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ABSTRACT Antimicrobial peptides (AMPs) are currently recognized as potentially
promising antibiotic substitutes. Fish are an important seawater/freshwater medicinal
biological resource, and the antimicrobial peptides and proteins that are key compo-
nents of their innate immune systems are potential candidates for the development of
novel antibacterial agents. The rainbow trout Oncorhynchus mykiss chemokine CK11
(omCK11), classified in the C-C motif chemokine ligand 27/28 (CCL27/28) family, is the
only CC-type chemokine reported to play a direct antibacterial role in the immune
response; however, its antibacterial domain remains unknown. In this study, we ana-
lyzed the structure-activity relationship of omCK11 and identified the antibacterial C-
terminal domain. Additionally, we performed structure-function analyses of CCL27/28
proteins from different, representative freshwater and seawater fishes, revealing their
shared C-terminal antibacterial domains. Surprisingly, a synthesized cationic peptide
(named lcCCL28-25), derived from the large yellow croaker Larimichthys crocea CCL28,
exhibited broad-spectrum and the most acceptable bactericidal activity, as well as anti-
biofilm activity and negligible hemolytic and cytotoxic activity in vitro. Additionally,
lcCCL28-25 conferred a protective effect in the thighs of neutropenic mice infected
with Staphylococcus aureus. SYTOX green fluorescence and electron microscopy experi-
ments revealed that lcCCL28-25 was capable of rapidly destroying the integrity and
permeability of the bacterial cell membrane. Overall, this study aided in the advance-
ment of antibacterial CC-type chemokine research and also suggested a new strategy
for exploring novel AMPs. Additionally, the efficacy of lcCCL28-25 in in vivo antibacterial
activity in a mammalian model revealed that this compound could be a promising
agent for the development of peptide-based antibacterial therapeutics.

IMPORTANCE The primary function of chemokines has been described as recruiting
and activating leukocytes to participate in the immune response. Some chemokines
are also broad-spectrum antibacterial proteins in mammals. The Oncorhynchus mykiss
chemokine CK11 (omCK11) is the first reported and currently the only CC-type anti-
bacterial chemokine. The present study identified the antibacterial domain of omCK11.
Structure-function analysis of various fish CCL27/28 proteins identified a novel anti-
bacterial peptide (lcCCL28-25) from Larimichthys crocea CCL28 that exhibited broad-
spectrum and the most acceptable bactericidal activity in vitro, as well as a protective
effect in a Staphylococcus aureus infection mouse model. The antibacterial mecha-
nisms included membrane disruption and permeation. This study advanced the field
of antibacterial chemokine research in fish and also suggested a new strategy for
exploring novel AMPs. The novel peptide lcCCL28-25 may prove to be an effective
antibacterial agent.
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Bacterial resistance is one of the most serious threats to global human health as
declared by the World Health Organization (1). The emergence of multidrug-resist-

ant bacteria and even so-called “superbugs” has been reported frequently in recent
years (2). Therefore, it is critical to develop antibacterial drugs that make the develop-
ment of resistance difficult.

Innate immunity mainly relies on the production of short peptides or proteins with
antibacterial activity that serve as the initial line of defense against pathogenic micro-
organisms (3, 4). Natural antimicrobial peptides (AMPs) are a class of alkaline polypep-
tides with antibacterial activity produced by induction in the body and found in all
organisms (5–7). With their excellent characteristics of rapid sterilization, low toxicity
and side effects, low immunogenicity, and broad-spectrum activity without drug resist-
ance, AMPs are widely recognized as an ideal alternative to antibiotics, providing man-
kind with new opportunities to combat drug-resistant microorganisms (5, 8).

Chemokines are a subclass of cytokines made of small molecules typically contain-
ing ;70 to 100 amino acids (9, 10). In addition to their chemotactic signaling activity,
some mammalian chemokines are also broad-spectrum antibacterial proteins known
as kinocidins, such as human CXCL1 (11), CXCL4 (12, 13), CXCL6 (14), CXCL7 (15) CXCL8
(11), CXCL9 (16), and CXCL14 (17) of the C-X-C motif chemokine ligand (CXCL) family,
CCL2, CCL5, and CCL20 of the C-C motif chemokine ligand (CCL) family (11, 15), etc.

Due to a large number of genomic replication events and the fact that chemokines
evolve more rapidly than other immune genes, it is difficult to establish true homology
between fish and mammalian chemokines (18–20). Numerous fish chemokines have
been found in recent years, and their roles overlap almost entirely with those of lym-
phocytes. Apart from recruiting and activating leukocytes to act on the site of infection
and participate in the immune response (21, 22), fish chemokines also play important
roles in stress response (23), tentacle development (24), embryo development and
angiogenesis, etc. (25, 26). Unfortunately, the study of antimicrobial chemokines found
in fish is still in its infancy. Rainbow trout Oncorhynchus mykiss chemokine CK11
(omCK11), which is classified as a CCL27/28 chemokine, is the first and currently the
only CC-type fish chemokine reported to have antimicrobial activity and is capable of
significantly inhibiting the growth of Lactococcus garvieae, Aeromonas salmonicida,
Yersinia ruckeri, and other Gram-negative and -positive pathogens, as well as the para-
site Ichthyophthirius multifiliis (27). However, the antimicrobial domain within the CK11
molecule has not been identified. Effective interception and modification of antibacte-
rial core peptides is an effective way to overcome the disadvantages of high molecular
weight and high immunogenicity of natural chemokines, as well as a new strategy for
obtaining new antibacterial peptides.

In this study, we analyzed omCK11 and verified that its C-terminal a-helix structure
was the antibacterial domain. Additionally, structural comparisons of CCL27/28 pro-
teins from six representative fish species revealed that although these proteins have
low homology, their C-terminal regions share cationic and amphiphilic commonalities.
Antibacterial activity assays revealed that the C-terminal region of CCL28 of the large
yellow croaker (Larimichthys crocea), named lcCCL28-25, exhibited the highest antibac-
terial activity. Overall, this study advanced the field of research into the antibacterial
activity of CC-type chemokines and also suggested a new strategy for exploring novel
AMPs. The novel peptide lcCCL28-25 may also prove to be a promising antibacterial
agent.

RESULTS
Structural features of the proteins and analysis of their antimicrobial segments.

