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Abstract
In this study, we designed and synthesized three N-terminal deletion analogs of human

beta-defensin 3 (hBD-3), namely, hBD-3Δ4, hBD-3Δ7, and hBD-3Δ10, to determine the ef-

fect of N-terminal residues on the antibacterial activity and salt resistance of these peptides.

The antibacterial activities and salt resistance of hBD-3 and its analogs were tested against

a broad range of standard and clinically isolated strains. The deletion of nine N-terminal res-

idues significantly reduced the antibacterial activity of hBD-3 against most of tested strains,

particularly Klebsiella pneumonia. Compared with hBD-3 and other analogs, the analog

with a deletion of three residues, hBD-3Δ4, exhibited significantly higher antimicrobial activi-

ty against almost all the tested strains, especially Escherichia coli and Enterococcus fae-
cium, at high NaCl concentrations. Given its broad spectrum of antimicrobial activity and

high salt resistance, hBD-3Δ4 could serve as a promising template for new therapeutic

antimicrobial agents.

Introduction
Human defensins, which are rich in cationic amino acids and cysteine residues, are crucial
components of the innate immunity of humans [1, 2]. The broad antibacterial spectrum and
high antibacterial activity of human defensins make them important effector molecules of mu-
cosal surface, skin, and epithelia [3]. Similar to other antibacterial peptides, such as indolici-
dins, gramicidins, bactenecins, and magainins, defensins are salt sensitive [4]. The disturbance
of electrostatic interactions may reduce the activity of antimicrobial peptides [5].

Human beta-defensins 1 to 4 (hBD-1 to hBD-4) exert different bactericidal activities against
various pathogens [1–3]. Compared with hBD-1 [6], hBD-2 [7], and hBD-4 [8], human beta-
defensin 3 can withstand higher NaCl concentrations because of its irregular structural charac-
teristics and charge [9]. hBD-3 is a 45-residue cationic peptide with an asymmetrical distribu-
tion of charged residues clustered mostly at the carboxyl-terminal (C-terminal) region [10].
The nuclear magnetic resonance solution structure of hBD-3 shows three anti-parallel beta-
sheets and a short helical loop at the N-terminal region [11]. The 3D structure of hBD-3 is
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different from those of other hBDs. In particular, the N-terminal helix of hBD3 starts from
Lys8, whereas residues 1 to 7 are disordered. Thus, the effect of N-terminal residues on the an-
tibacterial activity and salt resistance of hBD-3 must be systematically determined.

In this study, we designed and synthesized three N-terminal deletion analogs of hBD-3,
which in principle would be similar to hBD-3 in terms of antibacterial activity and high NaCl
resistance. We then compared the antibacterial activities of the novel synthetic analogs with
those of hBD-3. Results showed that one of the synthetic analogs had significantly higher anti-
microbial activity than the hBD-3 at high NaCl concentrations.

Materials and Methods

1. Bacterial strains and growth conditions
Ten strains obtained from the American Type Culture Collection (ATCC) and China Center of
Industrial Culture Collection (CICC) were used for antibacterial and salt resistance assays. The
Gram-positive strains were Staphyloccocus aureus ATCC 29213, Enterococcus faecalis ATCC
29212, Staphylococcus epidermidis ATCC 12228, Enterococcus faecium ATCC 6057, and En-
terococcus faecium ATCC 19434. The Gram-negative strains were Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 15442, Klebsiella pneumonia ATCC 700603, Shigella
flexneri CICC 21534, and Shigella sonnei CICC 21535. Fifteen E. coli clinical isolates were col-
lected from 302 Military Hospital of China. The Gram-positive and Gram-negative strains
were grown in Luria—Bertani (LB) and Mueller—Hinton (MH) media at 37°C, respectively.

