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Abstract—A 31-amino acid synthetic peptide (NH,-FFSASCVPGADKGQFPNLCRLCAGTGENKCA-COOH) was chem-
ically synthesized based on the amino acid sequence of a region of human lactoferrin homologous to other sequences present
in the N- and C-lobes of all members of the transferrin family proteins. The peptide, termed kaliocin-1, and lactoferrin showed
a bactericidal effect in assays performed in low-ionic-strength conditions. This is the first time that it is shown that the antimi-
crobial effect of lactoferrin depends on the extracellular cation concentration. The antimicrobial effect of kaliocin-1 was lower
than that of human lactoferrin, but their activities were inhibited by Na* or K™ in a cation concentration-dependent manner.
In addition, the peptide was able to mimic native lactoferrin, inducing K*-efflux and a selective dissipation of the transmem-
brane electrical potential of Escherichia coli cells without causing extensive damage to the outer and inner bacterial membranes.
In contrast, the peptide, but not lactoferrin, was able to permeabilize different ions through liposomal membranes. The hypo-
thetical interaction of kaliocin-1 with a bacterial membrane compound is discussed based in the different ion flux induced on
cellular and artificial membranes as well as data from circular dichroism assays. Kaliocin-1 was not cytotoxic and could be a
suitable model for the design of analogs able to mimic the antibacterial effect of human lactoferrin.
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Lactoferrin is a 77-kD glycoprotein belonging to the
transferrin family proteins consisting of a 691-residue sin-
gle polypeptide chain with N-linked oligosaccharides [1-
3]. This protein is the most abundant iron-binding protein

Abbreviations: hLf) human lactoferrin; hMf) human melano-
transferrin; Of) ovotransferrin; hTf) human transferrin; Lfcin)
lactoferricin; Lfpep) lactoferricin-derived peptide; BCECF)
2',7'-bis-(2-carboxyethyl)-5,6-carboxyfluorescein; DiS-C5-(5))
3,3'-dipropylthiocarbocyanine; NPN) 1-N-phenylnaphthyl-
amine; ONPG) o-nitrophenyl--D-galactopyranoside; PI)
propidium iodide; pyranine) 8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium salt; TFE) trifluoroethanol; K-PIPES) potassi-
um piperazine- N, N’-bis-(2-ethanesulfonic acid); PBS) phos-
phate-buffered saline; PPB) potassium phosphate buffer; BHI)
brain heart infusion; MIC) minimal inhibitory concentration;
OM) outer membrane; IM) inner membrane.
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in mammalian mucosal fluids and is synthesized by neu-
trophilic leukocytes and acinar cells [4, 5]. Lactoferrin has
pleiotropic functions on immune and non-immune cells
and is often included as a component of the first-line of
host defense against microbial invaders (reviewed in [6,
71). However, despite the early known antimicrobial activ-
ity of this protein [8-10] and its relationship with phago-
cytic cells [11], the antimicrobial mechanism of action is
poorly understood. The antimicrobial effect of lactoferrin
has been related to its iron-chelating ability (reviewed in
[12]) and to a direct effect on the bacterial surface [13, 14].
It is thought that bacterial surface damage induced by
lactoferrin is due to a domain of the molecule that was first
obtained by the pepsin-induced cleavage of the whole pro-
tein. This cationic sequence was designated lactoferricin
(Lfcin), and it displayed a poor similarity with the corre-
sponding domain of other transferrin family members but
exhibited a higher antimicrobial activity than the com-
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plete lactoferrin molecule [15]. The human Lfcin peptide
includes residues 1-47 of human lactoferrin (hLf) [15], but
shorter human Lfcin-derived synthetic peptides (11 and
16 residues) retain a similar bactericidal effect [16, 17]
causing a generalized permeabilization of the bacterial
membrane [18-20].

The differences observed in the mode of action, anti-
bacterial effect, and antimicrobial spectrum of lactoferrin
and lactoferricin are compatible with different antimicro-
bial mechanisms of action for these molecules. This
hypothesis was supported by recent evidence from our
laboratory suggesting the concept that the antimicrobial
activity of representative members of the transferrin fam-
ily such as hLf, human transferrin (hTf), and ovotransfer-
rin (Of) on Escherichia coli cells could be related to their
ability to induce a K*-efflux with selective dissipation of
the transmembrane electrical potential (Ay) [21]. In con-
trast, we also demonstrated that a Lfcin-derived peptide
(Lfpep; residues 18-40 of hLf) was able to dissipate the
Ay and the proton gradient (ApH) [20]. Electrical and
proton gradients are the components of the proton-
motive force (Ap), according to the chemiosmotic
hypothesis of Mitchell [22] expressed in the abbreviated
equation [23]: Ap = Ay — 59ApH at 20°C. The Ap ener-
gizes, either directly or indirectly, a wide variety of meta-
bolic processes, including ATP synthesis, solute uptake,
and active transport systems. Consequently, the loss of Ap
induced by Lfpep on E. coli led to cell death [20].

The different effect on the bacterial cytoplasmic
membrane exerted by lactoferrin and Lfpep prompt us to
search for new sequences from the hLf molecule with
antimicrobial activity. The comparison of the amino acid
sequence of the transferrin family proteins revealed a
common cysteine-motif (residues 153-183) on the mole-
cule surface. A 31-residues peptide based in the deduced
sequence, referred to here as kaliocin-1, was chemically
synthesized and the antimicrobial activity and the effects
on the E. coli cells and artificial membranes were ana-
lyzed. Interestingly, similar effects of kaliocin-1 and hLf
on the bacterial cytoplasmic membrane were observed.
Kaliocin-1 induced a K*-efflux and selective dissipation
of the electrical potential of E. coli cells in a similar way
to the whole human lactoferrin molecule. In this study
the native hLf and the cationic Lfcin-derived synthetic
peptide Lfpep were included in control assays to compare
their effects with that of the kaliocin-1 peptide.

