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ABSTRACT: Insect defensins are a class of small, cysteinerich antimicrobial peptides primarily active on Gram-positive
bacteria. Their roles in maggot therapy for treating chronic
wound infection have been reported recently. However, a
relatively narrow antibacterial spectrum together with the lack
of a cost-eﬀective means of commercial-scale production has
limited their application. To further exploit the therapeutic
potential of these molecules, we engineered the carboxylterminal β-sheet of navidefensin2-2, an insect defensin from
Nasonia vitripennis, based on its structural similarity to
naturally occurring microbicidal β-hairpin peptides. The designed peptide of 14 residues, referred to as NvBH, spans the βsheet region of the defensin with two amino acids substituted for assembly of a disulﬁde-bonded amphipathic β-hairpin structure.
Liquid chromatography−tandem mass spectrometry (LC−MS/MS) combined with circular dichroism (CD) analysis shows that
the oxidized NvBH (oNvBH), produced from the synthetic peptide by air oxidization in an alkaline environment, folds into a
typical β-hairpin structure linked by two disulﬁde bridges (Cys1−Cys4; Cys2−Cys3). However, such a structure appears not to
be functionally necessary as synthetic NvBH with a spontaneously oxidized disulﬁde bridge (Cys2−Cys3) (termed poNvBH)
displayed similar antibacterial potency to oNvBH. In comparison with oNvBH, poNvBH exhibited higher serum stability and
more resistance on tryptic digestion. These two forms of peptides are capable of killing an array of Gram-positive (including
antibiotic-resistant strains of Staphylococcus) and Gram-negative bacterial pathogens at low micromolar concentrations through a
membrane disruptive mode of action. Our work indicates that the β-sheet region of insect defensins is a promising subdomain of
proteins in anti-infective drug discovery.
invariant motif CysXaaXaaXaaCys is linked to the second βstrand containing CysXaaCys by two disulﬁde bridges (Cys,
cysteine; Xaa, any amino acid), and the third disulﬁde bridge
links the amino-terminus to the ﬁrst β-strand.10
Diﬀerent from other types of antibacterial peptides (AMPs),
insect defensins mainly target the membrane of Gram-positive
bacteria through a channel-forming mechanism.11 It was
recently found that these molecules are also capable of binding
the lipid II peptidoglycan precursor to inhibit the cell wall
biosynthesis, as in the case of plectasin, a fungal defensin
isolated from the saprophytic ascomycete Pseudoplectania
nigrella.12 Because of speciﬁc activity on antibiotic-resistant
Gram-positive pathogens together with key roles in maggot
therapy,13 insect defensins have been used as templates for
design of therapeutic agents. For example, Landon et al.
constructed a series of hybrids by mixing variable regions of
diﬀerent defensins to obtain several peptides highly eﬀective
against Staphylococcus aureus.14

I

nsect defensins are a group of evolutionarily conserved
antimicrobial peptides (AMPs),1 and their protective roles in
bacterial infection have been well documented by in vivo
targeted disruption of the mosquito Anopheles gambiae defensin
gene.2 Since the ﬁrst insect defensins were isolated from
challenged larvae of the black blowﬂy Phormia terranovae
(defensin A) and the culture medium of an embryonic cell line
of the ﬂesh ﬂy Sarcophaga peregrine (sapecin), many other
insect defensins were also described in phylogenetically recent
insect Orders (e.g., Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Phthiraptera) and even in several
non-insect invertebrate species, such as mollusks and
amphioxus.3−7 Hence, these molecules are also referred to as
classical invertebrate-type defensins (CITDs).8 In fungi, there
exist insect defensin-like peptides without known function.8
The majority of insect defensins are composed of about 40
amino acids, and their structure includes a conformationally
ﬂexible amino-terminal loop (n-loop) followed by a cysteinestabilized α-helical and β-sheet (CSαβ) domain, a structural
scaﬀold shared by other defensins, such as plant defensins and
ancient invertebrate-type defensins, and even scorpion toxins
aﬀecting ion channels.9,10 This highly compact scaﬀold consists
of one short α-helix and two anti-parallel β-strands held
together by three disulﬁde bridges. The helix spanning the
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Figure 1. Structural similarity between the C-terminal β-sheet of insect defensin-related peptides and β-hairpin-type AMPs. (A) Structure-based
sequence alignment. Secondary structure elements (α-helix: cylinder; β-strand: arrow) and disulﬁde bridge connectivities are extracted from
experimental or model structures of these peptides. Regions previously described to have antimicrobial activity in isolation20,22,41−43 are shown in
red. Cysteines with similar locations between the two classes of molecules are boxed. Asterisk represents an amidated carboxyl-terminus. (B)
Structural superimposition emphasizing the β-sheet region similarity. The positionally conserved core disulﬁde bridge in the β-hairpin peptides is
indicated by blue arrows. Superimposition was performed by MultiProt at http://bioinfo3d.cs.tau.ac.il/MultiProt/.