2. Peptide synthesis and analysis
Peptides (all sequences shown in Table 1) hBD-3 (full-length hBD3 without native disulfide
pairings), hBD-3Δ4 (residues 4 to 45 of hBD3 without native disulfide pairings), hBD-3Δ7 (res-
idues 7 to 45 of hBD3 without native disulfide pairings), and hBD-3Δ10 (residues 10 to 45 of
hBD3 without native disulfide pairings) were synthesized by the standard solid-phase 9-
fluorenylmethoxycarbonyl method [12] and then dissolved in ddH2O for all experiments. The
identity and purity of all peptides were confirmed by electrospray ionization-mass spectrome-
try and reversed phase-high-performance liquid chromatography. Circular dichroism (CD)
spectra were recorded with a Jasco-J810 in a 2 mm quartz cell at room temperature. The spec-
tra of hBD-3 and its analogs were the average of three consecutive scans from 260 nm to
190 nm, recorded with a data pitch of 0.5 nm.

3. Antibacterial activity and salt resistance assay
The antibacterial activities of these peptides were determined in a modified microdilution
assay as described previously [12]. The strains were grown under aerobic condition in MH or
LB broth at 37°C and then harvested in the exponential phase of growth (OD600 � 0.6. OD, op-
tical density). After dilution, the test strains were adjusted to 105 to 106 CFU bacteria per ml in

Table 1. Sequences and net charges of hBD-3, and N-terminus deletion analogs.

Peptide Sequence Length (amino acids) Net charge

hBD-3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 45 11

hBD-3Δ4 NTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 42 11

hBD-3Δ7 QKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 39 11

hBD-3Δ10 YCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 36 10

doi:10.1371/journal.pone.0117913.t001
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phosphate-buffered saline solution (pH 7.2). The five concentrations of the peptides were
added to 200 μl of the bacterial suspension and then incubated at 37°C for 3 h before CFU
numbers were determined. Phosphate buffer served as the negative control. The cells were seri-
ally diluted in the same buffer, plated on Luria broth plates, and then incubated for 18 h at
37°C before the resulting colonies were counted. The bactericidal activity was expressed as the
ratio of colonies counted to the number of colonies on a control plate. The 90% lethal concen-
tration (LD90) is the concentration of the peptide at which 90% of viable cells are killed.

For the salt resistance assay, NaCl was included in the incubation buffer (1% MH or LB)
over a range of concentrations (0, 50, 100, 150, and 200 mMNaCl) potentially present in the
airway surface fluid of healthy subjects and patients with cystic fibrosis [13]. For E. coli clinical
isolates, the NaCl concentrations were increased to 0, 50, 100, 150, 200, 250, and 300 mM. The
peptide concentration used in the salt dependence assay was 10 μg/ml, except for the 30 μg/ml
concentration used against K. pneumonia ATCC 700603. Each assay was performed in tripli-
cate. Bactericidal activity (the mean and standard deviation of three assays) was expressed as
the ratio between the number of colonies counted and the number of colonies on a
control plate.

4. Cytotoxicity
Vero cells suspended in Dulbecco’s modified Eagle’s medium (DMEM)-high glucose culture
medium supplemented with 10% (vol/vol) fetal calf serum and 1% (vol/vol) penicillin—
streptomycin were seeded on a 96-well microtiter plate at a density of 1×104 cells per well.
After incubation overnight at 37°C under 5% CO2 in a humidified atmosphere, the cells were
washed twice with buffer (pH 7.4) containing 20 mMHEPES and 150 mMNaCl. Defensins
were diluted in the same wash buffer, and 200 μl was added per well. The buffer was discarded
after 2 h of incubation at 37°C under 5% CO2. Subsequently, 200 μl of DMEM and 50 μl of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml) were added.
DMEM (100%) and MTT were discarded, and 200 μl of DMSO was added in the plate after 6 h
of incubation at 37°C under 5% CO2. The absorbance was measured at 490 nm with a microti-
ter plate reader.

5. Statistical methods
All data were summarized by using the mean and standard deviation computed for three inde-
pendent replicates. Differences in means were tested by independent samples t—test or non
parametric test.

