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Abstract. The peptide lactoferricin (Lfcin) can be re-
leased from the multifunctional protein lactoferrin (LF)
through proteolysis by pepsin under acidic conditions,
a reaction that occurs naturally in the stomach. Lfcin
encompasses a large portion of the functional domain of
the intact protein, and in many cases it not only retains
the activities of LF but is more active. Lfcin possesses
strong antimicrobial and weak antiviral activities, and it
also has potent antitumor and immunological properties.

This review covers the current state of research in this
field, focusing on the many beneficial activities of this
peptide. Throughout we will discuss the breadth of Lfcin
activity as well as the mechanism of action. Many recent
studies have drawn attention to the fact that the main site
of action for the peptide may be intracellular. In addition
the results of structural and dynamic studies of Lfcin are
presented, and the relationship between structure and
activity is explored.
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protein structure.

Introduction

Lactoferrin (LF), a member of the transferrin family, is
an ~80-kDa iron-binding glycoprotein. Found predomi-
nantly in the secreted fluids of mammals such as milk,
tears, saliva, bronchial mucus and seminal plasma, LF
is also stored in the secondary granules of polymorpho-
nuclear leukocytes (PMNs). Though the physiological
effects of the intact protein have yet to be completely de-
termined, it plays an important and multifunctional role
in host defense (for a recent review see [1]). The overall
three-dimensional structure of LF is very similar to that
of the other members of the transferrin family except for
a unique, highly positively charged N-terminal region.
Thought to convey upon this protein its unique host
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defense properties, the importance of this basic region
is highlighted by the fact that a peptide released through
acidic pepsin hydrolysis containing the N-terminal se-
quence not only retains many of the activities of the in-
tact protein but in some cases it can even be more potent
than the parent protein. This peptide, termed lactoferricin
(Lfcin), has received much attention recently due to its
broad host defense properties. Here we will cover current
research in this field. Topics pertaining to the structure of
different Lfcins as well as their antimicrobial (antibacte-
rial, antifungal and antiparasidal), antiviral, antitumor
and immunomodulatory activities will be discussed.

Structure of Lfcins
To date the two most-studied Lfcins are those derived

from bovine and human LF, LfcinB and LfcinH, re-
spectively. Even though both peptides are highly posi-
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Figure 1. The primary structures of LfcinB and LfcinH. Single-
letter codes are used to represent the amino acid sequence of each
peptide. The basic residues are indicated in boldface and aromatic
residues are indicated in italics. (A) LfcinB and (B) LfcinH from
[3]. (C) LfcinH from [4].

tively charged, there is a striking difference in both the
length of the peptide and the amino acid sequences of
LfcinB and LfcinH. The difference is reflected by the
relatively low sequence similarity of 69% between
the aligned regions of bovine and human LF (bLF
and hLF, respectively) [2]. The primary structure of
LfcinB is well established as a 25-residue peptide (resi-
dues 17-41 of bLF) that forms into a looped structure
through an intramolecular disulfide bond (fig. 1A) [3].
The exact amino acid sequence of LfcinH, however, is
more controversial. It was originally thought to contain
two disulfide-linked peptide chains encompassing the
N-terminal 47 residues of hLF; however, recent mass
spectrometry evidence indicates that LfcinH consists of
the N-terminal 49 residues in a single continuous chain
(figs. 1B, C, respectively) [3, 4]. The original primary
structure of LfcinH included a loop of the same length
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as that seen in LfcinB formed by an intramolecular
disulfide bond. The current LfcinH sequence again in-
dicates the presence of this loop, but this time a second
disulfide bond extends the overall structure, which is
about twice as long as LfcinB.