defensin from the parasitic wasp Nasonia vitripennis,20 based on
its structural similarity to protegrin-1 (PG-1), a highly
microbicidal and modestly hemolytic β-hairpin peptide isolated
from porcine leukocytes.16 The designed peptide in its fully
oxidized state adopts a classical β-hairpin structure with
enhanced antibacterial activity against an array of Grampositive and Gram-negative bacteria, including four Grampositive clinical isolates of antibiotic-resistant Staphylococcus
aureus and S. epidermidis, and two Gram-negative bacterial
pathogens.

Although insect defensins have a compact CSαβ fold, their
carboxyl-terminal β-sheet region, composed of two anti-parallel
β-strands linked by a β-turn, seems to constitute an
independent structural and functional subdomain. First, from
a structural viewpoint, this region can be well superimposed
with some naturally occurring β-hairpin-type AMPs (both
called γ-core)15 despite the diﬀerence in their disulﬁde bridge
connectivity patterns (Figure 1). In the defensins, three
cysteines (Cys4, Cys5, and Cys6) associated with the β-sheet
form disulﬁde bridges with three other cysteines (Cys1, Cys2
and Cys3) from the amino-terminus and the α-helical region by
pairing between Cys1−Cys4, Cys2−Cys5, and Cys3−Cys6. In
the β-hairpin peptides, the two β-strands are stabilized by two
disulﬁde bridges with a pairing pattern of Cys1−Cys4 and
Cys2−Cys3. These β-hairpin AMPs are found in pigs and some
arthropods (e.g., scorpions, spiders, and horseshoe crabs) and
exhibit high activity against a wide spectrum of microorganisms.16−19 Second, in accordance with the structural
similarity, several truncated peptides derived from the β-sheet
region of insect defensins have been conﬁrmed to possess
antibacterial activity, though in most cases the activity is
weak.20−22
In this work, we explore the potential of the β-sheet
subdomain of navidefensin2-2, a newly characterized insect

■

RESULTS AND DISCUSSION
2-1/2-2(γ-core), a Starting Point of Rational Design. 21/2-2(γ-core) is a truncated peptide of 12 residues with three
cysteines, which corresponds to the carboxyl-terminal region of
navidefensin2-2 (Gly31 to Arg42) (Figure 1). Our previous
studies have shown that this peptide had weak activity on
several bacteria resistant to navidefensin2-2.20 To provide
structural information about 2-1/2-2(γ-core), we ﬁrst analyzed
the state of its three cysteines by ﬂuorescent labeling using
BODIPY, a ﬂuorescent dye binding to the free sulfhydril group
of a cysteine. The results showed that the labeled BODIPYlinked peptide eluted later than the unlabeled peptide in a C18
406
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Figure 2. Structural and functional features of 2-1/2-2(γ-core). (A) Fluorescent labeling of 2-1/2-2(γ-core) by BODIPY. The products were
analyzed by RP-HPLC, in which the C18 column was equilibrated with 0.1% TFA and proteins were eluted from the column with a linear gradient
from 0 to 60% acetonitrile in 0.1% TFA within 40 min. Inset: MALDI-TOF MS analysis. (B) The circular dichroism spectroscopy of synthetic 2-1/22(γ-core) and its reduced form (2-1/2-2(γ-core)(R)) obtained by 50 mM DTT for 1 h. θ, molar ellipticity normalized to mean amino acid residue
weight. (C) Ribbon diagram and sphere representation (Corey−Pauling−Koltun, CPK) of 2-1/2-2(γ-core) where hydrophobic and hydrophilic
residues are shown in green and blue, respectively. The hydrophobic patch is circled in gold. The proposed free cysteine in 2-1/2-2(γ-core) is
indicated by an arrow. (D) The eﬀect of 2-1/2-2(γ-core) on the B. megaterium membrane integrity. The peptide at 5× CL was added when the basal
ﬂuorescence remained constant for 200 s. Micasin, a membrane nondisruptive fungal defensin, was used as a control.44