The classical natural host defense proteins share several structural characteristics,
including an a-helix, disulfide bridges, and a high proportion of cationic amino acids
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(17, 28). These distinct structural components may be great candidates for the design-
ing of novel AMPs. The CK11 chemokine protein from rainbow trout (O. mykiss),
omCK11, was the first chemokine with antimicrobial activity to be reported in fish (27).
Through homology modeling, a three-dimensional model of omCK11 was predicted.
omCK11 features a structure that is typical of mammalian chemokines, consisting of an
N-terminal random coil (Gly1 to Val22), a core structure composed of three antiparallel
b-strands (Glu23 to Ala50), and a C-terminal a-helix (Asp51 to Arg80) (Fig. 1A).

Electrostatic potential maps suggested that the surface of omCK11 was cationic
(theoretical isoelectric point [pI] of 10.05) (Fig. 1B), owing to the presence of six lysines
and nine arginines within its peptide sequence (Fig. 1A). Notably, the surface charge
distribution of omCK11 was not uniform, but had a particularly dense distribution of
positively charged amino acids in the C-terminal region, including four lysines and five
arginines (Fig. 1A). Additionally, the C-terminal segment of the modeling sequence
had a net charge of 7.0 (Fig. 1B). In comparison, the N-terminal and intermediate

FIG 1 Structural features of O. mykiss CK11 (omCK11). (A) Three-dimensional model of omCK11. Structures in green,
yellow, and red represent the N-terminal random coil region (Gly1–Val22), the middle 3-stranded antiparallel b-sheet region
(Glu23–Ala50), and the C-terminal a-helix region (Asp51–Arg80). (B) Electrostatic potential surface maps of omCK11 in which
areas with positive charges are shown in blue and negative charges in red. (C) Helical wheel plot of the omCK11-31
peptide. The yellow background points to the hydrophobic residues, F, L, M, I and V, the blue to the positively charged
hydrophilic residues, K and R, and the red to the negatively charged hydrophilic residue (D). The light green represents
the proline (P), the pink represents the asparagine (N) and glutamine (Q), and the gray represents glycine (G) and alanine
(A). (D) CD spectroscopy of omCK11-31 (200 mg/mL) in water and 50% TFE solution.
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segments of omCK11 exhibited lower net charges (Fig. 1B). Moreover, helical wheel
analysis revealed that the C-terminal segment of omCK11 was an amphiphilic peptide
(Fig. 1C). Above all, the C-terminal peptide of omCK11 was a cationic amphiphilic pep-
tide that conformed to the characteristics typical of the majority of natural AMPs.
Therefore, the C-terminal peptide may represent the antibacterial domain of omCK11.
This peptide segment contains 31 amino acids and is hence referred to as omCK11-31.
Additionally, circular dichroism (CD) spectroscopy demonstrated that omCK11-31
maintained a 100% random coil structure in water but formed a 100% helix structure
in a 50% trifluoroethanol (TFE) solution, which simulates a hydrophobic membrane
environment (Fig. 1D), confirming the accuracy of the specific cationic and amphiphilic
a-helical structure of omCK11-31. These features implied that omCK11-31 could be a
highly potent AMP.

In this study, we performed a comparative analysis of CCL27/28 family proteins in
representative freshwater and seawater fishes. Further investigation was carried out on
O. mykiss CCL28-like (omCCL28-like), zebrafish Danio rerio CCL27b (drCCL27b), L. crocea
CCL28 (lcCCL28), turbot Scophthalmus maximus CCL27b (smCCL27b), tiger puffer
Takifugu rubripes CCL28 (trCCL28), and Atlantic herring Clupea harengus CCL27a
(chCCL27a). As shown by the alignment in Fig. 2A, the sequence similarity of CCL27/28
between various fishes was very low (identity of 12.80%), with their C-terminal regions
being particularly unconserved. Subsequent analysis of the structures and surface elec-
trostatic potentials of CCL27/28 proteins from different fishes revealed that the second-
ary structure characteristics of CCL27/28 were similar to those of omCK11 (Fig. 2B, E, H,
K, N, and Q), which was consistent with the typical characteristics of traditional CCL-
type chemokines. Moreover, their surfaces were all cationic (pI of .7.0) (Fig. 2B, E, H, K,
N, and Q) and the net charges of their C-terminal segments were all greater than 5.0
(Fig. 2C, F, I, L, O, and R). Additionally, helical wheel analysis demonstrated the amphi-
philic characteristics of most of the C-terminal segments (Fig. 2C, F, I, L, O, and R).
Following that, all C-terminal peptides were synthesized and assigned the names
omCCL28-like-23, drCCL27b-24, lcCCL28-25, smCCL27b-25, trCCL28-29, and chCCL27a-26.
Their high-performance liquid chromatography (HPLC) and mass spectrometry (MS) anal-
ysis results are shown in Fig. S1 to S14 in the supplemental material. Furthermore, the
specific cationic and amphiphilic a-helical structures of the C-terminal segments, except
for that of omCCL28-like, were verified by CD spectroscopy measurements in water and
in 50% TFE solution (Fig. 2D, G, J, M, P, and S). Because the synthesized omCCL28-like-23
was insoluble in a 50% TFE solution (data not shown), its CD spectroscopy was not deter-
mined in this research.

Antibacterial activities of different C-terminal peptides in vitro. The antimicro-
bial activities of omCK11-31 and other peptides were evaluated against five Gram-neg-
ative bacteria (Escherichia coli strain ATCC 25922, Klebsiella pneumoniae strain
CMCC46117, Aeromonas hydrophila strain ATCC 7966, Pseudomonas aeruginosa strain
PAO1, and Pseudomonas aeruginosa strain FRD1) and five Gram-positive bacteria
(Staphylococcus aureus strain ATCC 25923, Streptococcus agalactiae strain ATCC 13813,
Streptococcus pneumoniae strain ATCC 49619, methicillin-resistant S. aureus strain
ATCC 43300, and methicillin-resistant S. aureus standard strain USA300) (Table 1). MIC
assays confirmed that omCK11-31 was the domain of omCK11 with an antibacterial
function, exhibiting broad-spectrum antibacterial activity against both Gram-negative
and Gram-positive bacteria. The other six peptides exhibited similar broad-spectrum
antimicrobial activities. For Gram-negative bacteria, the MICs of all investigated pep-
tides for E. coli ATCC 25922, P. aeruginosa PAO1, and P. aeruginosa FRD1 ranged
between 6.25 and 50 mg/mL. All investigated peptides exhibited poor antibacterial ac-
tivity against K. pneumoniae CMCC46117 and A. hydrophila ATCC 7966 (most MIC val-
ues were greater than 50 mg/mL).