The difference in primary structure between LfcinB and
LfcinH also extends to the three-dimensional structure
of these peptides. Nuclear magnetic resonance (NMR)
spectroscopy studies indicate that free LfcinB adopts a
conformation in aqueous solution that is quite different
from that found in the intact protein [5]. In low-salt so-
lutions this peptide loses the a-helix seen in intact bLF
and forms a twisted P-sheet (fig. 2A, B). By adopting
this structure the released peptide becomes markedly
amphipathic as nearly all the hydrophobic residues lie
on one face while the positively charged residues lie on
the other (fig. 2B). This conformational transformation
can be observed in molecular dynamics calculations that
indicate that LfcinB can readily undergo a transition
from an o-helix to a B-sheet hairpin structure in aque-
ous solution; this interconversion does not proceed as
readily in the presence of 250 mM salt [6]. In contrast,
NMR studies of LfcinH in a membrane mimetic solvent
indicate that this peptide retains a significant part of the
conformation seen in intact hLF and that the a-helix is
preserved (fig. 3A, B) [4]. Even in aqueous solution the
peptide remains somewhat coiled with the hydrophobic
side chains of Trp, Leu, Ile and Val providing centers for
the initiation of a preferred conformation. The retention
of the a-helical region in LfcinH may be directly related
to the additional length of the peptide as compared with
LfcinB. This would allow for extra hydrogen bonds that
assist in stabilizing the helix, a structure lost in LfcinB.
Once liberated from the intact hLF protein and the ac-
companying restraints, the B-sheet structure of LfcinH is
lost most likely due to the presence of two adjacent Pro
residues (P33, P34) in the loop of LfcinH. The structure
of LfcinH in the membrane mimetic solvent indicates
that this peptide, like LfcinB, has a significant amphip-
athicity (fig. 3B). Interestingly, the hydrophobic surface
created by LfcinH is much larger than that in LfcinB; this
may account for the fact that LfcinH behaves like a di
mer structure in aqueous solution [4].

The ability of both LfcinB and LfcinH to form amphip-
athic structures with clear hydrophobic and positively
charged faces is a trait they share with other peptides
that display antimicrobial activity. Almost 900 distinct
antimicrobial peptides have been discovered, in organ-
isms from plants to insects and invertebrates to humans,
and though little sequence homology exists between the
peptides, the vast majority contain a high proportion of
hydrophobic and cationic residues which through asym-
metric clustering give rise to amphipathic structures
(for more information see www.bbcm.units.it/~tossi/
amsdb.html and [7]).
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Antibacterial activity

Previous research has provided substantial evidence for
the in vitro antibacterial activity of both LfcinB and
LfcinH. LfcinB is bactericidal and LfcinH, like bLF and
hLF, is bacteriostatic against a wide variety of Gram-neg-
ative and Gram-positive bacteria (table 1) [8—12]. This
lack of species specificity combined with the observation
that both the L and D enantiomers of LfcinB are active
suggests that the bacterial target of this peptide is a struc-
ture of a generalized nature, a prime candidate being the
phospholipids present in membranes [13]. As both the
lipopolysaccharide (LPS)-containing outer membrane of
Gram-negative bacteria and the teichoic acid layer that
surrounds the cytoplasmic membrane of Gram-positive
bacteria are negatively charged surfaces, it is thought that
an electrostatic attraction first binds the cationic peptide
to the outside of the bacterial cell. In vitro experiments
further support these proposed initial binding sites, as
both LfcinB and LfcinH, like LF, have the ability to bind

Lactoferricin: a lactoferrin-derived peptide

Figure 2. The three-dimen-
sional structure of LfcinB.
(A) Crystal structure of bLF.
The secondary structure is
highlighted with blue repre-
senting P-sheets and red and
orange representing the o-
helices. The region contained
in LfcinB is shown in green.
PDB file 1BLF. (B) Solution
structures of LfcinB. A ribbon
diagram representation of the
secondary structure of LfcinB
is indicated on the left, with
the disulfide bond highlighted
in yellow and Trp residues in-
dicated in blue. On the right is
the peptide shown to illustrate
the charged distributions that
are colored blue, red and white
for positive, negative and neu-
tral charges, respectively. The
amphipathic faces can clearly
be seen. Both diagrams are in
approximately the same orien-
tation. PDB file 1LFC. These
figures were produced using
Molmol.

and release LPS from the outer membrane of Gram-
negative bacteria [8, 14] and LfcinB can bind teichoic
acid originating from Gram-positive bacteria [15]. In
contrast, both cationic peptides would have a low affinity
for membranes surrounding healthy eukaryotic cells, as
these mostly have the neutral zwitterionic phosphatidyl-
choline headgroup exposed on their outer leaflet.