Results

1. Antibacterial activities of hBD-3 and its N-terminal deletion analogs
The effect of N-terminal residues on the antibacterial activities of hBD-3 and its three N-termi-
nal deletion analogs (hBD-3Δ4, hBD-3Δ7, and hBD-3Δ10) was determined. The sequences of
hBD-3 and its analogs are shown in Table 1. hBD-3 contains all amino acids, whereas hBD-
3Δ4, hBD-3Δ7, and hBD-3Δ10 only contain residues 4 to 45, residues 7 to 45, and residues 10
to 45 of hBD-3, respectively. The synthesized peptides have the same net charge (+11), except
for hBD-3Δ10 with a +10 net charge.

The susceptibility of these peptides against a broad range of human Gram-negative and
Gram-positive pathogenic bacteria was tested. The LD90 values of hBD3 and its analogs were
determined by conventional broth micro-dilution assays. Table 2 lists the antibacterial activi-
ties of the synthetic peptides against the 10 tested strains. Peptides hBD3, hBD-3Δ4, and hBD-
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3Δ7 exhibited strong antibacterial activity against all the tested bacteria, except for K. pneumo-
nia ATCC 700603. The LD90 values of these analogs ranged from 1.6 to 8.0 μg/ml. Compared
with hBD-3 and the other analogs, hBD-3Δ10 showed a significantly weaker antibacterial activ-
ity against most of the tested bacteria, except for S. aureus and E. coli (P� 0.01). This result
showed that the deletion of more than nine N-terminal amino acids affected the antibacterial
activities of hBD-3. However, the LD90 values of hBD3, hBD-3Δ7, and hBD-3Δ10 against K.
pneumonia were significantly higher than against the other tested bacteria. Particularly, the
LD90 of hBD-3Δ10 reached more than 100 μg/ml. Generally, hBD-3Δ4 showed significantly
higher antibacterial activity than the other synthesized peptides.

2. Salt resistance of hBD-3 and its analogs
The antibacterial activities of hBD-3 and its N-terminal deletion analogs against four Gram-
positive and five Gram-negative bacteria, expressed as the percentage of CFU killed, were eval-
uated to determine their salt resistance (Fig. 1). The concentration of each peptide (10 μg/ml
except with 30 μg/ml peptides against K. pneumonia ATCC 700603) and five concentrations of
NaCl (0, 50, 100, 150, and 200 mM) were used.

The activity of hBD-3 against all the tested strains, except for E. coli, was not or slightly in-
hibited by 50 mMNaCl (Fig. 1A). The antimicrobial activity of hBD-3 against the different
bacteria varied with 100 or 150 mMNaCl. At 100 mMNaCl, hBD-3 killed more than 90%
CFU of E. faecalis, S. epidermidis, and E. faecium as well as 60% to 80% CFU of P. Aeruginosa,
K. pneumonia, and S. aureus. By contrast, hBD-3 killed below 40% CFU of E. coli, S. flexneri,
and S. sonnei. The activity of hBD-3 was greatly inhibited by 200 mMNaCl (paired t test versus
the result for hBD-3 activity at 0 mM NaCl, P< 0.01).

The antibacterial activity of hBD-3Δ7 against the tested species reduced at high NaCl concen-
trations (Fig. 1C). The analog hBD3Δ7 was similar to hBD3 in terms of antibacterial activity
against most of the tested strains (Fig. 1C) but demonstrated weaker salt resistance. At 100 mM
NaCl, hBD3Δ7 killed more than 90% of E. faecalis, 66% and 70% CFU of S. epidermidis and
E. faecium, respectively, and 38% to 52% CFU of P. Aeruginosa, K. pneumonia, and S. aureus,
but only below 15% CFU of E. coli, S. flexneri, and S. sonnei. hBD-3Δ10 showed the same salt

Table 2. Anti-bacteria activity of hBD-3 and its analogs.