All of the peptides studied had much greater antibacterial impacts against Gram-
positive bacteria than they did against Gram-negative bacteria. Except for smCCL27b-
25, the MICs of the tested peptides against S. aureus ATCC 25923, S. agalactiae ATCC
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FIG 2 Protein sequence alignment, electrostatic potential surface diagram, and helical wheel plot analysis. (A) Protein sequence
alignment of O. mykiss CK11 (omCK11; GenBank accession no. CDQ77591.1), O. mykiss CCL28-like (omCCL28-like; GenBank accession
no. CDQ62061.1), D. rerio CCL27b (drCCL27b; GenBank accession no. NP_001121740.1), L. crocea CCL28 (lcCCL28; GenBank accession
no. XP_010731843.1), S. maximus CCL27b (smCCL27b; GenBank accession no. XP_035496366.1), T. rubripes CCL28 (trCCL28; GenBank
accession no. NP_001266955.1), and C. harengus CCL27a (chCCL27a; GenBank accession no. XP_012669911.2). Red background
represents the same amino acid residues, and blue frames indicate amino acid residues with identities of .70%. (B, E, H, K, N, and
Q) Electrostatic potential surface diagrams of proteins. Areas with positive charges are indicated in blue, and negative charges in
red. (C, F, I, L, O, and R) Helical wheel plots of the C-terminal segments. The hydrophobic residues, F, L, M, I, V, Y, and W are in a
yellow background, the positively charged hydrophilic residues, K and R, in blue, and the negatively charged hydrophilic residues,
D and E in red. Light green represents proline (P), light blue represents histidine (H), pink represents asparagine (N) and glutamine
(Q), purple represents serine (S) and threonine (T), and gray represents glycine (G) and alanine (A). (D, G, J, M, P, and S) CD
spectroscopy of the C-terminal peptides (200 mg/mL) in water and 50% TFE solution. (C, D, F, G, I, J, L, M, O, P, R, and S) omCCL28-
like-23 (C, D), drCCL27b-24 (F, G), lcCCL28-25 (I, J), smCCL27b-25 (L, M), trCCL28-29 (O, P), and chCCL27a-26 (R, S).
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13813, S. pneumoniae ATCC 49619, and methicillin-resistant S. aureus ATCC 43300
ranged between 6.25 and 25 mg/mL. Notably, of the seven peptides tested, lcCCL28-
25, derived from L. crocea, exhibited the strongest antibacterial activity. Therefore,
lcCCL28-25 was selected for further research.

Kill-curve kinetics of lcCCL28-25. Time-kill assays were performed at 4� MICs of
lcCCL28-25. The results demonstrated the broad-spectrum antibacterial activity of
lcCCL28-25 against Gram-negative and Gram-positive bacteria (Fig. 3). The antibacterial

TABLE 1 Peptide MICs determined in MHB

Bacterial strain

MIC (mg/mL) of:

omCK11-31 omCCL28-like-23 drCCL27b-24 lcCCL28-25 smCCL27b-25 trCCL28-29 chCCL27a-26
Gram-negative bacteria
Escherichia coli ATCC 25922 12.50 12.50 25.00 6.25 50.00 12.50 25.00
Klebsiella pneumoniae CMCC46117 25.00 .50.00 .50.00 25.00 .50.00 25.00 .50.00
Aeromonas hydrophila ATCC 7966 .50.00 .50.00 .50.00 .50.00 .50.00 25.00 .50.00
Pseudomonas aeruginosa PAO1 25.00 25.00 25.00 12.50 50.00 25.00 25.00
P. aeruginosa FRD1 12.50 25.00 25.00 12.50 25.00 25.00 25.00

Gram-positive bacteria
Staphylococcus aureus ATCC 25923 12.50 12.50 25.00 6.25 25.00 12.50 12.50
Streptococcus agalactiae ATCC 13813 12.50 12.50 25.00 6.25 25.00 12.50 25.00
Streptococcus pneumoniae ATCC 49619 12.50 25.00 25.00 6.25 25.00 25.00 25.00
Methicillin-resistant S. aureus ATCC 43300 12.50 25.00 25.00 12.50 .50.00 12.50 25.00
Methicillin-resistant S. aureus USA300 12.50 12.50 25.00 6.25 25.00 12.5 25.00

FIG 3 Time-kill curves of lcCCL28-25 (4� MIC) against Gram-positive bacteria (A) and Gram-negative
bacteria (B). Data are presented as mean values 6 standard deviations.
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activity of lcCCL28-25 against Gram-positive bacteria was more rapid than that against
Gram-negative bacteria. Under 4� MIC conditions, the CFU counts of Gram-positive
bacteria could be reduced by more than half within 10 min (Fig. 3A), whereas the CFU
counts of Gram-negative bacteria could be reduced by the same amount after more
than 1 h (Fig. 3B).

Toxicity of lcCCL28-25 in vitro. The toxicities of lcCCL28-25 and six other peptides
were evaluated by analyzing their hemolytic activities against human red blood cells
(hRBCs). Compared with that of melittin, all of these seven peptides demonstrated
extremely low hemolytic activities, with membrane lytic activities of,7% at the maximum
measured concentration of 500 mg/mL (Fig. 4). Additionally, the MTT [3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay results showed that lcCCL28-25 dis-
played low toxicities toward RAW264.7 (Fig. 5A) and HEK293T cells (Fig. 5B). No significant
inhibition of cell viability was observed even at a high concentration of 400 mg/mL
(Fig. 5), indicating that lcCCL28-25 had weak toxicity toward mammalian cells.

Biofilm inhibition and eradication activities of peptides. P. aeruginosa is a well-
known biofilm-forming pathogen. The clinical mucoid strain FRD1 was used to deter-
mine the effects of all these seven peptides on biofilm formation (inhibition effect) and
clearance (eradication effect). As shown by the results in Fig. 6A, lcCCL28-25 reduced
biofilm formation by;64% and omCK11-31 reduced it by;45% under sub-MIC condi-
tions (6.25 mg/mL, 0.5� MIC). However, the inhibitory rates of the other five peptides
were all less than 15% at the same concentration (Fig. S15A). The results in Fig. 6B
show the eradication effect of lcCCL28-25 on a 24-h mature biofilm. The concentration
of lcCCL28-25 required to eradicate;50% of biofilm was 3.13mg/mL. The biofilm erad-
ication rates reached more than 80% at 12.5 mg/mL of lcCCL28-25 and above 90% at
25 mg/mL (Fig. 6B). The biofilm eradication effect of omCK11-31 was similar to that of
lcCCL28-25, and both were superior to the other five peptides (Fig. 6B and Fig. S15B).
Increasing the peptide concentration resulted in increased biofilm eradication, demon-
strating the concentration-dependent eradication effects of all of these seven peptides
on biofilm (Fig. 6B and Fig. S15B). Overall, lcCCL28-25 had considerable biofilm inhibi-
tion and eradication capacities.

