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Abstract

Current study aimed to analyze the synergistic killing of pathogenic Escherichia coli using camel lactoferrin from different
Saudi camel clans and various antibiotics. Methods: using multiple microbiological and protein analysis techniques, the
results were shown that the purified camel lactoferrins (cLfs) from different Saudi camel have strong antimicrobial potentials
against two strains of E. coli. Although all cLfs were superior relative to human or bovine lactoferrins (hLf or bLf), there
was no noticeable difference in the antimicrobial potentials of cLfs from different camel clans. The effects of antibiotics and
cLfs were synergistic, indicating the superiority of using cLf-antibiotic combinations against E. coli growth. Since these
combinations possessed distinguished synergy profiles, it is likely that they can be used to enhance the low efficacy of anti-
biotics, as well as to control the problems associated with bacterial resistance. Furthermore, these combinations can reduce
the cost of cure of bacterial infections, especially in the developing countries. The analysis of the molecular mechanisms of
lactoferrin action revealed that expression of several E. coli proteins was affected by the treatment with these antibacterial
factors. Several proteins of different molecular weights interacting with cLf-biotin were found. Scanning and transmission
electron microscopy analysis revealed the presence of noticeable morphological changes associated with the treatment of
E. coli strains by antibiotic carbenicillin or cLf alone, and in combination. Camel lactoferrin has superior potential killing
of E. coli over bovine and human lactoferrin, and this potential can be further synergistically enhanced of cLF is combined
with antibiotics.
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1 Introduction

Although six enterotoxigenic Escherichia coli (ETEC)
strains are recognized to cause diarrhea in children of the
developing world, as well as in travelers to those areas [1],
there is currently no preventive vaccine for these infections.
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strains ranges from 280 to 400 million of yearly episodes of
diarrhea in children younger than 5, consequently causing
300,000-500,000 [2, 3], or possibly as many as one million,
deaths per year in adolescents, adults, and children [4]. How-
ever, non-pathogenic E. coli strains constitute an important
part of the normal intestinal microbiota of healthy mammals
and birds [5-8].

ETEC, which is a Gram-negative, non-sporulating, fac-
ultative anaerobic, rod-shaped bacterium belonging to the
Enterobacteriaceae family, attaches to specific receptors on
the surface of enterocytes in the intestinal lumen via hair-
like fimbriae (colonization factor antigens). ETEC then pro-
duces toxins [heat stable toxin (ST) and heat labile toxin
(LT)], which stimulate the lining of the intestines to secrete
excessive fluid, producing diarrhea [9].

While antibiotics are capable of shortening the span of a
diarrheal infection, particularly if administered early, ETEC
is often capable of resisting the effects of common antibiot-
ics, including ampicillin. Because resistance to antibiotics is
growing on a global level, the option of treating ETEC with
an antibiotic should be considered very carefully. Therefore,
the safe unconventional medicine may represent an alterna-
tive way to control this highly communicable pathogen [4].
For this and other reasons, many patients are looking for
some alternative medicines instead of antibiotics. In Arab
and other developing regions, camel milk is on top of the list
of alternative medicines favored by patients. Furthermore, it
serves as an important nutritional source in many countries.
One of the illustrative examples is given by the fact that
hepatitis C virus (HCV)-infected patients in Egypt and some
other regions worldwide consume large quantities of camel
milk as both an alternative and a supportive medicine [10].

The total worldwide camel population is estimated to
be 24.1 million heads (http://www.fao.org/), with most of
them being found in Africa. The greatest dairy camel pop-
ulation is present in the Northeast African countries, such
as Somalia, Ethiopia, and Sudan [11, 12]. About 90% of
the camels are one-humped (Camelus dromedarius), while
10% are two-humped (Camelus bactrianus) [13]. There is
a continuous increase in the total number of camels used
for milk production, mainly Camelus dromedarius [14],
and this is accompanied by the noticeable increase in the
annual camel milk production (http://www.fao.org/). In
fact, in 2010 alone, about 6 million camels produced >3
million tons of milk [15]. Camels represent an important
protein source for many humans across the world [16],
especially for those populations living in the arid lands of
the world [17]. Furthermore, a need for the various camel
milk products has been in constant raise in the past sev-
eral years (http://www.fao.org/), and camel milk is gain-
ing more attention as a healthy food [18]. While, the total
population of dromedary in Arab world is estimated to be
around 1.6 million heads within the Arabian Peninsula.
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The highest lactoferrin concentration present in human
milk (~1.7 g/L) followed by camel (55-888 mg/L) and
bovine (300-500 mg/L) [11, 12, 19].

The majority of the protecting and preventing proper-
ties of milk has been traditionally attributed to antibodies,
lactoferrin and lactoperoxidase, as well as some complex
carbohydrates, nucleosides, and nucleotides found in milk
have also been recognized as bioactive elements [20-30].
After the Food and Drug Administration (FDA) considered
lactoferrin as a Generally Recognized as Safe (GRAS)
substance [31], numerous clinical trials on the potential
treatment of infectious diseases have been performed with
intact molecule or artificial peptides derived from this pro-
tein [32, 33].

In order to determine the origin of the protective poten-
tial of camel milk, we screened and analyzed five specific
camel milk proteins for anti-HCV activity: amylase, lacto-
ferrin (cLf), immunoglobulin G (cIgG), a-lactalbumin, and
casein. Although amylase, cLf, cIgG, and a-lactalbumin
are considered to be minor proteins in camel milk, casein
comprises 80% (v/v) of the whole protein content. cLf
is a single-chain, iron-binding glycoprotein of 80-kDa
that was found to contain 5.6% carbohydrates in milk col-
lected 15-30 days after parturition and 6.2% in colostral
milk [34]. First results from our studies showed that cLf
displayed significant activity against HCV cell entry into
both human naive leukocytes and HepG2 and Huh7.5 cell
lines [10, 35-42]. cIgG was found to differentially bind
HCV in vivo, and its core and envelope peptides in vitro
[41]. On the other hand, a-lactalbumin, casein, and amyl-
ase failed to exert any anti-viral activity in the same tissue
culture system. Furthermore, no cytotoxic effects on naive
leukocytes or hepatoma cell-lines were found for camel
amylase, cLf, cIgG, or camel a-lactalbumin [39]. On the
other hand, camel casein was shown to efficiently induce
apoptosis in hepatoma cells [39].

Systematic analysis of the antimicrobial activity of lacto-
ferrins isolated from the different species against Escheri-
chia coli 0157:H7 revealed that cLf was the most active,
whereas alpaca and human lactoferrins were the least active
against this bacteria [43]. We also showed earlier that cLf or
hLf alone or in combination with several antibiotics (such as
oxacillin or vancomycin) possessed remarkable antibacterial
potential against methicillin-resistant Staphylococcus aureus
(MRSA) [44]. Combining cLf or hLf with either vancomycin
or oxacillin at sub-MIC (minimum inhibitory concentration)
levels offers greater in vitro antibacterial activity against
MRSA when compared to using either agent on its own [44].

One of the aims of the current study was to extend these
analyses and to investigate the antibacterial activities of cLf
against the most pathogenic Enterobacteriaceae strains,
such as E. coli that causes dramatic healthcare problems
worldwide.
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2 Materials and Methods

In the current study, the potential anti-bacterial activities of
camel lactoferrin isolated from milk of different Saudi camel
clans, as well as human and bovine lactoferrins against E.
coli, were evaluated via bacteriostatic/bactericidal path-
ways. Human and bovine lactoferrins were purchased from
Sigma-Aldrich (Germany), whereas camel lactoferrins were
isolated from the milk of different Saudi camel breeds (see
below). The iron saturation of lactoferrins was at the level
of ~10% and ~ 15% in the case of bLf and hLf, respectively
as determined by spectrophotometry (Asgo/466)-

Camel milk collection, processing and lactoferrin puri-
fication, labelling methods were cited in Supplementary
Materials.