folded β-sheet to a random coil-like conformation due to the
reduction of the disulﬁde bridge (Figure 2B).
Structural similarity and the conserved position of the three
cysteines (Figure 1) between 2-1/2-2(γ-core) and PG-1
provide a rationale for structural modeling of 2-1/2-2(γ-core)
from PG-1. The model deﬁnes the position of the disulﬁde
bridge in this peptide (Figure 2C), which is structurally
equivalent to the conserved core disulﬁde bridge in many βhairpin peptides (Figure 1). The presence of such an easily
oxidized disulﬁde bridge in 2-1/2-2(γ-core) provides the
possibility of fold alteration from an insect defensin β-sheet
region to a β-hairpin peptide. In the model of 2-1/2-2(γ-core),
three hydrophobic (Cys9, Cys11, and Val10) and three cationic
amino acids (Lys3, Lys5, and Arg12) are clustered into two

column, consistent with the increase of hydrophobicity when
labeled. The labeled peptide had a mass of 1652.9 Da, 414.2 Da
larger than the mass of the unlabeled peptide (1238.7 Da)
(Figure 2A), indicating the presence of only one free cysteine
labeled by BODIPY and two other cysteines spontaneously
forming one disulﬁde bridge by air oxidization. This study
clearly rules out the possibility of intermolecular disulﬁde
bridge-mediated dimerization in 2-1/2-2(γ-core). To study the
structural role of the disulﬁde bridge, we treated the peptide
sample with 50 mM dithiothreitol (DTT) (Supplementary
Figure S1) and measured its far-UV circular dichroism (CD)
spectra. Diﬀerent from the synthetic peptide that had a
minimum at 205 nm, the reduced peptide displayed a minimum
at 198 nm, indicative of structural alteration from a partially
407
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the four cysteines) and a cationic patch (Arg1, Lys2, Lys5, Lys7,
and Arg14) (Figure 3B).
Synthetic NvBH Exhibits a β-Hairpin Structure in Its
Fully Oxidized State. The chemically synthesized NvBH was
designated as poNvBH (herein “po” signiﬁes “partially
oxidized”) for distinguishing from its fully oxidized form
(named oNvBH) obtained through oxidative refolding in an
alkaline environment. In poNvBH, there is one disulﬁde bridge
spontaneously formed by air oxidization (see below). This
peptide was eluted at a retention time (tR) of ∼16 min on a C18
column (Supplementary Figure S2). The experimental mass of
poNvBH determined by matrix-assisted laser desorptionionization time-of-ﬂight mass spectrometry (MALDI-TOF
MS) (1599.04 Da) was 2 Da smaller than the mass calculated
from its sequence (1601.0 Da), evidence for the spontaneous
formation of one disulﬁde bridge. The MALDI-TOF mass of
oNvBH was 1597.6 Da, about 4 Da smaller than the calculated
mass, indicative of the formation of the second disulﬁde bridge
(Figure 3B). poNvBH and oNvBH had very similar tR on the
C18 column (about 16 min) (Supplementary Figure S2);
however, their far-UV CD spectra signiﬁcantly diﬀered (Figure
3C). poNvBH had a strong negative band around 205−208 nm,
indicative of a partially folded β-sheet structure, whereas
oNvBH showed a strong negative band at 210 nm and a
positive band near 227 nm that are typical of a β-hairpin
structure.26−28
To accurately map the position of disulﬁde bridges in
poNvBH and oNvBH, we applied the liquid chromatography−
tandem mass spectrometry (LC−MS/MS) technique in
combination with trypsin digestion. By matching the MS2
spectra from a library established on the basis of the amino
acid sequence of the peptides, we identiﬁed one disulﬁde bridge
in poNvBH (Cys2−Cys3) and two disulﬁde bridges in oNvBH
(Cys1−Cys4 and Cys2−Cys3) (Figure 4). This is consistent
with the extracted ion chromatograms (XICs) of their reduced
and non-reduced digested products (Supplementary Figure
S3). Relative to Cys2−Cys3 that can be spontaneously
established, Cys1−Cys4 appears to be more diﬃcult to form
as it needs to be oxidized under an alkaline environment for a
long time. This could be due to their diﬀerent locations in the
molecule. In NvBH Cys2−Cys3 matches the conserved core
disulﬁde bridge of some naturally occurring β-hairpin peptides,
whereas Cys1−Cys4 corresponds to the more variable one in
position in these native peptides (Figure 1). Because Cys1 and
Cys4 both are close to termini of NvBH, this might hamper
their rapid oxidization. In fact, disulﬁde bond oxidation in some
small cysteine-rich peptides proceeds even more slowly than in
NvBH, such as P01, P05, ChTx, KTx, and maurotoxin, which
usually need 48−72 h.29
poNvBH and oNvBH Exhibit Similar Antibacterial
Spectrum. Despite the lack of a completely folded β-hairpin
structure, poNvBH displayed activity against B. megaterium
similar to that of oNvBH, suggesting that the activity might be
not dependent on the disulﬁde bridge formation. This is
consistent with the observation that the activity of oNvBH
overall remained in the presence of 5 mM β-mercaptoethanol
(β-ME), a highly eﬃcient reducing agent (Figure 5A).
Antimicrobial spectrum screening revealed that poNvBH and
oNvBH both exhibited potent in vitro eﬀect against a broad
spectrum of Gram-positive and Gram-negative bacteria (Table
1). Particularly, they killed four Gram-positive clinical isolates
of antibiotic-resistant Staphylococcus aureus and S. epidermidis at
low micromolar concentrations (1.1−14.9 μM). Moreover,

