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Antimicrobial peptides are documented as having a crucial role in innate immune response. Many reports
have studied antimicrobial peptides from the crocodile. Thus, the antimicrobial activity of liver protein
extract from Crocodylus siamensis was examined. Our results show that PS0 and P80, partially purified
crocodile liver protein extract at 45 mg/ml, can inhibit gram-positive bacteria with the highest percentages
of inhibition at 48.22 % and 37.54 % respectively, while gram-negative bacteria could be inhibited at
47.31 % and 35.32 %, respectively. However, only P80 was selected for further phagocytosis activity
investigation since it showed low cytotoxicity in the macrophage cell line. The results show that P80 can
kill bacteria by an intracellular killing process in phagocytic cells of macrophages in a dose-dependent
manner. Moreover, the internalization of phagocytosis activity of macrophages was assayed using
fluorescein isothiocyanate-labeled Escherichia coli and flow cytometry. The results reveal that P80 can
degrade bacteria by inducing phagosome formation in a time and dose-dependent manner (200-800 pg/ml).
In these findings, the liver protein extract of Crocodylus siamensis had an enhancing effect on macrophage
RAW 264.7 cells in the phagocytosis process.
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Innate immunity refers to the first-line host defense that
serves to limit infection in the early hours after exposure
to a microorganism invasion. The eradication and
clearance of invading pathogens requires the complex
coordination of multiple innate immune pathways!!.
Basically, the innate immune system includes diverse
cells such as Dendritic Cells (DCs), neutrophils,
Natural Killer (NK) cells, Innate Lymphoid Cells
(ILCs) and macrophages. The macrophages are a type
of differentiated tissue cell that originate from blood
monocytes. Their primary function is phagocytosis,
which depends largely on cell receptors®. It offers
several functions such as the removal of cell debris, the
killing of pathogenic microorganisms and the ability
to present antigens to lymphocytes?®l. Therefore, the
activation of macrophages is a key event for effective
innate and adaptive immunities. Recently, there is
a promising attempt towards exploration of novel
compounds from natural sources that modulate the
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immune response, including active compounds from
plants and animals, especially reptiles™*!,

However, it has long been appreciated that blood
contains important elements that mediate rapid
responses toward infections. Regarding blood systems,
blood samples of reptile species have been studied
extensively to elucidate immune responses, in order
to understand the evolution of the immune system.
The reptiles have a broad innate immune response
followed by a more moderate adaptive response and
as an ectotherm, their immune response is strongly
affected by temperature!®. Studies over the past decade
have revealed that the reptiles innate immune responses
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encompass diverse groups of molecules that include
non-specific leukocytes, lysozymes and Antimicrobial
Peptides (AMPs),

The AMPs, or host-defense peptides, are an important
component of the innate immune system and play a
critical role in the host defense against pathogenic
microbes. A previous report showed that the AMP
named LL-37 could enhance phagocytosis of human
macrophages!”. Recently, active AMPs were discovered
from a wide range of sources such as invertebrates!®,
mammals® and reptiles, especially in crocodiles!!”.
Crocodiles always have injuries from battles for
territory, food and breeding. However, any evidence of
crocodile disease or death from infection has not been
reported. This phenomenon might raise the hypothesis
that crocodiles possess an effective immune system.
According to previous studies, Crocodylus siamensis
(C. siamensis) expresses a variety of small AMPs from
crocodile blood, including crocosin', leucrocin!?,
cathelicidin™ and hepcidin¥. In addition, not only
antimicrobial activity has been observed, but also
other biological properties of C. siamensis blood
have been reported, such as antioxidant [5'°! anti-
inflammation!'>'"), wound healing!"® and anticancer
properties!'?.