2.1 Bacterial Lipopolysaccharide-Lactoferrin
Interaction Analysis

Reactivity of the lipopolysaccharide (LPS) of E. coli pur-
chased from Sigma Aldrich (USA) and extracted with
phenol—chloroform Westfalia method was measured using
ELISA. The biotinylated lactoferrins at concentration of
1 pg/mL in carbonate/bicarbonate pH 9.6 buffer were incu-
bated at 37 °C for 2 h with coated bacterial LPS in Coaster
polystyrene plates. Streptavidin-peroxidase was added
followed by peroxidase substrate addition. The color was
scanned at 490 nm as previously described [45]. Carbonate/
bicarbonate pH 9.6 buffer was used as a blank.

2.2 Bacterial Cultures

Two enteric bacterial strains of E. coli were analyzed in this
study, ATCC#25922 and ATCC#35218. Approximately
100 pL culture aliquots of the strains were added to tryptic
soy yeast extract broth (TSB), incubated for 21 h at 37 °C
and stored at — 80 °C after adding 20% glycerol for future
use as seed stocks. All working cultures were obtained by
transferring an aliquot of a seed stock culture on an inoculat-
ing loop into the vials containing 10 mL tryptic soy broth
(TSB) that were then incubated for 16 h. 200-300 uL were
then speeded on plates containing tryptic soy agar (TSA)
and incubated overnight. 10 mL of TSB were inoculated and
incubated at 37 °C for 16-20 h using one of the colonies.
These cultures were used for the antimicrobial assays, which
were carried out in microtiter plates [44, 46].

2.3 Bacterial Cell Lysis

Separate 5 mL from the aforementioned cultures were col-
lected, centrifuged and the pellet resuspended in original

volume of PBS (pH 7.3). Each culture was treated with
the following antimicrobial agents: carbenicillin (CB),
carbenicillin-camel lactoferrin (CB-cLf), chloramphenicol
(C), chloramphenicol-camel lactoferrin (C-cLF), imipenem
(IMI), imipenem-camel-lactoferrin (IMI-cLf), and then incu-
bated at the aforementioned experimental conditions. 200
pL from each of these cultures were withdrawn at 0, 30,
60, and 150 min, then divided into 100 pL aliquots. One of
these aliquots was centrifuged, and its corresponding super-
natant proteins content was measured by Bradford assay kite
(Thermo Fisher Scientific, USA). The second 100 pL was
used for SDS-PAGE profiling, then stained detained [44,
46].

2.4 Bacterial Membrane Proteins Fraction
Preparation

The cells of E. coli (ATCC#35218) were harvested via cen-
trifugation of their cultures and washed with PBS, pH 7.4.
The cells were then suspended in protease inhibitor solution
(0.5 mg/mL herbimycin A, 0.1 mM sodium vanadate, 25 mg/
mL leupeptin, 50 mg/mL aprotinin, 750 mg/mL benzami-
dine, and 1 mM phenylmethylsulfonyl fluoride in PBS pH
7.1), and ultrasonicated at 130 W and 20 kHz for 20 min.
Centrifugation at 11,000xg for 10 min was performed to
separate the membrane fraction (precipitate, MF) and the
cytosolic fraction (supernatant). The precipitated pellet was
washed with protease inhibitor solution in cold PBS. The
pellets were suspended in a lysis buffer (protease inhibitor
solution containing 1% Triton X-100 and 1% CHAPS) and
the membrane-associated fraction was obtained by centrifu-
gation at 10,000xg for 15 min and then stored at — 80 °C
until further use [44, 46]. The prepared bacterial membrane
proteins (BMP) were used for SDS-PAGE and ELISA as
described in an earlier study [44, 47]. ELISA plates were
coated with carbonate/bicarbonate pH 9.6 buffer as a blank,
free cLf and outer membrane proteins extract of E. coli then
exposed to cLf-biotin followed by streptavidin-peroxidase
and developed with TMP substrate. The plates OD were
read at 450 nm, the data were presented as mean + SD of
8 replica.

2.5 Antimicrobial Activity Assays

Discs of 17 antimicrobial agents, including vancomycin
(30 pg), gentamicin (10 pg), chloramphenicol (30 pg),
fucidic acid (10 pg), cefepime (30 pg), oxacillin (1 pg),
augmentin (30 pg), ampicillin (10 pg), cefoxitin (30 ug),
cotrimoxazole (25 pg), cephalothin (30 pg), amikacin
(30 pg), aztreonam (30 ug), ceftazidime (30 pg), piperacil-
lin (100 pg), ciprofloxacin (5 pg), and imipenem (10 pg)
were purchased from Mast Diagnostics (Merseyside, UK).
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2.6 Agar Disc-Diffusion Assay

Wells of 5-6 mm diameter were made on plates with cul-
tured bacterial strains, and 50 pL aliquots of different con-
centrations of Lf were added to each well, then incubated
for 24 h at 37 °C. The clear zone areas were measured using
a transparent ruler, and the corresponding diameters were
expressed in millimeters to establish the MIC. In parallel,
appropriate antibiotic and sterile water was used in sepa-
rates wells as positive and negative control, respectively
[44]. Susceptibility screening of E. coli strains ATCC#25922
and ATCC#35218 for cLf (cLfl, cLf2, cLf3, cLf4), hLf, and
bLf, and the different antibiotics was performed using the
agar disc diffusion technique on Mueller—Hinton (MH) agar.
Plates were overlaid with a final inoculum of 2 x 10® CFU/
mL of E. coli ATCC#25922 and ATCC#35218 and incu-
bated at 37 °C for 24 h in cation-adjusted Mueller—Hinton
(CAMH) broth supplemented with different concentrations
(0.00, 0.125, 0.250, 0.50, 0.750, 1, 1.5, 2, 2.5, and 3 mg/mL)
of different Lfs. Then, plates were examined for the pres-
ence of the inhibition zones. The corresponding diameter
was reported in millimeters and interpreted using the Clini-
cal and Laboratory Standards Institute (CLSI) zone diameter
interpretative standards [48, 49]. Growth of these enterobac-
teriaceae was monitored spectrophotometrically (ODgy¢,)
after 1, 3, 6, 12, and 24 h incubation at 37 °C.

2.7 Determination of Minimum Inhibitory
Concentrations (MICs)

The MICs of antibacterial agents against E. coli
ATCC#25922 and ATCC#35218 were determined by broth
microdilution. Here, a final inoculum of 2 x 10° CFU/mL
of E. coli (two strains) was added to 96-well microtiter
plates (Falcon, Frickenhausen, Germany) with 100 puL of
CAMH broth containing antimicrobial agents in serial dilu-
tions. Plates were incubated at 37 °C for 24 h. The MICs
were determined by measuring the absorbance at 620 nm.
The MIC was defined as the lowest concentration, at which
growth was completely inhibited. All MIC determinations
were performed in triplicates. Bacteria in CAMH broth
(lactoferrins-free cultures) were used as a growth control.
Due to the possibility of ferrochelating-dependent antibacte-
rial effects of lactoferrins, the MICs for all lactoferrin used
were determined after iron supplementation (addition of
50 uM ferrinitrilotriacetate (FeNTA)) at the time of inocu-
lation [44].

