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a b s t r a c t

In this work, the potential antimicrobial role and mechanism of action of a-helix domain of trout and
salmon IL-8 against Eschericia coli, Pseudomonas aeruginosa and Staphylococcus aureus was investigated.
By an in silico analysis of the primary structure of IL-8 from Oncorhynchus mykiss and salmo salar, it was
evidenced that g-core motif was present, as in the vast majority of kinocidins. The a-helix domain of IL-8
(aIL-8) was synthesized by solid phase peptide synthesis and showed a tendency to form an a-helix
conformation, as revealed by circular dichroism. Additionally, it was demonstrated that aIL-8 from both
species showed antimicrobial activity against E. coli, P. aeruginosa and S. aureus. Membrane per-
meabilization and co-localization assay, as well as scanning electron microscopy, showed that these
peptides were accumulated on the cell surface and in the cytoplasm, suggesting that they were capable
of permeabilizing and disrupt the bacterial membranes and interact with cytoplasmic components. Our
results represent the first analysis on the antimicrobial function of IL-8-derived peptide from salmonids.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Antimicrobial peptides (AMPs) are major components of the
innate defenses against infections [1]. They are usually small-sized
(12e60 amino acid residues), strong cationic, and heat-stable
peptides, exhibit inhibitory activity against antibiotic-resistant
strains and having no effect on eukaryotic cell [2,3]. Bio-
informatic, proteomic and microbiological approaches have led to
the identification of structural themes in several organisms that
unify diverse classes of disulfide-stabilized AMPs, that previously
were thought unrelated [4]. This is how a multidimensional
signature called g-core motif has been discover being a valuable
tool for predicting molecules with potential antimicrobial activity
[4e6]. Many cytokines and chemokines contain a g-core motif and
proved to display antimicrobial activity. Hence, the term kinocidin,
that encompasses chemokines with direct antimicrobial activity
e Curauma (NBC), Pontificia
ad #330, Chile.
).
[4,7e9].
Interleukin-8 (IL-8), is a well-studied chemokine that belongs to

the CXC subfamily. This molecule contains four cysteines and it is
structurally characterized by adopting a homodimer molecular
form in which each monomer has three antiparallel b-strands
connected with loops and a C-terminal a-helical domain. In addi-
tion, IL-8 is a monocyte-derived neutrophil chemotactic factor
whose function is attributed to the presence of a ELR (Glu-Leu-Arg)
motif at the N-terminal region of this chemokine [10,11]. In
humans, the CXC chemokine IL-8 has shown to have antimicrobial
activity and this function has been attributed to its C-terminal re-
gion [1,12]. In lower vertebrates, the CXC IL-8 has a predominantly
chemotactic function; however, it is not known if it possesses
antimicrobial activity. More recently it has been reported in
snakeheadmurrel that the peptideWS12 derived from the extreme
C-terminal region of IL-8 exhibited antimicrobial activity [13]. In
salmonids, there is no background information regarding the po-
tential antimicrobial activity of IL-8 or it mechanism of action.

In this work, complementary information about the current
function of IL-8 of salmonid in the immune response is presented.
The in silico analysis, the structural characterization and biological
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activity of the a-helical domain of IL-8 (aIL-8) have been developed
and are reported.

