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Thanatin (THA) displays potent antibiotic activity, especially against extended-spectrum-�-lactamase (ESBL)-producing Esche-
richia coli both in vitro and in vivo, with minimal hemolytic toxicity and satisfactory stability in plasma. However, the high cost
of thanatin significantly limits its development and clinical application. To reduce the cost of peptide synthesis, a formulation of
cyclic thanatin (C-thanatin) called linear thanatin (L-thanatin) was synthesized and its activity was evaluated in vivo and in
vitro. Results showed that C-thanatin and L-thanatin MICs did not differ against eight Gram-negative and two Gram-positive
bacterial strains. Furthermore, the survival rates of ESBL-producing-E. coli-infected mice were consistent after C-thanatin or
L-thanatin treatment at 5 or 10 mg/kg of body weight. Neither C-thanatin nor L-thanatin showed toxicity for human red blood
cells (hRBCs) and human umbilical vein endothelial cells (HUVECs) at a concentration as high as 256 �g/ml. Results of circular
dichroism spectroscopy indicated that the secondary structure of L-thanatin is extremely similar to that of C-thanatin. Mem-
brane permeabilization and depolarization assays showed that C-thanatin and L-thanatin have similar abilities to permeabilize
the outer and inner membranes and to induce membrane depolarization in ESBL-producing E. coli. However, neither of them
caused significant HUVEC membrane permeability. These findings indicate that the two peptides have similar effects on bacte-
rial cell membranes and that the disulfide bond in thanatin is not essential for its antimicrobial activities in vivo and in vitro.
L-thanatin is thus a promising low-cost peptide candidate for treating ESBL-producing E. coli infections.

Thanatin (THA) is a cationic antimicrobial peptide that was
first discovered in the hemipteran insect Podisus maculiventris.

This peptide is composed of 21 amino acids (GSKKPVPIIYCNR
RTGKCQRM), with an intramolecular disulfide bridge between
the two cysteines at positions 11 and 18. Our previous studies
revealed that thanatin exhibits potent antibiotic activity, especially
against extended-spectrum-�-lactamase (ESBL)-producing Esc
herichia coli, both in vitro and in vivo, with a low inherent ability to
induce microbial resistance, minimal hemolytic toxicity, and high
stability in plasma (1, 2).

Despite their promise for clinical benefit, the high cost of pro-
ducing peptide drugs such as thanatin significantly limits their
development and clinical application. Compared with conven-
tional antibiotics, the costs of cationic antimicrobial peptides are
always prohibitively high for large-scale production (3). Intra-
chain disulfide bonds exist in many naturally occurring peptides
and play important roles in biological activities. However, synthe-
sis of peptide drugs with one or more disulfide bridges is compli-
cated and expensive (4).

Previous studies found that the disulfide bonds of protegrin-1
are not essential for its antimicrobial and hemolytic activities
in vitro (5). To reduce the cost of thanatin synthesis, native cycl-
ized thanatin (C-thanatin) and its analogue linear thanatin (L-
thanatin) were synthesized in the present study. Their antimicro-
bial activities were evaluated in vitro and in vivo against eight
Gram-negative and two Gram-positive bacterial strains with sep-
ticemic BALB/c mice.

MATERIALS AND METHODS
Chemicals. All antibiotics used in this study were purchased from the
National Institute for the Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China). All other chemicals and reagents used were of ana-
lytical grade.

Organisms. The multidrug-resistant (MDR) clinical isolates methicil-
lin-resistant Staphylococcus epidermidis (MRSE), Pseudomonas aeruginosa
XJ75315, ESBL-producing Klebsiella pneumoniae XJ75297, and enterohe-
morrhagic E. coli (EHEC) were obtained from the clinical laboratory of
Xijing Hospital (Xi’an, China). E. coli ATCC 25922, S. aureus ATCC
29213, P. aeruginosa ATCC 27853, ESBL-producing E. coli ATCC 35218,
Salmonella enterica serovar Typhimurium SL1344, and Shigella flexneri
ATCC 12022 from the Chinese National Center for Surveillance of Anti-
microbial Resistance were used as reference strains.