Salt and serum stability. In order to evaluate the effects of salts and mouse serum
on the antimicrobial activity of lcCCL28-25 against S. aureus USA300, the MIC was
tested under conditions of the physiological salt concentration or different concentra-
tions of mouse serum. As shown by the results in Table 2, combinations of lcCCL28-25
with KCl, NH4Cl, and MgCl2 displayed activities similar to that of only lcCCL28-25, and
combinations of lcCCL28-25 with NaCl and CaCl2 presented 4-fold and 2-fold decreases
in activity, respectively. Consistent with the results for melittin, the antimicrobial activ-
ity of lcCCL28-25 against S. aureus USA300 was reduced 4-fold, 8-fold, and 32-fold
under 10%, 20%, and 40% serum conditions, respectively.

FIG 4 Hemolytic activities of peptides against human red blood cells (hRBCs). The absorbance value (A540)
for 0% hemolysis was determined using phosphate-buffered saline (PBS) (APBS), while 100% hemolysis was
established using 0.1% (vol/vol) Triton X-100 (ATriton). Percentages of hemolysis were calculated as follows:
% hemolysis = [(Asample 2 APBS)/(ATriton 2 APBS)] � 100. Each measurement was performed in triplicate.
Data are presented as mean values 6 standard deviations.
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Protective effect of lcCCL28-25 on neutropenic mouse thigh S. aureus infection
model. The in vivo effect of lcCCL28-25 on methicillin-resistant S. aureus standard strain
USA300 was investigated using a neutropenic mouse thigh infection model. At 4 h post-
infection, the mice were lethargic, rarely eating or drinking, and their hind thighs were
swollen, with dragging of the thigh when walking. Three mice in the control group (phos-
phate-buffered saline [PBS]), one mouse in the lcCCL28-25 group, and none of the mice
in the vancomycin group died after 48 h of infection (Fig. 7B). At the infection termination
point, representative samples from each group were randomly selected, and the results

FIG 5 Cytotoxicity of lcCCL28-25 toward RAW264.7 cells (murine monocyte/macrophage cells lines)
(A) and HEK293T cells (human embryonic kidney cells) (B). The MTT assay was used. PBS was used to
establish the value for 100% survival. Each measurement was performed in triplicate. Data are
presented as mean values 6 standard deviations.

FIG 6 Inhibition (A) and eradication (B) activities of lcCCL28-25 on P. aeruginosa FRD1 biofilm. The value for 0%
inhibition or eradication was established without peptide. Each measurement was performed in triplicate. Data
are presented as mean values 6 standard deviations.
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are shown in Fig. 7A. At 48 h postinfection, there was significant redness and congestion
in the thigh compared to 2 h postinfection. These symptoms were significantly alleviated
in the vancomycin and lcCCL28-25 intraperitoneal-injection groups. The effects of vanco-
mycin and lcCCL28-25 against S. aureus USA300 in the thigh infection model are shown
in Fig. 7C. There was an 0.86 log10 CFU/g reduction in the average bacterial load in the
thighs of lcCCL28-25-treated mice compared to the bacterial load in the control group,
and a 1.30 log10 CFU/g reduction in the vancomycin group.

Antibacterial mechanism of lcCCL28-25. To determine the antibacterial mecha-
nism of lcCCL28-25, the effects of lcCCL28-25 on the permeability of bacterial mem-
branes were investigated using the SYTOX green method. SYTOX green, a dye that
fluoresces when it binds to nucleic acids, can enter cells only through damaged cell
membranes. As shown by the results in Fig. 8A, the fluorescence intensity of S. aureus
increased rapidly within 20 min of lcCCL28-25 treatment, consistent with the effect
of melittin. Additionally, S. aureus cells treated with the other six peptides exhibited
similar fluorescence trends (Fig. S16). These findings suggested that lcCCL28-25
destroyed the S. aureus cell membrane.

TABLE 2MIC values of peptides in the presence of physiological salts and mouse serum against Staphylococcus aureus USA300

Peptide

MIC (mg/mL) ina:

Control 150 mM NaCl 4.5 mM KCl 6mMNH4Cl 1 mMMgCl2 2.5 mM CaCl2

MS at concn (%) of:

10 20 40
lcCCL28-25 6.25 25.00 6.25 6.25 6.25 12.50 25.00 50.00 200.00
Melittin 6.25 6.25 6.25 6.25 6.25 6.25 25.00 50.00 200.00
aThe control was bacteria treated with peptide only. MS, mouse serum.

FIG 7 Neutropenic mouse thigh infection model. (A) Infection status of S. aureus USA300 in mouse thigh. (B) Survival
plot of mice in different treatment groups. (C) Colony counts after administration of PBS, vancomycin, or lcCCL28-25 in
neutropenic mouse thigh infection model. Each data point represents the value for a single mouse. All the
experiments were performed in triplicate. Data are presented as mean values 6 standard deviations. Data were
statistically analyzed via unpaired nonparametric Mann-Whitney U test; *, P , 0.001.
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However, the fluorescence intensity of E. coli cells did not increase significantly in a
short time (20 min) following lcCCL28-25 treatment, in contrast to the results for melit-
tin (Fig. 8B). The fluorescence intensity of E. coli gradually increased during coincuba-
tion (Fig. 8B), indicating that lcCCL28-25 damaged the E. coli membrane; however, the
damage occurred more slowly than in S. aureus, or it may not have been direct mem-
brane damage. Additionally, E. coli cells treated with omCK11-31, drCCL27b-24, and
chCCL27a-26 exhibited fluorescence trends similar to the trends in E. coli cells treated
with lcCCL28-25 (Fig. S17A, C, and F), suggesting that these peptides may have more
similar antibacterial mechanisms. Notably, the fluorescence intensity of E. coli cells
increased rapidly within 20 min of treatment with omCCL28-like-23, smCCL27b-25, or
trCCL28-29, consistent with the results for melittin (Fig. S17B, D, and E). This finding
suggested that omCCL28-like-23, smCCL27b-25, and trCCL28-29 may damage cell
membranes rapidly and directly.