2. Materials and methods

2.1. Sequence analysis

Primary sequence of IL-8 was analyzed for the search of
conserved motifs using bioinformatics tools. Subsequently, the
protein sequence was obtained from the UniProt database (http://
www.uniprot.org/) corresponding to: Oncorhynchus mykiss (Gen-
Bank access number: Q98TQ2), Salmo salar (B5X6N7), Carassius
auratus (M1QAE5), Cyprinus carpio (Q1PBV7), Hypophthalmichtys
nobilis (H2D5R4), Ctenopharyngodon idella (G1FTT1), Coregonus
maraena (A0A098GJ19), Oncorhynchus kisutch (Q9PTS4), Sparus
aurata (X2CNL2), Takifugu rubripes (Q6F4N2), Larimichthys crocea
(L7PIB6), Homos sapiens (P10145), Oryctolagus cuniculus (P19874),
Sus scrofa (P26894), Canis lupus familiaris (P41324), Bos taurus
(P79255). These sequences were aligned using EMBOSS Water tool
(https://www.ebi.ac.uk/Tools/psa/emboss_water/) and Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) [14], and edited
using Jalview [15]. Protein secondary structure was predicted using
the Jpred4 tool (http://gre.dundee.ac.uk/publications/jpred4-
protein-secondary-structure-prediction-server/) [16]. In order to
establish a possible difference between the structures modeled, 3D
models will be constructed based on the amino acid sequences
from Oncorhynchus mykiss and Salmo salar using the I-TASSER on-
line server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [17].
The evaluation of the models was performed in ProsaWeb (https://
prosa.services.came.sbg.ac.at/prosa.php) [18] and QMEAN server
(https://swissmodel.expasy.org/qmean/) [19]. The structures were
visualized and analyzed using PyMOL [20]. NetWheels (http://lbqp.
unb.br/NetWheels/) was used to generate a graphic representation
of the helical domain [21].

2.2. Peptide synthesis and characterization

Peptides synthesis was carried out using the IL-8 sequences
available in UniProtKB of O. mykiss (Q98TQ2) and S. salar (B5X6N7).
The sequence synthesized were SAPWVKRVIEKMLANNK; desig-
nated as omIL8a (O. mykiss) and SAPWVKRVIKKMLANNK; desig-
nated as ssIL8a (S. salar). Synthetic peptides were synthesized by
solid phase multiple peptide system using Fmoc amino acids [22]
(Iris and Rink resin 0.65 meq/g). Moreover, a portion of peptide-
resin was used for rhodamine B coupling. Then, cleavage was
done with trifluoroacetic acid/TIS/water (95/2.5/2.5) and the pep-
tides were purified by RP-HPLC to a purity higher than 95%. The
peptides were lyophilized and analyzed by MALDI-TOF mass
spectrometry to confirm their molecular masses, and their struc-
ture was determined by circular dichroism (CD) spectroscopy. CD
was carried out as described by Santana et al. [23] Molar ellipticity
was calculated using 0.001mol/L for omIL-8a and ssIL-8a peptides.
CD spectra of the peptides were recorded in trifluoroethanol (TFE,
30% v/v in water). The spectra were recorded at 15 �C.

2.3. Antimicrobial activity

Three Gram negative bacteria tested were Escherichia coli (ML-
35), Pseudomonas aeruginosa (ATCC27853) and Staphylococcus
aureus (ATCC 25923). All the bacterial strains were provided by the
Chilean Institute of Public Health (ISP). The strains were cultured
overnight in trypticase soy broth (TSB) at optimum growth tem-
perature (25 �C or 37 �C). After that, the culture was diluted 100
times with TSB and incubated at 200 rpm until obtaining a DO600 of
mid-log phase. Cells were then washed and recovered by
centrifugation at 3800� g for 2min. The resultant pellets were
resuspended in 1% TSB in 10mM phosphate buffer saline (PBS) and
adjusted to 1� 107 CFU/mL (between 0,1 and 0,7 correspond to
1� 107 CFU/mL). Then were exposed to 10e100 mM peptide con-
centrations for 1 h at optimum growth temperature. Following
exposure, the bacteria cultures were diluted ten-fold with the same
buffer and incubated for 18 h in fresh TSB media. Minimum
inhibitory concentration (MIC) was determined as previously re-
ported [24]. For another hand, minimum bactericidal concentration
(MBC) was determined as previously described [25]. In brief, bac-
teria (106 CFU/mL) were incubated with the peptide at a concen-
tration range from 10 to 100 mM, for 1 h. After incubation, cells were
spread on tryptic soy agar (TSA) and incubated for 12e16 h at op-
timum growth temperature. Colonies formed were counted and
survival bacteria (CFU/mL) was calculated. Independent experi-
ments were repeated a minimum of three times. A phospholipase-
A2-derived synthetic peptide variant was used as a positive control
[26].