Peptide LD90 (Mean ± SD, μg/ml)

S. aureus ATCC 29213 E. faecalis ATCC 29212 S. epidermidis ATCC 12228 E. faecium ATCC 6057 E. faecium ATCC 19434

hBD-3 4.0±0.8 2.4±1.0 3.5±1.2 1.6±0.4 2.3±0.5

hBD-3Δ4 2.5±0.6 2.6±0.3 6.5±0.7 3.4±0.4 2.6±0.2

hBD-3Δ7 1.6±0.2 1.9±0.4 4.0±1.0 2.0±0.6 2.1±0.4

hBD-3Δ10 3.8±2.0 5.0±1.4 ** 7.0±1.3 ** 5.0±1.2 ** 6.4±0.7 **

Peptide LD90 (Mean ± SD, μg/ml)

E. coli ATCC 25922 P. Aeruginosa ATCC 15442 K. pneumonia ATCC 700603 S. flexneri CICC 21534 S. sonnei CICC 21535

hBD-3 8.0±1.2 6.8±0.9 18.6±2.8 3.7±0.2 4.0±0.7

hBD-3Δ4 4.6±1.0 6.1±1.2 7.5±1.7 3.3±0.4 3.2±0.3

hBD-3Δ7 6.6±0.8 6.0±1.2 28.0±4.0 2.6±0.4 3.0±0.4

hBD-3Δ10 10.0±3.4 13.5±3.2 ** >100 ** 15.3±1.8 ** 20.6±3.2 **

** Significantly different (P < 0.01) from the activity of wild-type hBD-3.

doi:10.1371/journal.pone.0117913.t002
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resistance as hBD3Δ7 in all tested strains but exhibited significantly weaker antibacterial activity
at high NaCl concentrations (Fig. 1D).

Compared with hBD-3 and the other analogs, hBD-3Δ4 exhibited a significantly higher an-
timicrobial activity against almost all the tested strains at high NaCl concentrations (Fig. 1). At
100 mMNaCl, hBD-3Δ4 depicted almost the same antimicrobial activity as it would have in
the absence of NaCl against all the tested strains, except for S. aureus (Fig. 1B). In the case of E.
coli, hBD-3Δ4 was less sensitive to high NaCl concentrations and maintained a considerably
decreased but still remarkable activity (87.5% CFU killed) in the presence of 150 mMNaCl,

Fig 1. Antibacterial activity at increasing NaCl concentrations of hBD-3 (A), hBD-3Δ4 (B), hBD-3Δ7 (C) and hBD-3Δ10 (D) against nine bacterial
strains or species; and of hBD-3 and analogs against E. coli ATCC 25922 (E) and E. faeciumATCC 6057 (F). Error bars show the SDs of experiments
performed in triplicate. Non parametric tests were used in the statistical analysis. ** Significantly different (P< 0.01) from the activity of wild-type hBD-3.
## Significantly different (P< 0.01) from the activity of hBD-3 at 0 mM NaCl.

doi:10.1371/journal.pone.0117913.g001
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whereas hBD-3 was almost inactive (16.0% CFU killed) (Fig. 1E). The activity of hBD-3Δ4 was
slightly inhibited (74.5% CFU killed) by 200 mMNaCl. In the case of E. faecium, hBD-3Δ4
showed a similar high antimicrobial activity with high NaCl concentrations, having killed 95%
CFU at 200 mMNaCl (Fig. 1F).

In summary, the antimicrobial activities of hBD-3Δ7 and hBD-3Δ10 were more salt sensi-
tive than that of hBD-3 against both Gram positive and Gram negative strains. The analog
hBD-3Δ4, with a deletion of three residues, was more salt resistant than hBD-3, especially for
E. coli and E. faecium (Fig. 1).