Superresolution stimulated emission depletion (STED) fluorescence microscopy was
used to observe permeabilized cells of E. coli ATCC 25922 and S. aureus ATCC 25923 at
15 min after treatment with lcCCL28-25 using the membrane dye FM4-64 and nucleic
acid stains DAPI (49,6-diamidino-2-phenylindole) and SYTOX green. The nucleoids
stained with DAPI were significantly unaffected by lcCCL28-25 (Fig. 9A and B), but
many treated cells showed strong green fluorescence in the presence of SYTOX green
(Fig. 9A and B), demonstrating permeability effects on the inner and outer cell mem-
branes. When stained with FM4-64, some of the treated cells exhibited membrane-

FIG 8 LcCCL28-25 disrupts bacterial cell membrane permeability. (A) S. aureus ATCC 25923. (B) E. coli
ATCC 25922. Bacterial ingestion of SYTOX green was quantified by measuring intracellular fluorescence
every 1 min. AU, absorbance units.
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related red fluorescence spots and weaker membrane staining (Fig. 9A, white arrows),
indicating that the membrane structure had been disrupted.

Furthermore, after 15 min of treatment with 5 mg/mL lcCCL28-25, the majority of E.
coli cells showed obvious membrane depressions, while a few exhibited holes (Fig. 9C).
Although scanning electron microscopy (SEM) revealed no significant damage to the
membrane surface of S. aureus cells after 15 min of treatment with 5 mg/mL lcCCL28-
25, the cells exhibited some morphologic changes and accumulated more extracellular
matrix (Fig. 9D), which could be due to intracellular content leakages. Transmission
electron microscopy (TEM) revealed significant alterations in membrane structure,
including membrane deformation and detachment, as well as bright areas in the cyto-
plasm (Fig. 9D, red arrows).

DISCUSSION

CC chemokines are a large subfamily of chemokines that play an important role in
the innate immune system. However, progress in studying CC subgroup chemokines in
teleosts is limited due to their variability and low molecular weight (29). Additionally,
the functions of these putative chemokines also remain ambiguous. Currently, only

FIG 9 Fluorescence and electron microscopy. (A, B) Fluorescence microscopy of E. coli ATCC 25922 cells (A) and S. aureus ATCC 25923 cells (B) grown
without treatment or with lcCCL28-25 and stained with FM4-64, DAPI, and SYTOX green. White arrows indicate membrane-related fluorescence spots. (C, D)
SEM of E. coli ATCC 25922 cells (C) and SEM and TEM of S. aureus ATCC 25923 cells (D) that were untreated or treated with lcCCL28-25. Red arrows
indicate membrane deformation and detachment and also the bright areas in the cytoplasm. The electron microscopy scans were completed in duplicate,
and one typical result is shown.
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one CC chemokine, O. mykiss omCK11, has been identified as a CCL27/28 chemokine. It
has been demonstrated to have strong antimicrobial activity against a variety of patho-
gens, rather than chemotaxis toward unstimulated leukocyte populations from central
immune organs or mucosal tissues (27), which opens a new chapter in the study of
antimicrobial chemokines in fish. Notably, while both human and mouse CCL28
showed broad-spectrum bactericidal activity against bacteria and fungi, CCL27 did not,
killing only Candida albicans at high concentrations (30). In contrast to those of mam-
mals, fish CCL27 proteins examined in this study, including D. rerio CCL27b, S. maximus
CCL27b, and C. harengus CCL27a, possessed antibacterial domains, albeit with little ac-
tivity (Table 1). Although the exact number of groups with direct evolutionary homol-
ogy between fish and mammalian chemokines is currently unknown, a large number
of chemokines from bony fishes have been identified, including many specific CC che-
mokines. These findings suggest that teleost fish chemokines may represent a vast
antibacterial protein library worth further exploration.

The molecular weights of omCK11 and other selected proteins in this study were
between 8.20 and 9.09 kDa, which is higher than the molecular weights of the majority
of AMPs. Obtaining an antibacterial domain is critical for reducing the immunogenicity
of antibacterial proteins and increasing their druggability. Chemokines have a flexible N
terminus and N-terminal loop, a three-stranded antiparallel b-sheet, and an a-helix C-termi-
nal (31). The N terminus of chemokines, which determines the binding and activation of
receptors, is a key structural basis for the formation of chemotactic gradients required for
targeted cell migration (31, 32). Therefore, which domain might exhibit antibacterial activ-
ity? It was reported that the C-terminal a-helix region (amino acids 51 to 70) of human
CCL20 exhibited significant antibacterial activity due to its high cationic and amphiphilic
properties (15). AMPs have a lower likelihood of inducing drug resistance due to their pref-
erential attack on the cell membrane (33). Extensive structure-activity studies have revealed
that the net charge, hydrophobicity, and amphiphilicity are the most critical physicochemi-
cal and structural factors determining the antibacterial activity and cell selectivity (34).
Although the C-terminal similarities of CCL27/28 proteins in different fish species were
extremely low (Fig. 2A), it was surprising that they were both cationic and amphipathic
(Fig. 1B and C and Fig. 2C, F, I, L, O, and R), with almost all of them exhibiting an a-helical
structure in the bacterial membrane-mimicking environment but retaining a random coil
structure in a water solution (Fig. 1D and Fig. 2D, G, J, M, P, and S). These findings sug-
gested their potential antibacterial activity.

Antibacterial activity against Gram-negative and Gram-positive bacteria was dem-
onstrated by the synthetic C-terminal peptides in the antibacterial assay (Table 1).
Surprisingly, the antibacterial activity of lcCCL28-25, derived from L. crocea, was the
strongest (Table 1). Perhaps this is due to its unique amino acid and structural compo-
sition and other factors that warrant further investigation. Additionally, its druggability
was enhanced by its practically insignificant level of hemolysis (Fig. 4) and extremely
low cytotoxicity (Fig. 5). Additionally, it was noted that lcCCL28-25 exhibited better
antibiofilm formation and clearance activities on P. aeruginosa FRD1 than the other six
peptides under the same sub-MIC conditions (Fig. 6 and Fig. S15), suggesting that it
might be used as a more effective biofilm removal agent.