MATERIALS AND METHODS

Materials. The iron non-saturated (apo-) forms of
hLf, hTf, and Of were obtained from Sigma (USA). Purity
of the proteins was assessed as described [24]. Total phos-
pholipids of E. coli were obtained from Avanti Polar Lipids
(USA). BCECE, DiS-C;-(5), PI, and pyranine were pur-
chased from Molecular Probes (USA). Gramicidin S,
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nigericin, nystatin, valinomycin, NPN, ONPG, and
Dulbecco’s modified Eagle’s media were supplied by
Sigma. Bactopeptone and BHI were purchased from Difco
Laboratories (USA). All other materials were of reagent
grade and were obtained from commercial sources.

Bacterial and eukaryotic cells. The strains included
clinical isolates of Morganella morganii, Pseudomonas
aeruginosa, Salmonella typhimurium, Staphylococcus
aureus, Staphylococcus haemolyticus, Streptococcus mitis
(obtained from Central Hospital of Asturias, Oviedo),
and Kocuria rosea ATCC 186 (formerly Micrococcus
roseus). E. coli ML-35, a lactose permease-deficient
strain with constitutive cytoplasmic [-galactosidase
activity (/acl and lacY mutations, lacZ") was kindly pro-
vided by Dr. R. Gennaro (University of Trieste, Italy).
Human lymphocytes were isolated from the blood by
centrifugation in a Lymphoprep (Nycomed Pharma AS,
Norway) gradient at 400g for 30 min. Rat anterior pitu-
itary GH3 cells (ATCC CCL-82.1) were obtained from
Dr. E Barros (University of Oviedo).

Sequence analysis. Similarities in the primary struc-
ture of representative members of the transferrin family
proteins were determined using the program BLASTP
2.1.2 [25]. Sequence alignments were optimized using the
MultAlin (v. 5.4.1) software [26].

Peptide synthesis. The peptide kaliocin-1 (NH,-
FFSASCVPGADKGQFPNLCRLCAGTGENKCA-
COOH) and the lactoferricin-derived peptide (NH,-
TKCFQWQRNMRKVRGPPVSCIKR-COOH) termed
Lfpep [27] were synthesized according to the Fmoc
chemistry by Bethyl Laboratories (USA). Automated
stepwise assembly was carried out on a Symphony peptide
synthesizer (Protein Technologies, USA). The peptide
kaliocin-1 was taken up in 0.1 M ammonium acetate
buffer (pH 8.5) at a concentration of 75 pug/ml and was
allowed to refold by air oxidation for 18 h at room tem-
perature. The refolded peptide was purified by RP-HPLC
(Aquapore RP300 column, 250 x 7 mm) with a linear gra-
dient of 6-14% acetonitrile in 0.05% trifluoroacetic acid
for 40 min at a flow rate of 1.5 ml/min. Composition and
concentration of purified peptide was verified by mass
spectrometry and amino acid analysis.

Antimicrobial assays. Determination of the growth
inhibitory concentration was performed in sterile 96-well
microtiter plates using a broth dilution method [28]. The
incubation mixtures contained 1-10° colony forming units
(CFU) per ml in 0.3% Bactopeptone and kaliocin-1
ranging from 0.016 to 200 uM, Lfpep (0.016-90 uM), hLf
(0.2-50 uM), hTf (0.2-150 uM), or Of (0.2-100 uM) in a
final volume of 100 pl. The plates were incubated at 37°C
for 24 h. The MIC was defined as the lowest concentra-
tion of peptide or protein that completely inhibited visi-
ble growth after 24 h.

The bactericidal effect of inhibitory growth concen-
tration of kaliocin-1 and hLf was monitored against E.
coli and K. rosea as described [29]. An overnight culture
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was diluted in fresh BHI and allowed to grow to logarith-
mic phase (Aq, = 0.6), harvested by centrifugation, and
washed twice in 5 mM PPB (pH 7.0). Then the bacterial
suspension was diluted in the same buffer to obtain 1:10°
CFU/ml. After the addition of an inhibitory concentra-
tion of kaliocin-1 or hLf to the cell suspension, aliquots
were taken at intervals and plated in duplicate on BHI-
agar. The plates were incubated at 37°C for 24 h and the
grown colonies were counted. Cell survival was expressed
as percentage of control and loss of viability was calculat-
ed as [1 — (colonies from kaliocin-1- or hLf-treated
cells/colonies from control cells)] x 100%.

The influence of cations on the bactericidal activity
of the synthetic peptide and hLf on FE. coli cells was
assessed as described above but the bacterial suspensions
were prepared using different concentrations of sodium
or potassium phosphate buffer (pH 7.0). The cell suspen-
sions were incubated with kaliocin-1 or hLf at 37°C for
24 h. Then, aliquots were plated in duplicate onto BHI-
agar to obtain a viable count.

