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Since human lactoferrin (hLF) binds to bacterial products through its highly positively charged N terminus,
we investigated which of the two cationic domains is involved in its bactericidal activity. The results revealed
that hLF lacking the first three residues (hLF23N) was less efficient than hLF in killing of antibiotic-resistant
Staphylococcus aureus, Listeria monocytogenes, and Klebsiella pneumoniae. Both hLF preparations failed to kill
Escherichia coli O54. In addition, hLF23N was less effective than hLF in reducing the number of viable bacteria
in mice infected with antibiotic-resistant S. aureus and K. pneumoniae. Studies with synthetic peptides corre-
sponding to the first 11 N-terminal amino acids, designated hLF(1–11), and fragments thereof demonstrated
that peptides lacking the first three N-terminal residues are less effective than hLF(1–11) in killing of bacteria.
Furthermore, a peptide corresponding to residues 21 to 31, which comprises the second cationic domain, was
less effective than hLF(1–11) in killing of bacteria in vitro and in mice having an infection with antibiotic-
resistant S. aureus or K. pneumoniae. Using fluorescent probes, we found that bactericidal hLF peptides, but not
nonbactericidal peptides, caused an increase of the membrane permeability. In addition, hLF killed the various
bacteria, most probably by inducing intracellular changes in these bacteria without affecting the membrane
permeability. Together, hLF and peptides derived from its N terminus are highly effective against infections
with antibiotic-resistant S. aureus and K. pneumoniae, and the first two arginines play an essential role in this
activity.

Human lactoferrin (hLF) is a major component of the non-
specific defense of mucosal surfaces and neutrophils and is
active against a variety of pathogens (reviewed in references 21
and 26). This protein displays antimicrobial properties against
gram-positive and gram-negative bacteria by limiting the avail-
ability of environmental iron (2). However, since iron-satu-
rated hLF is also able to kill certain bacteria (7), mechanisms
other than iron depletion apparently are involved in the anti-
bacterial activity of LF. Recent studies have indicated that
peptides obtained after enzymatic hydrolysis of hLF (1, 22, 37)
and bovine LF (bLF) (5, 12, 30) are much more effective in
killing bacteria than is the intact protein. Amino acid sequence
analysis revealed that these antimicrobial peptides comprised
(parts of) the N-terminal residues 1 to 47 of hLF (1, 37) or 1
to 48 of bLF (5, 12). Since most natural antimicrobial peptides
are cationic (18), it is likely that the N-terminal cationic do-
mains of hLF and bLF play an essential role in their bacteri-
cidal activity. hLF contains two N-terminal cationic domains,
i.e., RRRR (residues 2 to 5) and RKVR (residues 28 to 31),
whereas the bactericidal domain of bLF comprises residues 17
to 42 (12, 30). It has been reported that peptides of bLF origin
(12) as well as synthetic peptides that include the second cat-
ionic domain of hLF (3) show antibacterial activity resulting
from depolarization of the membrane, increased membrane

permeability, and metabolic injury. Moreover, some contro-
versy exists as to whether hLF binds to bacterial products, such
as endotoxin and glycosaminoglycans, through its first (17, 32,
38) or second (6, 36) cationic domain. Based on these consid-
erations, the present study was undertaken to determine
whether the first and/or second cationic domain of natural hLF
is important for its antibacterial activity and to delineate the
essential N-terminal residues.