2.8 Checkerboard Assay to Study Synergy
Combinations of lactoferrins of different origin with dif-

ferent antibiotics, such as cLf-(chloramphenicol, Cefepime,
Imipenem), hLf-(chloramphenicol, Cefepime, Imipenem),

@ Springer

and bLf-(chloramphenicol, Cefepime, Imipenem), were
tested on E. coli (ATCC#25922 and ATCC#35218 strains)
using microdilution checkerboard technique. In brief, a final
inoculum of 2 x 10 CFU/mL of E. coli (both strains) was
added to 96-well microtiter plates containing two-fold serial
dilutions of each Lf and the antibiotic in an LB broth. The
ranges of lactoferrins and antibiotics concentrations were
chosen based on previously obtained MIC data for each of
them alone.

Solutions containing Lfs and antibiotics were serially
diluted twofold, and Lfs and antibiotics alone or in combina-
tions were assayed at 1/2 MIC, 1/4 MIC, and 1/8 MIC. In all
cases, the lowest concentration at which no visible growth
occurred was recorded to be the MIC value of the individual
and combined antibacterial agents. After incubation at 37 °C
for 24 h, the combined effects of cLf, hLf, and bLf with
each antibiotic were analyzed by calculation of FICIs, and
assessed the antibacterial interactions as follows. First, the
fractional inhibitory concentrations (FIC) of antibacterials
A or B were calculated as:

FIC MIC /MIC and

antibacterial A — antibacterial A in combination antibacterial A alone

FICamibacterial B = MICantihaclerial B in combination/MICantibacterial B alone
Then, the FIC index was calculated as

FICI = FICantibacterialA + FIC

and the values of this index were used to determine whether
indifference, antagonism, or synergism occurred between
the antibacterial agents. The antimicrobial combination
was considered indifferent at 0.5 < FICI <4, antagonistic at
FICI >4, and synergistic at FICI <0.5 [50].

antibacterial B>

2.9 Time-Kill Assessment of cLf, hLf, and bLf Alone
and in Combinations with Various Antibiotics
Against E. coli

Assays for the rate of killing E. coli (both strains) by cLf,
hLf, or bLf alone and in combinations with various anti-
biotics, were carried out using the method described in a
previous study [44]. An overnight culture was diluted with
LB broth in a total volume of 30 mL containing an inoculum
of 2x 10® CFU/mL of E. coli (both strains), and cLf, hLf, or
bLf alone was added to yield concentrations of ¥2x, 1 X, and
2 X MIC in LB broth. cLf, hLf, or bLf at concentrations of ¥4
MIC or 1 x MIC was combined with cefepime, imipenem,
or chloramphenicol, at concentrations of 1/4 MIC for each
antibiotic. The cultures were incubated at 37 °C with shak-
ing at 150 rpm. Viable colony counts were performed at 0,
4, and 8 h. The experiments were repeated three times and
the results were presented as mean and the standard error of
the mean (SEM). Synergy was defined as> 2 log;, CFU/mL
decrease from the original inoculum. Bactericidal activity
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was defined as >3 log,, CFU/mL reduction (99.9% kill)
from the count of the culture control without antimicrobials.

2.10 Determination of Minimum Bactericidal
Concentration

All the MIC wells containing no-growth were used for
spreading on MH agar plates and incubated for 24 h at 37 °C,
and the colonies were then counted. If bacterial growth was
detected, the Lf was identified as bacteriostatic; if it did not
grow, the Lf was identified as bactericidal. Minimum bacte-
ricidal concentration (MBC) was defined as the concentra-
tion at which there was a>99.9% decrease in viable cells.

2.11 Scanning Electron Microscopy (SEM)

The bacterial strain (ATCC#35218) that was susceptible to
the Lfs and/or antibiotics was prepared for SEM. Small agar
pieces were cut out from the inhibition zone and fixed in 3%
(v/v) glutaraldehyde (buffered with 0.1 M sodium phosphate
buffer, pH 7.2) for an hour at room temperature and then
washed four times in buffer. The pieces were additionally
washed four times in the buffer after they were post-fixed
in 1% (w/v) osmium tetroxide (OsO,) for an hour and then
washed four times in buffer again. They were dehydrated in
a graded alcohol series. The last stages of dehydration were
performed by using propylene oxide (CH;CH-CH,-O). The
specimens were dried and mounted onto stubs using double-
sided carbon tape, and then coated with a thin layer of gold
by a Polaron SC 502 sputter coater. They were examined
using a Jeol JSM 6060 LV Scanning Electron Microscope
[44].

2.12 Transmission Electron Microscopy (TEM)

To trace the localization of antibacterial Lf immunoprobe
in fimbrial filaments of bacterial strain or intracellularly,
immunoelectron microscopy was used. Fresh culture suspen-
sion of a maximum of 24 h was washed three times in cold
PBS and fixed in 1% glutaraldehyde at 4 °C for 60 min. The
fixed bacterial cells were washed in a cacodylate buffer and
then dehyderated in serially graded ethanol for 10 min each.
The bacterial samples were embedded in the resin and let to
polymerization in an ultraviolet irradiator at — 20 to — 30 °C
for 2 days, then at room temperature for two more days.
Ultrathin sections were obtained by the ultramicrotome, then
mounted onto Formvar-coated nickel grids for 10 min, and
the excess moisture was removed. For comparison purposes,
some bacterial samples were doubly fixed with 2% glutaral-
dehyde, then with 1% osmium tetroxide, and then embedded
in other resin such as Durcupan epoxy resin. The ultrathin
sections on the grid were processed for immunostaining
on drop manner starting with blocking with BSA at room

temperature for 60 min, washed 5 times in PBS, then reacted
with free Lf (direct staining) or Lf-Gold nanoparticels Lf-
AuNPs or free Lf, then anti-Lf gold nanoparticels (indirect
staining) or biotinylated Lf, then streptaviding-alkaline phos-
phatase probe (indirect intracellular staining, following with
TMB substrate for 30 min) for 60 min at room temperature.
The stained sections were fixed in 1% glutaraldehyde, then
washed five times with PBS. The sections were stained with
a mixture of alcian/osmium tetroxide for 10 min, and then
finally stained in 4% urnyle acetate before being examined
under transmission electron microscopy [45, 46, 51, 52].

2.13 Statistical Analysis

All experiments were done in triplicate and the results were
presented as mean + SD of triplicate. The experimental data
were analyzed by Student’s ¢ test and McNemar’s test. A
P-value of <0.05 was considered statistically significant.

3 Results
3.1 Purification and Labeling of Lactoferrins

The dual column separation method for Lf purification that
includes chromatography on the CM-Sephadex and the
Heparin-Sepharose fast flow column utilized in this study
was very efficient. In fact, the CM-Sephadex step gener-
ated 50-70% purity, whereas the Heparin-Sepharose step
produced lactoferrin samples with a purity of about 99%
(Figure S1A and B). About 100 mg was collected in final
purified form from one liter of each camel clan milk.