Cell permeabilization assays. The outer membrane
permeabilization activity on E. coli ML-35 was deter-
mined by the NPN assay [30]. Normally, NPN is exclud-
ed from Gram-negative bacteria, and its quantum yield
increases when it is transferred from a hydrophilic to a
hydrophobic environment. Logarithmic-phase bacteria
were resuspended in buffer (5 mM Hepes, pH 7.2) and
adjusted to 1-10° CFU/ml. Concentrations ranging from
75 to 175 uM of kaliocin-1, hLf (6-35 uM), or Lfpep
(0.2-50 uM) were added to cell suspensions (1 ml) con-
taining 10 uM NPN. Fluorescent changes were measured
using a LS-50 spectrofluorometer (Perkin Elmer, USA) at
excitation and emission wavelengths of 350 and 420 nm,
respectively.

The inner membrane permeabilization of E. coli
ML-35 was determined by measurement of the f-galac-
tosidase activity using ONPG as substrate [31]. In this
mutant strain extracellular ONPG is not accessible to the
cytoplasmic p-galactosidase. The cleavage of ONPG is
thus an indication of increased IM-permeabilization.
Exponentially grown cells of E. coli were washed in 5 mM
PPB (pH 7.0) and adjusted to 1:10° CFU/ml in the same
buffer containing 1.5 mM ONPG. Several concentration
ranges of kaliocin-1 (75-175 uM), hLf (6-35 uM), or
Lfpep (50 uM) were assayed, and the ONPG-hydrolysis
with production of o-nitrophenol was monitored spec-
trophotometrically at 420 nm. To determine the maximal
rate of hydrolysis, the cells were ultrasonicated (Soniprep
150, U.K.) in an ice bath at 4 A for 30 sec cycles, and the
[-galactosidase activity of the cell extract was tested.

Extracellular ion measurements. The cation efflux
assays were performed in iso-osmotic conditions as pre-
viously described [32]. Cell suspensions of E. coli (Agy =
2.0) were incubated with kaliocin-1 (175 pM), hLf
(25 uM), or Lfpep (50 uM). Samples (1 ml) were taken
at intervals and centrifuged for 10 min at 4°C and
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8,000g. The supernatant was immediately removed and
the Na* or K concentrations were quantified by atom-
ic emission spectrometry (UNICAM 929, U.K.). The
cation concentration was also determined in samples of
non-treated cells and in protein or peptide solutions
without cells.

Measurement of electrical potential and cytoplasmic
pH in cells. The transmembrane electrical potential (Ay)
of E. coli was monitored by the quenching of the poten-
tial-sensitive fluorescent probe DiS-C;-(5) as described
[33]. Cells were suspended (Ag, = 0.05) in buffer
(100 mM potassium phosphate, 20 mM glucose,
and 5 mM Hepes, pH 7.0) and ranges of concentrations
of kaliocin-1 (10-150 uM), hLf (3-25 uM), or Lfpep (10-
25 uM) were tested. Fluorescent changes of DiS-C;-(5)
were measured using a spectrofluorometer at excitation
and emission wavelengths of 643 and 666 nm, respective-
ly. When required, cell permeabilization to the specific
K*-ionophore valinomycin was performed with 1 mM
EDTA [34].

Changes in the intracellular pH of E. coli were deter-
mined by monitoring the fluorescence of the pH indica-
tor BCECEF as described [35]. The cells (1-10° CFU/ml)
were loaded with the probe by an acid shock treatment
(50 mM HCI for 6 min). The fluorescence intensity was
monitored at excitation and emission wavelengths of
502 and 525 nm, respectively. In control assays, Lfpep
(50 uM) and the natural antimicrobial peptide gramicidin
S (40 uM) were used as membrane permeabilizing agents.

Preparation of liposomes. Single bilayer E. coli phos-
pholipid vesicles were prepared using total phospholipids
from E. coli that were mixed in chloroform—methanol (9 :
1) and dried under a stream of N, gas [36]. Dried phos-
pholipids were suspended in different buffers. For meas-
urement of the Ay and circular dichroism assays, the
phospholipids were suspended in 50 mM PPB (pH 6.0).
For determination of ApH changes, pyranine-containing
liposomes were prepared as described [37] using a pyra-
nine buffer solution (100 uM pyranine, 20 mM potassium
phosphate, 100 mM potassium acetate, pH 6.0). The
phospholipid suspensions were dispersed by sonication to
obtain unilamellar vesicles. Strictly isotonic conditions
were ensured by checking the osmotic pressure of intra-
and extravesicular solutions in an osmometer (model
3300; Advanced Instruments, USA). Preparation of pyra-
nine-containing liposomes included the separation of the
non-encapsulated fluorescent indicator from the vesicle
suspension by passage through a Sephadex G-50 gel fil-
tration (Pharmacia, Sweden) column of 25 x 0.5 cm and
eluted with buffer containing 20 mM potassium phos-
phate, 100 mM K-PIPES (pH 7.5). Phospholipid con-
centrations were determined by inorganic phosphorus
analysis [38].

Measurement of electrical potential and pH gradient
in liposomes. Changes in the transmembrane electrical
potential of liposomes prepared from E. coli phospho-
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lipids were monitored as described previously [39]. The
reaction mixture (1 ml) contained 100-times diluted
liposomes in a 50 mM sodium phosphate buffer (pH 6.0)
and 1 uM of the fluorescent potential-sensitive indicator
DiS-C;-(5). A transmembrane electrical potential (neg-
ative inside) was generated in liposomal membranes by
adding valinomycin (1 uM, final concentration). The
fluorescence quenching of DiS-C;-(5) in liposomes,
treated and untreated with kaliocin-1 (0.02, 0.2, 2, 5, 10,
20, and 30 uM), hLf(0.25, 0.5, 1, 5, 10, and 25 uM), and
Lfpep (0.1, 0.2, 0.5, 2, and 4 uM) was monitored.
Nigericin (1 M) was used as control of Ay dissipation
[39]. Experiments were performed at 25°C at wavelength
of excitation and emission of 616 and 676 nm, respec-
tively.