distinct domains to form an amphipathic architecture (Figure
2C), as previously observed in the β-sheet of navidefensin2-2.20
In keeping with its structural amphipathicity, 2-1/2-2(γ-core)
was capable of destroying the integrity of a bacterial membrane
(Figure 2D). Given key roles of hydrophobic amino acids in
many antibacterial peptides,23 it is likely that the weak activity
of this peptide is relevant to its relatively small hydrophobic
surface (Figure 2C).
Molecular Design of NvBH. To improve the antibacterial
potency of 2-1/2-2(γ-core), we engineered the β-sheet of
navidefensin2-2 based on its structural similarity to PG-1 and
the information from 2-1/2-2(γ-core) described above. The
designed molecule (herein named NvBH) is composed of 14
amino acids spanning the β-sheet of navidefensin2-2 (Arg29 to
Arg42) with an amidated C-terminus (Figure 3A). In reference

Figure 3. Molecular design of a β-hairpin peptide (NvBH) from a
parasitic wasp defensin (navidefensin2-2). (A) NvBH corresponds to
the region (Arg29−Arg42) of navidefensin2-2 with two point
mutations (Gly4Cys and Asp10Phe) based on PG-1. The β-strands
are indicated by cyan arrows, and disulﬁde bridges are shown in red
lines. An asterisk represents an amidated carboxyl-terminus. (B)
Amphipathic architecture of NvBH. The display pattern and color
code are the same as those of 2-1/2-2(γ-core) in Figure 2C. (C)
Circular dichroism spectra of poNvBH and oNvBH.

to the position of the free sulfhydryl group in 2-1/2-2(γ-core),
we introduced a mutation from a glycine to a cysteine at
position 4 (numbered according to NvBH) so that the free
sulfhydryl can be oxidized to form one new disulﬁde bridge
between Cys1 and Cys4, as in the case of PG-1.24 To increase
hydrophobicity and net positive charges of the molecule, we
also induced another mutation from an aspartic acid to a
phenylalanine at position 10 (Figure 3A). NvBH and PG-1
share an identical cysteine pattern and about 40% sequence
similarity. Diﬀerent from the imperfect amphipathicity of PG1,25 NvBH was predicted to form a typical amphipathic
structure composed of a hydrophobic patch (Phe10, Val12, and
408
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Figure 4. Analyses of MS2 spectra of poNvBH (A) and oNvBH (B) for disulﬁde bridge mapping. α and β represent diﬀerent disulﬁde-bonded
peptide chains derived from tryptic digestion. “b” or “y” are product ions resulting from backbone cleavage of the C−N amide linkage with the
charge retained on the amino-terminal fragment or on the carboxyl-terminal fragment. The product ions are numbered according to the position
from their respective terminal end.