2.4. SYTOX green bacteria permeabilization assay

SYTOX Green uptake assay was performed according to a pre-
viously described procedure [27,28]. Cultures of exponentially-
grown E. coli were diluted in 10mM sodium phosphate buffer
(pH 7.2) to a cell density of 1� 106 CFU/mL. Then aliquots of 90 mL of
this cell culture were deposited in optics real time PCR tubes and
5 mL of the solution of peptides (30 and 40 mM) and 5 mL of 100 mM
SYTOX Green were added to the wells, and then the tubes were
placed in the thermocycler (Agilent Mx3000p qPCR System). The
thermocycler program was performed using the SYBR green filter
selected, 40 cycles of 30 s at 37 �C with reading at the end of each
cycle. Control experiments were performed under the same con-
ditions without the addition of peptide. Independent experiments
were repeated a minimum of three times.

2.5. Confocal laser-scanning microscopy

E. coli and S. aureus were inoculated in 10mL TSB and grown at
37 �C, until an OD600nm of mid-log phase. Bacteria were harvested
by centrifugation at 2500� g for 5min, washed twice in PBS, and
resuspended in the same buffer. Approximately 1� 107 cells (in
50 mL) were transferred into a 1.5-mL Eppendorf tube, where the
rhodamine B-coupled peptides are added at MIC concentration.
Samples were incubated at 37 �C for 30min; a control sample,
without peptide, was also included. Then the samples were trans-
ferred and fixed on glass slides with 4% paraformaldehyde for
20min and washed twice in PBS. Finally, SYTO 9 fluorophore was
used as a nucleic acids stain. The images were analyzed by Leica
Application Suite Advanced Fluorescence (LASAF) software.

2.6. Scanning electron microscopy (SEM)

Aliquots of mid-log phase E. coli and S. aureuswere harvested by
centrifugation at 1000� g for 5min. Cell pellets were washed twice
with 10mM PBS and resuspended in the same buffer. The cell
suspension was incubated at 24 �C for 20min with the peptides at
MIC concentration. After incubation, the cells were centrifuged and
washed 3 times at 1000� g for 5min with PBS. Bacterial pellets
were deposited on a glass coverslip in a Petri dish for 20min and
then fixed in 500 mL of 2.5% (v/v) glutaraldehyde in PBS. Subse-
quently, the bacterial samples were dehydrated with a graded
ethanol series, critical-point dried, and coated with platinum-
palladium to avoid charging in the microscope. Microscopic ex-
amination was performed in a Hitachi SU 3500 scanning electron
microscope.
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3. Results and discussion

AMPs have been traditionally classified according to their origin,
amino acid composition and antimicrobial activities [29]. Yeaman
and Yount [4,6] described a consensus sequence relating broad
classes of disulfide-stabilized antimicrobial peptides, referred to as
g-core motif. This signature allows prediction of molecules with
potential antimicrobial activity that until now were not suspected
of having such activity. In humans, it has been described that IL-8
possesses a g-core motif and that its alpha helical C-terminal re-
gion has antimicrobial activity [1,12]. Based on these finding, results
presented here reveal for the first time that the C-terminal alpha
helix domain of IL-8 from salmonids has effective antimicrobial
activity against Gram negative and Gram positive bacteria.