The internal pH of liposomes was monitored from
the fluorescence of pyranine entrapped within the lipo-
somes [39]. Liposomes were previously diluted 100-times
in buffer (20 mM potassium phosphate, 100 mM K-
PIPES, pH 7.5) for the generation of a pH gradient.
Fluorescence of pyranine-containing liposomes treated
or untreated with the above peptide or hLf concentrations
was monitored at wavelength of excitation and emission
of 450 and 508 nm, respectively. The initial ApH was esti-
mated as 1.5 units using 1 pM nigericin.

Circular dichroism spectroscopy. Circular dichroism
(CD) spectra of kaliocin-1 in 50 mM potassium phos-
phate buffer (pH 7.2), in the presence or absence of lipo-
somes, or water—trifluoroethanol mixtures were obtained
on a Jasco-715 spectropolarimeter fitted with a 150 W
xenon lamp [40]. Quartz cells with a 1 mm path length
were used, and the spectra were recorded in the far-UV
region (195-250 nm) with a scanning speed of
50 nm/min, temperature 25°C. Four scans were accumu-
lated and averaged for each spectrum. The acquired spec-
tra were corrected by subtracting the appropriate blanks,
subjected to noise-reduction analysis, and represented in
terms of mean residue ellipticity (deg-cm?dmol™).

Cytotoxic activity assays. Hemolytic assays were per-
formed in a microtiter plate using human, mouse, or rab-
bit erythrocytes. The cells were washed three times with
buffer (150 mM NaCl, 1 mM EDTA, 100 mM Hepes,
pH 7.4), and then 10 pl of serial dilutions of the kaliocin-
1 (6 to 150 uM) were added to the erythrocyte suspension
(100 pl). As a positive control (100% lysis), a solution of
0.5% Triton X-100 was used. After incubation (4 h,
37°C), the plate was centrifuged and the absorbance of
the supernatant was measured.

Permeabilization of human lymphocytes and rat
GH3 cells induced by kaliocin-1 was determined by flow
cytometry. The cells (1-10°) were incubated for 30 min
with the DNA-staining fluorescent probe propidium
iodide (5 puM, final concentration) in 350 pul of
Dulbecco’s modified Eagle’s medium in the presence or
absence of the peptide, washed with PBS (pH 7.2), and
subsequently analyzed by flow cytometry. The fluores-
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cence was recorded using a Cytoron Absolute (Ortho
Diagnostics Systems Inc., USA) cytometer.

The GH3 cells were cultured and patch-clamped as
usually [41] using an Axopatch-AD (Axon Instruments,
USA) patch-clamp amplifier. The chamber was continu-
ously perfused at 1 ml/min using an extracellular-like
solution (140 mM NaCl, 1 mM MgCl,, 10 mM glucose,
5 mM CaCl,, and 10 mM Hepes, pH 7.3). The elec-
trodes (1-5 MQ) were made from disposable
micropipettes (Drummond Scientific, USA). The
micropipette was backfilled with the pipette solution
(10 mM NaCl, 65 mM KCl, 35 mM K,SO,, 1| mM
MgCl,, and 10 mM Hepes, pH 7.3) containing nystatin
(0.25 mg/ml). Currents were filtered at 1 kHz and
recorded onto videocassette tapes with a VR10 digital
encoder (Instrutech Corp., USA), and replayed for illus-
tration on a PC with a TL-1 interface (Axon
Instruments). The records analysis and plots were per-
formed using pCLAMP 6.0 software (Axon Instruments)
and SigmaPlot v. 4.01, respectively.

RESULTS

Analysis of amino acid sequence similarity. The Cys-
motif of the transferrin family proteins is defined by the
position of two pairs of disulfide-linked cysteines that are
strictly conserved. Homologous Cys-motifs are also pres-
ent in the C-terminal domain of all transferrin family
members (i.e., residues from 489 to 519 of hLf). Notably,
the Cys-motif of the N-terminal domain of transferrin
includes a cluster of three bridges joined by short con-
necting loops. The alignment of the amino acid sequence
of the Cys-motif of representative members of the trans-
ferrin family is shown in Fig. 1. The sequence of the syn-
thetic peptide kaliocin-1 (residues from 153 to 183)
includes the amino acid sequence of the Cys-motif
(Cys158—Cys174, Cysl171—Cys182) of the N-terminal
region of hLf.