for some Gram-negative bacteria the mutant’s activity was
stronger (Table 1).
NvBH Shows Therapeutic Potential. In comparison with
meucin-18, a highly hemolytic peptide with structure and
function similar to that of melittin,33,34 poNvBH and oNvBH
exhibited only low hemolytic eﬀect (<30%) on mouse blood
cells even at the concentration of 50 μM (Figure 5B).
Therapeutic index (a peptide concentration leading to 10%
hemolysis/CL against a bacterial strain) of poNvBH is 3.0 for S.
aureus MRSA P1374, 4.8 for S. epidermidis PRSE P1389, and
5.2 for S. marcescens CCTCC AB90025, indicating a good
candidate lead in developing drugs treating infections by these
pathogens.
After incubation of 0−16 h in mouse serum, poNvBH and
oNvBH both retained their antibacterial activity. However, after
24 h of incubation signiﬁcant reduction was observed in
oNvBH, while only a slight decrease occurred in poNvBH
(Figure 6A). These observations are consistent with their
resistance to protease treatment. Tryptic digestion experiments
conﬁrmed that oNvBH was highly sensitive to the protease in
that its digestion mixture contained more than 10 components
with few intact molecules, whereas the bulk of poNvBH
remained undigested (Figure 6B).
poNvBH Exhibits Membrane-Disrupting Activity.
Propidium iodide (PI), a ﬂuorescent nucleic-acid-binding dye,
was used to evaluate the membrane-permeabilizing eﬀect of
poNvBH. Vancomycin and meucin-18 were used as negative

these peptides were also active on some Gram-negative
bacteria, including two human pathogens (Serratia marcescens
and Salmonella typhimurium) (1.2−8.8 μM) and one rice
pathogen (Xanthomonas oryzae) (1.4−2.9 μM) that causes a
serious blight of rice.30 Salmonella typhimurium is a leading
cause of human gastroenteritis, and Serratia marcescens is
involved in nosocomial, urinary tract and wound infections.31,32
Unlike PG-1 that is also active on fungi,16 NvBH appears to
be a strict antibacterial peptide as it lacks activity on the yeasts
and fungi tested here (data not shown). In parallel, we also
evaluated the activity of 2-1/2-2(γ-core) on the bacteria initially
not tested,20 for comparison with NvBH. The results showed
that this peptide had no activity on the majority of the bacteria
tested here with the exception of two actinomycetes
(Streptomyces griseus and S. scabiei) that were sensitive to 2-1/
2-2(γ-core). Moreover, NvBH exhibited stronger potency
against the sensitive bacteria than 2-1/2-2(γ-core) with an
increase of even more than 20 fold (Table 1). In comparison
with navidefensin2-2, the activity of poNvBH on B. megaterium
and M. luteus increased 3.75- and 1.6-fold, respectively.
Importantly, some bacteria, such as B. subtilis, Bacillus sp.
DM-1, E. coli, and S. typhimurium, which were initially resistant
to navidefensin2-2,20 were also sensitive to NvBH. In addition,
a mutant of NvBH (Lys5Arg) (herein called NvBH(K5R)) was
also synthesized for evaluating the possible role of this
conservation substitution. Overall, NvBH(K5R) had similar or
slightly decreased activity against Gram-positive bacteria, but
409
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Table 1. CL (μM) of NvBH Isoforms and Related Peptides
on Bacteriaa
K5R

γ-core

1.0
2.0
8.8
3.3
7.5
2.7
14.9
1.1

2.3
2.2
15.6
9.2
6.0
6.4
6.0
5.0

8.9b
26.0b
33.8b
10.8b
NA
NA
NA
NA

10.8
5.9

17.7
14.5

8.7
6.8

NA
7.0
NA
2.1

9.9
13.3
8.1
5.2

NAb
NA
NA
17.7

NA
8.8

7.8
7.4

NA
NAb

1.4

5.2

NA

poNvBH oNvBH
Gram-positive bacteria
Bacillus megaterium CGMCC 1.0459
0.4
Micrococcus luteus CGMCC 1.0290
2.9
Bacillus sp. DM-1
3.3
Bacillus subtilis CGMCC 1.2428
5.8
Staphylococcus MRCNS P1369
6.5
Staphylococcus aureus MRSA P1374
2.1
Staphylococcus aureus PRSA P1383
6.2
Staphylococcus epidermidis
1.3
PRSE P1389
Streptomyces griseus NBRC 13350
9.8
Streptomyces scabiei CGMCC 4.1765
5.7
Gram-negative bacteria
Escherichia coli ATCC 25922
33.8
Pseudomonas putida
29.8
Stenotrophomonas sp. LZ-1
14.3
Serratia marcescens
1.2
CCTCC AB90025
Shewanella oneidensis
29.8
Salmonella typhimurium
8.8
CCTCC AB 94007
Xanthomonas oryzae
2.9
a