The protein components in the bloodstream are mostly
produced from the liver, an organ that is responsible
for synthesizing numerous kinds of proteins, including
vital proteins for normal function and marker proteins
to indicate liver disease. Many proteins are secreted
into the bloodstream including albumin, alpha 1 (a)-
globulins, o, -globulins, beta (B)-globulins, blood-
clotting factors and transporter proteins, example
lipoproteins and albumin®”. Interestingly, a novel
AMP, named Liver-Expressed Antimicrobial Peptide
(LEAP) was discovered in vertebrate livers such as
fish?!! carpf®?, porcine®! and human. In addition, the
liver protein hydrolysates derived from chicken show
antimicrobial and antioxidant activity®!. Previous
studies have shown multiple biological properties from
crocodilian blood components!!*!2, However, it is not
known whether C. siamensis liver is able to generate
potential AMPs and mediate phagocytosis. Thus, the
primary goal of this study was to evaluate the effects of
crocodile liver protein on antimicrobial and phagocytic
activity of macrophages. The results from this study will
provide some insights into the potential active protein
from crocodile liver for finding an active substance for
therapeutic use in infectious diseases.
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MATERIALS AND METHODS

Crocodile liver extract:

The crocodile (C. siamensis) liver was kindly provided
by Sriracha Moda Farm (Chon Buri, Thailand). The liver
was extracted and fractionated following the method
previously described by Walker?®l. The liver was cut
into small pieces and ground under liquid nitrogen in
a mortar using a pestle. The liver powder was then
suspended in 10 mM Phosphate Buffer Saline (PBS, pH
7.4) and homogenized on ice using an ultrasonicator.
Crude liver protein extract was centrifuged at 12 000xg
for 60 min at 4°. The supernatant was collected and
kept in lyophilized powder and then stored at -70°.

Precipitation of crocodile liver protein extract:

The crocodile liver extract was partially purified using
the ammonium sulfate precipitation method?”). Briefly,
the lyophilized liver protein was dissolved in 10 mM
PBS with a pH of 7.4. The solution was stirred on ice
and then ammonium sulfate was gently added to the
final concentration to 50 % saturation. After stirring
for 2 h, the precipitate was centrifuged at 10 000xg for
20 min at 4°. The pellet was collected and re-suspended
in the appropriate buffer. The suspension was further
precipitated with 80 % saturated ammonium sulfate and
continually stirred for 2 h at 4°. After centrifugation, the
pellet was collected and re-suspended in the appropriate
buffer. Subsequently, proteins that precipitated at 50 %
and 80 % ammonium sulfate saturation were named as
the P50 and P80, respectively. Dialysis against double-
distilled water at 4° overnight was performed and the
protein pattern was analyzed by 15 % Sodium Dodecyl-
Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE).

Quantitative determination of proteins:

The liver protein concentration was determined by the
method of Bradford®®, using bovine serum albumin as
the protein standard. After 10 min of incubation at room
temperature, the absorbance of the reaction mixture
(protein-dye complex) was measured at 595 nm. The
protein concentration was then calculated using the
standard calibration curve.

Determination of protein pattern:

The SDS-PAGE was performed according to the
Laemmli method®!. The pattern of protein was
estimated in 15 % acrylamide gel. Protein samples were
prepared by mixing them with 2x solubilizing buffer
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(0.5 M Tris (hydroxymethyl) aminomethane
Hydrochloride (Tris-HCI) (pH 6.8), 0.5 % (w/v)
bromophenol blue, 10 % (v/v) glycerol, 2 % (w/v)
Sodium Dodecyl Sulfate (SDS) and 10 % (v/v)
B-mercaptoethanol) at a ratio of 1:1 (v/v). The mixtures
were then boiled for 5 min. The liver protein extract
was separated by SDS-PAGE gel electrophoresis and
then protein patterns were visualized using Coomassie
Blue R-250 staining. Standard proteins were obtained
from a kit (Amersham Bioscience, Sweden).

Refolding gel electrophoresis:

The polyacrylamide gel electrophoresis was performed
using a4 % (w/v) stacking gel and 15 % (w/v) separating
gel containing 2 % (w/v) of Micrococcus lysodeikticus
(Sigma-Aldrich, United States of America (USA)).
20 micrograms of liver protein extract were mixed with
2x solubilization buffer (62.5 mM Tris-HCI buffer, pH
6.8, 0.006 % (w/v) bromophenol blue as tracking dye,
20 % (v/v) glycerol and 2 % (w/v) SDS), then boiled
for 5 min and loaded into each well. The protein sample
was run alongside lysozyme as a positive control, using
Mini-PROTEAN® Precast Gels (BIO-RAD, USA) at a
constant voltage of 150 V until the dye front appeared
at the lowest part of the gel. The gel was washed with
double-distilled water for 30 min to eliminate residual
SDS, submerged in 0.05 M sodium phosphate buffer,
pH 7.0 containing 1 % (v/v) Triton X-100 and was
shaken until the clear zones appeared.