Following its binding to the outer lipid layer of bacteria,
Lfcin then crosses this barrier to interact with the bacte-
rial cytoplasmic membrane. Little is known about this
process, but it appears that Lfcin crosses the outer mem-
brane of Gram-negative bacteria through a mechanism
consistent with the semi ‘self-promoted uptake’ pathway
[16]. Experiments performed with a peptide representing
the N-terminal half of the loop in LfcinH indicate that in
the presence of LPS the peptide can self-associate in an
ordered manner to form an array [17]. The peptides act
as a point of nucleation, organizing themselves to give
both a hydrophobic and a hydrophilic face to the array.
When the polycationic surface of this array interacts with



Cell. Mol. Life Sci.

Vol. 62, 2005

N-terminal C-terminal

the polyanionic surface of the bacterial outer membrane,
the fluidity of the membrane is disrupted, allowing the
peptides to translocate across the cytoplasmic membrane.
In this fashion the peptide can enter the bacterial cell and
act on intracellular targets. This mechanism is supported
not only by the lag time observed in the bactericidal ef-
fects but also by the observation of blebs on the surface
of certain bacterial cells treated with LfcinB, blebs re-
sulting from expansion in the outer membrane to accom-
modate the insertion of peptide-organized lipid rafts [8,
10]. Gram-positive bacteria are also more susceptible to
Lfcin [18], a susceptibility most likely due to the absence
of an outer membrane but possibly due to the mechanism
through which Lfcin crosses the teichoic acid layer, a
mechanism not yet deduced.

The effects of Lfcin on the bacterial cytoplasmic mem-
brane are not yet entirely known. Unlike other antimicrobi-
al peptides that form pores or disintegrate the cytoplasmic
membrane [7], Lfcin appears to do no significant damage
to the integrity of this membrane [19]. However, studies
with both LfcinB and LfcinH indicate that this peptide in-
duces a compromise in membrane permeability, allowing
the passage of small ions, and resulting in the loss of both
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Figure 3. The three dimen-
sional structure of LfcinH.
(A) Crystal structure of hLF.
The secondary structure is
highlighted with blue repre-
senting P-sheets and red and
orange representing the o-
helices. The region contained
in LfcinH is shown in green.
PDB file 1BOL. (B) Solu-
tion structures of LfcinH in a
membrane mimetic solvent.
A ribbon diagram representa-
tion of the secondary structure
of LfcinH is indicated on the
left, with the disulfide bonds
highlighted in yellow. On the
right is the peptide shown to
illustrate the charged distri-
butions that are colored blue,
red and white for positive,
negative and neutral charges,
respectively. The amphipathic
faces can clearly be seen. Both
diagrams are in approximately
the same orientation. These
figures were produced using
Molmol.