3. Antibacterial activities of hBD-3 and hBD-3Δ4 with high NaCl
concentrations against clinical isolates
Given the exceptional antimicrobial activity and remarkable salt tolerance of hBD-3Δ4, we test-
ed 15 E. coli clinical isolates for their susceptibility to this peptide at seven NaCl concentrations
(0, 50, 100, 150, 200, 250, and 300 mM) (Fig. 2, Table 3). A similar trend of salt resistance of
hBD-3Δ4 was detected in the clinical isolates as E. coli ATCC 29212. Compared with hBD-3,
hBD-3Δ4 exhibited a significantly higher antimicrobial activity at high NaCl concentrations, es-
pecially� 100 mM (P< 0.01, Fig. 2, Table 3). At 150 mMNaCl, hBD-3Δ4 killed 91.1% ± 15.6%
CFU, whereas hBD3 only killed 44.6% ± 22.1% CFU. hBD-3Δ4 retained more than 50% activity
in 14, 8, and 5 isolates at 200, 250, and 300 mMNaCl, respectively. By contrast, hBD-3 retained
50% activity in two isolates at 200 mMNaCl and 0% activity at 250 or 300 mMNaCl.

4. The CD spectroscopy of hBD-3 and its three N-terminal deletion
analogs
The secondary structures of hBD-3 and its three N-terminal deletion analogs with different
NaCl concentrations were analyzed by Circular dichroism spectra (Fig. 3). Their CD spectra of
hBD-3 and hBD-3Δ4 with different NaCl concentrations showed clearly observable double
minima at wavelengths of 209 and 222 nm, and strong positive peaks at 190–193 nm. Such a
spectrum is characteristic of a-helical structures and the CD spectrum of wild-type hBD-3
agreed very well with previous reported [14]. But the CD spectra of hBD-3Δ7 and hBD-3Δ10
did not show obvious α-helix structures. And a big change in CD spectrum of hBD-3Δ10 when

Fig 2. Antibacterial activity at increasing NaCl concentrations of hBD-3 and hBD-3Δ4 against fifteen
E. coli clinical isolates.

doi:10.1371/journal.pone.0117913.g002
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exposed to increasing concentration of NaCl, whereas the other deletion analogs show more
conserved CD spectra with lower peaks at 0 NaCl concentration compared to hBD-3Δ10.

5. Cytotoxicity
hBD-3Δ4 is a promising candidate for therapeutic use because of its capacity to retain high an-
tibacterial activity even at high NaCl concentrations. Together with hBD-3 and the other ana-
logs, hBD-3Δ4 was tested for its cytotoxic effect on nucleated, metabolically active human cells.
The vero cell line was used as a model. hBD-3Δ4 showed no cytotoxicity at 10 μg/ml (Table 4)
but reached 45% cytotoxicity at 20 μg/ml. By contrast, hBD-3Δ10 did not show any significant
cytotoxic effect, even at 60 μg/ml. hBD-3 demonstrated cytotoxicity against vero cells starting
from a concentration higher than 20 μg/ml, reaching 48% at 80 μg/ml.

Discussion
HBD-3 and its three N-terminal deletion analogs were designed and synthesized to find new
analogs that could have significant therapeutic properties. The antibacterial activities of hBD-3
and its analogs against a broad range of human Gram-negative and Gram-positive strains were
compared and analyzed.

In previous studies, the effect of N-terminal residues on the antibacterial activity of hBD-3
was detected and analyzed. Scudiero et al. [15] reported that deletion of the N-terminal region
of hBD-3 increases antibacterial activity. Hoover et al. [12] reported that the deletion of seven or
nine N-terminal residues (hBD-3Δ8 or hBD-3Δ10) does not affect the antibacterial activity of
hBD-3 against E. coli and S. aureus. In concordance with these results, hBD-3 and its N-terminal
deletion analogs showed similar antibacterial activities against most of the tested bacteria, in-
cluding E. coli and S. aureus. Conversely, excessive deletions of N-terminal residues can affect
the antibacterial activity of hBD-3 against other bacteria. This finding may explain the lower an-
tibacterial activity of hBD-3Δ10 against K. pneumonia, S. flexneri, and S. sonnei. Thus, the N-
terminal region of hBD-3 has different effects on its antibacterial activity because of the diverse
cell membrane structures of different bacteria. In addition, we found that the antibacterial activ-
ities of hBD-3 and its analogs, especially hBD-3Δ10, were significantly weaker against K. pneu-
moniae than against other bacteria. One of the possible reasons is that the capsule
polysaccharide of K. pneumoniae limits the interaction of hBD-3 and its analogs with membrane
targets [16]. Thus, compared with hBD-3 and its other analogs, the analog (hBD-3Δ10) with a
deletion of nine residues showed significantly lower antibacterial activity against K. pneumonia.