AMPs exert antibacterial effects primarily by physically disrupting membranes, dissi-
pating electrochemical potential, inducing lipid asymmetry, and destroying important
metabolites and cell components, resulting in cell atrophy and death (35). AMPs that
primarily target membrane damage, such as melittin, exhibit rapid bactericidal kinetics,
whereas some AMPs and antibiotics that primarily target intracellular components ex-
hibit slow killing kinetics (36, 37). Bactericidal kinetics studies conducted in vitro
revealed that lcCCL28-25 exhibited rapid bactericidal kinetics against Gram-positive
bacteria and was capable of reducing CFU counts by more than half within 10 min
(Fig. 3A). At a concentration of 4� MIC, its ability to increase the membrane permeabil-
ity of S. aureus ATCC 25923 was comparable to that of melittin (5 mg/mL) (Fig. 8A).
Additionally, using fluorescence microscopy and electron microscopy (Fig. 9B and D),
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S. aureus cells treated with 5 mg/mL lcCCL28-25 for 15 min were seen to have signifi-
cant changes in membrane structure, which could result in intracellular content leak-
age (Fig. 9D). SYTOX green assay also found that the other six peptides exhibited rapid
membrane disruption that was consistent with the effects of melittin, despite differen-
ces in their antibacterial activities (Fig. S16). In summary, the antibacterial mechanism
of the seven peptides was typical membrane disruption and permeation. In compari-
son, lcCCL28-25 showed relatively slow killing kinetics against Gram-negative bacteria,
with 50% killing achieved after more than 1 h at the 4� MICs (Fig. 3B). Even at a con-
centration of 15 mg/mL, it failed to significantly increase the SYTOX green signal in E.
coli cells within 15 min, in contrast to the results for melittin (Fig. 8B). However, after
15 min of treatment with 5 mg/mL lcCCL28-25, the membrane structure of E. coli cells
was disrupted, showing obvious depressions and holes (Fig. 9C), membrane-associated
red fluorescence spots, and weaker membrane staining (Fig. 9A). Therefore, lcCCL28-25
disrupted the membrane of Gram-negative bacteria, but whether this damage was a
decisive target or a subsequent chain reaction requires additional investigation. Unlike
lcCCL28-25, omCCL28-like-23, smCCL27b-25, and trCCL28-29 treatment rapidly
increased the SYTOX green fluorescence signals of cells within a short period of time
(consistent with the results for melittin) (Fig. S17B, D, and E). These peptides are more
likely to exert their antimicrobial activity through membrane permeation and disrup-
tion, and thus, resistance is less likely to occur.

Indeed, a large proportion of reported AMPs did not exhibit effective antimicrobial
activity in vivo due to the complexity of the animal environment and the stability of
the peptides in the presence of physiological salts and serum (6, 38, 39). High concen-
trations of salt ions can weaken the adsorption of AMPs to bacterial cell membranes,
thereby reducing their bactericidal ability. Although the activity of lcCCL28-25 against
S. aureus USA300 was affected by Na1 and Ca21, it still maintained an acceptable activ-
ity in the presence of the two ions (Table 2). Studies have shown that Na1 and Ca21

can not only hinder the electrostatic interaction between AMPs and bacterial mem-
branes but also compete with peptides for the binding site of lipopolysaccharide (LPS)
(40, 41), which may be a crucial reason why the activity of lcCCL28-25 is inhibited by
these two ions. Additionally, mouse serum, as a mixture of various salts, tends to have
a significant inhibitory effect on antibacterial activity. As expected, the activity of
lcCCL28-25 was significantly inhibited by serum. However, the stability of lcCCL28-25
exposed to serum was comparable to that of melittin, retaining acceptable activity in
20% serum (Table 2).

In this study, we also demonstrated that lcCCL28-25 had a potent protective effect in
thighs of neutropenic mice infected with S. aureus, though it was less effective than van-
comycin (Fig. 7). Although lcCCL28-25 was not completely inactivated in the presence of
serum (Table 2), it remains to be determined whether the effectiveness of lcCCL28-25
depends on its antibacterial activity or immune stimulation in the complex in vivo envi-
ronment. These findings provide a basis for the preclinical study of lcCCL28-25.

In summary, this study performed structure-function comparative analyses of the O.
mykiss antibacterial chemokine CK11 that was previously described. Different from the
primary function of a chemokine, the second identity of CCL28 is that of a direct anti-
bacterial protein, indicating its critical function in the innate immunity of L. crocea. Its
C-terminal segment, named lcCCL28-25, exhibited acceptable broad-spectrum antibac-
terial activity, antibiofilm activity, limited hemolytic activity, and low cytotoxicity in
vitro. It also conferred a protective effect on the thighs of neutropenic mice infected
with S. aureus. lcCCL28-25 destroyed bacteria by disrupting the integrity and mem-
brane permeability of the cell membrane.

MATERIALS ANDMETHODS
Preparation of bacterial strains, blood sample, and animals. P. aeruginosa PAO1 and P. aeruginosa

clinical strain FRD1 were cultured in our laboratory. E. coli ATCC 25922, A. hydrophila ATCC 7966, S. aur-
eus ATCC 25923, K. pneumoniae CMCC46117, S. agalactiae ATCC 13813, S. pneumoniae ATCC 49619, and
methicillin-resistant S. aureus ATCC 43300 were purchased from the American Type Culture Collection
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(ATCC). The methicillin-resistant S. aureus standard strain USA300 was obtained from Wenyu Han
(College of Veterinary Medicine, Jilin University, China).

A fresh human blood sample was obtained from the Hospital of Ocean University of China (no.
D023302).

Eight-week-old female BALB/c mice weighing 16 to 19 g, without specific pathogens, were pur-
chased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animal experiments
were performed in line with the international moral principles and guidelines for institutional animal
care and use of laboratory animals (42). All animal procedures conformed to the guidelines of the
Animal Ethics Committee of the School of Medicine and Pharmacy, Ocean University of China (OUC-
SMP-2021-05-01).

Preparation of peptides. All peptides used in this study were synthesized by the GenScript Biotech
Corporation (Nanjing, China).

Three-dimensional model and charge analysis of protein. The protein structure was evaluated
through homology modeling using SWISS-MODEL (https://swissmodel.expasy.org/). The structure with PDB
identifier (ID) 7JH1 was used as the template for predicting the three-dimensional models of omCK11,
drCCL27b, and lcCCL28, whereas the structure with PDB ID 6CWS was used as the template for omCCL28-
like and smCCL27b and the structures with PDB IDs 2KUM and 1DOM were used as the templates for
trCCL28 and chCCL27a, respectively. The PDB files obtained and the net charge distributions of proteins
were described by utilizing PyMOL. The net charges of peptides were analyzed in the online software
NovoPro (https://www.novopro.cn/tools/protein_iep.html). The helical wheel analysis was performed by
using the online software heliQuest (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py).