Multiple and pairwise IL-8 sequence alignments were per-
formed with humans, salmonids and other organisms. The se-
quences aligned pairwise showed high similarity between human
and other mammals (86%e90%), and even fish (53e62%). All the IL-
8 chemokines presented four cysteine residues, a typical chemo-
kine pattern (Fig. S1). The analysis of the multiple alignment
revealed that all the sequences had a common and conserved g-
core signature with the following formula [NH2]..[C]-[X10-13]-
[GX3C]-[X2]-[P]..[COOH], where X can be any amino acid, as pre-
viously reported [4]. This sequence has been used to describe the g-
core motif in the vast majority of kinocidin, i.e. chemokines with
antimicrobial activity [5,12,13]. In fish, this sequence presents
substitutions located in the glycine residue (it is replaced for a
lysine in Hypophthalmichthys nobilis and Ctenopharyngodon idella).
Yount et al. [12] indicated that in some cases, there is variability at
the G position and it could be replaced for a cationic or amidated
residue. The proline residue it is replace for a valine in O. mykiss, S.
salar and O. kisutch. The IL-8 sequences from O. mykiss and S. salar
obtained from the Uniprot database have 92.8% identity. The pair-
wise alignment showed the conservation of the GXC motif
Fig. 1. Conservation of g-core motif and 3D structure among salmonids. A) Alignment of I
motif (yellow frame) and a-helical domain (red frame). The amino acids that are highly cons
from trout (red) and salmon (blue) generated with PyMOL. Zoom and superposition of g-cor
(red) and salmon (blue) residues are highlighted.
(Glycine73-[X3]-Cysteine77) within the g-core sequence and little
differences among salmonids have been found. A lysine residue
(lysine71) in trout is replaced for an asparagine in salmon. The
same occurs in the C-terminal a-helical domain where a glutamic
acid (glutamic acid90) in trout is replaced for a lysine is salmon
(Fig. 1A and 1B). To establish if the difference in these residues af-
fects the conformational structure of the IL-8 of trout and salmon, a
model of IL-8 was generated using the I-TASSER server, which
revealed that both structures consisted of one a-helix, three b-
sheet and the remaining length was random coil (Fig. 1B). A su-
perposition of the 3D structures shows that there are different
spatial conformations for each sequence, which becomes more
evident in the a-helical domain, since a negative polar amino acid
of trout is replaced at the same position for a positively charged
polar residue in salmon. The difference in this residue could have
changed the physicochemical properties of both alpha helix do-
mains (omIL-8a and ssIL-8a) as their charge (Table 1), which
highlights a different antimicrobial effect for both C-terminal se-
quences. Also, the helical wheel projection for omIL-8a and ssIL-8a
indicated that they display amphipathic nature and contain hy-
drophobic residues on the outer surface of the helix (Fig. 2A y 2D).
Another important aspect to emphasize is the presence of trypto-
phan in the a-helical structure of both species (Fig. 2B and 2E). It
has been described that the presence of tryptophan in peptides is
an important factor for its antimicrobial activity [30], given that it
ensures a more efficient interaction of peptides with the bacterial
membrane [31].

In order to determine if this a-helical domain from trout and
salmon possesses antimicrobial activity, chemical synthesis of the
corresponding peptide was made. The omIL-8a and ssIL-8a pep-
tides were purified by RP-HPLC to a purity of >95% (Fig. S2A). The
molecular masses of the purified peptides were confirmed by mass
spectrometry ESI-MS, being 1983.4 Da for omIL-8a and 1982.5 Da
for ssIL-8a (Fig. S2B). CD spectra were observed for the peptides in
L-8 from trout and salmon showed a high level of amino acid conservation in the g-core
erved in the g-core motif are shown in colors. B) Superposition of the 3D models of IL-8
e motif (left) and a-helical domain (right) are shown in dotted line. Differences in trout



Table 1
Physicochemical properties of a-helical domains in salmonids.

Alpha helical domain

Nr of AA Mw pI Q

Oncorhynchus mykiss 17 1984.37 10.94 þ3
Salmo salar 17 1983.43 11.75 þ5

AA: amino acids; MW: molecular mass in Daltons; pI: isoelectric point; Q: Net
charge at pH 7.
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30% TFE, which mimicked the hydrophobic environment of mem-
brane. For omIL-8a and ssIL-8a in TFE solvent a tendency to form an
a-helical conformation was revealed with a double minimum be-
tween 210 and 230 nm and a maximum at around 190 nm (Fig. 2C
and 2F). Similar results were obtained for the IL-8 derived a-helical
domain of humans [12].