Salt resistance is a factor that negatively affects the antimicrobial activity of beta-defensins.
This factor depends on the net charges of beta-defensins. In the present study, although hBD-
3, hBD-3Δ4, and hBD-3Δ7 have the same net charge (+11), they have different levels of salt re-
sistance. hBD-3 was more salt resistant than hBD-3Δ7, but hBD-3Δ4 was more salt resistant
than hBD-3. Yu et al. [17] found that the analog of NP-1 with clustered positive net charge has

Table 3. Anti-bacteria activities of hBD-3 and hBD-3Δ4 against fifteen E. coli clinical isolates at different NaCl concentrations.

Peptide % Killed CFU (Mean ± SD) at NaCl concentrations of

0mM 50mM 100mM 150mM 200mM 250mM 300mM

hBD3 100 92.3±11.1 60.5±2.7 44.6±22.1 22.0±13.9 4.8±4.2 1.3±0.1

hBD-3Δ4 100 98.6±2.2 92.7±12.6 ** 91.1±15.6 ** 74.7±22.8 ** 53.7±30.3 ** 32.1±0.3 **

** Significantly different (P < 0.01) from the activity of wild-type hBD-3.

doi:10.1371/journal.pone.0117913.t003
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low salt resistance. Scudiero et al. [15] found that the removal of the N-terminal domain of
hBD-3 presumably changes the structure into a compact conformation that would allow an ef-
ficient interaction of the peptide with the bacterial surface even at very high NaCl concentra-
tions. However, this result does not explain why hBD-3 (45 amino acids) is more salt resistant
than hBD-3Δ7 (39 amino acids). The 3D structure (such as N-terminal α-helix) of hBD-3 is an-
other critical factor that affects its salt sensitivity. Based on the 3D structures of hBD-3, the N-
terminal helix in hBD3 starts from Lys8 [17]. Thus, N-terminal residues 1 to 7 comprise a
helix-capping motif, and hBD-3, hBD-3Δ4, and hBD-3Δ7 should have different lengths of

Fig 3. The circular dichroism spectroscopy of hBD-3, hBD-3Δ4 and hBD-3Δ7 with different NaCl
concentrations.

doi:10.1371/journal.pone.0117913.g003
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helix caps. The helix-capping motifs may be responsible for the α-helix integrity at high NaCl
concentrations and salt-resistant antibacterial activity of the peptides. Therefore, hBD-3Δ7 has
low antibacterial activity at high NaCl concentrations because of its short helix-cap. This result
can be verified by the CD result of hBD-3 and its three N-terminal deletion analogs (Fig. 3).
The CD spectra of hBD-3Δ7 and hBD-3Δ10 did not show obvious α-helix structures, especially
with high NaCl concentrations. Furthermore, the analog hBD-3Δ4 was more salt resistant than
hBD-3 because it had a similar α-helix structure (CD result, Fig. 3) but a more compact confor-
mation than hBD-3 with the same positive net charge. Thus, we hypothesized that both α-helix
structures and positive net charge affect the salt resistance of hBD-3. And the big change in CD
spectrum of hBD-3Δ10 when exposed to increasing concentration of NaCl, which showed that
hBD-3Δ10 has a instability secondary structures with high NaCl concentrations. It may be one
of the reasons that the antimicrobial activities of hBD-3Δ10 were lower and more salt sensitive
than other peptides.