MATERIALS AND METHODS

LF and synthetic peptides. Natural hLF (77,000 Da) was purified from fresh
milk of a single donor by cationic exchange chromatography using S-Sepharose
(32). The N terminus of this protein was intact, as determined by N-terminal
analytical Mono-S chromatography and N-terminal Edman degradation and
sequencing. hLF, which was free of contamination with endotoxin and human
lysozyme (15) and had been purified by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, was dialyzed against saline and stored at 270°C at concen-
trations of approximately 20 mg/ml. An hLF variant lacking the first three
N-terminal residues (GRR), referred to below as hLF23N, was isolated from
natural hLF treated with trypsin as described previously (1). As a control, bovine
serum albumin (Sigma Chemical Co., St. Louis, Mo.) was applied instead of hLF
or hLF23N. Synthetic peptides corresponding to residues 1 to 11 of hLF
(GRRRRSVQWCA, 1,494 Da), referred to below as hLF(1–11), and fragments
thereof and a peptide corresponding to residues 21 to 31 of hLF (FQWQRN
MRKVR, 1,567 Da), referred to below as hLF(21–31), were prepared and
purified as described previously (4). The purity of the synthetic peptides usually
exceeded 88%, as determined by reverse-phase high-performance liquid chro-
matography. Stocks of synthetic peptides at 1 mM in 5% (vol/vol) acetic acid
(pH , 6.0) were stored at 220°C and dried in a Speed-Vac (Savant Instruments
Inc., Farmingdale, N.Y.) immediately before use. As controls, we applied syn-
thetically prepared protegrin-1 (RGGRLCYCRRRFCVCVVGR, 2,161 Da), a
defensin-like molecule with broad-spectrum antimicrobial activity that had been
isolated from pig leukocytes (14, 25), as a positive control and peptide 4
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(RPVVSTQLLNGSLAEEEVV, 2,171 Da), part of the gp120 protein from hu-
man immunodeficiency virus type 1, as a negative control.

Bacteria. Antibiotic-resistant Staphylococcus aureus strain 2141, a clinical iso-
late (Department of Infectious Diseases, Leiden University Medical Center
[LUMC]), was highly resistant to methicillin (MIC, .256 mg/liter), cloxacillin
(MIC, .256 mg/liter), penicillin (MIC, .0.25 mg/liter), gentamicin and netil-
mycin (MIC of both antibiotics .8 mg/liter), erythromycin (MIC, .2 mg/liter),
and tetracycline (MIC, .4 mg/liter) and displayed limited sensitivity (MIC, ,2
mg/liter) to teicoplanin and rifampin. Listeria monocytogenes strain EGD, Kleb-
siella pneumoniae ATCC 43816, and Escherichia coli O54 were purchased from
the American Type Culture Collection (Rockville, Md.). Antibiotic-resistant S.
aureus, K. pneumoniae, and E. coli were cultured overnight in nutrient broth
(Oxoid, Basingstoke, United Kingdom) at 37°C, diluted in tryptase soya broth
(Oxoid), and cultured for an additional 2 h in a shaking water bath at 37°C. L.
monocytogenes was cultured overnight in brain heart infusion broth (Oxoid) at
37°C, diluted, and cultured for an additional 2 h in a shaking water bath at 37°C.

Assay for antibacterial activity of lactoferrins and related peptides. An in vitro
assay was used to assess the antibacterial activity of hLF and related peptides. In
short, bacteria were washed with phosphate-buffered saline (PBS) (pH 7.4) and
diluted to approximately 2 3 106 CFU/ml of PBS (pH 6.0) (7) supplemented with
0.1% (vol/vol) Tween 20 (hereafter designated PBS-Tw). We added this deter-
gent to PBS to reduce the binding of hLF to the test tube, since preliminary
experiments indicated that assessment of the bactericidal activity of this protein
in the presence of Tween 20 is more reliable. Equal volumes of this bacterial
suspension and PBS-Tw containing various concentrations of hLF or related
peptides were mixed. At various intervals (range, 0 to 4 h) after incubation at
37°C, the number of viable bacteria was determined microbiologically. Bovine
serum albumin (Sigma) or no peptide was included as the negative control;
protegrin served as the positive control. The detection limit was 4,000 CFU.

Assay for membrane permeability. Antimicrobial peptides may cause bacterial
cell death by inducing an increase in membrane permeability (24, 29); therefore,
we monitored changes in the membrane permeability of bacteria on exposure to
hLF, hLF23N, and related peptides by using propidium iodide (PI; Sigma)
staining and fluorescence-activated cell sorter (FACS) analysis (3, 19). Stock
solutions of PI (1 mg/ml of deionized water) were prepared. Approximately 2 3
106 bacteria/ml of PBS-Tw were incubated for various intervals at 37°C, washed,
incubated for 5 min with 1 mg of PI/ml (final concentration) and then analyzed
with a FACScan instrument (Becton & Dickinson, San Jose, Calif.) equipped
with a argon laser at 488 nm. The photomultiplier voltages were routinely set at
500 V for PI fluorescence intensity in the second channel. Data acquisition and
analysis were controlled using Lysis II software.