NA: no activity, indicating that no inhibition zone was observed at 1.0
nmol peptide each well. K5R: NvBH(K5R). γ-core, 2-1/2-2(γ-core).
b
Data derived from ref 20.

Figure 5. Antibacterial activity and hemolysis of poNvBH and oNvBH.
(A) Inhibition zones. Peptide dose in each well is indicated here. (B)
Hemolysis. Mouse blood cells were incubated with diﬀerent
concentrations of peptides for 30 min at 37 °C. Controls for 0 and
100% hemolysis were determined by PBS and 1% Triton X-100,
respectively. Percentage hemolysis (%) is expressed as mean ± SD (n
= 3). Only two concentrations (25 and 50 μM) were applied for
meucin-18.

enhanced antibacterial activity. Remarkably, the synthetic
form of NvBH can spontaneously be oxidized to form one
disulﬁde bridge without further refolding process. This partially
oxidized peptide shows activity comparable to that of the fully
oxidized form and even more serum stability and protease
resistance. Moreover, we found that in the presence of a
reducing agent this peptide still inhibited bacterial growth.
These observations would seem to suggest that the second
disulﬁde bridge is not relevant to the antibacterial activity.
There are other studies reporting similar ﬁndings. For example,
it has been shown that in almost all cases linear PG-1 (free
sulphydryl on the four amino acids) was more potent than
oxidized PG-1 (two disulﬁde bridges), while reduction of
disulﬁde bonds unmasked potent antimicrobial activity of
human β-defensin-1 (HBD-1).36,37 Even so, it was also found
that point mutations, modiﬁcations, or deletion of cysteines of
β-hairpin peptides resulted in the loss of their antibacterial
activity.36 In addition, the mutants of HBD-1 with all cysteines
substituted were also inactive or only weakly active against
bacteria.37 The importance of the cysteines themselves in these
antimicrobial peptides suggests that the possibility of
reoxidization of the reduced disulﬁde bridges cannot be
completely ruled out especially when assuming that some
reducing agents (e.g., β-ME and DTT) diﬀuse much faster than
peptides. Alternatively, these cysteines represent functional
rather than only structural residues.
In this study, we found that NvBH in its partly oxidized form
shows more tryptic resistance and higher serum stability than
its fully oxidized form with two disulﬁde bridges. This appears
to challenge the prevailing view about the role of disulﬁde
bridges in protein stability. One possible explanation for this
unexpected observation is that in a small β-hairpin scaﬀold
cationic residues could be more exposed on the molecular
surface for tryptic digestion or degradation by serum proteases.

and positive controls, respectively. No ﬂuorescence increase
was observed after the exposure of methicillin-resistant
coagulase-negative Staphylococci (MRCNS) P1369 to vancomycin at 10× lethal concentrations (CL) over 10 min (Figure
7A), indicating the bacterial membrane integrity was not
destroyed. On the contrary, as meucin-18, poNvBH led to an
immediate ﬂuorescence increase upon exposure to the peptide,
indicating that poNvBH is a membrane-disruptive peptide, in
line with its overall amphiphilic architecture (Figure 3B). This
peptide can also cause obvious damage of cellular morphology
of Staphylococcus MRCNS P1369, as examined by scanning
electron microscopy (Figure 7B).
Discussion. Prior studies have suggested that protein
subdomains are an emerging source of leads in drug
discovery.35 In this work we explored the antibacterial potential
of the β-sheet subdomain of a parasitic wasp-derived insect
defensin based on its structural similarity to naturally occurring
β-hairpin AMPs.24−28 The engineered peptide largely enhances
the potency and antibacterial spectrum of an insect defensin,
indicating that our strategy is more successful than the
truncation approach previously reported.21,22 Relative to the
truncated peptide 2-1/2-2(γ-core), NvBH possesses more
hydrophobic and cationic patches for putative interaction
with bacterial membranes and thus exhibits stronger antibacterial activity.
Through introducing one cysteine at a suitable position, we
showed that the β-sheet region of an insect defensin can fold
into a typical disulﬁde-bonded β-hairpin structure with
410
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Figure 7. Eﬀect of poNvBH on Staphylococci MRCNS P1369. (A)
poNvBH destroys bacterial membrane integrity. Meucin-18 and
vancomycin were used as positive and negative controls. (B) Scanning
electron microscopic observation of Staphylococci cells in the absence
and presence of the peptide. The cells were incubated with poNvBH at
5× CL for 90 min at 37 °C.

