis is
observed when the exposure time is increased from less than 2
to 18 h.16 For example, we previously showed a dramatic shift
in minimal hemolytic concentration from 250 μg/mL at 12 h13
to 31.3 μg/mL at 18 h.31 Thus, we strongly suggest that
hemolysis should be measured on human red blood cells using
a time course approach extending to 18 h. Anything less can be
misleading.
The template we chose was a de novo designed α-helical
AMP of 26 residues extensively studied in our laboratory.13 We
maintained the nonpolar face with two Lys speciﬁcity
determinants at positions 13 and 16 in the center of the
nonpolar face and investigated the role of changing the type of
positively charged residues on the polar face at positions 3, 7,
11, 18, 22, and 26 (Figures 1 and 2), where we substituted all
six positions with either Arg, Lys, Orn, Dab, and Dap residues.
As shown in Figure 3, we have eliminated lysis of human red
blood cells with the substitution of six Dab or six Dap residues

illustrates the RP-HPLC retention behavior of three control
AMPs without speciﬁcity determinants (D85(K13A/K16A-6
Orn-1); D105(K13A/K16A-6 Dap-1); and D86(K13A/K16A6 Dab-1), at the top of the ﬁgure, and ﬁve AMPs with
speciﬁcity determinants (D87-6 Arg-1; D84-6 Lys-1; D86-6
Orn-1); D86-6 Dab-1 and D105-6 Dap-1) over the temperature range 5−77 °C. The temperature proﬁling behavior of
these eight AMPs was compared to a control peptide, denoted
RC, an 18-residue monomeric random-coil peptide in both
aqueous and hydrophobic environments. This control peptide,
which exhibits a linear decrease in retention time with
increasing temperature, represents peptides which are unable
to self-associate during RP-HPLC. Thus, the observed linear
decrease in retention time with increasing temperature serves
to represent the general eﬀects of increasing temperature, that
is, greater solute diﬀusivity and enhanced mass transfer
between the mobile and stationary phases of RP-HPLC. The
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eluant A is 0.1% aq TFA and eluant B is 0.1% TFA in acetonitrile;
temperature, 50 °C. Peptides were dissolved in 1 mL of H2O at a
concentration of 1 mg/mL and 2 μL injected. Detection wavelengths
were 210, 215, and 280 nm. Correct mass was determined from the
+2, +3, +4, +5, and +6 charged species and the correct mass was
observed within 0.1−0.4 Da. All peptides had purity ≥95% as shown
in the 10 HPLC traces supplied to the Journal.
4.2. Solid-Phase Peptide Synthesis. Standard solid-phase
peptide synthesis methodology using 9-ﬂuorenylmethoxycarbonyl
(Fmoc) chemistry and Fmoc-rink amide 4-methylbenzhydrylamine
resin (P3 BioSystems, Louisville, KY) (substitution 0.65 mmol/g)
using a Focus-XC peptide synthesizer (Aapptec, Louisville, KY). The
coupling procedure used 5 equivalents of Fmoc-D-amino acid or
Fmoc-L-amino acid and HCTU (O-(1H-6-chlorobenzotriazole-1-yl)1,1,3,3-tetramethyluronium hexaﬂuorophosphate) and 6-Cl-HOBt (1hydroxy-6-chloro-benztriazole) at 4.5 equiv in DMF (Fisher Scientiﬁc,
Denver, CO) and N-diisopropylethylamine (DIPEA) 10 equiv
(Oakwood Products, Inc., Estill, SC) in N-methyl-2-pyrrolidinone
(NMP) (Fisher Scientiﬁc, Denver, CO) with the ﬁrst and second
couplings at room temperature for 30 min each. The deprotection
procedure (removal of the Fmoc-protecting group) was carried out by
treatment of the resin with 0.1 M HOBt (1-hydroxybenzotriazole) in
DMF with 20% piperidine for 30 min. After completion of the
synthesis, the peptide resin was dried under vacuum, and the peptide
was cleaved from the resin with a mixture of 94% TFA, 2.5% water,
2.5% 1,2-ethanedithiol, and 1% triisopropylsilane for 2 h. The resin
was removed by ﬁltration, and the peptide was precipitated with icecooled ethyl ether on ice for 15 min. Ether was decanted, the peptide
was washed twice with ether and redissolved in acetonitrile/water
(1:1, with 0.2% TFA), and the solution lyophilized to obtain the
crude peptide.