Assay for nonspecific esterase activity. An increase in membrane permeability
may not be the prime reason for bacterial cell death caused by hLF; therefore,
we investigated the effects of hLF, hLF23N and related peptides in bacteria on
the intracellular nonspecific esterase activity of bacteria assessed using 5-sul-
fofluorescein diacetate (SFDA) (Molecular Probes, Leiden, The Netherlands)
and FACS analysis (31). For this purposes, a stock solution of SFDA (1 mg/ml
of ethanol) was prepared. Approximately 2 3 106 CFU of bacteria/ml of PBS-Tw
was incubated with several concentrations of hLF, hLF23N, and hLF-related
peptides for various intervals at 37°C, washed, incubated with 100 mM SFDA/ml
(final ethanol concentration, 20% [vol/vol]) for 20 min at room temperature in
the dark, and then analyzed with a FACScan instrument (excitation, 488 nm;
emission, 700 nm) (31) using the photomultiplier voltage of the first channel set
at 700 V.

Labeling of LF and related peptides with 99mtechnetium. Lactoferrins and
related peptides were labeled with 99mtechnetium (99mTc) as described previ-
ously (23, 34, 35). Briefly, 10 ml of a peptide solution (1 mg/ml of acetic acid) was
added to 4 ml of an aseptic solution of 0.5 mg of stannous pyrophosphate/ml
(Department of Clinical Pharmacy and Toxicology, LUMC). Immediately there-
after, 2 ml of a solution of 10 mg of KBH4 (crystalline; Sigma) per ml of 0.1 M
NaOH was added. After addition of 0.1 ml of sodium [99mTc]pertechnetate
solution (200 MBq/ml; Mallinckrodt Medical BV, Petten, The Netherlands), the
mixture was gently stirred at ambient temperature for 30 min and was then ready
for use. Quality control of the labeling was performed by reverse-phase high-
performance liquid chromatography analysis using a Sep-Pak C18 cartridge (Wa-
ters, Milford, Mass.) in 20 ml of 0.01 M acetic acid. After rinsing with 20 ml of
0.01 M acetic acid, proteins and peptides were eluted with 2 ml of methanol
(Sigma). Labeling yields amounted to 88 to 95%. The precise binding site of the
radionuclide on hLF and related peptides is not known yet. However, this
labeling procedure is very mild to these proteins and peptides since it does not
affect their biological activity (23, 34, 35), cationicity (as determined by mono-S
chromatography) (32), or binding to receptors (R. Rossin, M. C. Giron, D. Blok,

R. Feitsma, U. Mazzi, and E. K. J. Pauwels, Abstract, Nucl. Med. Commun.,
21:593–594, 2000).

Experimental thigh muscle infections. All animal studies were done in com-
pliance with the Leiden Experimental Animal Committee and Dutch laws re-
lated to the conduct of animal experiments. Our interest was to assess whether
hLF, hLF23N, and related peptides display antimicrobial activity in vivo. For this
purpose, a well-established animal model for experimental thigh infections was
used (34, 35). In short, specific-pathogen-free male Swiss mice weighing 20 to 25
g (Broekman Institute, Someren, The Netherlands) were anesthetized with a
single intraperitoneal injection of 0.1 ml of saline containing 1 mg of fluanisone
and 0.03 mg of fentanyl citrate (Hypnorm; Janssen Pharmaceutics, Tilburg, The
Netherlands). Immediately thereafter, 107 CFU of antibiotic-resistant S. aureus
or K. pneumoniae in 0.1 ml of saline was injected into the right thigh muscle. At
24 h thereafter, 0.2 ml of saline, containing various amounts of 99mTc-hLF or
radiolabeled peptides (0.3 to 30 mmol), was injected intravenously. As controls,
mice were injected with 0.2 ml of saline containing human immunoglobulin G
(IgG) (34, 35) or saline without any peptide. At 24 h after injection of hLF or
related peptides, the mice were sacrificed by an intraperitoneal injection of 0.25
ml of saline containing 12 mg of sodium pentobarbital (Sanofi BV, Div. Algin,
Maassluis, The Netherlands). Next, the infected thigh muscles were removed
and, after being weighed, homogenized in 4 ml of PBS. Appropriate dilutions of
the homogenates were applied to diagnostic sensitivity test plates (Oxoid), and
the number of colonies was determined after an overnight culture at 37°C.
Results are expressed as the number of CFU per gram of infected tissue. All
negative cultures were assigned the value of 100 CFU/ml of homogenate, which
is the lower limit of detection.