■

METHODS

Comparative Modeling. Structures of 2-1/2-2(γ-core) and NvBH
were built from PG-1 (PDB entry 1PG1) by SWISS-MODEL, a fully
automated protein structure homology-modeling server (http://
swissmodel.expasy.org/).
Fluorescently Labeling of 2-1/2-2(γ-core). Link of the
ﬂuorescent dye BODIPY to the free sulfhydril group of a cysteine
residue in synthetic 2-1/2-2(γ-core) was carried out according to a
standard protocol.38 Brieﬂy, 0.1 mg of BODIPY-FL N-(2-aminoethyl)maleimide was added to 0.1 mg of peptide (>95% purity) solubilized
in 1 mL of phosphate buﬀered saline (PBS, 140 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3) with 20%
acetonitrile. The mixture was incubated for 2 h at RT in dark. The
labeled peptide was puriﬁed by reverse phase high-performance liquid
chromatography (RP-HPLC), and the collected fractions were
analyzed by MALDI-TOF MS. The binding of BODIPY_FL causes
a mass increase of 414 Da.
Oxidative Refolding and Circular Dichroism Spectroscopy.
NvBH was chemically synthesized by ChinaPeptides Co., Ltd.
(Shanghai, China), and the purity was more than 95%. Oxidative
refolding of NvBH to form oNvBH was performed in an alkaline
environment.39 Molecular masses of all peptides described here were
determined by MALDI-TOF MS on a Kratos PC Axima CFR plus
(Shimadzu Co. LTD, Kyoto, Japan). JASCO J-720 spectropolarimeter
(Jasco, Tokyo, Japan) was used to record CD spectra of peptides at a
protein concentration of about 0.3 mg mL‑1 dissolved in water. CD
data are expressed as mean residue molar ellipticity (θ).
Disulﬁde Bridge Determination. For liquid chromatography−
tandem mass spectrometry (LC−MS/MS) analysis, 1 nmol of the
peptide (poNvBH or oNvBH) in 50 mM NH4HCO3, 20 mM
iodoacetamide (pH 8.0) was digested by 1 μg of trypsin at 37 °C for
20 h, and half of the digested product was reduced by adding 20 mM
DTT at 37 °C for 1.5 h. The digested product was desalted and
separated by capillary high performance liquid chromatography and
then analyzed by the Q Exactive mass spectrometer. Mass-to-charge
ratio (m/z) of peptides and peptide fragments were detected by a full
scan range of 300−2000 m/z followed by 10 MS2 scans. The disulﬁde
bridge connection were determined by analyzing the MS2 spectra and

Figure 6. Serum stability and protease resistance of poNvBH and
oNvBH. (A) Serum stability. Peptide dose used here is 0.2 nmol in
each well. For comparison, the stability of the peptides in water was
also evaluated in parallel. Data are expressed as mean ± SD (n = 3).
*** P < 0.001 (one-way ANOVA). (B) RP-HPLC proﬁles of tryptic
digestion products of poNvBH and oNvBH. Red vertical dotted lines
indicate identical peaks corresponding to the intact peptide, and an
asterisk represents the peak selected for MALDI-TOF MS (inset).