Antibacterial activity assay:

The antimicrobial activities of the P50 and P80 were
investigated against gram-positive (Bacillus cereus
(B. cereus) American Type Culture Collection (ATCC)
11778) and gram-negative (Vibrio cholera (V. cholera))
bacteria by the broth-dilution assay using the broad-
spectrum ampicillin (1 mg/ml) as the positive control!'.
Briefly, 10 pl of the P50 and P80 (1.4-45 pg/ml) were
added individually into 100 I of a suspension of bacteria
at a starting Optical Density (OD,,) nm=0.001 (1x10°
colony forming unit (cfu)/ml) in Nutrient Broth (NB)
and then incubated at 37 for 16 h. Bacterial growth
was measured at OD, , nm using a microplate reader
(BIO-RAD, USA). The percentages of bacterial growth
inhibition were calculated as follows: Bacterial growth
inhibition (%)=100-[(S/N)x100], where S is the OD,,,
nm of bacteria treated with the liver protein extract
samples or positive control and N is the density of
600 nm of untreated bacteria (negative control).
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Cell culture and cytotoxicity assay:

Murine macrophage cell lines (RAW 264.7) from
the ATCC, USA, were kindly provided by Assistant
Professor Dr. Pramote Mahakunakorn, Faculty of
Pharmaceutical Sciences, Khon Kaen University, Khon
Kaen, Thailand. The cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium,
supplemented with 10 % heat-inactivated Fetal Bovine
Serum (FBS) and 1 % antibiotic:antimycotic (Gibco,
USA). Vero cells (normal cells) were cultured in
Dulbecco’s Modification of Eagle Medium (DMEM)),
supplemented with 10 % heat-inactivated FBS and 1 %
antibiotic:antimycotic (Gibco, USA). The RAW 264.7
and Vero cells were incubated at 37° in a 5 % Carbon
Dioxide (CO,)-humidified atmosphere. The RAW
264.7 and Vero cells (1x10° cells/ml) were seeded on
a 96-well plate and allowed to attach at 37° in 5 %
CO, overnight. These cells were incubated with P50
and P80 at different concentrations of 4-1024 g/ml for
24 h. The cell viability was measured after 24 h exposure
to P50 and P80 by the 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyl Tetrazolium Bromide (MTT) assay!*’.
The experiments were performed in triplicate. The cell
viability of treated cells was evaluated by comparing
with the control cells.

Bacterial preparation and Fluorescein

Isothiocyanate (FITC) labeling:

Escherichia coli (E. coli) ATCC25922 were grown
on a nutrient agar plate for 16-20 h. A single colony
was inoculated into the NB and cultured at 37° for
6 h to obtain an exponentially growing culture. The
bacteria cells were labeled with FITC as in the previous
explanation®!, Bacteria were washed 3 times in PBS
buffer and resuspended in 500 pl of FITC solution
(1 mg/ml) with a ratio of 1:1. The solution was
incubated at ambient temperature for 60 min in the
dark. After that, the bacteria cells were washed with
PBS buffer. The FITC-labeled bacteria were diluted to
a density of 1x10® cfu/ml in the same buffer prior to
further experiments.

Killing assay:

RAW 264.7 cells (1x10° cells/well) were seeded into
a 96-well plate and incubated at 37° in a 5 % CO,
incubator overnight to allow cell attachment. The P80
at a concentration of 50-800 pg/ml was treated with
RAW 264.7 cells and incubated at 37° ina 5 % CO,
incubator for 8 h. Then 25 ul of 2x107 cfu/ml E. coli
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cells were added and incubated at 37° in a 5 % CO,
incubator for 2 h. The phagocytosis was stopped by
adding ice-cold PBS buffer and macrophage cells were
harvested. The collected macrophages were carefully
lysed in ice-cold sterile double-distilled water using
a pipette and the lysed cells were prepared with ten-
fold serial dilutions in a range of 10-10'° dilutions with
the appropriate medium. Then 5 ul of each dilution
were spotted on an agar plate and incubated at 37° for
14 h. The colonies of each spot were counted as colony-
forming units (cfu/ml).