Pharmacology. The accumulation of proteins and peptides at the site of in-
fection, as well as the pharmacology of the radiolabeled hLF preparations and
related peptides in mice infected with antibiotic-resistant S. aureus or K. pneu-
moniae, was assessed by performing scintigraphy. The mice were placed in a
supine position on a planar gamma camera (GCA 7100/UI; Toshiba, Tokyo,
Japan) with both hind legs spread out and fixed with surgical tape. Continuous
whole-body acquisitions of every 60 s during the first hour after injection of the
tracer were made with the gamma camera, equipped with a low-energy general-
purpose parallel-hole collimator. The camera was connected to a computer
(GMS 5500 UI; Toshiba), and high-resolution images of the animals were stored
in a 256-by-256 matrix. The energy peak was set at 140 keV with a window of
20%. On the scintigrams, anatomically adjusted regions of interest (ROI) were
drawn over the heart and both thighs, providing data about the clearance of
99mTc-peptides and accumulation at the site of infection. The clearance of
99mTc-labeled hLF or related peptides from the circulation during the first hour
after injection was assessed by determining the half-life (t1/2) of radioactivity in
ROI drawn over the heart at various time intervals. The amount of radioactivity
in the heart was corrected for decay and expressed as a percentage of injected
dose (ID). Accumulation of hLF and related peptides at the site of infection is
expressed as the ratio of the radioactivity counts in identical regions drawn over
the infected (target) and the noninfected thigh muscle (nontarget), referred to
below as the T/NT ratio (34, 35).

Statistical analysis. Differences between the values for hLF, hLF23N, and
bovine serum albumin, as well as for the various hLF-related peptides and the
negative control peptide, were analyzed using the Mann-Whitney U test. The
level of significance was set at P , 0.05.

RESULTS

Antibacterial activity of hLF, hLF23N, and related synthetic
peptides. Based on the observation that the first cationic do-
main of hLF is essential for its interaction with various mole-
cules, such as endotoxin and heparin (17, 32, 38), we compared
the antibacterial activity of hLF23N and natural hLF. The
results revealed that both forms of hLF killed antibiotic-resis-
tant S. aureus (Fig. 1A), L. monocytogenes (Fig. 1B) and K.
pneumoniae (results not shown) in a dose-dependent fashion,
with hLF being more potent (P , 0.05) than hLF23N. In
addition, natural hLF acted faster (P , 0.05) than hLF23N in
killing of these bacteria (Fig. 1C to E). In contrast, E. coli was
not killed by hLF or hLF23N even at concentrations up to 12
mM (results not shown). To find which N-terminal amino acids
of hLF are essential for killing of bacteria, we determined the
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in vitro bactericidal effects of synthetic peptides corresponding to
the first 11 N-terminal residues of hLF and fragments thereof
against various bacteria. The results revealed that hLF(1–11),
hLF(2–11), and hLF(3–11) displayed bactericidal activity against
the various bacteria whereas hLF(5–11) was ineffective (Fig. 2).
Dose-response studies revealed that hLF(1–11) and hLF(2–11)
were considerably (P , 0.05) more efficient than hLF(3–11) in
killing of antibiotic-resistant S. aureus (Fig. 2A), K. pneumoniae
(Fig. 2C), and E. coli (Fig. 2D) but not L. monocytogenes (Fig.
2B). In addition, hLF(4–11) killed L. monocytogenes (Fig. 2B),
K. pneumoniae (Fig. 2C), and E. coli (Fig. 2D) only at high con-
centrations but did not kill antibiotic-resistant S. aureus (Fig. 2A).
Together, these data indicate that the first two arginines are
essential for the bactericidal activity of hLF against these bacteria.