4.3. Analytical and Preparative Puriﬁcation by RP-HPLC.
4.3.1. Analytical RP-HPLC. Column, Luna C18 (2), 250 × 4.6 mm
I.D., 5 μm particle size, 100 Å pore size from Phenomenex (Torrance,
CA). Run conditions were as follows: linear AB gradient (1%
acetonitrile/min, starting from 2% acetonitrile) at a ﬂow-rate of 1
mL/min, where eluant A is 0.2% aq TFA and eluant B is 0.18% TFA
in acetonitrile; temperature, 30 °C. Detection wavelengths used were
210, 215, and 280 nm. Preparative RP-HPLC was performed as
follows: Peptides were dissolved in 0.2% aq TFA containing 2%
acetonitrile to a ﬁnal concentration of 10 mg/mL. Following ﬁltration
through a 0.45 μm Millipore ﬁlter and subsequently through a 0.22
μm ﬁlter, the peptide solutions were loaded onto the column via
multiple 20 mL injections into a 20 mL injection loop at a ﬂow rate of
10 mL/min. Column, Luna C18 (2), 250 × 30 mm I.D., 5 μm particle
size, 100 Å pore size from Phenomenex. Run conditions were as
follows: 2% acetonitrile/min gradient up to an acetonitrile
concentration 10% below that required to elute the peptide during
analytical RP-HPLC, then shallow gradient elution (0.05 or 0.1%
acetonitrile/min depending on the complexity of impurities near the
product of interest on the analytical run of the crude peptide) at a
ﬂow rate of 10 mL/min (same eluants as shown above for analytical
RP-HPLC); and room temperature. Detection wavelength was 215
nm.
4.4. Temperature Proﬁling of Peptides on Reversed-Phase
HPLC to Measure Dimerization/Oligomerization. Puriﬁed
peptides were analyzed on an Agilent 1200 series liquid chromatograph for temperature proﬁling using a Zorbax 300 SB-C8 column
(150 mm × 2.1 mm I.D.; 5 μm particle size, 300 Å pore size) from
Agilent Technologies. Conditions were as follows: linear AB gradient
(0.5% acetonitrile/min) and a ﬂow rate of 0.30 mL/min, where eluant
A was 0.20% aq TFA, pH 2 and eluant B was 0.18% TFA in
acetonitrile. Temperature proﬁling was carried out on peptide
mixtures run at each temperature in 2 °C increments from 5 to 41
and 10 °C increments from 5 to 75 °C. Twenty minutes was allowed
between runs for temperature equilibration.
4.5. Characterization of the Helical Structure. The mean
residue molar ellipticities of peptides were determined by CD
spectroscopy using a Jasco J-815 spectropolarimeter (Jasco Inc.
Easton, MD, USA) at 25 °C under KP buﬀer (50 mM NaH2PO4/

on the polar face using the most stringent test for hemolysis.
The present results clearly demonstrate the importance of the
peptide template in which substitutions are made and we again
veriﬁed the importance of the speciﬁcity determinants (Figure
3), with the combination of speciﬁcity determinants (Lys
residues on the nonpolar face at positions 13 and 16) and the
use of Dab and Dap residues on the polar face (positions 3, 7,
11, 18, 22, and 26), resulting in the elimination of hemolysis
[Figure 3, Panel (B)].
We have also shown here that the speciﬁcity determinants
have another key role, that is, they eliminate binding to human
serum proteins. Thus, for AMPs without such determinants,
antimicrobial activity against A. baumannii blood strain 649 in
the presence of 25% human serum is greatly reduced. In terms
of biological activities, we determined the antimicrobial activity
against seven A. baumannii-resistant strains (resistant to
antibiotics of last resort, colistin, and polymyxin B). The
geometric mean MIC (μM) ranged from 0.5 to 1.2 μM for the
seven AMPs (Tables 2 and S1). In addition, we obtained
twenty A. baumannii worldwide isolates from 2016/2017
which came from four continents, 12 diﬀerent countries, and
17 diﬀerent cities. These isolates were resistant to 18 diﬀerent
antibiotics (amikacin, ampicillin−sulbactam, aztreonam, cefepime, ceftazidime, ceftizidime−avibactam, ciproﬂoxacin, colistin, doripenem, doxycycline, gentamicin, imipenem, levoﬂoxacin, meropenem, minocycline, piperacillin−tazobactam, tetracycline, and tobramycin). The results ranged from 0.6 to 1.0
μM for the ﬁve AMPs tested (Tables 2 and S2). Thus, over the
27 strains of A. baumannii tested, the antimicrobial activity
shown was identical regardless of the AMP tested. Thus, the
sequence changes had little eﬀect on antimicrobial activity but
as shown in the summary Table 3, the positively charged
residue used on the polar face had a major eﬀect on hemolytic
activity where the fold improvement relative to the Arg
containing peptide in the HC50 value was >287-fold resulting
in a fold improvement in the therapeutic index as high as
>202-fold (Table 3).