CD spectroscopy. The circular dichroism (CD) spectroscopic analysis of peptides at 37°C in the far-UV
range of 190 to 240 nm was performed using a Jasco J-1500 spectropolarimeter (Jasco, Japan). The concen-
tration of peptides was 200mg/mL, and the light diameter of the quartz cuvette was 10 mm. The secondary
structures of peptides were measured in water and in 50% (vol/vol) TFE solution. Measurements were per-
formed in triplicate for each sample.

MIC assays. The MIC assays were performed as previously described (43). Briefly, peptides were plated
in a 2-fold dilution series (50 mL/well) of Mueller-Hinton broth (MHB) in Costar 96-well cell culture plates
(Corning, NY, USA). Three repeats were set for each concentration. E. coli ATCC 25922, A. hydrophila ATCC
7966, P. aeruginosa PAO1, P. aeruginosa FRD1, S. aureus ATCC 25923, S. agalactiae ATCC 13813, S. pneumo-
niae ATCC 49619, methicillin-resistant S. aureus ATCC 43300, and methicillin-resistant S. aureus USA300
were cultured in Luria-Bertani (LB) medium, while K. pneumoniae CMCC46117 was cultured in tryptic soy
broth (TSB) medium. Incubation was done at 37°C and 150 � g for 12 h. Bacteria were transferred to fresh
MHB at a ratio of 1% (vol/vol) and incubated to reach a logarithmic growth phase. Then, 50mL of a bacterial
suspension at 4 � 106 CFU/mL was added to each well. After incubation at 37°C for 226 2 h, turbidity was
measured using an EnSpire multimode plate reader (PerkinElmer, Singapore) at 595 nm. MIC values were
taken as the lowest peptide concentrations at which visible bacterial growths were completely inhibited.

To evaluate the effects of salts and mouse serum on the antimicrobial activity of lcCCL28-25 against
S. aureus USA300, MIC values were also determined in the presence of different salts at physiological
concentrations (150 mM NaCl, 4.5 mM KCl, 6 mM NH4Cl, 1 mM MgCl2, or 2.5 mM CaCl2) or mouse serum
(1%, 10%, and 20% [vol/vol]), using the same method described above.

Kill-curve kinetics. Consistent with previous reports, time-kill curves of lcCCL28-25 against Gram-
negative and Gram-positive bacteria were performed under 4� MIC conditions (44). Bacteria were incu-
bated to the logarithmic growth stage. Bacterial cells in the logarithmic growth phase were diluted to
achieve log(CFU/mL) values of ;5 to 6 and incubated with lcCCL28-25 for 1, 2, 4, 8, 16, 30, 60, 120, and
240 min. At each time point, 50-mL amounts of the samples were diluted to different concentrations and
plated onto agar plates. After overnight incubation, the numbers of colonies on the plates were
counted.

Hemolytic activities of peptides against hRBCs. Hemolytic activities were determined as previ-
ously described (45). Briefly, fresh human red blood cells (hRBCs) were washed thrice using PBS.
Peptides were gradient diluted to 2-fold final concentrations using PBS and added to a 96-well plate at
100 mL/well. An equal volume of cell suspension (4% [wt/vol] in PBS) was added to each well, resulting
in final peptide concentrations of 6.25, 12.5, 25, 50, 100, 250, and 500 mg/mL. After incubation at 37°C
for 1 h, the supernatant was obtained by centrifugation at 1,000 � g for 4 min, and its absorbance meas-
ured at 540 nm. The value for 100% hemolysis was established using 0.1% (vol/vol) Triton X-100, while
the value for 0% was determined using PBS.

Analysis of cytotoxicity of lcCCL28-25 to mammalian cells. The MTT [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide] assay was performed to assess the cytotoxic effects of lcCCL28-25
on RAW264.7 and HEK293T cells. Cells were precultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and incubated at 37°C in a 5% CO2 atmosphere. For
this test, cells were seeded in 96-well plates at 104 cells/well and incubated for 24 h. The same volume
of lcCCL28-25 or melittin with different concentrations was added to each well to final concentrations of
1.56, 3.125, 6.25, 12.5, 25, 50, 100, and 200 mg/mL. After incubation for 1 h at 37°C in a 5% CO2 atmos-
phere, the medium was replaced with a fresh medium containing 10% (vol/vol) MTT solution (5 mg/mL).
After incubation for 4 h, the formed crystals were dissolved in dimethyl sulfoxide (DMSO) and the ab-
sorbance measured at 550 nm.

Biofilm inhibition and eradication activities. In vitro static biofilm models have been reported in
many studies (45–47). A Pseudomonas aeruginosa mucoid strain, FRD1, isolated from a cystic fibrosis
patient, was used for the biofilm inhibition and eradication assay. The FRD1 strain was shock cultured to
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logarithmic growth stage at 37°C and 150� g. After cleaning using PBS and centrifuging thrice, the bacteria
were resuspended in MHB medium (with 0.2% glucose) and gradient diluted to an OD600 value of;0.01.

For the biofilm inhibition assay, 90-mL amounts of bacterial suspensions and 10-mL amounts of
increasing concentrations of the peptide were added to a 96-well plate and coincubated at 37°C for
24 h. Then, bacterial biofilms were quantified as follows: (i) planktonic bacteria were removed by wash-
ing thrice using PBS, (ii) biofilm bacteria were fixed in 100 mL of 4% paraformaldehyde at room tempera-
ture for 15 min and (iii) stained with 100 mL of 0.1% crystal violet for 30 min, (iv) the dye was removed,
followed by washing twice using PBS, adding 200 mL of 95% ethanol to each well to dissolve the crystal
violet, and finally, (v) absorbance was measured at 590 nm using an EnSpire multimode plate reader
(PerkinElmer, Singapore).

For the eradication assay, biofilms of the FRD1 strain were grown in a 96-well plate. Briefly, 100-mL
amounts of the bacterial suspension were plated and incubated at 37°C for 24 h. Then, wells containing
the biofilms were washed thrice using PBS. The peptide was serially diluted in MHB medium (with 0.2%
glucose) and added to the 96-well plates (100 mL/well). The plates were incubated for 2 h at 37°C.
Finally, bacterial biofilms were quantified as described above for the biofilm inhibition assay.