Antimicrobial activity. The MICs of kaliocin-1 com-
pared to that of hLf, hTf, Of, and Lfpep for different bac-
terial species are summarized in the table. Growth inhibi-
tion of the bacterial species by kaliocin-1 and hLf was
observed only in assays performed in 0.3% Bactopeptone.
Among the Gram-negative bacteria tested, the strain
most sensitive to kaliocin-1 was P. aeruginosa (MIC =
75 uM), whereas S. typhimurium and M. morganii were
only inhibited by the maximal concentrations assayed of
kaliocin-1 (200 uM) and were resistant to hLf (>50 uM).
In a similar way, hTf and Of inhibited the growth of the
susceptible strains in the concentration range between 9
to 100 uM, and Of was the protein with lowest antimicro-
bial activity. According to previous reports [15, 19, 20] the
bactericidal peptide Lfpep was also able to cause growth
inhibition of all bacterial strains except M. morganii and
S. mitis.
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Fig. 1. Sequence alignment of the Cys-motif of representative transferrin family proteins. Amino acid sequences corresponding to the Cys-
motif of N-terminal (N) and C-terminal (C) regions of human lactoferrin (hLf), human melanotransferrin (hMf), human transferrin (hTf),
and chicken ovotransferrin (Of) were aligned by forcing the matching of cysteine residues. Sequence corresponding to the synthetic pep-
tide kaliocin-1 is underlined. Bold residues are strictly conserved in more than 90% of the sequences. Shaded boxes indicate residues in

positions conserved in more than 50% of the sequences.

The kinetics of killing by kaliocin-1 on E. coli cells
and the Gram-positive species K. rosea showed a high
reduction (>70%) of viable cells after 2 h of incubation
(Fig. 2). Ninety percent of the cells treated with kaliocin-
1 or hLf were killed after 4 h, and no living E. coli or K.
rosea cells were detected after 24 h. However, the native
protein exhibited a higher killing activity than that of the
synthetic peptide. Progressive high concentrations of
either Na™ or K* caused a progressive loss of the hLf-can-

didacidal effect that was totally abolished when concen-
trations of Na* > 40 mM or K* > 20 mM were present in
the buffer, whereas the Lfpep Kkilling activity was not
modified by the cation concentrations tested (Fig. 3).
Effect of kaliocin-1 on E. coli membranes. Previous
reports have demonstrated OM damage of Gram-nega-
tive bacteria caused by hLf [13] and lactoferricin-like
peptides [18, 19]. To determine the effect of kaliocin-1 on
the OM of E. coli, we performed permeabilization assays

Antimicrobial activity of peptide kaliocin-1

Minimal inhibitory concentration, uM
Microorganism Bactopeptone (1%) Bactopeptone (0.3%)

kaliocin-1 Lfpep hLf hTf Of kaliocin-1 Lfpep hLf hTf Of
Gram-negative bacteria
E. coli ML-35 >200 23 >50 | >150 | >100 100 23 25 9 50
M. morganii >200 >90 >50 | >150 | >100 200 >90 | >50 | 19 ND
P. aeruginosa >200 45 >50 | >150 | >100 75 45 25 19 ND
S. typhimurium >200 23 >50 | >150 | >100 200 23 >50 | 75 100
Gram-positive bacteria
K. rosea (M. roseus) >200 ND >50 >150 >100 75 6 1 9 25
S. aureus >200 11 >50 | >150 | >100 75 11 23 19 | >100
S. haemolyticus >200 ND >50 | >150 | >100 75 45 50 19 ND
S. mitis >200 >90 >50 | >150 | >100 150 >90 5 | ND | ND

Note: Minimal inhibitory concentration (MIC) of kaliocin-1 was determined in 1% and 0.3% Bactopeptone media. Control experiments were per-
formed with human lactoferrin (hLf), human transferrin (hTf), ovotransferrin (Of), and lactoferricin-derived synthetic peptide (Lfpep).
Results are the means of three independent experiments. ND, not determined.
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Fig. 2. Kinetics of killing of E. coli and K. rosea by kaliocin-1
and human lactoferrin. Cell suspensions of K. rosea (a) were
incubated with 75 uM kaliocin-1 (/) or 1 uM hLf (2) in 5 mM
PPB (pH 7.0). The E. coli cells (b) were incubated with 100 uM
kaliocin-1 or 25 uM hLf. Untreated cells were used as control.
Bacterial viability was determined by plating aliquots of the cell
suspensions. Results are the mean + standard deviations from
duplicates from three separate experiments.

using the NPN probe (Fig. 4a). The results showed the
inability of kaliocin-1 to permeate the bacterial OM even
at the highest concentration assayed (175 uM). In control
assays, the OM was slightly permeabilized by hLf (=6 uM)
but the permeabilization degree was independent of the
hLf-concentration tested. However, Lfpep increased the
NPN fluorescence to significant rates even at a concen-
tration as low as 3 uM, indicating an extensive disruption
of the outer membrane.
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Fig. 3. Effect of cation concentration on the bactericidal effect
of kaliocin-1 and human lactoferrin. E. coli cells were incubat-
ed with 100 uM kaliocin-1 (7), 25 pM hLf (2), or 25 uM Lfpep
(3) at different concentration of sodium phosphate buffer
(pH 7.0) (a) or potassium phosphate buffer (pH 7.0) (b).
Bacterial viability was determined by plating aliquots of the cell
suspensions. Results are the mean + standard deviations from
duplicates from three separate experiments.

The IM of the permease-negative mutant E. coli
ML-35 was not permeabilized by kaliocin-1 (175 uM) or
hLf (35 uM), whereas Lfpep (=10 uM) caused a signifi-
cant IM permeability as measured by the unmasking of
cytoplasmic -galactosidase (Fig. 4b).