Part of the purified proteins was labeled with gold nano-
particles or biotin. To analyze and confirm the success of
corresponding conjugation, aliquots of free and conjugated
lactoferrin (Lf-AuNPs or Lf-biotin) were run on SDS-PAGE.
Results of this analysis are shown in Figure S2, illustrating
that in comparison with the unlabeled Lf, the bands cor-
responding to the gold-labeled and biotinylated lactoferrin
were moved up by one kDa and 10 kDa, respectively. It is
worth noting that the fraction of Lf-AuNPs was retained
on the stacking gel (brown-colored line) due to the large
size of gold nanoparticles, and its shift by one KDa may
indicate a low conjugation efficiency. The localization of
the Lf-biotin in the SDS-PAGE 10 kDa above free lactofer-
rin is in line with the addition of molecular mass of added
NHS-biotin. Further support of successful biotinylation was
retrieved using ELISA assay for cLf-biotin, which indicated
the presence of a strong signal from the cLf-biotin conju-
gate in comparison with cLf alone (Figure S3). These results
demonstrated that Lf was successfully biotinylated.
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3.2 Analysis of the Bacterial Lipopolysaccharides
and Their Interaction with Lactoferrins

Unfortunately, when LPS-containing blots were examined in
a substrate solution containing 0.5 mg/mL diaminobenzidine
and 0.01% H,0O, for color development [53], no lactoferrin
probe was recognized, and no signal was revealed after sev-
eral trials, likely due to the SDS interference. In fact, since
SDS is an ionic detergent, it can interfere with the bacte-
rial LPS in several ways: it might affect LPS structure [53],
change its charge, or affect organization of lactoferrin bind-
ing sites. This explanation was supported by the results of
control experiments, where native LPS preparations (without
SDS) were used in ELISA. However, silver nitrate was able
to stain LPS of E. coli ATCC#25922 and ATCC#35218 on
SDS-PAGE (data not shown).

The efficiency of Lf interaction with bacterial LPS was
analyzed by ELISA. The results of these analyses revealed
that all lactoferrins significantly (p <0.01) interacted with
bacterial LPS (Fig. 1). Generally, cLf was more reactive
(» <0.001) against bacterial LPS in comparison with hLf
and bLf. However, there were no noticeable differences
between the reactivity of cLf sub-types isolated from dif-
ferent camel clans with bacterial LPS. These results reflect
two interesting points: 1. cLf sub-types (cLfl, cLf2, cL{3,
and cLf4) isolated from different camel clans did not have
structural differences specifically within their glycosylation
moieties, which are used in the LPS-Lf interactions; 2. SDS,
which is an ionic detergent, can interfere with the bacterial
LPS structure during SDS-PAGE/Western blotting and can
thereby block the LPS-Lf interaction site(s) and/or induce
some structural changes.

Fig. 1 Reactivity of the different
preparations of lactoferrin with

®mE . coli

3.3 Fractionation and Analysis of Bacterial
Membrane Proteins

The extracted bacterial cell membrane proteins (BMP) were
resolved on SDS-PAGE (Fig. 2 panel 1), as well as whole
cell lysate proteins (Fig. 2 panel 2). This analysis revealed
that there are some differences between the profile of mem-
brane proteins and profile of whole cell lysates. Furthermore,
when BMP crude extract was used in ELISA plate coating
and subsequently exposed to cLf-biotin, significant signals
were recorded (Fig. 3). These observations, together with
the results of the Lf-LPS interaction analysis (see Fig. 1),
may indicate that an efficient interaction is taking place
between lactoferrin and E. coli, which might contribute to
the Lf antibacterial action exerted via both bactericidal and
bacteriostatic effects.

Tables 1 and 2, as well as Figures S4-S10 and Fig. 5,
demonstrate the effects of different anti-bacterial agents used
in this study (such as antibiotics, lactoferrins, and combi-
nations of antibiotics and cLf) on the released, appeared,
disappeared, and/or highly expressed bacterial proteins. The
kinetics of changes in these bacterial proteins were followed
through sequential chronological SDS-PAGE profiling. Fig-
ures S4-S10 and Fig. 4, as well as Tables 1 and 2, show that
the profile of E. coli proteins significantly changes over time
(30-150 min) and depends on the antimicrobial agents used.
These findings were unexpected, and clearly indicated that
different antibacterial agents used alone or in combination
have substantial effects on E. coli, that these effects change
with time, and that the actions of these antibacterial agents
might be synergistic. Our results support and agree with
the previous reports, where the presence of multiple and

Bacterial strain LPS-Lactoferrin reactivity

e )
I
L 2
* Rk JORORS

LPS of E. coli (ATCC#35218). 0:4517 ® Blank
The reactivity was measured f
using ELISA and proceeded 04 -
as described in Materials and
methods. The biotinylated 0.35 -
lactoferrins were incubated with E b\
coated bacterial LPS in Coaster £ 03
polystyrene plate. Streptavidin- 2
peroxidase was added followed 5 o0a2s
by the peroxidase substrate e
addition. The color was scanned "'-E' 09, -
at 450 nm. *, ** *** gjon the )
significance P <0.05, 0.001, E
respectively. All Lactoferrins g, o
seem significantly (P <0.001)
interact with LPS, while camel 01
lactoferrin reactivity with LPS
has more signal than bovine and 0.05 -
human lactoferrin (P <0.05)
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Fig.2 12.5% reducing SDS-PAGE of the extracted membrane
proteins (1A) and whole cell lysate proteins (2A) for E. coli
(ATCC#35218). The M lane pointed the protein molecular weight
marker. Panels (1) and (2) represent individual gels

2

different lactoferrin-binding proteins was found in different
bacterial strains [54-62].

3.4 Bacterial Susceptibility Test

As expected, E. coli strains ATCC#25922 and ATCC#35218
were susceptible to several antibiotics, but showed some
resistance against others (Table 3). The more resistant E. coli
strain was ATCC#25922 that showed noticeable resistance
against 8 antibiotics (see Table 3). The in vitro antibacte-
rial activity of cLf (cLfl, cLf2, cLf3, and cLf4), hLf or bLf
against E. coli strains ATCC#25922 and ATCC#35218 was
assessed by measuring their inhibition zones. These strains
were shown (via agar disc diffusion assay) to be efficiently
inhibited by bLf, hLf, and cLf, each producing concentra-
tion-dependent inhibition zones (Table 4). All cLf types
were able to completely inhibit growth of E. coli strains

cLf-Bacterial Memrane Extract Interaction

255
23
2:1
19
17
15
13
1.1
09
0.7
05
03
0.1
0.1

Blank cL E coli BMP
Samples

OD 450 nm

Fig.3 Immunoassay evaluation of cLf-biotin interaction with E. coli
(ATCC#35218) outer membrane proteins extract (BMP). ELISA
plate was coated with free cLf and outer membrane proteins extract
of E. coli then exposed to cLf-biotin followed by streptavidin—per-
oxidase and developed with TMP substrate. The plate OD was read
at 450 nm. The data were presented as mean=+ SD of 8 replicas, ***
sign the significance P <0.001, respectively. The signal of cLf-biotin
with BMP was highly (P <0.001) significant

analyzed in this study at concentrations ranging from 0.125
to 3 mg/mL. hLf and bLf were able to inhibit growth of both
strains of E.coli at concentrations ranging from 0.75 to 3 mg/
mL (Table 4). These observations suggest that the inhibi-
tory activity of cLf against E. coli (both strains) noticeably
(sixfolds) exceeded the inhibitory potential of both hLf and
bLf. However, the lactoferrins purified from different Saudi
camel clans did not show any difference in their bacterial
growth inhibitory potential (Table 4).