Next, we compared the bactericidal activities of hLF(21–31),
which includes the second cationic domain of hLF and is known
to display bactericidal activity (22), and hLF(1–11) against anti-
biotic-resistant S. aureus, L. monocytogenes, K. pneumoniae, and
E. coli. The results revealed that hLF(1–11) is at least 10 times
more (P , 0.05) efficient than hLF(21–31) (Fig. 2).

Effect of natural hLF, hLF23N, and related peptides on the
membrane permeability as well as the intracellular nonspe-
cific esterase activity of bacteria. To gain insight into the
mechanisms underlying the antibacterial activity of hLF as well
as related peptides, we determined their effect on the mem-
brane permeability of bacteria. The results revealed that incu-

FIG. 1. Antibacterial activity of natural hLF and hLF23N against
antibiotic-resistant S. aureus, L. monocytogenes, and K. pneumoniae. (A
and B) Dose-dependent reduction of the number of viable antibiotic-
resistant S. aureus (A) and L monocytogenes (B) cells by natural hLF
and hLF23N. Approximately 1 3 106 to 2 3 106 CFU of bacteria was
exposed to different concentrations of natural hLF or hLF23N for 3 h
at 37°C, and then the number of viable bacteria was determined mi-
crobiologically. The detection limit was 4,000 CFU. Results are means
and standard deviations of at least three separate experiments. (C to
E) Time-dependent reduction of the number of viable antibiotic-re-
sistant S. aureus (C), L. monocytogenes (D), and K. pneumoniae (E) by
natural hLF and hLF23N. Approximately 1 3 106 to 2 3 106 CFU of
bacteria was exposed to 4 mM hLF or hLF23N for various intervals at
37°C, and then the number of viable bacteria was determined micro-
biologically. Results are means and standard deviations of at least
three separate experiments. p, P , 0.05 compared to bacteria exposed
to bovine serum albumin; pp, P , 0.05 compared to bacteria exposed
to 4 mM hLF.
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bation of the various bacteria with natural hLF (and hLF23N)
was not followed by a significant change of the membrane
permeability during the period of analysis, i.e., 4 h after addi-
tion of these proteins. Based on these results, we investigated
the effects of natural hLF and hLF23N on the intracellular
nonspecific esterase activity of bacteria. We chose this enzyme
because its activity correlates with cell viability (31). The re-
sults revealed that hLF and hLF23N inhibited the intracellular
nonspecific esterase activity of antibiotic-resistant S. aureus,
but not of E. coli, within 1 to 2 h after addition of these
proteins (Fig. 3), suggesting that killing of bacteria by hLF (and
hLF23N) could be preceded by intracellular effects in antibi-

otic-resistant S. aureus without disruption of the membrane
integrity. In agreement with this possibility, we found that hLF,
as well as hLF23N, at 4°C did not affect the number of viable
bacteria as well as the nonspecific esterase activity whereas the
defensin-like peptide protegrin-1 (14, 25) did (results not
shown). The protegrin-1 peptide kills bacteria through another
mechanism, i.e., increasing the membrane permeability. In
contrast to natural hLF and hLF23N, the various peptides,
except hLF(5–11), influenced the membrane permeability in a
dose- and time-dependent fashion (Fig. 2). When studied at
concentrations that did not increase the membrane permeabil-
ity, these peptides did not affect the nonspecific esterase activ-