K*-efflux induced by Kkaliocin-1. The addition of
growth inhibitory concentrations of kaliocin-1 and hLfto
the cell suspensions of E. coli resulted in a slow and pro-
gressive cytoplasmic K*-efflux, which showed also a high

BIOCHEMISTRY (Moscow) Vol. 68 No.2 2003
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Fig. 4. Effect of kaliocin-1 on the outer and inner membranes
of E. coli. E. coli ML-35 cells were treated with 175 pM
kaliocin-1 (7), 35 uM hLf (2), or 50 uM Lfpep (3), and the
OM-permeabilization (a) was monitored for the increase of the
fluorescence caused by NPN-partitioning in the interior of the
OM. The IM-permeabilization (b) was determined by monitor-
ing the ONPG-hydrolysis. Sonicated bacteria (4) and untreat-
ed cells (5) were used as positive and negative control, respec-
tively.

initial rate in Lfpep-treated cells (Fig. 5). Interestingly,
kaliocin-1 and hLf did not increase the extracellular Na*-
concentration. However, the presence of Na® in the
supernatant raised in the bacterial suspensions treated
with the peptide Lfpep reaching at 60 min the maximum
value (2.3 £ 0.6 uM).

Effect of kaliocin-1 on electrical potential and cyto-
plasmic pH in intact cells. To qualitatively assess the effect
of kaliocin-1 on the Ay of E. coli cells, the fluorescent
probe DiS-C;-(5) was used in spectrofluorometric assays.
In the presence of kaliocin-1 (=13 uM) or hLf (=3 uM) a
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slow Awy-dissipation was observed. In a representative
assay using 100 uM kaliocin-1 and 6 pM hLfthe maximal
dissipation was reached 37 and 28 min after the addition
of the peptide and protein, respectively (Fig. 6a). A simi-
lar dissipation degree was observed in control assays using
the K*-ionophore valinomycin. In contrast, the addition
of the peptide Lfpep (=18 uM) caused a faster loss of the
Ay of E. coli cells (Fig. 6a), similar to the Ay-dissipation
observed by adding gramicidin S (data not shown).

The monitoring of the internal pH of BCECEF-
loaded E. coli cells revealed that the addition of kaliocin-
1 (150 uM) or hLf (25 uM) to the suspensions had no
effect on the internal pH (Fig. 6b). However, Lfpep
(=18 uM) caused a rapid increase in the BCECF fluores-
cence and to a similar degree to that observed for grami-
cidin S used as control [42]. Thus, the ApH remained
unchanged in kaliocin-1 and hLf-treated E. coli cells,
indicating the absence of proton conductance, whereas
Lfpep caused a total ApH dissipation.

Effect of kaliocin-1 on electrical potential and pH
gradient in liposomes. The ability of kaliocin-1, compared
to that of hLf and Lfpep, to interact with phospholipid
membranes was assessed using K'-loaded liposomes
diluted in a K*-free buffer. The liposomal preparation
contained valinomycin to generate a Ay and the fluores-

50

Extracellular potassium, uM

4

0 ———
0 15 30 45 60 75

Time, min

Fig. 5. Kinetics of potassium efflux from E. coli cells. Cells of
E. coli were incubated with 175 uM kaliocin-1 (7), 25 uM hLf
(2), or 50 uM Lfpep (3), and the extracellular K*-concentra-
tion was quantified by atomic emission spectrometry at differ-
ent times. Untreated cells were used as control (4). Results are
the mean =+ standard deviations from duplicates from at least
four independent determinations.
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Fig. 6. Effect of kaliocin-1 on electrical and pH gradients of E.
coli cells. a) Effect of kaliocin-1 on transmembrane electrical
potential (Ay) of E. coli cells. Changes in Ay were monitored
using the fluorescent indicator DiS-C;-(5), after the addition
(sloped arrows) of 100 uM kaliocin-1 (Kal-1), 6 uM human
lactoferrin (hLf), or 18 puM Lfpep. Valinomycin (Val, 1 uM)
was used as positive control and was also added (vertical
arrows) to obtain the maximal Ay dissipation. b) Effect of
kaliocin-1 on pH gradient (ApH) of E. coli cells. The fluores-
cence of BCECF-loaded cells was monitored, and 150 uM
Kal-1, 25 uM hLf, 50 uM Lfpep, or 40 uM gramicidin S (GS)
were added at indicated times (arrows). Fluorescence intensity
is expressed in arbitrary units (a.u.).

cent indicator DiS-C;-(5) to monitor changes in the arti-
ficial electrical potential. Concentrations >0.2 pM of
kaliocin-1 or Lfpep caused the dissipation of the previ-
ously valinomycin-generated transmembrane electrical
potential, whereas hLf (25 pM) was unable to dissipate
the Ay (Fig. 7a).

Changes in the ApH as a result of an increased pro-
ton permeability of the liposomal membrane were

a 3
1
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wwanenws NLT

’--h- Val

10 a.u.

2 min
b 80 - pH
704 |

5 L 6.0

S 60 -

>

£ 50 - i

o

2 404

8 30 - - 7.0

o

g 207 i

(0]

5 104

=]