Neutropenic mouse thigh infection model. Female BALB/c mice were used to construct a neutro-
penic murine thigh infection model as previously published (48–50). Briefly, mice (n = 9/group) were
rendered neutropenic by consecutive intraperitoneal injections of 150 and 100 mg/kg of body weight
cyclophosphamide at 4 and 1 day before bacterial injection (51). An S. aureus USA300 inoculum
(;1.5 � 106 CFU/mL) was prepared by diluting logarithmic phase bacteria with fresh MHB. Each mouse
was infected by intramuscular injection of 0.1 mL of the inoculum (;1.5 � 105 CFU) into the right thigh
muscles. At 2 h postinfection, 0.1 mL of lcCCL28-25 peptide (300 mg) or vancomycin hydrochloride
(300 mg, 15 mg/kg) was administered by intraperitoneal injection. The control group was injected with
an equal volume of PBS. Untreated control mice were sacrificed at the start of treatment to establish the
baseline bacterial burden. Mice in the three treatment groups (PBS, vancomycin, and lcCCL28-25) were
sacrificed at 48 h postinfection. Their right thighs were aseptically harvested, placed in sterile saline and
homogenized using a Bioprep-6 homogenizer (Allsheng, Hangzhou, China). After being serially diluted
to 1:10 in sterile saline, 100-mL amounts of tissue suspensions at various concentrations were plated on
LB agar to determine bacterial counts after incubation at 37°C for 24 h.

Bacterial cell membrane permeability assay. The SYTOX green staining assay was performed to
assess peptide-associated membrane damage (47, 52). E. coli ATCC 25922 and S. aureus ATCC 25923 cells
in the mid-logarithmic phase were collected, washed thrice, and resuspended (5 � 107 CFU/mL) in
buffer B (10 mM Tris-HCl, pH 7.4, at 25°C). The bacterial suspensions were mixed with 5 mM SYTOX green
and incubated for 15 min at room temperature in the dark. Then, the mixtures were added to black,
clear-bottom 96-well plates at a density of 100 mL/well. After peptide addition, SYTOX green uptake was
monitored using an EnSpire multimode plate reader (PerkinElmer, Singapore) with an excitation wave-
length of 485 nm and an emission wavelength of 520 nm. Each measurement interval was 1 min, total-
ing 30 to 60 times. Melittin was used as the positive control, while bovine serum albumin (BSA) was the
negative control.

Fluorescence microscopy. E. coli ATCC 25922 and S. aureus ATCC 25923 cells were grown overnight
in LB medium and subcultured at 37°C and 150 � g to achieve the mid-logarithmic phase (OD600 was
;0.4 to 0.6). After washing thrice using buffer B (10 mM Tris-HCl, pH 7.4, at 25°C), lcCCL28-25 (5 mg/mL)
was added to the bacterial suspensions and coincubated at room temperature for 15 min. Then, the flu-
orescent dye and stains (FM4-64 [1 mg/mL], SYTOX green [0.5 mM], and DAPI [2 mg/mL]) were added, af-
ter which the broth was incubated at 0°C for 10 to 15 min (DAPI and SYTOX green) or 45 to 60 min
(FM4-64). Cells were obtained by centrifugation, washed, and resuspended in PBS (20 mL). Subsequently,
1 mL of the bacterial suspension was dropped onto a precleaned slide (1 mm thick) and covered with a
cover glass (0.17 mm thick). Then, samples were imaged by a Leica TCS SP8 STED microscope, with laser
excitation for DAPI (405 nm), SYTOX green (514 nm), or FM4-64 (520 nm) and a photomultiplier or hybrid
detector. A STED laser was applied at 660 nm for SYTOX green and 775 nm for FM4-64.

Electron microscopy. E. coli ATCC 25922 and S. aureus ATCC 25923 cells were cultured and coincu-
bated with or without lcCCL28-25 as described above for fluorescence microscopy.

For scanning electron microscopy (SEM), bacterial cells were fixed with 2.5% glutaraldehyde in PBS
(pH 7.35) and attached to 12-mm cover glasses by centrifugation at 75 � g for 6 min using a Cytospin 2
centrifuge (Thermo Fisher Scientific, Schwerte, Germany). Then, cover glasses with attached bacteria
were postfixed in 1% aqueous OsO4 for 30 min, dehydrated in a sequence of increasing ethanol concen-
trations (70%, 80%, and 100%), and critical point dried in a CPD030 (Leica Microsystems, Vienna,
Austria). Next, dried samples were mounted on aluminum stubs using conductive carbon tabs, coated
with 4 nm of platinum in a CCU-010 sputtering device (Safematic, Bad Ragaz, Switzerland), and imaged
by a Supra 50 VP SEM at an acceleration voltage of 2 kV using the in-lens secondary electron detector
(Zeiss, Oberkochen, Germany) (53).

For transmission electron microscopy (TEM), bacterial cells were obtained by centrifugation after over-
night fixation in 2.5% glutaraldehyde (pH 7.35, in PBS) at 4°C. Cells from the pellet were drawn into cellu-
lose capillary tubes, immersed in 1-hexadecene, sliced into tubes of about 4 mm in length, transferred into
6-mm aluminum specimen carriers with an indentation of 5 mm by 0.15 mm, covered with a flat 6-mm
aluminum specimen carrier dipped in 1-hexadecene, and frozen with an EM HPM100 high-pressure freez-
ing machine (Leica Microsystems, Vienna, Austria). Freeze substitution (EM AFS2 freeze-substitution unit;
Leica Microsystems) was performed in anhydrous acetone containing 1% OsO4 at290°C for 9 h,260°C for
6 h, 230°C for 3 h, and 0°C for 1 h with temperature transition gradients of 30°C per hour. After washing
thrice using anhydrous acetone, samples were incubated in 1% uranyl-acetate (from 20% stock solution in
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anhydrous methanol) for 1 h at 0°C. Then, samples were rinsed thrice in anhydrous acetone and embed-
ded overnight in 66% Epon-Araldite (Sigma-Aldrich, Buchs, Switzerland) in anhydrous acetone at 4°C,
100% Epon-Araldite at room temperature for 1 h, and polymerized at 60°C for at least 28 h. Thin sections
were poststained with Reynolds lead citrate and imaged by a CM100 or Tecnai G2 spirit TEM (Thermo
Fisher Scientific, Eindhoven, The Netherlands) at 80 or 120 kV acceleration voltage, respectively. Imaging
was performed using a side-mounted Orius 1000 charge-coupled-device (CCD) camera (4,000 by 2,600 pix-
els; Gatan, Munich, Germany) (53).

Statistical analysis. Statistical analyses for data obtained from in vitro and in vivo experiments were
performed using the two-tailed unpaired Student t test and unpaired nonparametric Mann-Whitney U
test, respectively. A P value of ,0.05 was considered significant. Group sizes, reproducibility, and P val-
ues for each experiment are given in the figure legends.

SUPPLEMENTAL MATERIAL
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