Peptide synthesis. L-thanatin (GSKKPVPIIYCNRRTGKCQRM) was
synthesized by classic Fmoc methodology. Then, L-thanatin in reduced
form was taken up in the oxidation buffer (1 mg per 10 ml) and C-
thanatin was formed (6). The crude compound was purified to over 95%
chromatographic homogeneity by reverse-phase high-performance liq-
uid chromatography (RP-HPLC) (data not shown), and the purified
compound was identified by mass spectrometry (MS). The molecular
masses of the detected L-thanatin and C-thanatin were 2,435.95 and
2,433.95 Da, respectively, which were in good agreement with their calcu-
lated masses (2,435.97 and 2,433.97 Da, respectively).

Bacterial susceptibility testing. The MIC values of C-thanatin and
L-thanatin were determined by a microdilution method according to the
CLSI guideline. Mueller-Hinton (MH) broth (100 �l) containing ESBL-
producing E. coli ATCC 35218 (106 CFU/ml) was added to 100 �l of the
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culture medium containing the test compound (0.25 to 256 �g/ml in
serial 2-fold dilutions). The plates were incubated at 37°C for 20 h in an
incubator.

Compounds were added to cell cultures to achieve final concentra-
tions of 1 �g/ml C-thanatin, 1 �g/ml L-thanatin, and 24 �g/ml ampicillin,
with the addition of an equal volume of diluent (0.2% bovine serum
albumin and 0.01% acetic acid) as a control. The growth curves for ESBL-
producing E. coli ATCC 35218 were obtained using a Bioscreen C growth
curve analyzer (Labsystems Diagnostics Oy, Helsinki, Finland) at 37°C
and 600 nm at 1-h intervals for 24 h. The working volume in the wells of
the Bioscreen plate was 300 �l and was comprised of 150 �l of bacterium
suspension (106 CFU/ml) and 150 �l of drug solution.

In vitro toxicity. Hemolysis was evaluated by determining the amount
of hemoglobin released in 2% suspensions of fresh human erythrocytes
(7, 8). Suspensions of human red blood cells (hRBCs) (100 �l) were added
to a 96-well microtiter plate and incubated individually with Cap11-1-
18m2, C-thanatin, or L-thanatin at 8, 16, 32, 64, 128, or 256 �g/ml for 6 h
at 37°C. Hemolysis values of 0% and 100% were determined with a spec-
trophotometer in a phosphate-buffered saline (PBS) solution and 1%
Triton X-100, respectively.

The cytotoxicity of C-thanatin or L-thanatin for the human umbilical
vein endothelial cells (HUVECs) was determined by a standard MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay
(9, 10). Briefly, cells (5 � 103 cells/well) were seeded in a 96-well micro-
titer plate with 100 �l Dulbecco’s modified Eagle medium (DMEM) and
10% fetal bovine serum (FBS) in every well for 12 h and were then exposed
with or without C-thanatin and L-thanatin at various concentrations (16
to 256 �g/ml) for 48 h. After drug treatment, an MTT solution (final
concentration, 0.5%) was added, and cells were incubated for another 4 h
at 37°C. Dimethyl sulfoxide (DMSO) (150 �l) was added to each well after
removal of the supernatant, and the absorbance at 490 nm was measured
using a microplate reader.

In vivo antibacterial activity. To test whether C-thanatin and L-than-
atin could provide the same survival benefit in vivo, male BALB/c mice 6 to
8 weeks of age and weighing 18 to 22 g were used in this study. The
experimental and animal care procedures were approved by the animal
care and use committee of Fourth Military Medical University. Sepsis was
induced by intraperitoneal (i.p.) administration of an inoculum of 4 �
107 CFU ESBL-producing E. coli ATCC 35218 in 0.4 ml of Mueller-Hin-
ton broth. The mice received a dose of C-thanatin and L-thanatin (5 or 10
mg/kg of body weight) intraperitoneally at 1, 6, 20, and 28 h after bacterial
challenge, with the addition of an equal volume of diluent (0.2% bovine
serum albumin and 0.01% acetic acid) as a control. The survival of 12
mice in each group was monitored for 7 days after infection, and the
cumulative percentages of survival were determined.

Acute toxicity (11). The acute toxicity experiment was performed by
i.p. injection of the test C-thanatin and L-thanatin compounds into
groups of 10 BALB/c mice. The dose of peptide administered per mouse
was 60 mg/kg. Animals were directly inspected for adverse effects for 4 h,
and mortality was monitored for 15 days thereafter.