= O | | | | | 80

0 4 8 12

Time, min

Fig. 7. Effect of kaliocin-1 on electrical and pH gradients gen-
erated in liposomes. a) Effect of kaliocin-1 on Ay of liposomes.
Liposomes containing 50 mM potassium phosphate (pH 6.0)
were diluted 100-fold in 50 mM sodium phosphate (pH 6.0).
Electrical potential (Ay) was generated using 1 pM valino-
mycin (arrow /) and the fluorescence quenching of the poten-
tial-indicator DiS-C;-(5) was monitored. The addition of
0.2 uM Kkaliocin-1, 25 uM hLf, 0.2 uM Lfpep, or 1 uM valino-
mycin (Val, control) was performed at indicated times (arrow
2). Nigericin (1 pM) was added as a Ay dissipation control
(arrow 3). b) Effect of kaliocin-1 on the ApH of liposomes.
Liposomes containing 100 pM pyranine, 20 mM potassium
phosphate, and 100 mM potassium acetate (pH 6.0) were 100-
fold diluted in buffer (20 mM potassium phosphate, 100 mM
K-PIPES, pH 7.5). Addition of kaliocin-1, hLf, and Lfpep was
performed at the indicated time (arrow). The upper curve cor-
responds to hLf (25 pM). Progressively lower curves corre-
spond to kaliocin-1 (0.2 uM), Lfpep (0.2 uM), and nigericin
(1 uM, control). Change in the ApH was monitored by the flu-
orescence quenching of pyranine, used as pH indicator. a.u.,
arbitrary units.
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assessed using pyranine-loaded liposomes (Fig. 7b). The
addition of kaliocin-1 or Lfpep resulted in a total ApH
dissipation at concentrations >0.2 uM, in a similar way to
that caused by nigericin used as a positive control. In con-
trast, hLf (25 uM) was unable to modify the ApH of the
liposomes.

Circular dichroism. The secondary structure of the
kaliocin-1 in buffer and in aqueous mixtures of the struc-
ture-promoting solvent TFE was analyzed by far-UV cir-
cular dichroism (Fig. 8). TFE solutions are widely used to
analyze conformational propensities of proteins and pep-
tides and also as a sort of membrane-mimicking environ-
ment. In potassium phosphate buffer, a defined confor-
mation was not observed in the CD spectrum of kaliocin-
1, which had little ellipticity in the 215-230 nm range and
a marked minimum at 199 nm, typical of random coil
structures. In the presence of increasing amounts of TFE,
the spectra of kaliocin-1 showed only slight changes,
including a shift of the ellipticity minimum to 203 nm,
indicating an intrinsic structural rigidity. The CD spec-

8 @& Buffer

O TFE (25%)
7 O TFE (50%)
¥V TFE (91%)

4
76 ¥ Buffer + E. coli liposomes
E -
O
§ o0-
o)
(&)
© -
o
T -4
)
-8 A

1 1 1 1
190 210 230 250

A, Nm

Fig. 8. Far-ultraviolet circular dichroism spectra of kaliocin-1.
Measurements were made in 50 mM potassium phosphate
buffer, pH 6.0, in presence or absence of E. coli liposomes,
using a 1-mm pathlength cuvette, at 25°C. The CD spectra of
kaliocin-1 were also recorded in water containing different
percentages of trifluoroethanol (TFE). The concentrations of
the kaliocin-1 and phospholipids were 50 uM and 4 mM,
respectively. The spectra are averages of four scans.
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trum of kaliocin-1 in the presence of liposomes showed
slight changes similar to those observed in the presence of
TFE.

Hemolytic and cytotoxic activity assays. The synthet-
ic peptide kaliocin-1 had no hemolytic activity in human,
mouse, or rabbit erythrocytes when used at concentra-
tions up to 150 uM. Permeabilization of PI to human
lymphocytes and rat GH3 cells was not observed, indicat-
ing the absence of cytotoxicity of kaliocin-1 in these cells
(data not shown).

To determine whether the permeabilization of ions
could be exerted on eukaryotic cells, patch-clamp assays
were performed using GH3 cells. The addition of several
concentrations of kaliocin-1 (10-100 uM) and hLf
(25 uM) to the cell suspension did not modify the initial
cellular transmembrane electrical potential, estimated at
—42 = 7mV (n = 6). Control of the cell function was test-
ed by inducing depolarization of the cells by perfusion of
60 mM KCI and restoring the initial transmembrane elec-
trical potential by perfusion of the bathing solution (data
not shown).

DISCUSSION

Previous reports have demonstrated the antimicro-
bial effect of human lactoferrin, human transferrin, and
ovotransferrin [8-10, 13]. Interestingly, our results show
that these proteins exhibit a bactericidal effect only when
the killing assays are performed in low-ionic-strength
buffers or minimal basal media (i.e., 0.3% Bactopep-
tone). Although the killing effectiveness was different for
each protein, the observation of a bactericidal effect only
under similar conditions suggested a common antimicro-
bial mechanism of action for hLf, hTf, and Of. We
assumed that this hypothetical mechanism could be dif-
ferent than that described for lactoferricin, a hLf-derived
antimicrobial peptide that exerts a strong bactericidal
effect independently of the assayed culture media.
Moreover, the similarity of the amino acid sequence of
lactoferricin with homologous sequences of other trans-
ferrin family proteins is weak. Based on these factors, we
supposed that a new antimicrobial amino acid sequence
of hLf could be obtained. The selected sequence was
homologous to other present in all members of the trans-
ferrin family proteins, and the effects on bacterial cells
and artificial membranes of a homologous synthetic pep-
tide, termed kaliocin-1, were compared to that caused by
the native hLf.

Interestingly, the synthetic peptide kaliocin-1 was
able to inhibit the growth of most of the bacterial species
tested but only in low-ionic-strength buffers (i.e., 5 mM
PPB, pH 7.4) or minimal basal media. In a similar way,
human lactoferrin, human transferrin, and ovotransferrin
exhibited an antimicrobial activity dependent of the
buffer or media assayed. However, the Kkilling effect of the
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peptide kaliocin-1 was less effective respect to that deter-
mined by hLf. Consequently with these observations, and
a remarkable finding of the present work, was the striking
influence of the cation concentration present in the test-
ing buffer on the bactericidal effect of kaliocin-1 and hLf.
The bactericidal effect was inversely correlated with the
extracellular Na® or K concentrations, being totally
abolished when the assays were performed in buffer con-
taining relatively low concentrations of Na* (=40 mM) or
K" (220 mM). Of note is also the remarkable similarity of
the patterns of inhibition mediated by cations on the bac-
tericidal effect of kaliocin-1 and hLf. The clear influence
of the cation concentration on the bactericidal effect of
both molecules could explain in part the absence of
antimicrobial activity observed in growth media (i.e., 1%
Bactopeptone).