One of the most interesting phenomena of this study was
the substitution of Dab and Dap in the L-conformation into an
all D-AMP. These substitutions were made on the polar face of
the amphipathic α-helix because it has always been our
objective to have as little α-helical structure as possible in
aqueous conditions but maximum inducible α-helical structure
in the presence of the hydrophobicity of the membrane. We
were able to substitute 6 L-amino acid substitutions of either
Dab or Dap in this 26-residue D-peptide and maintain a high
inducible helical structure in the presence of 50% TFE, our
mimic of the hydrophobicity of the membrane. The signiﬁcant
advantage of this eﬀect was complete removal of hemolytic
activity against human red blood cells while maintaining
excellent antimicrobial activity and thus achieving exceptional
therapeutic indices. This study clearly shows the potential of
amphipathic α-helical AMPs with speciﬁcity determinants and
concomitant Dab and Dap residues on the polar face as
potential therapeutics to replace existing antibiotics.

4. EXPERIMENTAL SECTION
4.1. Evaluation of Purity. We have used LC/MS with an
analytical reversed-phase HPLC column from Agilent, poroshell 120
EC C18 1.9 μm particle size, 2.1 mm I.D. × 50 mm on an Agilent
1260 Inﬁnity II series HPLC and electrospray mass spectrometer. Run
conditions were as follows: linear AB gradient 1% acetonitrile/min,
starting from 2% acetonitrile at a ﬂow rate of 200 μL/min, where
3363
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Na2HPO4/100 mM KCl, pH 7.0) as well as in the presence of an αhelix inducing solvent, 2,2,2-TFE (50 mM NaH2PO4/Na2HPO4/100
mM KC1, pH 7.0 buﬀer/50% TFE). A 10-fold dilution of an
approximately 500 μM stock solution of the peptide analogs was
loaded into a 0.1 cm quartz cell and its ellipticity scanned from 195 to
250 nm. Peptide concentrations were determined by amino acid
analysis.
4.6. Determination of Peptide Amphipathicity. Amphipathicity of peptides at pH 2 was determined by the calculation of
hydrophobic moment59 using the software package EMBOSS 6.5.7
and the hmoment application, modiﬁed to include hydrophobicity
scales determined in our laboratory.60,61 The hydrophobicity scale
used in this study is listed as follows: at pH 2, these coeﬃcients were
determined in 20 mM TFA, Trp, 32.4; Phe, 29.1; Leu, 23.3; Ile, 21.4;
Met, 15.7; Tyr, 14.7; Val, 13.4; Pro, 9.0; Cys, 7.6; Ala, 2.8; Glu, 2.8;
Thr, 2.3; Asp, 1.6; Gln, 0.6; Ser, 0.0; Asn, −0.6; Gly, 0.0; Arg. 0.6; His,
0.0; Lys, 2.8; Orn, 2.1; Dab, −1.2; and Dap, 1.0 (polar face), Lys,
−18.48 (center of non-polar face). This HPLC-derived scale reﬂects
the relative diﬀerence in hydrophilicity/hydrophobicity of the 20
amino acid sidechains more accurately than previously determined
scales (see a recent review where this scale was compared to other
scales61). The hydrophobicity/hydrophilicity coeﬃcients for Lys
residues in the center of the nonpolar face at pH 2.0 were assigned
values of −18.48 determined by RP-HPLC of the identical peptides
where Ala was substituted by Lys on the nonpolar face at positions 13
and 16. Position X was placed in the sequence where these values are
to be used in the hmoment calculations when Lys is in the center of
the nonpolar face. In the program, J, B, and Z were used to denote
Orn, Dab, and Dap, respectively.
4.7. Amino Acid Analysis for Peptide Quantitation. Amino
acid analysis was performed according to the method described by
Cohen and Michaud.62 Brieﬂy, 20 μL of each peptide sample was
aliquoted into glass tubes and lyophilized. To these tubes, 300 μL of 6
M HCl w/0.1% phenol was added, and the resulting solution was
heated to 110 °C for 48 h in order to hydrolyze the peptide bonds in
the sample. Each sample tube was allowed to come to room
temperature and then vacuum-dried to remove the HCl. Each sample
was then resuspended in 10 mM HCl, and 20 μL of the sample was
added to 60 μL of 0.2 M sodium borate buﬀer, pH 8.8. To this
mixture, 20 μL of 6-aminoquinoyl-N-hydroxysuccinimidyl carbamate
in acetonitrile was added to derivatize the amino acids present in the
sample. After this addition, the derivatized sample was heated to 55
°C for 15 min to convert Tyr byproducts to one form. HPLC using an
Agilent 1260 series instrument and a Waters AccQ Tag 3.9 × 150 mm
column was used to separate and quantify the derivatized amino acids
present in each sample. Quantiﬁcation was accomplished by UV
absorbance at 254 nm.