The cytotoxicity of different defensins is also an important factor affecting their antibacteri-
al activities. In this study, we tested the cytotoxicity of hBD-3 and its analogs against vero cells.
hBD-3Δ4 had no cytotoxicity on vero cells at 10 μg/ml (approximately twofold to fourfold
LD90 against most tested bacteria). Thus, the cytotoxic side effect of hBD-3Δ4 against eukaryot-
ic cells is still in an acceptable ratio to the cure. Similar to a previous study [18], we found that
the high antibacterial activities of defensins and derivatives are often accompanied by high cy-
totoxicity. At high concentrations (>20 μg/ml), hBD-3Δ4 showed higher cytotoxicity than
hBD-3 and the other analogs. Thus, reducing the cytotoxicity of hBD-3Δ4 may be helpful to
promote its therapeutic applications.

In summary, we designed and synthesized analogs of the innate immunity peptide hBD-3.
We investigated the antibacterial activities and salt resistance of hBD-3 and its analogs against
a broad range of standard and clinically isolated strains. The analog hBD-3Δ4 had the highest
antimicrobial activity at high NaCl concentrations. This study may contribute to the develop-
ment of new antibacterial peptides against pathogens.

Author Contributions
Conceived and designed the experiments: HW TL. Performed the experiments: FG HF ZL TL.
Analyzed the data: HW TL FG. Contributed reagents/materials/analysis tools: QW DW. Wrote
the paper: TL HW.

References
1. Ganz T (2003) Defensins: antimicrobial peptides of innate immunity. Nat. Rev. Immunol 3:710–720.

PMID: 12949495

2. Lehrer RI (2004) Primate defensins. Nat Rev Microbiol 2: 727–738. PMID: 15372083

3. Selsted ME, Ouellette AJ (2005) Mammalian defensins in the antimicrobial immune response. Nat
Immunol 6:551–557. PMID: 15908936

Table 4. Cytotoxic activity of hBD-3 and analogs at different concentration.

Peptide cytotoxic activity of hBD-3 and analogs at different concentration

0 μg/ml 10 μg/ml 20 μg/ml 40 μg/ml 60 μg/ml 80 μg/ml 100 μg/ml

hBD-3 0% 0% 2±2% 34±14% 39±7% 48±2% 60±3%

hBD-3Δ4 0% 0% 45±5% 61±4% 66±3% 68±6% 85±3%

hBD-3Δ7 0% 0% 0% 0% 12±2% 8±7% 11±10%

hBD-3Δ10 0% 0% 0% 0% 0% 8±1% 5±3%

doi:10.1371/journal.pone.0117913.t004

HBD3Mutant Has Enhanced Salt-Resistance

PLOS ONE | DOI:10.1371/journal.pone.0117913 February 23, 2015 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/12949495
http://www.ncbi.nlm.nih.gov/pubmed/15372083
http://www.ncbi.nlm.nih.gov/pubmed/15908936


4. Lee IH, Cho Y, Lehrer RI (1997) Infect Immun 65, 2898–2903. PMID: 9199465

5. Park IY, Cho JH, Kim KS, Kim YB, Kim MS, Kim SC (2004) Helix stability confers salt resistance upon
helical antibacteria peptides. J Biol Chem 279:13896–13901. PMID: 14718539

6. GoldmanMJ, Anderson GM, Stolzenberg ED, Kari UP, Zasloff M, Wilson JM (1997) Human beta-defen-
sin-1 is a salt-sensitive antibiotic in lung that is inactivated in cystic fibrosis. Cell 88:553–560. PMID:
9038346

7. Tomita T, Hitomi S, Nagase T, Matsui H, Matsuse T, Kimura S, et al. (2000) Effect of ions on antibacteri-
al activity of human beta defensin 2. Microbiol Immunol 44:749–754. PMID: 11092238

8. Conejo-Garcia JR, Krause A, Schulz S, Rodriguez-Jiménez FJ, Kluver E, Adermann K, et al. (2001)
Human β-defensin 4: a novel inducible peptide with a specific salt-sensitive spectrum of antimicrobial
activity. FASEB J 15: 1819–1821. PMID: 11481241