Therefore, our analysis revealed that both strains of E.
coli used in this study were sensitive to hLf, bLf, and cLf.
However, cLf showed significantly higher efficiency than
lactoferrin of human or bovine origin. At the same time,
there were no inter-differences between the cLf subtypes
isolated from the milk of different Saudi camel clans. To
the best of our knowledge, this is the first study of this kind.

3.5 Inhibitory Effects of cLf, hLf, and bLf on E. coli

The E. coli strains ATCC#25922 and ATCC#35218 were
incubated with varied concentrations of bLf, hLf, and cLf
to gauge the effects of Lf on bacterial growth. The growth of
these strains was completely inhibited after 24 h incubation
with 0.75-3 mg/mL of hLf and bLf, and 0.125-3 mg/mL
of cLf (Table S1), while bacterial growth was significantly
inhibited (P < 0.005) after 3—6 h of incubation with 0.125
and 0.75 mg/mL of different types of cLf, and 0.75 and
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Fig.4 The effects of different
anti-bacterial agents used in 25

cLf-antibiotic synergism effects on E.coli

this study (such as antibiotics, b 20
lactoferrins, and combinations 1
of antibiotics and cLf) on the

u30 n60 m150

viability and proteins released 2
from E. coli (ATCC#35218)
after different time intervals
(0, 30, 60, and 150 min).The

% % %
A A

antimicrobial used in this 15
experiment and their abbre-
viation, Carbenicillin (CB),
carbenicillin- camel lactoferrin

B

OD 595nm

(CB-cLf), chloramphenicol

(C), chloramphenicol-camel
lactoferrin (C-cLF), Imipenem
(IMI), Imipenem-camel lacto-
ferrin (IMI-cLf). Significance
differences, *, **, *** (P <0.05,

P<0.001)
CB-cLf C cLf C-cLf IMk-cLf
Anti-microbial agents
T?ble 1 Ef&?CtS of tl.qe Anti-bacterial agents Time of incubation
different anti-bacterial agents
on protein release during 0 min 30 min 60 min 150 min
their bacteriostatic and/or
bactericidal action Effect of carbenicillin (CB) on E. coli (ATCC#25922)
CB 0.22+0.05 0.45+0.03* 0.66+0.08* 0.85+0.13**
cLf 0.31+0.03 0.51+0.05* 0.75+0.07* 0.93+0.15%*
CB-cLf 0.33+0.01 0.66+0.07* 0.85+0.1%* 1.3+£0.21%*
Eftect of chloramphenicol (C) on E. coli
C 0.2+0.04 0.42+0.01* 0.66+0.04* 0.87+0.12%*
cLf 0.3+0.01 0.54+0.02* 0.77+0.02* 0.91+0.1%*
C-cLf 0.32+0.02 0.61+0.05* 0.84+0.11** 1.37+0.15%*
Effect of imipenem (IMI) on E. coli
IMI 0.25+0.06 0.47+0.03* 0.76+0.06* 0.95+0.18**
cLf 0.36+0.05 0.54+0.04* 0.81+0.12%* 1.10+0.22%%*
IMI-cLf 0.35+0.03 0.67+0.07* 0.92+0.15%* 1.87+0.31%%*

Plates were coated with released proteins from E. coli after treatment with antibacterial agents at different
time intervals. All values were sum of triplicate ELISA experiments and their corresponding OD 595 nm
reads are represented as mean =+ SD. * and ** pointed the significance values, p <0.05, 0.001 respectively

CB carbenicillin, CB-cLf carbenicillin-camel lactoferrin, C chloramphenicol, C-CIf chloramphenicol-camel
lactoferrin, /MI imipenem, IMI-cLf imipenem-camel-lactoferrin

1 mg/mL of both hLf or bLf. On the other hand, no inhibi-
tory effects on bacterial growth were detected using either
hLf nor bLf at concentrations of 0.125 and 0.5 mg/mL, sug-
gesting that different types of cLf are a much more effective
inhibitor of the bacterial growth than hLf or bLf (Table S1).
It is also worth noting that Table S1 illustrates that in the
presence of lactoferrins, in general or cLf particularly, the
optical density (OD) of culture decreases over time. These
rather striking and interesting results suggest that in addition
to the inhibition of bacterial growth, lactoferrins may be
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capable of inducing cell death via lysis. Since no difference
was found between the different types of cLf (cLfl, cL{2,
cLf3, or cLf4) in their inhibitory efficiency, we used only
one type (cLfl) of cLf in the remaining part of this study.
These inhibitory activities of camel lactoferrin against
E.coli are in agreement with our previous report [44],
where the same proteins were used against MRSA, and
where it was shown that the inhibitory potential of cLf
was stronger than that of hLf and bLf. Although the bac-
tericidal activity of cLF was analyzed in several earlier
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Table 2 Proteins of E. coli

Anti-bacterial agents
(ATCC#25922) treated by

Time of incubation

various anti-bacterial on Omin 30 min 60 min 150 min
corresponding SDS-PAGE
taken at different time intervals Molecular weights (kDa) of E. coli proteins released by carbenicillin (CB)
CB 0 38 38 38
cLf 0 55, 44,35, 17 55,44, 35,17 55, 44, 35,17
CB-cLf 0 38 36,33 120, 49, 47, 38, 33
Molecular weights (kDa) of E. coli proteins released by chloramphenicol (C)
C 0 56, 48, 35 56, 48, 35 56, 48, 35
C-cLf 0 70 70 70

Molecular weights (kDa) of E. coli proteins released by Imipenem (IMI)

IMI
IMI-cLf

0
0

60, 52, 44,42, 19
85,63, 35,25, 14, 12

60,52,44,42,19
85,63, 35,25, 14, 12

60, 52, 44,42, 19
85, 63, 35,25, 14, 12

All gels (SDS-PAGE) were stained with Coomassie blue stain, then scanned and analyzed manually. The
corresponding gels are presented in Supplementary Materials as Figures S4-S10

CB carbenicillin, CB-cLf carbenicillin-camel lactoferrin, C chloramphenicol, C-CIf chloramphenicol-camel
lactoferrin, IMI imipenem, IMI-cLf imipenem-camel-lactoferrin

Table 3 Testing of the

o . Antimicrobial agent
susceptibility of E. coli

Concentration of antimicrobial

Average diameter of inhibition zone

strains ATCC#25922 and agent (ngfdisc) (1 mm)

ATCC#35218 to a panel of E. coli E. coli

17 antibiotics by the agar disc ATCC#25922 ATCC#35218

diffusion method
Gentamicin (GM) 10 21 18
Vancomycin (VA) 30 R 10
Fucidic acid (FC) 10 13 12
Chloramphenicol (C) 30 18 17
Oxacillin (OX) 1 9 9
Cefepime (CPM) 30 R 17
Ampicillin (AP) 10 R R
Augmentin (AUG) 30 R 10
Cefoxitin (FOX) 30 R 15
Cephalothin (KF) 30 25 20
Cotrimoxazole (TS) 25 R 17
Amikacin (AK) 30 23 18
Ceftazidime (CAZ) 30 R 9
Aztreonam (ATM) 30 R
Piperacillin (PRL) 100 30 10
Imipenem (IMI) 10 30 30
Ciprofloxacin (CIP) 5 30 21

R resistant (no inhibition zone)

studies, those analyses did not use cLf against enterobac-
teriaceae strains analyzed in this report. Furthermore,
although those reports revealed the presence of the inhibi-
tory activity of bLf and hLf, they did not determine the
sensitivity concentrations, and no MIC data were reported.
Therefore, this study may be the first report where the
efficiency of camel lactoferrin against important entero-
bacteriaceae strains was evaluated.