CD spectra. Circular dichroism (CD) spectra of C-thanatin and L-
thanatin were measured by the use of a BioLogic MOS 450 CD spectro-
photometer (BioLogic, France) equipped with nitrogen-purging capabil-
ities at room temperature. The CD spectra were recorded in the range of
190 to 260 nm with a response rate of 0.5 s at 1.0-nm bandwidth and
corrected by subtraction of the background scan with water. The concen-
tration of both C-thanatin and L-thanatin was 0.5 mg/ml, and a 2-mm-
path-length cuvette was used. The scan was repeated three times. The
mean residue ellipticity (MRE) ([�]; given in degrees per square centime-
ter per decimole) was calculated as [�] � [�]obs � (MRW/10lc), where
[�]obs is the observed ellipticity (in millidegrees), MRW is the mean resi-
due molecular weight of the peptide, l is the path length of the cell (in
centimeters), and c is the peptide concentration (in milligrams per milli-
liter) (12). After 72 h at �20°C, the experiment was repeated as described
above.

Membrane permeabilization assay. Mid-log-phase E. coli ATCC
35218 was diluted to 108 CFU/ml. The peptides were then added to cell
cultures to achieve a final concentration of 6 �g/ml C-thanatin or L-
thanatin with the addition of an equal volume of diluent as a control. A
1-ml volume of E. coli ATCC 35218 was collected at different time points.
The outer membrane permeabilization activity of the peptides was deter-
mined as previously described (13). The collected cells were washed and
resuspended in 5 mM HEPES and 5 mM glucose buffer (pH 7.2) and then
incubated with NPN (1-N-phenylnaphthylamine) (10 �l from a 500 �M
stock in acetone) for 30 min at 25°C. The samples were then transferred to
cuvettes, and fluorescence was measured using an F-2500 fluorescence
spectrophotometer (Hitachi, Japan) at 350 nm (excitation wavelength)
and 420 nm (emission wavelength). The inner membrane permeabiliza-
tion activity of the peptides was measured by the uptake of propidium
iodide (PI) (14, 15). The collected cells were washed and resuspended as
described above, and then 10 �M PI was added to the cells and the reac-
tion mixture was incubated for 30 min at 25°C. The fluorescence of the
dye was monitored using a fluorescence spectrophotometer at 535 nm
(excitation wavelength) and 617 nm (emission wavelength).

HUVECs were maintained in DMEM containing 10% fetal bovine
serum (FBS) at 37°C with 5% CO2. When the cells reached confluence, the
media with FBS was removed, and the cells were washed with 1� PBS,
trypsinized, centrifuged (800 rpm for 5 min), and counted in a hemocy-
tometer. Thereafter, cells (1 � 105/well) were plated into 24-well plates
and the stock solution of peptides was added to cell cultures at a final
concentration of 6 �g/ml C-thanatin or L-thanatin, with the addition of
an equal volume of diluent as a negative control and 0.1% Triton X-100 as
a positive control. Subsequently, 1 ml HUVECs was harvested at 0, 30, 60,
90, 120, 150, 180, 210, and 240 min, washed, and resuspended in PBS.
Then, 10 �M PI was added to the cells, after which they were incubated
and monitored as mentioned above.

Membrane depolarization assay. The cytoplasmic membrane depo-
larization activities of the peptides were determined using the membrane
potential-sensitive dye disC3(5) (3,3=-dipropylthiadicarbocyanine io-
dide) (14). The harvested E. coli ATCC 35218 cells collected at different
time points were washed with 5 mM HEPES and 5 mM glucose and were
resuspended in 5 mM glucose–5 mM HEPES buffer–100 mM KCl solu-
tion in a 1:1:1 ratio. The cells were first treated with 0.2 mM EDTA (pH
8.0) in order to permeabilize the outer membrane to allow dye uptake.
Then, a stock solution of disC3(5) was added to achieve a final concentra-
tion of 120 nM and quenching was allowed to occur at room temperature
for 30 min. The fluorescence of the dye was monitored using a fluores-
cence spectrophotometer at 622 nm (excitation wavelength) and 670 nm
(emission wavelength).

Statistical analyses. Data are expressed as means � standard devia-
tions (SD) in Fig. 1, 2, and 3B (see also Fig. 5A to C). Data are shown as
means � standard errors of the means (SEM) (see Fig. 5D). Two-way
analysis of variance (ANOVA) was used for the data presented in Fig. 1
and 2A (see also Fig. 5). Comparisons of three or more groups were per-
formed using one-way ANOVA (Fig. 2B and 3B). Survival curves were
calculated by the Kaplan-Meier method (Fig. 3A). Statistical analyses were
done using Prism software (version 6; GraphPad, CA). P values of �0.05
was considered statistically significant.