4.8. Gram-Negative Bacteria Strains Used in This Study. The
A. baumannii strains used in this study consisted of seven strains
obtained from Merck (M89941, M89949, M89951, M89952,
M89953, M89955, and M89963). These seven A. baumannii strains
were resistant to polymyxin B and colistin. In addition, we obtained
20 A. baumannii strains from JMI Laboratories, North liberty, IA,
2017/2018 worldwide isolates with resistance to antibiotics. These
isolates came from four continents [Asia-W. Paciﬁc (collection
number 965463, 981650, 1035794, 1018887), Europe (963618,
963659, 964304, 968886, 1017395, 1010245, 1010282, 1035166),
Latin America (977751, 1002956), and North America (961997,
9383370, 952654, 1021371, 1007660, 1001611], 12 diﬀerent
countries, and 17 diﬀerent cities. These isolates were screened against
18 diﬀerent antibiotics (amikacin (17/20), ampicillin−sulbactam
(17/20), aztreonam (20/20), cefepime (18/20), ceftazidime (17/20),
ceftazidime−avibactam (17/20), ciproﬂoxacin (15/20), colistin (10/
20), doripenem (17/20), doxycycline (13/17), gentamicin (18/20),
imipenem (17/20), levoﬂoxacin (14/20), meropenem (17/20),
minocycline (13/17), piperacillin−tazobactam (19/20), tetracycline
(15/17), and tobramycin (18/20). The values in brackets show the
number of resistant isolates for that antibiotic out of the number of
isolates screened. The blood strain 649 of A. baumannii used to
determine the antimicrobial activity in the presence of human serum

was obtained from the collection of Dr. Anthony A. Campagnari at
the University of Buﬀalo.
4.9. Measurement of Antimicrobial Activity (MIC). The
minimal inhibitory concentration (MIC) is deﬁned as the lowest
peptide concentration that inhibited bacterial growth. MICs were
measured by a standard microtiter dilution method in MH medium.
Brieﬂy, cells were grown overnight at 37 °C in MH broth and were
diluted in the same medium. Serial dilutions of the peptides were
added to the microtiter plates in a volume of 50 μL, followed by the
addition of 50 μL of bacteria to give a ﬁnal inoculum of 5 × 105
colony-forming units (cfu)/mL. The plates were incubated at 37 °C
for 24 h, and the MICs were determined.
4.10. Measurement of Hemolytic Activity. Peptide samples
(concentrations determined by amino acid analysis) were added to
1% human erythrocytes in phosphate-buﬀered saline (100 mM NaCl,
80 mM Na2HPO4, 20 mM NaH2PO4, pH 7.4), and the reaction
mixtures were incubated at 37 °C for 18 h in microtiter plates. Twofold serial dilutions of the peptide samples were carried out. This
determination was made by withdrawing aliquots from the hemolysis
assays and removing unlysed erythrocytes by centrifugation (800g).
Hemoglobin release was determined spectrophotometrically at 570
nm. The control for 100% hemolysis was a sample of erythrocytes
treated with water. The control for no release of hemoglobin was a
sample of 1% erythrocytes without any peptide added. Because
erythrocytes were in an isotonic medium, no detectable release (<1%
of that released upon complete hemolysis) of hemoglobin was
observed from this control during the course of the assay. The
hemolytic activity is generally determined as the peptide concentration that causes 50% hemolysis of erythrocytes after 18 h (HC50).
HC50 was determined from a plot of percent lysis versus peptide
concentration (μM). Hemolysis data are determined at 12 diﬀerent
concentrations up to 1000 μg per mL for 18 h at 37 °C. The average
of 3 replicates is used with an average variance of less than 4%. Fresh
human blood was obtained from Vitalant, Denver, CO, USA.
4.11. Calculation of the Therapeutic Index. The therapeutic
index is a widely accepted parameter to represent the speciﬁcity of
AMPs for prokaryotic versus eukaryotic cells. It is calculated by the
ratio of hemolytic activity and antimicrobial activity (MIC); thus,
larger values of therapeutic index indicate greater speciﬁcity for
prokaryotic cells. With the peptides used in this study, we used the
HC50/MIC ratio value to calculate the therapeutic index (T.I.).
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