Comparison of the permeabilization data indicated
that kaliocin-1 and hLf were unable to grossly disturb the
permeability of the membranes of E. coli. However, the K*
efflux observed by kaliocin-1, similar to that described for
hLf [21], suggested a direct interaction with the bacterial
cytoplasmic membrane. In this case, like other natural
antimicrobial peptides, kaliocin-1 probably could bind first
to the highly anionic lipopolysaccharides of the OM of E.
coli, gaining access to the cytoplasmic membrane via a
process termed “self-promoted uptake” (reviewed in [43]).
In contrast, the results obtained with Lfpep, an antimicro-
bial lactoferricin-like peptide [20], shown a significant
increase in the permeabilization of E. coli membranes (OM
and IM) probably due to its higher polycationic activity
(p = 12) in comparison with kaliocin-1 (p/ = 7.9) and hLf
(p! = 8.7). The peptide Lfpep caused also a simultaneous
efflux of K* and Na* through the cytoplasmic membrane
of E. coli. Recently, a bactericidal fragment of 92 residues
(OTAP-92) obtained by acid proteolysis of ovotransferrin,
that includes the sequence of kaliocin-1, has been reported
[44, 45]. However, this Of-derived cationic peptide perme-
abilized the E. coli (OM and IM) and liposomal mem-
branes, and exhibited a strong bactericidal effect on sever-
al Gram-negative bacteria [45]. These effects are more
similar to those described for other cationic peptides
(reviewed in [46]) but different to that observed for
kaliocin-1. The differences in the mode of action of this
larger Of-fragment and kaliocin-1 could be reflecting a
strong interaction of OTAP-92, rich in positively charged
residues, with the phospholipid membrane or it could be
due to its inability to interact with a putative membrane
component (i.e., a membrane protein).

The different flux of ions induced by kaliocin-1 and
hLf (K" efflux) or by Lfpep (permeabilization of K*, Na™,
and H) correlated well with the induced changes on the
electrical potential (Ay) and pH gradient (ApH) of E. coli
cells. Kaliocin-1 and hLf caused a selective loss of the Ay
but preserving the pH gradient of the cells meanwhile
Lfpep collapsed the electrical and pH gradients as we
described previously [20]. The kinetic bactericidal assays
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showed similar killing effects of kaliocin-1 and hLf that
seem correlated to the K* efflux and Ay dissipation. A
similar K* efflux and selective loss of Ay have been
reported for other natural antimicrobial peptides such as
lactococcin G and enterocin P [47, 48]. Thus, the futile
cycle of ATP-driven potassium uptake and peptide-medi-
ated potassium release proposed for lactococcin G [47]
could be implicated in the cell death induced by kaliocin-
1 and hLf.

To assess the influence of membrane proteins of E.
coli on the activity of kaliocin-1, the peptide was tested on
K*-loaded liposomes prepared from E. coli total phos-
pholipids. The peptides kaliocin-1 and Lfpep, but not
hLf, were able to dissipate previously generated electrical
and pH gradients. These results showed the inability of
kaliocin-1 to permeate selectively K™ in model mem-
branes despite the fact that the secondary structure of the
peptide, determined in the CD assays, remained
unchanged by the interaction with the liposomes. These
data differ from those obtained from cell assays, where
kaliocin-1 and hLf showed the following common effects:
1) potassium-efflux from E. coli cells; 2) selective dissipa-
tion of the transmembrane electrical potential preserving
the cellular pH gradient; 3) similar inability to disrupt the
OM and IM of E. coli; 4) bactericidal activity showing
dependence of similar extracellular cation concentration.

Based on the above arguments, it is tempting to
hypothesize that the K* efflux induced by kaliocin-1 in
cells may be due to its interaction with a membrane sur-
face component (i.e., a membrane protein) as occurs with
other antimicrobial peptides [49]. Another hypothesis
based on the similarity of the mechanism of action of
kaliocin-1 and hLf is the putative implication of this
amino acid sequence in the antimicrobial activity of hLf,
as well as hTf and Of, which exhibit homologous amino
acid sequences on their molecular surfaces. However, fur-
ther work will be necessary to assess the possible interac-
tion of kaliocin-1 with a membrane component, and
more studies must be performed to determine the struc-
tural similarities between kaliocin-1 and the homologous
domains of the transferrin family proteins.

In summary, we report a novel hLf-derived synthetic
peptide active on the bacterial cytoplasmic membrane,
able to mimic the K* efflux and the selective Ay dissipa-
tion induced by hLf on this cellular structure. Different
reports have proposed a direct or adjunctive therapeutic
application of hLf and hLf-derived peptides (reviewed in
[50]). Since kaliocin-1 is not cytotoxic, it could be sug-
gested that optimized analogs of this peptide with
improved antimicrobial activity could be potential
antimicrobial agents able to mimic the antimicrobial
effect of human lactoferrin.
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of Oral Microbiology (LMO), School of Stomatology,
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