RESULTS
Bacterial susceptibility testing and growth assay. No differences
between the C-thanatin and L-thanatin MICs were observed. Both
C-thanatin and L-thanatin exerted potent antibacterial effects
against almost all Gram-negative bacteria tested, including clini-
cally prevalent and challenging species such as ESBL-producing E.
coli ATCC 35218, with most MIC values found to be �1 �g/ml
(Table 1). Meanwhile, the MIC values of C-thanatin and L-than-
atin against Gram-positive bacteria, S. aureus ATCC 29213, and
MRSE were similar (Table 1). Growth of ESBL-producing E. coli
ATCC 35218 was totally inhibited in the group treated with 1
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�g/ml C-thanatin or L-thanatin. However, it was not affected by
treatment with 24 �g/ml ampicillin (Fig. 1).

Toxicity. Neither C-thanatin nor L-thanatin showed hemo-
lytic toxicity in 2% hRBC suspensions at 256 �g/ml, a concentra-
tion 250 times higher than the MIC values for ESBL-producing E.
coli ATCC 35218 (Fig. 2A). Moreover, the levels of viability of
HUVECs were not different between the control group and the
C-thanatin or L-thanatin-treated groups at the concentration of
256 �g/ml (Fig. 2B). These results suggested that neither C-than-
atin nor L-thanatin exhibited toxicity for mammalian cells.

No adverse reaction was observed in BABL/c mice, and all mice
survived for 15 days after i.p. injection of 60 mg/kg C-thanatin and
L-thanatin.

In vivo antibacterial activity of C-thanatin and L-thanatin.
To study the bactericidal effects of C-thanatin and L-thanatin in
vivo, we monitored their effects on the survival of mice infected
with ESBL-producing E. coli ATCC 35218. Ten mice died after
bacterial challenge within 2 days in the ESBL-producing-E. coli-
infected group (twelve mice per group). After bacterial challenge,
the survival rates were 16.7%, 83.3%, 83.3%, 91.7%, and 91.7%
for mice treated with diluent, 5 mg/kg C-thanatin, 5 mg/kg L-
thanatin, 10 mg/kg C-thanatin, and 10 mg/kg L-thanatin, respec-
tively (Fig. 3). These data indicated that the in vivo antibacterial
properties of C-thanatin and L-thanatin were similar.

Secondary structures of the peptides. In this study, the C-
thanatin spectrum displayed one negative spike at 206 nm and
L-thanatin displayed a consistent pattern with one negative spike
at 205 nm (Fig. 4A). After being kept at �20°C for 3 days, C-
thanatin and L-thanatin both had a negative spike at 205 nm (Fig.
4B). These results showed that C-thanatin and L-thanatin had
highly similar secondary structures.

Bacterial outer membrane permeabilization assay. NPN is a
small hydrophobic molecule that cannot cross the intact bacterial
outer membrane. However, when the outer cell membrane is
damaged, NPN goes into the phospholipid layer and exhibits in-
creased fluorescence. Therefore, NPN can be used to identify the
kinetics of outer membrane permeabilization. Similar time-de-
pendent rises in fluorescence intensity were observed after both
C-thanatin treatment and L-thanatin treatment, and no signifi-

cant differences were detected in fluorescence levels between sam-
ples treated with these two peptides (Fig. 5A).

Bacterial inner membrane depolarization assay. C-thanatin
or L-thanatin treatment caused an increase in disC3(5) fluores-
cence intensity in a time-dependent manner (Fig. 5B), indicat-
ing that both peptides can cause destabilization of the cytoplas-
mic membrane. There was no significant difference in disC3(5)
release between samples treated with C-thanatin and those
treated with L-thanatin (Fig. 5B), which indicated that the two
peptides have similar abilities to cause E. coli inner membrane
depolarization.

Bacterial inner membrane permeabilization assay. Bacterial
membrane permeability was investigated by using red pro-
pidium iodide (PI), which enters cells only when the cell mem-
brane is compromised and fluoresces upon binding to nucleic
acids. PI fluorescence intensity increased in an obvious and
time-dependent manner after C-thanatin or L-thanatin treat-
ment, and no difference was observed in the effects of these two
peptides (Fig. 5C). These results indicate that the two peptides
cause similar increases in bacterial cell membrane permeabi-
lity.