Phagocytosis activity of C. siamensis liver extract on
macrophage cells:

Measurement of phagocytosis of FITC-labeled E. coli
was carried out as previously described®*. Briefly,
RAW 264.7 cells (1x10° cells) were seeded into a 12-
well plate and allowed to attach overnight. The cells
were pre-incubated with P80 (200, 400 and 800 pg/
ml) before incubating them with labeled-E. coli cells
at a ratio of 1:10. After the incubation, the internalized
reaction with labeled-E. coli cells was then stopped with
ice-cold PBS buffer (pH 7.4) and the macrophage cells
were harvested. After that, the phagocytosis activity was
measured in comparison with untreated cells using the
cell-sorting flow cytometry. The phagocytosis activity
was evaluated using the Side Scatter (SSC) parameter
and displayed as a histogram of FITC intensity of
phagocytosis cells.

Cell imaging by IN cell analyzer:

RAW 264.7 cells (1x10° cells/well) were seeded into
clear 96-well black plates and incubated at 37° in
5 % CO, overnight. P80 at a concentration of 200, 400
and 800 pg/ml was added and then incubated at 37° in
5 % CO, for 8 h. The phagocytosis was investigated by
adding the pHrodo green E. coli Bioparticle conjugates
into each well and incubating for 60 min. After the
incubation, the phagocytosis activity was observed
immediately and monitored further every 15 min
(75, 90, 105 and 120 min) using a GE/IN Cell analyzer
2000 (GE Healthcare, Sweden).

Statistics analysis:

The collected data were presented as the mean+Standard
Deviation (SD) for comparison between control and
testing groups of triplicate samples. The differences
between the mean values of all data were statistically
analyzed by the analysis of variance. Statistical
significance was accepted at p<0.05.
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RESULTS AND DISCUSSION

The molecular weight of proteins contained in crude
liver protein extract was determined by SDS-PAGE.
The protein pattern demonstrated different sizes of
proteins ranging over 10-100 kDa (fig. 1A). Since the
liver protein extract exhibited an abundance of proteins,
the favorable biochemical functions might also be
various. However, the antibacterial activity was a key
point of this study, thereby the refolding gel was used
to investigate the antibacterial activity of liver protein
extract against the gram-positive bacteria, Micrococcus
lysodeikticus. The clear zone was observed at the
protein band of approximately 14 kDa, which indicated
antibacterial activity (fig. 1B). However, some
antibacterial proteins might be enervated by losing
their refolding ability or partially misfolding on the gel.
Furthermore, the small active antibacterial peptides
(AMPs) might be not detected with 15 % gel, resulting
in no sign of antibacterial activity on the refolding gel.

In order to investigate rather active antibacterial
proteins and peptides, the crude liver protein extract
was precipitated under 50 % (P50) and 80 % (P80) of
ammonium sulphate. The results revealed that both
P50 and P80 demonstrated higher purified protein
patterns than that of crude liver extract. Interestingly,
the maintained major proteins appeared in the size
ranges of 20.1-66 kDa and 14-80 kDa for P50
and P80, respectively (fig. 2A). The broth dilution
assay revealed that at the highest concentration test
(45 mg/ml) the percentage of inhibition of P50 and P80
against gram-positive (B. cereus ATCC11778) were

A iF
&
Marker
kDa
97 —
66
45 -
30 - :;
—_—
20.1
144
SDS-PAGE Refolding gel

Fig. 1: (A) Protein pattern of C. siamensis liver proteins extracted
by 15 % SDS-PAGE; (B) The refolding gel electrophoresis was
further performed to investigate antibacterial protein on 15 %
separating gel containing 2 % of Micrococcus lysodeikticus. The
arrow indicates the clear zone band resulting from antibacterial
protein activity
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at 48.22 % and 37.54 % and against gram-negative
(V. cholerae) were at 47.31 % and 35.32 %, respectively
(fig. 2B-fig. 2E). The antibacterial activities of both
P50 and P80 were also expressed in a dose-dependent
manner. Our findings demonstrate that P50 exhibited an
excellent antibacterial inhibition more than P80 against
B. cereus and V. cholerae (fig. 2). It is important to note
that the precipitation with 50 % ammonium sulphate
yielded greater total activity of active AMPs than
further precipitation with 80 % ammonium sulphate.
The higher precipitation level caused excessive
precipitates and aggregates, which might maintain
an arduous renaturation and misfolding®®*, leading to
lower activity. In addition, the P80 contained a variety
of mixed peptides in a wide range size around 14-80
kDa, thus it might be simply co-aggregation with other
proteins, resulting in demonstrating lower activity*4.