the transmembrane electrochemical and pH gradients [14,
20, 21]. As LfcinB has been localized to the cytoplasm of
both Gram-negative and Gram-positive bacteria, it is now
thought that this peptide exerts its effects intracellularly
and that perhaps the membrane depolarization results
from perturbations in metabolic pathways [22]. It has
been suggested that Lfcin can translocate across the cell
membrane in a manner similar to other Arg-rich peptides
that are spontaneously internalized, peptides known as
‘penetratins’ [19]. By inducing the formation of micel-
lar-like structures in the cytoplasmic membrane, these
peptides lead to the creation of a hydrophilic cavity that
transports them across this barrier [23]. There is some in
vivo evidence for this hypothesis, as exposure to LfcinB
causes curling and fusion of the bacterial cytoplasmic
membrane [8, 14]. Interestingly, the penetratin class of
peptide can also cross the nuclear envelope, suggesting
that nucleic acids may be a potential target of Lfcin.
Studies with antimicrobial peptides of varying second-
ary structures indicate that 3-sheet peptides translocate
across the cytoplasmic membrane better than o-helical or
extended peptides [24], possibly explaining the increased
activity of LfcinB compared with LfcinH.
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Table 1. Antimicrobial and antiviral activities of LfcinB and LfcinH
tested for various organisms

Lactoferricin: a lactoferrin-derived peptide

Table 2. Amino acid sequences for a 15-residue homologous region
of various Lfcins

Strain Reference Peptide Amino acid sequence (single-letter code)
Gram-negative bacteria LfcinB FKCRRWQWRMKKLGA
Escherichia coli [3,8, 10, 11] .
Klebsiella pneumoniae [8, 11] LfcinH TKCFQWQRNMRKVRG
Proteus vulgaris [11] LfcinM EKCLRWQNEMRKVGG
Pseudomonas aeruginosa [3,8, 11] .
Pseudomonas fluorescens [3, 11] LfcinC SKCYQWQRRMRKLGA
Salmonella enter itiq’is (1] The linear 15-residue peptide analog for LfcinB has comparable
montevideo [9] antibacterial activity to the complete LfcinB. For abbreviations see
salford (8] text. Taken from [29].
typhimurium [8, 9]
Yersinia enterocolitica [11]
Gram-positive bacteria
Bacillus cereus [9, 11] . o
circulans [11] The cytoplasm contains many polyanionic molecules
natto [11] that are possible interaction sites for Lfcins. Recent
_ subnlis (1] studies indicate that LfcinB is capable of inhibiting
Clostridium paraputrificum [11] .. .
perfringens [11] macromolecular synthesis in both Gram-negative and
Corynebacterium ammoniagenes [11] Gram-positive bacteria [18]. In the case of the Gram-
diphtheriae (1] positive bacterium Bacillus subtilis, exposure to sublethal
renal [ concentrations of LfcinB results in the inhibition of DNA,
Enterococcus faecalis [11] ; . K
Lactobacillus casei [11] RNA and protein synthesis. The morphological changes
Listeria monocytogenes [3,8, 11, 12] that are subsequently observed imply that LfcinB in-
Staphylococcus dureus (3,8,9,11] duces a defense response in this bacterium. The effect of
epidermidis [11] LfcinB G ive b ia is diff h h
haemolyticus [11] cinB on Fz}m-negatn'/e acFerla 1s different than that
hominus [11] on Gram-positive bacteria. LfcinB appears to act through
Streptococcus bovis [11] a multi-phased mode of action such as that hypothesized
ZZ’;‘” ' H H for other antimicrobial peptides including apidaecin [25].
mutans [11] The initial interaction between the bacterium and the
thermophilus [11] peptide evokes an SOS-like response as there is an initial
Yeasts decrease in DNA synthesis that is accompanied by an
Candida albicans [8,39-41] increase in the synthesis of protein and RNA as well as
Cryptococcus uniguttulatus [39] filamentation of the Escherichia coli cells. Following this,
C. curvatus [39] . e . . .
C. albidus [39] LfCll:lB inhibits pr(?teln synthe51§ leading Fo cell Qeath,
Trichosporon cutaneum [39] possibly by targeting the protein-synthesis machinery.
Dermatophytes The bactericidal mechanism of LfcinB is not unique to
Trichophyton mentagrophytes [39] this peptide, as a number of other antimicrobial peptides,
;’ ubrum Bg% such as indolicidin [26] and a short Trp- and Arg-rich
annizzia gypsea . .
N. incurvaia (39] peptide derived from human 1ysozym§ [.27],. have also
N. otae [39] been shown to translocate across the lipid bilayers and
Other filamentous fungi [39] inhibit macromolecular synthesis. However, as an inter-
Aspergillus fumigatus [39] action between the peptide and the bacterial cytoplasmic
II‘})- ”?83; - [gg] and outer membranes is necessary to ensure antibacterial
rUCLtm propiitum [39] activity, the permeabilizing effect of this interaction can-
P. vermiculatum [39] el
Rhizopus oryzae [39] not yet be ruled out as part of the cause of the inhibition of
Parasites macromplecular synthesis. As yet the exact bacteriostatic
Eimeria stiedai [46] mechanism of LfcinH has not been deduced.
Giardia lamblia B [47] Recently, much research in this field has been focused
Toxoplasma gondii [43, 46] on determining the molecular mechanism through which
\A’guseS. (521 Lfcin interacts with membranes, especially the mem-
enovirus . . . .
Feline calicivirus (50] branes qf bacteria. As preV1o.usly mentloned, both LfcmB
Herpes simplexvirus-1 and -2 [51] and LfcinH can form amphipathic structures, which en-
Human cytomegalovirus [48] able the interaction with negatively charged membranes.
Human immunodeficiency virus-1 [49]