3.6 The MIC Values of Antimicrobials

The MIC values determined for cLf, and hLf or bLf against
E. coli (strains ATCC#25922 and ATCC#35218) were 125
and 750 pg/mL, respectively, confirming higher antibac-
terial activity of cLf. MIC values of chloramphenicol,
cefepime, and imipenem against these enterobacteriaceae
were 1.35, 1.73, and 1.88 pg/mL, respectively. The data
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Table 4 Susceptibility of E. coli strains ATCC#25922 and
ATCC#35218 to different lactoferrins at different concentrations
Agent Concentration Average diameter of inhibition
(mg/mL) zone (+1 mm)
E. coli E. coli
ATCC#25922 ATCC#35218
bLf 3 54 55
2.5 47 49
2 38 43
1.5 29 38
1 21 29
0.75 9 11
0.5 R R
0.25 R R
0.125 R R
hLf 3 53 51
2.5 48 48
2 44 45
1.5 40 39
1 37 33
0.75 25 27
0.5 R R
0.25 R R
0.125 R R
cLfl 3 54 56
2.5 50 52
2 48 49
1.5 44 45
1 40 41
0.75 37 38
0.5 35 33
0.25 30 29
0.125 25 23
cLf2 3 55 54
2.5 50 51
2 46 47
1.5 39 40
1 32 37
0.75 27 30
0.5 25 25
0.25 23 22
0.125 21 20
cLf3 3 56 58
2.5 51 52
2 47 48
1.5 40 43
1 36 38
0.75 31 33
0.5 27 28
0.25 23 22
0.125 20 18
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Table 4 (continued)

Agent Concentration Average diameter of inhibition
(mg/mL) zone (£1 mm)
E. coli E. coli
ATCC#25922 ATCC#35218
cLt4 3 55 54
25 51 50
2 47 46
1.5 42 41
1 38 39
0.75 33 36
0.5 28 30
0.25 25 24
0.125 22 20

R resistant (no inhibition zone)

also revealed that the addition of iron (FeNTA) to cul-
tures reversed inhibition. In fact, after the iron addition,
the MICs for cLf and hLf or bLf against these strains were
2 and 3 mg/mL, respectively. These effects of iron load
on lactoferrin action agreed with the results of our previ-
ous report, where the same effect was observed for the Lf
activity against MRSA [44].

3.7 Synergistic Action of cLf, bLf, or hLf Combined
with Antibiotics Against E. coli

We assessed the drug (Lfs and antibiotics) interactions
in vitro by determining the fractional inhibitory concentra-
tion indexes (FICI) values of two agents (antibiotics and
lactoferrin) combinations. Based on the standard protocol
previously described and data shown in Table 5, when
MICs were measured for a given antibiotic alone and in
combination with three antibacterial proteins (cLf, hLf,
or bLf), FICI values of 0.5 were found indicating that
the MIC values were reduced to ¥4 MIC for both reagents
(antibiotic and protein) in the combination treatment. A
FICI value of 0.37 indicated that values were reduced to
1/4 MIC for antibiotics and 1/8 MIC for Lf.

The synergy between the three antibiotics used in this
study and cLf, hLf, or bLf was clear from their effects on
E. coli (strains ATCC#25922 and ATCC#35218) which
was evident from the corresponding FICI values ranging
from 0.37 to 0.5 (Table 5). These in vitro results demon-
strated, for first time, that different lactoferrins and anti-
biotics combinations show synergistic anti-enterobacte-
riaceae action. The synergy between them was further
explored by examining the bactericide-induced changes
in the morphology of bacterial cells, as described below.
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Table 5 Effect of different

— o . Antimicrobial com-  FICI Effect
lactoferrins in combination with bination
antibiotics against E. coli (both E. coli E. coli E. coli E. coli
strains) ATCC#25922 ATCC#35218 ATCC#25922 ATCC
#35218
cLf-C 0.37 0.37 Synergy Synergy
hLf-C 0.5 0.5 Synergy Synergy
bLf-C 0.5 0.5 Synergy Synergy
cLf-CPM -8 0.5 - Synergy
hL{-CPM - 0.5 - Synergy
bLf-CPM - 0.5 - Synergy
cLf-IMI 0.37 0.37 Synergy Synergy
hL{-IMI 0.5 0.5 Synergy Synergy
bLf-IMI 0.5 0.5 Synergy Synergy

4Synergy was not studied as E. coli ATCC#25922 is resistant to cefepime (CPM)

3.8 Time-Kill Assay

Table 6 displays the results of the time-kill study
as changes in the log,CFU/mL of E. coli strains
ATCC#25922 and ATCC#35218 after 4 and 8 h incuba-
tion with cLf, hLf, or bLf alone, as well as in combina-
tions with different antibiotics. The reduction in viable cell
count was greatest after 8 h of incubation of these entero-
bacteriaceae with combinations of cLf with chloramphen-
icol (—2.928log,,, and —3.827log,, respectively). In a

similar way, the data presented in Table 6 show the trends
of time-kill studies for hLf-chloramphenicol, bLf-chlo-
ramphenicol, cLf-cefepime, hLc-cefepime, bLf-cefepime,
cLf-imipenem, hLf-imipenem, and bLf-imipenem combi-
nations. These combinations were significantly more effec-
tive at reducing viable bacteria counts than cLf, hLf, or
bLf alone. At concentrations of 1 X and 2 X MIC of cLf,
hLf, or bLf alone, the substantial drop in analyzed bacteria
population suggested that all lactoferrins display highly
efficient bactericidal properties after incubation for 4 h,

Table 6 In vitro time-kill

. Agent Concentration Log(Kill
assessment of different
lactoferrin forms alone and in E. coli ATCC#25922 E. coli ATCC#35218
combination with antibiotics
against E. coli strains Incubation time with cLf, bLf or hLf alone and in combinations
0Oh 4h 8h Oh 4h 8h
cLf 1 xMIC 2.230 3.432 4.551 2.188 3.211 4.750
1xMIC 2.256 1.100 0.141 2.255 0.991 0.109
2xMIC 2.341 0.112 —1.033 2.321 0431 —1.100
hLf Yax MIC 2.501 3.651 4.399 2.333 3.568 4.448
1 xMIC 2.286 1.298 0.326 2.267 1.213 0.104
2xMIC 2.303 0.121 —1.901 2.234 0.101 —1.789
bLf ax MIC 2.244 3.532 4.351 2.244 3.322 4.750
1 xMIC 2.251 1.121 0.130 2.265 0.891 0.118
2xMIC 2.354 0.111 —1.120 2.254 0441 —1.120
cLf-C 4 MIC 2.292 —1.345 —2.928 2.384 —2.390 -3.827
cLf-CPM 4 MIC 2.393 —-1.211 —1.511 2.374 —2.244 —3.133
cLf-IMI 4 MIC 2.245 —1.442 -2.521 2.229 —2.428 —3.584
hLf-C 4 MIC 2211 1.330 -1.217 2.325 2.315 —1.170
hLf-CPM Y4 MIC 2.274 1.121 -2.015 2.173 —2.195 —2.724
hLf-IMI 4 MIC 2.251 1.141 —2.041 2.241 —2.282 —2.441
bLf-C Y4 MIC 2.144 1.330 -2.017 2.125 2.325 2.177
bLf-CPM 4 MIC 2.201 1.091 -2.115 2.291 —2.195 —2.724
bLf-IMI Y4 MIC 2.335 1.261 —2.041 2.342 -2.162 —2.441
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«Fig.5 Scanning electron microscope (SEM) images (a—d) and trans-
mission electron microscope (TEM) images (e-g) for: a untreated
E. coli (ATCC#35218); b carbenicillin-treated E. coli; ¢ cLf-treated
E. coli; d synergistic effects of combination of carbenicillin and cLf
on treated E. coli; e carbenicillin treated E. coli. Black gold particles
are scattered in extracellular and intracellular compartments; f cLf-
treated E. coli. Black gold particles are scattered in extracellular and
intracellular compartments in addition to the destructive effects of
lactoferrin protein. The black dots scattered in and out the bacterial
membrane, which lost its organization and seems as eroded. g Effects
of combined cLf and carbenicillin treatment on E. coli. The gold nan-
oparticles are scattered in the extracellular and intracellular compart-
ments in addition to the vigorous destructive and membrane fragmen-
tation effects. Most of the bacterial cells stunted, lost their general rod
shape and became rounded, stunted and disorganized. The bacterial
cell membrane, which lost its organization seems as eroded, fragile
and fragmented