FIG. 2. Killing of antibiotic-resistant S. aureus (A), L. monocytogenes (B), K. pneumoniae (C), and E. coli (D) by hLF(1–11) as well as fragments
thereof and hLF(21–31). Approximately 2 3 106 CFU of the various bacteria was exposed to various concentrations of hLF(1–11) or fragments
thereof or hLF(21–31) for 1 h at 37°C, and then the number of viable bacteria was determined microbiologically. The detection limit was 4,000
CFU. Results are means and standard deviations of at least three separate experiments. In addition, the effects of the peptides on the membrane
permeability of the various bacteria was assessed using 1 mg of PI/ml and FACS analysis. The results, expressed as mean and standard deviation
of the percentage of PI-positive bacteria, are from at least three separate experiments.
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ity of bacteria (results not shown). Finally, dose-response studies
revealed that hLF(1–11) was considerably (P , 0.05) more
efficient than hLF (21–31) in increasing the membrane perme-
ability of bacteria (Fig. 2).

Antibacterial activity of natural hLF, hLF23N, and related
peptides in experimental thigh muscle infections. Within 24 h
after injection of natural hLF, hLF23N, hLF(1–11), hLF(4–11),
or hLF(21–31), the number of viable bacteria in mice infected
with antibiotic-resistant S. aureus was reduced in a dose-de-
pendent fashion; maximum effects were seen with 1 nmol of
hLF, 10 nmol of hLF23N, 0.1 nmol of hLF(1–11), and 10 nmol
of hLF(21–31) (Fig. 4). It should be noted that at the lowest
level tested (0.1 nmol), the synthetic peptide hLF(1–11) re-
sulted in approximately a 100-fold-higher reduction in the
number of viable bacteria than did natural hLF. The highest
level of hLF(4–11) exerted some antibacterial activity in mice
infected with antibiotic-resistant S. aureus (Fig. 4). Similar
results were found (2- to 3-log-unit reduction) in mice infected
with K. pneumoniae (results not shown). Pharmacological stud-
ies revealed that natural hLF, hLF23N, hLF(1–11), and hLF(4–
11), and hLF(21–31) were rapidly removed from the circula-
tion of these mice with mean t1/2 values of approximately 19,
22, 9, 1, and 2 min, respectively (n 5 3). Already within the first
1 min after injection of 1 nmol of radiolabeled natural hLF,
hLF23N, hLF(1–11), hLF(4–11), or hLF(21–31) into antibiot-
ic-resistant S. aureus-infected mice, a significant amount of
radiolabeled peptide, i.e., approximately 1 to 1.5% of ID, was
observed at the site of infection. Moreover, the amount of
radiolabeled hLF or related peptide at the site of infection
remained constant during the period of analysis, i.e., the first
60 min after injection of the radiolabeled protein or peptide
(Fig. 5), indicating that natural hLF, hLF23N, and related

peptides quickly reached and accumulated at the site of infec-
tion.

DISCUSSION

The main conclusion to be drawn from the present results is
that the N-terminal arginines 2 and 3 of hLF play an important
role in its bactericidal activity. This conclusion is based on the
following findings. First, the bactericidal activity of the physi-
ologically relevant truncated form hLF23N (13, 15, 32), i.e.,
hLF lacking the first 3 amino acids, was significantly lower than
that of natural hLF both in in vitro studies and in animals with
an experimental thigh muscle infection with antibiotic-resistant
S. aureus (Fig. 4) or K. pneumoniae (results not shown). It
should be kept in mind that the amounts of hLF and hLF23N

at the site of infection did not differ (Fig. 5), excluding the
possibility that differences in the bactericidal activity of these
proteins in mice can be attributed to differences in the amount
of protein at the site of infection. Second, comparison of the
bactericidal activities of hLF(1–11) and peptides lacking one or
more of the first 5 residues revealed that the first 2 arginines
are essential for killing of bacteria. In agreement with these in
vitro data, we found that hLF(1–11) was much more effective
than hLF(4–11) in reducing the number of viable bacteria in
antibiotic-resistant S. aureus-infected as well as K. pneumoniae-
infected mice.