Alternatively, the formation of the second disulﬁde bridge
might restrict energetically favorable conformational changes in
oNvBH and thus decreases its stability. This is consistent with
the observation that this bond is more diﬃcult to form relative
to the core disulﬁde bridge. Regardless of the detailed
mechanism for the stability of these two forms, poNvBH is of
obvious advantages in drug discovery in that chemical synthesis
of such a small peptide is less expensive than the production of
its oxidized analogues. In addition, these engineered peptides
are also more advantageous than insect defensins because the
latter’s activity is largely dependent on a CSαβ scaﬀold
stabilized by three disulﬁde bridges.14
In conclusion, using structural similarity information
obtained from AMPs with diﬀerent folds, we engineered an
insect defensin subdomain to produce a highly potent
antibacterial peptide. The potent activity against antibioticresistant bacteria and high serum stability as well as low
hemolysis make it a promising candidate for the development
of anti-infective drugs. Our approach will be valuable in
designing new peptide antibiotics from the ubiquitous insect
defensins to ﬁght against antibiotic-resistant pathogens.
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further conﬁrmed by the extracted ion chromatograms (XICs) of
reduced and no-reduced digested products.
Antimicrobial Assay. Inhibition-zone assay was used to evaluate
antimicrobial activity of peptides.40 Brieﬂy, a 10 μL aliquot of bacterial
culture was diluted in 6 mL of Luria−Bertani media containing 0.8%
agar. The mixture spread on a 9-cm Petri dish gave a depth of 1 mm,
and then 3-mm wells were punched in the plate. Peptide samples of
diﬀerent concentrations were added to each well, and agar plates were
incubated overnight. Inhibition zones were recorded for calculating
lethal concentration (CL) of a peptide according to the method of
Hultmark et al.40 CL is calculated from a plot of d2 against log n, where
d is the diameter (in cm) and n is the amount of sample applied in the
well (in nmol). The plot is linear, and thus CL can be calculated from
the slope (k) and the intercept (m) of this plot. The formula used here
is CL = 2.93/ak10m/k, where a is the thickness of the bacterial plate and
CL is in μM. Sources of microorganisms used here are provided in
Supplementary Table S1.
Membrane Permeability Assay. To assess the permeation ability
of poNvBH on bacterial membrane, 5 × 105 Staphylococci (MRCNS)
P1369 cells in 500 μL of PBS (pH 7.3) were mixed with propidium
iodide (PI) dissolved in H2O to a ﬁnal concentration of 1 μM for 5
min in the dark. Fluorescence was measured using a F-4500 FL
spectrophotometer (Hitachi High-Technology Company). Once basal
ﬂuorescence reached a constant value, a peptide was added to the
cuvette. Changes in ﬂuorescence arbitrary were monitored (λexc = 525
nm; λems = 595 nm) and plotted as arbitrary units.
Hemolytic Assay. The hemolytic eﬀect of NvBH against fresh
mouse erythrocytes was assayed according to the standard method.33
Absorbance was measured at 570 nm. The percentage of hemolysis
was determined as (Apep − Ablank)/(Atot − Ablank) × 100. Atot represents
100% hemolysis that was obtained by 1% Triton X-100; Ablank and Apep
were measured in the absence or presence of peptides.
Peptide Stability Assay. To assess serum stability, peptides were
incubated in water or fresh mouse serum for 0, 6, 16, and 24 h at 37
°C, and residual activity on B. megaterium was measured by the
inhibition zone assay. For tryptic digestion, 50 μg of peptides in 50
mM Tris-HCl (pH 8.5) and 20 mM CaCl2 were digested with TPCKtreated bovine pancrease trypsin (>99% purity, SIGMA) at a 5:1 ratio
at 37 °C for 4 h. Cleavage products were separated by RP-HPLC with
a C18 column equilibrated with 0.1% TFA. Digested peptide fragments
were eluted from the column with a linear gradient from 0 to 60%
acetonitrile in 0.1% TFA within 40 min.
Scanning Electron Microscopy. Staphylococci MRCNS P1369
cells were treated with 5× CL poNvBH at 37 °C for 90 min, and 2.5%
glutaraldehyde was used to ﬁx bacterial pellets collected by
centrifugation for 1 h, followed by washing 3 times with PBS.
Dehydration was carried out with a series of graded ethanol solution,
and then cells were dried with BAL-TEC CPD030 critical point dryer
(Germany) before being mounted on carbon tape and sputtered with
gold coating (BAL-TEC SCD005, Germany). Images were visualized
in FEI QUANTA 200 (Netherlands).
Statistical Analysis. Statistical analysis was performed by one-way
ANOVA followed by Student−Newman−Keuls post hoc test to
compare between control and the treatment group with SPSS11.0
(SPSS Inc.).
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