The positive residues on the polar side of Lfcin interact
with the negatively charged polar head groups of the
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important role of the two Trp
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membrane. The importance of the initial electrostatic
interaction is highlighted first by the high overall positive
charge of the peptides, with a net charge of at least +4
necessary for optimal antibacterial activity [28]; second
by the fact that murine Lfcin (LfcinM), which contains
two Glu residues, lacks antibacterial activity (table 2)
[29]; and third by the increased activity of C-terminally
amidated unadecapeptides derived from various Lfcins
[13, 28]. As Arg can interact both electrostatically and
through multiple hydrogen bonds with the negatively
charged surface of the bacteria, it is thought that this
amino acid is the most effective for targeting the peptide
to the membrane. In addition the guanidinium group adds
bulk to the side chain, thereby potentially contributing to
membrane disruption [30].

Once the positively charged residues bring Lfcin into con-
tact with the bacterial cell, the hydrophobic residues inter-
act with the lipophilic portion of the membrane, becoming
embedded into its surface and destabilizing the packing of
the phospholipids. Of the hydrophobic residues present in
Lfcin, Trp is clearly the most important. The bactericidal
activity of LfcinB appears to be dependent not just on one
of these residues but on at least two (see fig. 4). In fact,
studies with Lfcin derivatives indicate that the presence
of three Trp residues ensures a maximal thinning of the
membrane in a certain radius around the peptide [31]. The
requirement for more than one Trp seemingly explains
the increased in vitro antibacterial activity of LfcinB
compared with LfcinH and the other studied Lfcins; un-
like LfcinB with two Trps, the same regions of LfcinH,
LfcinM and caprine Lfcin (LfcinC) have only one (table
2) [29]. Interestingly studies of peptides with non-natural
Trp analogs have shown that neither the hydrogen-bond-
ing ability nor the amphipathicity of the indole system are
essential for the effect of Trp. Instead the size, shape and
aromatic character of this amino acid seem to be the most
important features for the activity. Trp acts as an anchor,

residues. Taken from [31].