Our second conclusion pertains to mechanisms underlying
the bactericidal activity of hLF and related peptides. Natural
hLF or hLF23N interacts with bacteria possibly through spe-
cific binding sites (27), porins (9), endotoxin (6, 32) or lipotei-
choic acid (C. Ødegard, unpublished data). Interaction of hLF
and hLF23N with bacteria (35) inhibited the nonspecific ester-

FIG. 3. Effect of natural hLF, hLF23N, and protegrin-1 on nonspecific esterase activity of antibiotic-resistant S. aureus. Approximately 2 3 106

CFU of bacteria were incubated with 4 mM natural hLF or hLF23N in PBS-Tw for 2 h at 37°C and then incubated with 100 mM SFDA in 20%
(vol/vol) ethanol for 20 min at room temperature in the dark and washed, and then the fluorescence intensity was measured by flow cytometry.
It should be realized that the formation of fluorescein resulting from the degradation of SFDA by nonspecific esterase activity is measured by FACS
analysis. Consequently, low mean fluorescence intensities indicate little esterase activity, provided that loss of fluorescein due to an increased
membrane permeability can be excluded as an explanation. As controls, bacteria were exposed to 4 mM bovine serum albumin (BSA) (negative
control) for 2 h at 37°C or protegrin-1 (positive control) for 30 min at 37°C instead of hLF of hLF23N. Results are from a representative experiment
of three independent experiments.
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ase activity without affecting their membrane permeability.
These observations suggest that hLF is taken up by bacteria,
where it exerts its effects, such as interaction with ATP (28)
and/or mitochondria in Candida albicans, as has recently been
reported for histatin (11). These intracellular actions of hLF

could result in disruption of the metabolic activity and subse-
quently the death of the bacteria. In agreement with this pos-
sibility, we found that at 4°C hLF is not able to kill bacteria or
to affect the nonspecific esterase activity of the bacteria
whereas protegrin-1 can do so. These data indicate that the

FIG. 4. Bactericidal activity of natural hLF, hLF23N, and various related peptides in antibiotic-resistant S. aureus-infected mice. Mice were
intramuscularly infected with approximately 107 CFU of antibiotic-resistant S. aureus in 0.1 ml of saline, and 24 h later 0.2 ml of saline containing
various amounts (range, 0.1 to 10 nmol) of natural hLF, hLF23N, hLF(1–11), hLF(4–11), or hLF(21–31) was injected intravenously. At 24 h after
injection of radiolabeled peptide the mice were killed by intraperitoneal injection with sodium pentobarbital, and the thigh muscle was removed,
weighed, and then homogenized. Next, serial fold dilutions of these homogenates were pipetted onto plates and the number of CFU was
determined microbiologically. It should be kept in mind that hLF(1–11) is much more effective than natural hLF in eliminating bacteria in mice
with an experimental infection. Values are means and standard deviations of CFU of antibiotic-resistant S. aureus per gram of thigh muscle (n 5
3 experiments; at least 3 mice in each experiment).

FIG. 5. Accumulation of 99mTc-hLF or related peptides at the site of infection in mice experimentally infected with antibiotic-resistant S.
aureus. Accumulation of radiolabeled hLF, hLF23N, hLF(1–11), hLF(4–11), or hLF(21–31) and, as a control, IgG at the site of infection in mice
with an experimental thigh muscle infection with antibiotic-resistant S. aureus at various intervals after injection of radiolabeled protein or peptide
is represented by the ratio of the radioactivity counts in identical ROI drawn over the infected (target, T) and the noninfected thigh muscle
(nontarget, NT). Results (T/NT ratios) are means and standard deviations for at least three mice.
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bactericidal action of hLF requires metabolically active bacte-
ria. The sequence of events initiated by synthetic peptides
derived from hLF and resulting in the death of the bacteria is
difficult to unravel because the bacteria are rapidly killed by
these peptides. For example, we could not establish conditions
that allowed us to measure the effects of hLF(1–11) and re-
lated peptides on the nonspecific esterase activity of bacteria
without affecting the membrane permeability. Furthermore,
for certain hLF-derived peptides, e.g., hLF(21–31), no clear
correlation between reduction of the number of viable bacteria
and the percentage of PI-positive bacteria was found. This
observation may indicate that enhanced membrane permeabil-
ity by antimicrobial peptides does not invariably lead to bac-
terial cell death. Although we cannot draw a definitive conclu-
sion about the mechanisms underlying the bactericidal action
of synthetic hLF-derived peptides, it could be that the mech-
anisms differ between synthetic peptides and natural peptides
derived from the N terminus of hLF. It should also be kept in
mind that the size and tertiary structure of the present syn-
thetic peptides may differ considerably from those of natural
peptides derived from hLF. Moreover, it is highly likely that
potent bactericidal peptides are formed from natural hLF in
reponse to local conditions at sites where the bactericidal ac-
tion is required without exposing other anatomical localiza-
tions to the adverse effects of these potent peptides. This
feature could be an important advantage of hLF when used to
treat patients with infections.