Cell membrane permeabilization assay. In contrast to bac-
terial cytoplasmic membranes, the HUVEC membrane was not
affected by C-thanatin and L-thanatin. No increase in PI fluo-

FIG 1 Growth curves of C-thanatin, L-thanatin, and ampicillin. C-thanatin,
L-thanatin, and ampicillin were added to cell cultures containing ESBL-pro-
ducing E. coli ATCC 35218 to achieve a final concentration of 1 �g/ml C-thanatin
or L-thanatin and 24 �g/ml ampicillin with the addition of an equal volume of
diluent as a control. The optical density at 600 nm (OD600) of the cell suspensions
was measured automatically with an automated Bioscreen C system in regular
intervals of 1 h for 24 h. ***, P 	 0.001 (versus control group).

FIG 2 Toxicity of C-thanatin and L-thanatin in vitro. (A) Hemolysis of C-
thanatin and L-thanatin was determined on human red blood cells (2% he-
matocrit) after 6 h of incubation. The data were shown as means � SD of
results determined for 4 samples. ***, P 	 0.001 (versus the Cap11-1-18m2-
treated group). (B) The absorbance at 490 nm of HUVECs after incubation
without or with various concentrations of C-thanatin and L-thanatin for 48 h.
Each plot was obtained from a representative experiment, and the data points
are the means of the results from four replicates � SD. The data were shown as
means � SD of results determined for 8 samples. n.s., no significant difference
from control group results.
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rescence intensity was observed after C-thanatin or L-thanatin
treatment for 4 h, which indicated that neither of the peptides
caused significant cell membrane permeability (Fig. 5D).

DISCUSSION

Thanatin is the only insect peptide with a �-hairpin motif (16),
which resembles a hairpin with two adjacent beta strands in the
primary structure. A cysteine containing a sulfur atom is present
in each of the beta strands. These sulfur atoms form a covalent
disulfide bond that stabilizes the tertiary structure in several pro-
teins (17). Lee et al. (18) found that the linear derivative of areni-

cin-1 was less active against bacterial cells than native arenicin-1.
Its disulfide bridge plays important roles in its biological activities.
Similarly, Haag et al. (19) found that the nodule-specific cysteine-
rich peptide (NCR247) had decreased activity against Sinorhizo-
bium meliloti when cysteines were substituted for serines or the
S-S bridges were changed from cysteines 1-2 and 3-4 to cysteines
1-3 and 2-4.

However, other data differ from the above-mentioned results.
Wu et al. (20) found that human �-defensin-3 (hBD-3) remained
unaffected by bactericidal activity in the absence of a disulfide
bridge. Mangoni et al. (21) and Dawson and Liu (5) reported that
linear PG-1 was at least as active as cyclic PG-1 against E. coli and
that their hemolytic activities were also similar (5). Unexpectedly,
Schroeder et al. found that hBD1 with reduced disulfide bridges
became a potent antimicrobial peptide against the opportunistic

FIG 3 Both C-thanatin and L-thanatin rescued BALB/c sepsis in mice caused
by ESBL-producing E. coli ATCC 35218. Data represent survival rates of
BALB/c mice (n � 12 mice/group) inoculated with ESBL-producing E. coli
ATCC 35218 and treated with a 5 or 10 mg/kg dose of C-thanatin and L-
thanatin and the same amount of sterile water by i.p. injection at 1, 6, 20, and
28 h after bacterial challenge. ***, P 	 0.001 (versus control group), n.s., no
significant difference.

TABLE 1 MICs of C-thanatin and L-thanatin in Mueller-Hinton broth culture

Strain

MIC (�g/ml)

C-thanatin L-thanatin Ceftazidime Amikacin

S. aureus ATCC 29213 256 256 8 1
MRSE 16 16 256 1
P. aeruginosa ATCC 27853 16 16 1 1
MDR P. aeruginosa XJ75315 1 1 64 4
E. coli ATCC 25922 1 1 0.5 1
ESBL-producing E. coli ATCC 35218 1 1 0.5 4
EHEC 1 1 0.5 4
ESBL-producing K. pneumoniae XJ75297 1 1 
256 
256
S. Typhimurium SL1344 1 1 0.5 4
S. flexneri ATCC 12022 0.25 0.25 4 4

FIG 4 CD spectra of C-thanatin and T-thanatin used in this study. (A) The
concentration of both C-thanatin and T-thanatin was 0.5 mg/ml. (B) After
being kept at �20°C for 3 days, the sample data were determined as described
in the text. The scan was repeated three times.
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pathogenic fungus Candida albicans as well as against the anaero-
bic and Gram-positive commensals of Bifidobacterium and Lacto-
bacillus species (22). These data showed that disulfide bonds of
antimicrobial peptides are not essential for their antimicrobial
activities.