9. Harder J, Bartels J, Christophers E, Schroder JM (2001) Isolation and characterization of human beta-
defensin-3, a novel human inducible peptide antibiotic. J Biol Chem 276:5707–5713. PMID: 11085990

10. Dhople V, Krukemeyer A, Ramamoorthy A (2006) The human beta-defensin-3, an antibacterial peptide
with multiple biological functions. Biochimica et Biophysica Acta 1758: 1499–1512. PMID: 16978580

11. Schibli DJ, Hunter HN, Aseyev V, Starner TD, Wiencek JM, McCray PB Jr, et al. (2002) The solution
structures of the human beta-defensins lead to a better understanding of the potent bactericidal activity
of HBD3 against Staphylococcus aureus. J Biol Chem; 277: 8279–8289. PMID: 11741980

12. Hoover DM, Wu Z, Tucker K, LuW, Lubkowski J (2003) Antibacteria characterization of human beta-
defensin 3 derivatives. Antimicrob.Agents Chemother 47:2804–2809. PMID: 12936977

13. Quinones-Mateau ME, Lederman MM, Feng Z, Chakraborty B, Weber J, Rangel HR, et al. (2003)
Human epithelial beta-defensins 2 and 3 inhibit HIV-1 replication. AIDS 17:39–48.

14. Liu S, Zhou L, Li J, Suresh A, Verma C, Foo YH, et al. (2008) Linear analogues of human beta-defensin
3: concepts for design of antimicrobial peptides with reduced cytotoxicity to mammalian cells. Chembio-
chem Apr 14; 9(6):964–73.

15. Scudiero O, Galdiero S, Cantisani M, Di Noto R, Vitiello M, Galdiero M, et al. (2010) Novel Synthetic,
Salt-Resistant Analogs of Human Beta-Defensins 1 and 3 Endowed with Enhanced Antibacteria Activi-
ty. Antimicrob Agents Chemother 54(6): 2312–2322. doi: 10.1128/AAC.01550-09 PMID: 20308372

16. Campos MA, Vargas MA, Regueiro V, Llompart CM, Albertí S, Bengoechea JA (2004) Capsule Poly-
saccharide Mediates Bacterial Resistance to Antibacteria Peptides. Infection and immunity 72(12):
7107–7114. PMID: 15557634

17. Yu Q, Lehrer RI, Tam JP (2000) Engineered Salt-insensitive α-Defensins with End-to-end Circularized
Structures. The journal of biological chemistry 275(6): 3943–3949. PMID: 10660548

18. Jung S, Mysliwy J, Spudy B, Lorenzen I, Reiss K, Gelhaus C, et al. (2011) Human beta-defensin 2 and
beta-defensin 3 chimeric peptides reveal the structural basis of the pathogen specificity of their parent
molecules. Antimicrob Agents Chemother Mar; 55(3):954–60. doi: 10.1128/AAC.00872-10 PMID:
21189349

HBD3Mutant Has Enhanced Salt-Resistance

PLOS ONE | DOI:10.1371/journal.pone.0117913 February 23, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/9199465
http://www.ncbi.nlm.nih.gov/pubmed/14718539
http://www.ncbi.nlm.nih.gov/pubmed/9038346
http://www.ncbi.nlm.nih.gov/pubmed/11092238
http://www.ncbi.nlm.nih.gov/pubmed/11481241
http://www.ncbi.nlm.nih.gov/pubmed/11085990
http://www.ncbi.nlm.nih.gov/pubmed/16978580
http://www.ncbi.nlm.nih.gov/pubmed/11741980
http://www.ncbi.nlm.nih.gov/pubmed/12936977
http://dx.doi.org/10.1128/AAC.01550-09
http://www.ncbi.nlm.nih.gov/pubmed/20308372
http://www.ncbi.nlm.nih.gov/pubmed/15557634
http://www.ncbi.nlm.nih.gov/pubmed/10660548
http://dx.doi.org/10.1128/AAC.00872-10
http://www.ncbi.nlm.nih.gov/pubmed/21189349


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