and become more toxic after 8 h. Bacterial colonies were
almost completely wiped out after incubation for 8 h with
cLf or hLf at the aforementioned concentrations. On the
other hand, there was a net bacterial growth when these
enterobacteriaceae were subjected to 1/2 X MIC of any Lfs
(Table 6).

3.9 Determination of Minimum Bactericidal
Concentration

Since bacterial growth was resumed after spreading the
contents of wells with no-growing bacteria on LB agar
plates, cLf, hLf, and bLf can be labeled as bacteriostatic
agents. However, at high concentrations, cLf and hL{/bLf
were bactericidal against E. coli (strains ATCC#25922
and ATCC#35218) characterized by the minimum bacte-
ricidal concentration (MBC) of 0.25 mg/mL and 1.5 mg/
mL, respectively. These observations indicate that the cLf
action against these enterobacteriaceae is more effective
than the antibacterial action of hLf or bLf.

The potential of hLf and bLf against viral and bacte-
rial pathogens has been intensively studied and thoroughly
reviewed [50]. Although noticeable anti-viral activity of
cLf against several viruses was described (see “Introduc-
tion” section), the anti-bacterial effects of this protein
are studied to a much lesser degree, with no systematic
research reporting the capability of cLf to affect differ-
ent enterobacteriaceae. In the past, the effect of cLf (as
well as Lfs from other sources) on one strain of E. coli
0157:H7 was studied [31]. Data generated by Conesa et al.
[31] agrees with the findings of our study and shows that
cLf was more effective against E. coli than Lfs from other
organisms (although our results were more quantitative,
indicating that cLfs were 6 times more potent than hLf
and bLf). Therefore, the data on the effect of cL.f on E. coli
strains ATCC#25922 and ATCC#35218 presented in this
study are absolutely novel.

3.10 Scanning and Transmission Electron
Microscopy (SEM and TEM) Analyses

The SEM examination was conducted to follow the mor-
phological changes induced in the overnight cultures of E.
coli (10* CFU/mL) by treatment with carbenicillin, cLf, or
cLf-carbenicillin combination for 3 h at room temperature
(Fig. 5a—d). The untreated (control) strain demonstrated reg-
ular shape and normal morphology (see Fig. 5a). The treated
cells showed signs of noticeable cellular damage manifested
in irregular and wrinkled outer surfaces, fragmentation,
adhesion, and aggregation of damaged cells, or the presence
of crushed cells and cellular debris. This study also revealed
that the cLf-carbenicillin combination induced more evi-
dent morphological changes, such as irregular and wrinkled
outer surface, adhesion, cellular damage, and fragmentation.
These observations supported the results of other analyses
conducted in this study, as well as previous results for other
bacterial strains [44, 53, 63] and indicated a clear synergistic
mode of action of both agents on bacterial strains.

Next, Transmission Electron microscopy (TEM) images
were taken for E. coli after treatment with antibiotic carbeni-
cillin, cLf-gold nanoparticle conjugates, or combination of
carbenicillin and cLf-gold nanoparticles at room tempera-
ture for 3 h (Fig. Se—g). In these experiments, various signs
of cell membrane and wall deformation were detected, and
the gold nanoparticle (black dots) can be easily found both
on and inside the treated cells. The clearest deformation
signs were evident after the treatment with a carbenicillin-
cLf combination and manifested by cell membrane and cell
wall disintegration, bigger cell sizes, loss of regular cellular
shapes, and separation of cell wall (manifested as zigzag or
erosion) from cell. The TEM results clearly indicated that
lactoferrin alone and/or in combination with carbenicillin
is able to affect E. coli cells via both bacteriostatic and bac-
tericidal avenues, affecting their cell membrane structures
(likely via interaction with BMPs and LPS), as well as enter-
ing into the bacterial cells and localizing to different cellular
compartments. The peculiarities of the intracellular activi-
ties of Lf need to be elucidated in future results.

4 Discussion

The results reported in this study clearly prove the follow-
ing facts: (1) Lactoferrins of different origin are capable
of efficient killing of E. coli (strains ATCC#25922 and
ATCC#35218) in vitro; (2) cLf has a higher killing poten-
tial than hLf and bLf; (3) cLf subtypes purified from milk of
four Saudi camel clans have the same antibacterial activity;
(4) There are multiple lactoferrins-binding proteins on the
bacterial membranes; Lf can exert its antibacterial action
both extracellularly and intercellularly.
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Our data support the idea that some antimicrobial mecha-
nisms are present in addition to the ferrochelating potential
of Lfs extracellularly, and the existence of these mecha-
nisms can be concluded from the results of the Lf-LPS
interaction analysis and the presence of multiple binding
proteins for lactoferrin on the bacterial membranes indicat-
ing a substantial interaction between lactoferrin and bacte-
rial cells through the outer membrane proteins and integral
LPS. Additionally, the effects of different anti-bacterial
agents used in this study (such as antibiotics, lactoferrins,
and combinations of antibiotics and cLf) on the released,
appeared, disappeared, and/or highly expressed bacterial
proteins clearly indicated that different antibacterial agents
used alone or in combination have substantial effects on E.
coli, and that these effects change with time.

We analyzed the efficiency of Lf interaction with bacte-
rial LPS by ELISA. The results of these analyses revealed
that all lactoferrins significantly (p < 0.05) interacted with
bacterial LPS, but cLf was more reactive (p <0.001) against
bacterial LPS in comparison with hLf and bLf. Also, lacto-
ferrin alone or combined with the antibiotic leads to release
a significant amount of bacterial proteins (p <0.05 - 0.001).
Together with the results of the Lf-LPS interaction, the
protein release observations may indicate that an efficient
interaction is taking place between lactoferrin and E. coli,
which might contribute to the Lf antibacterial action exerted
via both bactericidal and bacteriostatic effects. These results
support and agree with the previous reports, where the
presence of multiple and different lactoferrin-binding pro-
tein sites were found in different bacterial strains [54—62].
Meanwhile, both hLf and bLf were previously shown to bind
and sequester LPS, thereby preventing pro-inflammatory
pathway activation, but no comparative analysis with cLf
was conducted on this activity [45]. Furthermore, it is still
unclear as to why the effects of cLf on E.coli are superior
to those of hLf and bLf. Some thoughts regarding this phe-
nomenon are outlined below.