A third striking finding in the present study is that hLF-
derived peptides are much more potent in mice with experi-
mental infections with bacteria than in in vitro assays for an-
tibacterial activity. Possible explanations for these findings
include (i) synergism between hLF or related peptides and
other antimicrobial proteins/peptides, such as lysozyme (16),
or other local factors, such as pH and Ca21 and Zn21 concen-
trations, and (ii) interactions with host cells, leading to en-
hanced antibacterial activities of the cells (20).

Other important findings in the present study concern the
role of the second cationic domain of hLF in its bactericidal
activity. It has been reported that peptides comprising the
second cationic domain of hLF display antibacterial activity
(3). However, such a peptide, i.e., hLF(21–31), was consider-
ably less efficient in killing of bacteria than hLF(1–11), which
may suggest that the first cationic domain contributes more
than the second to killing of bacteria. In agreement with this
conclusion, we found that hLF(21–31) was less effective than
hLF(1–11) in reducing the number of viable bacteria in the
thigh muscle of mice infected with antibiotic-resistant S. aureus
or K. pneumoniae.

Our observation that natural hLF is not bactericidal for E.
coli O54 contrasts with earlier reports by others (7, 33) using
different strains of E. coli. Although we cannot offer a defini-
tive explanation for this difference, technical differences, e.g.,
the use of different E. coli strains, impurity of hLF prepara-
tions, pH 2 treatment of the protein (33), and the assay con-
ditions (7), are clearly important. In connection with the last
suggestion, we noted that in vitro hLF and hLF23N displayed
optimal bactericidal activity when investigated in PBS-Tw
whereas its bactericidal activity in 10 mM sodium phosphate
buffer supplemented with 1% tryptase soya broth was rather
poor (results not shown). Of course, our in vitro observation

that hLF and hLF23N are not able to kill E. coli does not
exclude the posibility that this protein can be used to success-
fully treat infections with this bacterium, as has recently been
reported by others (10).

Originally, these studies were designed to investigate
whether hLF and related peptides can be used to treat exper-
imental infections with bacteria, such as antibiotic-resistant S.
aureus. It should be realized that treatment of patients infected
with antibiotic-resistant bacteria is an increasingly important
problem in hospitals. Currently, there are over 60,000 deaths
per year in the United States from hospital-acquired infec-
tions. Nearly 40% of hospital-acquired infections with S. au-
reus are resistant to all antibiotics except methicillin. A major
finding in the present structure-function analysis is that hLF(1–
11) is highly effective against infections with antibiotic (methi-
cillin)-resistant S. aureus. It should be kept in mind that
hLF(1–11) is much more effective than natural hLF in elimi-
nating bacteria in mice with an experimental infection. In ad-
dition, during the course of our experiments in mice, we noted
that radiolabeled hLF and related peptides rapidly reached the
site of infection and remained there throughout for the period
of analysis (2 to 4 h). This prompted us to compare the abilities
of radiolabeled hLF and related peptides with an established
marker of infection or inflammation, i.e., radiolabeled poly-
clonal human IgG (34, 35), to image of a bacterial infection.
The results clearly indicated that radiolabeled hLF and some
related peptides visualized the infection much faster than did
radiolabeled IgG and that in this respect hLF was superior to
the related peptides. The main drawback of radiolabeled hLF
for imaging of infections is its ability to bind to leukocytes (21,
26), making this tracer unsuitable for discrimination between
sterile inflammatory processes and infectious sites.
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