In the current study, we investigated whether thanatin mole-
cules without disulfide bridges retain potent antimicrobial activ-
ity. Previous studies showed that, after its two cysteine residues
were modified with tert-butyl groups, thanatin exhibited im-
proved antimicrobial activity toward Micrococcus luteus but lower
activity against E. coli (23). These data suggested that the disulfide
bridge in thanatin is closely related to its antimicrobial activity and
specificity (23). Orikasa et al. (24) found that chemically modified
thanatin with a normal octyl group (C8H17) in the side chain of
cysteine residues exhibited 8-fold-higher antimicrobial activity
against M. luteus than wild-type thanatin.

To investigate the role of the disulfide bond in thanatin, we
synthesized linear L-thanatin and assessed the antimicrobial ac-
tivities of both types of thanatin in vivo and in vitro. Our data
showed that both C-thanatin and L-thanatin displayed potent an-
tibiotic activities, especially against Gram-negative bacteria, in-
cluding susceptible and resistant strains. The C-thanatin and L-
thanatin MICs were not significantly different for all the tested
bacteria (eight Gram-negative and two Gram-positive species).
The in vivo results showed that thanatin significantly improved
the survival rate of ESBL-producing-E. coli-infected mice from
16.7% for the control group to 83.3% and 91.7% for the groups
treated with 5 and 10 mg/kg C-thanatin or L-thanatin, respec-
tively. As expected, the same survival rates were observed in ESBL-

producing-E. coli-infected mice after L-thanatin treatment. Fur-
thermore, neither C-thanatin nor L-thanatin showed toxicity
for hRBCs and HUVECs at concentrations as high as 256 �g/
ml, which was 250 times higher than the MIC values for ESBL-
producing E. coli ATCC 35218. Highly similar CD detection
results were also found for C-thanatin and L-thanatin. Overall,
these results indicate that the disulfide bond of thanatin is dis-
pensible for its secondary structure, antimicrobial activity, and
cell toxicity.

Experiments assessing membrane permeabilization and depo-
larization showed that C-thanatin and L-thanatin have similar
abilities to permeabilize the outer and inner membranes and to
induce membrane depolarization in ESBL-producing E. coli. This
indicates that the two peptides have very similar actions with re-
spect to bacterial cell membranes. However, neither causes signif-
icant membrane permeability in HUVECs, suggesting that they
have high selectivity with respect to Gram-negative bacterial cell
membranes.

Membrane disruption is the main mechanism of action of
many antimicrobial peptides, but a single peptide can have mul-
tiple cellular targets that simultaneously contribute to the death of
the microorganism (25). For example, indolicidin appears to
promote significant membrane depolarization and DNA syn-
thesis inhibition (26, 27). Nisin not only binds to lipid II-form-
ing membrane pores (28) and lipids III and IV interfering with
teichoic and lipoteichoic acid biosynthesis (29) but also stim-
ulates autolysin activity. PR-39 can block bacterial DNA and
protein synthesis (30) and can inhibit the degradation of inhib-
itor of nuclear factor �B (31), thereby attenuating inflamma-

FIG 5 Membrane permeabilization and depolarization assay. (A) Outer membrane permeabilization of E. coli ATCC 35218 with NPN dye incubation after
C-thanatin or L-thanatin treatment. (B) Cytoplasmic membrane depolarization of E. coli ATCC 35218 treated with diSC3(5) dye incubation after C-thanatin or
L-thanatin treatment. (C) Cytoplasmic membrane permeabilization of E. coli ATCC 35218 treated with PI dye incubation after C-thanatin or L-thanatin
treatment. (D) Cytoplasmic membrane permeabilization of HUVECs treated with PI dye incubation after C-thanatin or L-thanatin treatment. ***, P 	 0.001
(versus control results).
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tion. However, the intracellular targets of thanatin have not
been reported to date.

In conclusion, our data demonstrated that the disulfide bond
in thanatin is not necessary for its antimicrobial activity. There-
fore, due to its simpler synthesis process and lower cost of produc-
tion, L-thanatin can be used as a low-cost alternative to native
C-thanatin for antimicrobial treatment.
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