Before the desired effects on the phagocytosis
mechanism of macrophages can be investigated, the
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safety concerns toward macrophages (RAW 264.7) and
normal somatic cells (Vero cells) should be determined.
The cytotoxicity tests of P50 and P80 (4-1024 pg/
ml) revealed less toxicity on Vero cells without any
significant difference compared to the untreated control
(fig. 3A and fig. 3B). In contrast, a conspicuous toxicity
towards macrophages was presented by P50 in a dose-
dependent manner, which expressed lower than 80
% cell viability for the three highest doses (fig. 3C).
Interestingly, P80 showed negligible toxicity towards
macrophages with higher than 80 % cell viability for
all doses (fig. 3D). This finding reveals that some toxic
proteins might be misfolded or eliminated at a high
concentration of ammonium sulphate, accompanied,
nevertheless, with a lower antibacterial activity but
less toxicity towards both tested cells, especially
macrophages. Due to the lower toxicity of P80 on
macrophages, it was chosen to perform all further
experiments.
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Fig. 2: Protein pattern and antibacterial activity of precipitated liver protein extract, (A) Protein pattern of PS0 and P80; (B, C)
Antimicrobial activity of P50 and P80 against B. cereus and (D, E) V. cholerae, respectively. Distilled water and ampicillin were
used as negative and positive controls, respectively. Each bar represents the meantSD (n=3). Different letters on the top of the bar

represent statistically significant differences (p<0.05)
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Fig. 3: Cell viability of precipitated liver protein extract by MTT assay, (A, B) P50 and P80 treated with Vero cells and (C, D) RAW
264.7, respectively. Each bar represents the mean+SD (n=3). Different letters on the top of the bar represent statistically significant

differences (p<0.05)

For an investigation of the effect of C. siamensis liver
proteins on bacterial phagocytosis, the intracellular
killing ability of macrophages was firstly determined.
The results demonstrate that the total viable count
decreased in a dose-dependent manner for P80 (50-800
pg/ml). Our results show that the dose ranging over
200-800 pg/ml expressed a significantly lower viable
count than the control. The intracellular killing assay
revealed that the P80 directly affects the intracellular
killing of macrophages by dropping the viable counts
to a half (at 800 pg/ml) compared with the control
(fig. 4). This evidence could be supported by two
hypotheses being the P80, a cocktail of potential
AMPs from C. siamensis liver extract, expressed
strong extracellular and/or intracellular antibacterial
activities and the P80 might help to indirectly
promote the microbicidal properties through many
immunomodulatory compound productions like
other AMPs such as cathepsin®®! and cathelicidin
LL-37B3%. However, it is necessary to note that the
P8O clearly reinforced the intracellular killing ability
of macrophages. In general phagocytic cells such as
macrophages express receptors for opsonizing the
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large particles of antigens (>0.5 um)©**371. This receptor-
mediated process is called phagocytosis and it begins
when the phagocytic receptors recognize the bacterial
surface. With many signalling cascades, the membrane-
bound vacuole termed the phagosome is created and
transported to fuse with an endo-lysosome, yielding
phagolysosome, which is a degradative organelle with
effective microbicidal properties®®. Therefore, both
phagocytosis and intracellular killing comprise the
final steps in the resolution of extracellular microbial
infections of macrophages.