The antimicrobial activity of omIL-8a and ssIL-8a was tested
against E. coli, P. aeruginosa and S. aureus. The MICs andMBCs of the
peptides are listed in Table 2. The results obtained revealed that
omIL-8a and ssIL-8a produced 50% of inhibition of E. coli and
P. aeruginosa below 30 mM. In the case of S. aureus, was inhibited at
high concentrations over 60 mM. Complete bactericidal activity for
E. coli and P. aeruginosa was observed up to 40 mM, while for
S. aureus complete bactericidal activity was observed over 100 mM.
In humans, through inhibition zone assay, it has been reported that
C-terminal derived peptide of IL-8 only had antimicrobial activity
against Candida albicans but no against S. aureus at concentration of
50 mM [12]. Also, Bj€orstad et al. [1] tested peptide concentrations
ranging from 50 mM to 2.5mM against Gram-negative and Gram-
positive bacteria. They reported that at a high concentration of a-
helical domain (over 500 mM) antimicrobial activity was observed
against E. coli and Streptococcus pyogenes but no against S. aureus.
Similar studies were performed in snakehead murrel, where IL-8-
derived peptide WS12 was tested against different pathogens,
E. coli between them [13]. In that study, concentrations of peptide
Fig. 2. Helical wheel projections, 3D-structure and representative circular dichroism spe
peptides showed the amino acid arrangement in the helical structure. The output presents
potentially negatively charges as squares (blue), and potentially positively as triangles (red
(red) and hydrophobic (blue) amino acid residues. B and E) 3D-structure of the a-helical dom
with positively charged residues localized in the polar face of the helix (red). C and F) R
trifluoroethanol in water.
WS12 between 3.125 and 50 mMwere used, but they do not indicate
the minimum inhibitory concentration used against E. coli and
other bacteria like Bacillus cereus. In none of these studies was the
activity against P. aeruginosa evaluated. IL-8 derived a-helical
domain of salmonids showed antimicrobial activity as well, as
previously reported for human and snakehead murrel [1,12,13];
however, peptides omIL-8a and ssIL-8a showed antimicrobial ac-
tivities at lower concentrations.

A fluorescent nucleic acid stains such as SYTOX Green, a mem-
brane impermeant [27,32], was used to study the effect of these
peptides on the membranes of living microbial cells. A phospholi-
pase-A2-derived synthetic peptide variant was used as a positive
control [26]. As shown in Fig. 3A, SYTOX Green fluorescence was
monitored after the addition of 30 and 40 mM peptides (omIL-8a
and ssIL-8a) to E. coli cells resuspended in PBS buffer. Treatment
with omIL-8a at 40 mM shows a strong effect, bacterial cells being
permeabilized in just a few minutes. A similar trend was observed
in the treatment with ssIL-8a at 40 mM. Treatment with ssIL-8a at
30 mM, induced less uptake of SYTOX Green than at 40 mM. Treat-
ment with omIL-8a at 30 mM has no effect in the influx of SYTOX
Green into the bacterial cells. The control phospholipase-A2-
derived synthetic peptide induced maximum dye influx at 20 mM
in 5min. These results indicate that omIL-8a and ssIL-8a efficiently
disrupt the integrity of bacterial membranes at 40 mM, causing an
influx of SYTOX, which dependent of concentration and structure of
peptide.

The insertion into the cytoplasmic membrane with pore for-
mation and resultant disruption of lipid asymmetry has been
described for some AMPs [33,34].