Lactoferrin is a globular iron-binding glycoprotein with
the molecular mass of 80 kDa. Structure of lactoferrin can
be described as two nearly identical lobes possessing simi-
lar iron-binding sites. Although structures of lactoferrins
of different origin are generally conserved, they differ by
the positions of their N-linked oligosaccharide side chains.
All lactoferrins are characterized by a relatively high iso-
electric point. Curiously, the majority of the positively
charged residues are found within the N-terminal region of
the N-terminal lobe. It is believed that the high net positive
charge of lactoferrins at physiological pH defines the ability
of these proteins to bind to the various negatively charged
components located on the bacterial surface, especially the
LPS. As a result, the interpretation of findings from bind-
ing studies can be complicated by these electrostatic inter-
actions. Consequently, detecting lactoferrin binding is not
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functionally significant on its own. On the other hand, since
lactoferrins of different origin share cationic properties, if
specific binding is detected for a given lactoferrin, it is likely
to be functionally significant. Furthermore, for a long time,
it has been known that lactoferrin has significant antimi-
crobial potential. Although originally this biocidal activity
was preferentially ascribed to the role of lactoferrins in iron
sequestration, more recent studies indicated that interactions
between lactoferrin and bacteria, lactoferrin and bacterial
products, and lactoferrin and host cells all may play a role
in host-bacteria interaction beside the iron sequestration [54,
56, 58, 60-62, 64-67].

Recently, Lfs isolated from different species (camel,
sheep, alpaca, goat, human, elephant, and cow) were shown
to efficiently inhibit E. coli 0157:H7 infection, with cLF
being the most efficient among other lactoferrins [31]. This
superiority of cLf can be due to the fact that camel pro-
tein possesses some specific characteristics that separate it
from the Lf of other species. First, several residues in cLf
related to domain movement, including Leu423, Pro418,
GIn651, Lys433, Lys637, Gly629, Pro592, and Arg652 are
different from those in other Lf species, suggesting specific
structure-related differences. Second, cLf loses half of its
iron contents at pH 6.5 and the remaining half is lost at
acidic conditions (pH 4.0-2.0). The N-lobe loses iron at
acidic pH less than 4.0, whereas the C-lobe loses iron at pH
6.5, indicating a difference in the iron release mechanism
from the two lobes. This indicates that cLf acts as both a
transferrin, which is an iron transporter protein, and lacto-
ferrin, which is an iron binding protein, unlike other trans-
ferrins and lactoferrins that possess unique iron transfer or
binding functions [68—70]. Furthermore, when lactoferrin
is losing its iron (i.e., when the apo-form of lactoferrins is
formed), conformations of its N- and C-lobes undergo sig-
nificant changes, with these lobes accommodating open and
close states, respectively. These unique structural features
offer opportunity for the Lf lobes to move freely around
the subtract target (such as bacterial proteins and/or outer
membrane glycocompounds) [71, 72], Third, cLf is entirely
different from Lfs of other species in localization of its pre-
dicted glycosylation sites. Finally, the high cLf cationicity
is one of the major structural characteristics (hydrophobic-
ity, cationicity, and helical propensity) serving as important
determinants of the antimicrobial potency of any protein or
peptide [50]. As a matter of fact, cLF has a pl of 8.63 and a
net charge of + 14, being characterized by the presence of 86
positively charged (Arg and Lys) and 72 negatively charged
(Asp and Glu) residues. Importantly, although charged resi-
dues are located on the surface of the protein globule, they
are non-equally distributed over the N- and C-lobes of cLF.
In fact, the N-lobe (residues 25-352, pI 8.98) contains 42
positively charged Arg and Lys residues and 31 negatively
charged Asp and Glu residues, whereas the C-lobe (residues
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364-693, pI 7.50) shows almost equal content of positively
and negatively charged residues (39 and 38, respectively). It
is likely that the virucidal as well as bactericidal and bacteri-
ostatic activity of cLf may depend on these intrinsic protein
characteristics [50].

Based on the results of ExXPASy protein calculator analy-
sis, intact camel lactoferrin, its N-lobe, and C-lobe, have
p! values of 8.63, 9.15, and 7.48, respectively. This find-
ing provides an explanation for the superior antibacterial
potency of the N-lobe of cLf over the intact protein and its
C-lobe and also over the bovine and human lactoferrins. It
is also very likely that the divergence in some of cLf and its
lobes’ structure-related characteristics can be determined by
examining the difference in their biological activities. This
hypothesis is supported by the previous results of the disor-
der propensity evaluation in the N- and C-lobes of cLf by a
set of disorder predictors of the PONDR family [47, 73]. As
well as, this superiority is agree and support Conesa et al.
[43] report showing that cLf was more effective against E.
coli than Lfs from other organisms.

The synergy results between cLf, hLf, or bLf, and anti-
biotics obtained in this study agree with the findings we
previously observed that combining cLf or hLf with either
vancomycin or oxacillin at sub-MIC levels offers greater
in vitro antibacterial activity against MRSA when compared
to using either agent on its own [44]. Synergism between
lactoferrins (iron chelators) and some antibiotics was previ-
ously explained by the fact that the antimicrobial action of
several, but not all, groups of antibiotics is suppressed by
iron [74].

At concentrations of 1 X and 2 X MIC of cLf, hLf, or bLf
alone, the substantial drop in analyzed bacteria population
suggested that all lactoferrins display strong bactericidal
properties after incubation for 4 h, and become more toxic
after 8 h. Bacterial colonies were almost completely wiped
out after incubation for 8 h with cLf or hLf at the aforemen-
tioned concentrations. On the other hand, there was a net
bacterial growth when these E.coli strains were subjected
to 1/2XxMIC of any Lfs. Also, the combination of cLf with
chloramphenicol demonstrated the greatest effects over hLf
or bLf combinations with the same antibiotic or other anti-
biotics used. These results agree with the findings we previ-
ously observed concerning cLf and hLf against MRSA [44].

5 Conclusions

The pressure associated with the appearance of antibiotic-
resistant bacteria and the cost of cure and control of the
enterobacteriaceae infection increase annually. The goal of
this study was to analyze the potential of camel lactofer-
rin against the enteric bacterial microbes, such as E. coli
(strains ATCC#25922 and ATCC#35218) in comparison

with human and bovine lactoferrin alone and in combination
with different antibiotics. Since Saudi habitats contain four
different clans of Camelus dromedary, it was also impor-
tant to examine if lactoferrins isolated from these camel
clans have the same anti-microbial potentials. Our results
suggest that cLf has a superior anti-microbial potential in
comparison with the hLf and bLf. However, there were no
differences between the lactoferrins isolated from different
Saudi camel clans. We also showed that there was a syn-
ergy between the inhibitory activities of cLf, hLf, bLf, and
antibiotics against E. coli growth. This synergy may help
to enhance the efficiency of antibiotics with low efficacy.
Also, the use of Lf-antibiotic combinations may represent a
promising approach for controlling the problem of bacterial
resistance and can be used to decrease the cost of various
cures, especially in developing countries. These results are
very promising and may lead to preclinical and clinical tri-
als to examine the potential of using cLf against current
enterobacteriaceae pathogens alone or in combination with
antibiotics, especially when orally administered in a form of
purified protein or as treated milk.

There are some limitations to acknowledge for the present
study. Mainly, more extensive research should be done on
the regions in cLf that have the high binding affinity to mem-
brane proteins and/or LPS of bacterial cells, how they are
different or similar with those of hLf or bLf, and an in vivo
explanation for cLf superior activity.
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