An investigation of P80 on the phagocytic capacity of
macrophages was made. The SSC parameter usually
aids in determination of the density of macrophage
cells or their internal granules, which normally
contain the phagocytic bacterial cells resulting from
the phagocytosis mechanism. According to fig. 5, the
pre-incubation of P80 increased the granule density
of macrophages in a dose-dependent manner when
compared to the control. Furthermore, the green
fluorescence measurement of the FITC asserted that
the increasing granules certainly contain the phagocytic
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FITC-labeled E. coli cells. Interestingly, the broader
peaks of the histograms were observed to be in a
dose-dependent manner for P80 (fig. 6A-fig. 6E).
The quantification intensity of FITC at a 200-800
mg/ml also showed a statistically significant increase

from untreated cells in a dose-dependent manner
(fig. 6F). This indicates that C. siamensis liver proteins
promote the phagosome formation of macrophages.
The phagosome formation in macrophages induced by
C. siamensis liver proteins (P80) was also explored using
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Fig. 4: Intracellular killing of RAW 264.7 macrophages induced by precipitated liver protein extract (P80). The cells (1x10°) were
pre-incubated with P80 for 8 h. The intracellular killing activity was demonstrated by the cfu/ml of surviving bacteria. Each
bar represents the mean+SD (n=3) of surviving E. coli after incubation with macrophages. Different letters on the top of the bar
represent statistically significant differences (p<0.05)
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Fig. 5: Effect of precipitated liver protein extract (P80) on bacterial phagocytosns of RAW 2é4.7 macrophages using the SSC
parameter, (A) Un-stained RAW 264.7 macrophages (non-phagocytosis cells); (B) Untreated cells; (C, D, E) Phagocytosis effect of
P80 at various concentrations 200, 400 and 800 pg/ml. Each histogram represents the density of granules in macrophage cells after
the occurrence of phagocytosis
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Fig. 6: Effect of precipitated liver protein extract (P80) on bacterial phagocytosis of RAW 264.7 macrophages using flow cytometer,
(A) Un-stained RAW 264.7 macrophages (non-phagocytosis cells); (B) Untreated cells; (C, D, E) Phagocytosis effect of P80 at
various concentrations 200, 400 and 800 pg/ml. Each histogram represents green fluorescence intensity after the occurrence of
phagocytosis; (F) Graphical representation of the intensity of FITC from each condition are shown as mean+SD (n=3). Different
letters on the top of the bar represent statistically significant differences (p<0.05)

an IN cell analyzer. The fluorescence measurement of
the pHrodo green revealed the increasing density of
the phago-lysosome inside macrophages. The results
demonstrate that the increase in P80 concentrations
(200-800 pg/ml) and incubation times (60-120 min)
support the phago-lysosome formation by expressing
higher fluorescence density compared to the control at
each time point(fig. 7). In detail, the phagosome itself did
not provide microbicidal properties, but when it is fused
with endo-lysosome to create an effective degradative
organelle termed a phagolysosome, the degradation
processes were drivenl*’38l. Phagocytic bacteria are
commonly killed by two different mechanisms. The
first mechanism depends on the presence of oxygen,
a respiratory burst and the generation of reactive
oxygen species. The second mechanism uses granule-
containing proteolytic enzymes to kill microbes?**.
These processes naturally cause an acidic condition (low
pH) inside the phagolysosome leading to the activation
of the pHrodo green dye. Therefore, phagolysosomes
could be distinguished and detected as a bright green
fluorescence!”. Altogether, this evidence shows that
the P80 did not only provide antibacterial activity
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which promotes intracellular killing, but also possesses
a phagocytic activity contributing to an increase in
phagolysosome formation. The understanding of the
phagocytosis mechanism induced by AMPs, which
usually possess cationic and hydrophobic properties,
remains unclear. Interestingly, there have been some
reports revealing that cationic and hydrophobic peptides
can promote phagocytosis through the enhancement
of the binding between phagocytic receptors with the
bacterial surface and the induction of cytokinel*'l,
Moreover, the macrophages engulfment could be
indirectly promoted by opsonin molecules (e.g.,
Immunoglobulin G (IgG) and complement component 3
(c3b)). The opsonin receptor on the macrophage surface
can bind to opsonin molecules coating the bacterial
surface and induce phagocytosis of the bacterial®l.
Therefore, these components might be contained in
C. siamensis liver protein extract, which might support
the phagocytosis activity of the AMPs.
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Fig. 7: Effect of precipitated liver protein extract (P80) on phagosome formation of RAW 264.7 macrophages. After incubation,
pHrodo green fluorescent labeled-E. coli cells were added and incubated for 120 min. The phagocyte cells were imaged every 15
min starting from 60 min using an IN cell analyzer. Control-untreated macrophages were incubated labeled-E. coli only. The arrow

indicates phago-lysosome formation
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