Confocal microscopy was performed to determine the localiza-
tion of omIL-8a and ssIL-8a within E. coli and S. aureus. The co-
localization of the rhodamine-labeled peptides with bacterial
DNA showed that these peptides were accumulated on the surface
of the cells and in the cytoplasm, evidencing that theywere capable
of permeabilizing the bacterial membranes and interact with
cytoplasmic components (Fig. 3B).
ctra for omIL-8a and ssIL-8a peptides. A and D) Helical wheel of omIL-8a and ssIL-8a
the hydrophilic residues as diamonds (green), hydrophobic residues as circles (yellow),
). A 3D representation with dots of the helix shows the distribution of the hydrophilic
ain of omIL-8a and ssIL-8a, respectively and the presence of the Trp amino acid (blue)

epresentative circular dichroism spectra for omIL-8a and ssIL-8a peptides in 30% v/v



Table 2
Antimicrobial activity of omIL-8a and ssIL-8a.

MICa (MBCb) mM

Gram-negative bacteria Gram-positive bacteria

Peptides E. coli P. aeruginosa S. aureus

omIL8a 30 (40) 30 (40) 100 (>100)
ssIL8a 20 (30) 30 (40) 60 (100)

a MIC: Minimun inhibitory concentration.
b MBC: minimun bactericidal concentration.
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A SEM study was performed then for the direct observation of
cell morphological changes after peptides treatment. The untreated
E. coli and S. aureus cells were used as a control, exhibiting a smooth
and intact surface (Fig. 4). Bacterial cells treated with omIL-8a and
ssIL-8a, showed formation of multiple bleb-like structures on the
surface of E. coli and S. aureus. In addition, the partial detachment of
an outer membrane was seen on E. coli cells treated with omIL-8a
(Fig. 4). The same results were observed by Sathyamoorthi et al.
[13]when B. cereus was treated with IL-8-derived peptide WS12
and they indicate that this was due to osmotic swelling of the
bacterial membrane leading to its permeabilization.

In conclusion, the results of the present study present a new
insight on the role of IL-8 of salmonids. It was possible to determine
in this investigation that IL-8 of salmonids presents, as in humans,
Fig. 3. Membrane permeabilization effect and localization of omIL-8a and ssIL-8a pepti
5mM SYTOX Green and exposed to 30 and 40 mM of omIL-8a and ssIL-8a peptides for 20m
same conditions without the addition of peptide. Phospholipase-A2-derived synthetic peptid
at 521 nm. B) Confocal laser scanning microscopy images of Escherichia coli and Staphylococcu
8a-Rho (down) at MIC concentrations. Wavelengths used were €eEXC¼ 489 nm and €eEM¼
three structural domains (b domain in the N-terminal region, g-
core motif and a-helical domain in the C-terminal region), where
the alpha helix domain presents antimicrobial activity com-
plementing its chemoattractant role. Additionally, the results ob-
tained suggest that the mode of action of the peptide IL8a from
salmonids with a-helical structure, occurs via interaction with the
membrane with formation of bleb-like structures on the cell sur-
face and entry into the cytoplasm. Further research is necessary for
studying the microbicidal efficacy and cytotoxicity of IL8a in a
specific biological context, such as blood matrices, so to determine
the potential of these peptides as a new antimicrobial agents to
combat bacterial infections.
des. A) influx of SYTOX Green in E. coli cells incubated in a final volume of 100 mL with
in. Data were recorded at 5min intervals. Negative controls were performed under the
e at 20 mM was used as a positive control. The increase in fluorescence was determined
s aureus cells treated with phosphate buffer (control), or omIL-8a-Rho (center), or ssIL-
519 nm for Syto9 and €eEXC¼ 554 nm and €eEM¼ 579 nm for rhodamine.



Fig. 4. Scanning electron microscopic micrographs of E. coli and S. aureus treated with omIL-8a and ssIL-8a peptides. A) SEM micrographs of Escherichia coli without peptide
(left), in the presence of omIL-8a (center) and in the presence of ssIL-8a (right). B) SEM micrographs of Staphylococcus aureus without peptide (left), in the presence of omIL-8a
(center) and in the presence of ssIL-8a (right). Segmented frame shows a zoom of representative bacteria.
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