A% 95 O W W0
oA
FERFELS N

with the bulk of this residue helping to bind the peptide
to the membrane. Substitution of Lfcin’s Trp with bulkier
unnatural amino acids such as Tpc (-[2-(2,2,5,7,8-pen-
tamethylchroman-6-sulphonyl)-indol-3-yl]alanine) leads
to an increase in antibacterial activity [32]. The larger
size of the Tpc side chain allows this residue to anchor
the peptide more deeply in the membrane, thereby more
efficiently disrupting the phospholipid packing. The im-
pact of side-chain size on antibacterial activity is more
pronounced against Staphylococcus aureus than against
Escherichia coli, indicating that bacterial selectivity
can be altered by choosing different Trp analogs [33].
Nevertheless, optimization of the antibacterial activity in
this direction has its limits, as the addition of too many
aromatic residues or too much hydrophobic bulk renders
the peptides not quite as selective, and hemolytic activity
increases [28]. The importance of both Arg and Trp for
the antibacterial activity of Lfcin highlights the impor-
tance of both electrostatic and hydrophobic interactions
for the activity of Lfcin. Three-dimensional structures
determined for short 6- and 11-residue LfcinB analogs
bound to membrane mimetic SDS micelles suggest that
the Trp residues intercalate into the interface region of the
membrane, while the Arg side chains point further out-
ward [34]. This also applies to a cyclic 11 residue analog
that has slightly improved antimicrobial activity [35].

Recently, a computational strategy was used to search for
more effective derivatives of Lfcin. Based on a combina-
tion of quantitative structure-activity relationship analy-
sis (QSAR) and multivariate data analysis, this approach
relies on structural parameters that can be used to design
more potent peptides [36]. The structural parameters
used in this study include net charge, mean hydrophobic
moment, lipophilicity, charge asymmetry and micelle
affinity, and it has been applied to the design of unadeca-
and pentadecapeptide derivatives of Lfcin [36, 37]. The
QSAR and multivariable analysis techniques are also
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Figure 5. The relationship
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used to predict the antibacterial activity of proposed pep-
tides. Based on the assumption that individual molecules
can be described by a grouping of physico-chemical vari-
ables, models are calculated using macroscopic descrip-
tors such as o-helicity, lipophilicity and high-perform-
ance liquid chromatography (HPLC)-retention times as
well as theoretical properties such as different measures
for charge localization and Eisenberg o-helix propensi-
ties. As the calculated models reveal a good correlation
between the observed and predicted activities, it is now
possible to fairly accurately predict the activity of new
Trp- and Arg-rich antimicrobial peptides (fig. 5) [38].

Antifungal and antiparasitic activity

In addition to a number of bacteria, Lfcin, and particu-
larly LfcinB, is also effective at inhibiting the growth of a
number of yeasts, molds and filamentous fungi, including
the pathogen Candida albicans, as well as dermatophytes
(table 1) [8, 39—41]. Recent evidence suggests that Lfcin
has two antifungal mechanisms, with the first involving
a direct fungicidal activity. Both LfcinB and LfcinH ap-
pear to interact with the plasma membrane, as treatment
of Candida albicans results in the dissipation of the

proton gradient across the cell membrane [39, 41]. Both
Lfcins also appear to affect the cytoplasm of fungal cells.
Aggregation of cytoplasmic material has been observed
with LfcinB-exposed cells, and treatment of the blasto-
conidia life stage of C. albicans with a LfcinH-derived
peptide results in synthesis and secretion of ATP from the
mitochondria. Interestingly, this ATP is released extracel-
lularly, where it can interact with extracellular ATP bind-
ing sites on the plasma membrane, giving rise to pore
formation and cell death [41, 42].

The second antifungal action of Lfcin appears to involve
upregulating host defense. A decapeptide representing
the N-terminal portion of LfcinB upregulates the Can-
dida cell-killing activity of PMN leukocytes, a cell type
that plays an important role in the inhibition of Candida
growth and invasion [43]. Exposure of PMNs to this de-
rivative of LfcinB induces generation of the reactive oxy-
gen species superoxide through upregulation of protein-
Tyr kinase activity and activation of the NADPH oxidase
complex [42]. Both the phagocytic and candidacidal
activities of these cells are correlated with the creation of
reactive oxygen species such as superoxide. This peptide
also increases signaling from both mitogen-activated
protein kinase (MAPK) and protein kinase C cascades,
upregulates inducible nitric oxide synthase (iNOS) ex-



Cell. Mol. Life Sci. ~ Vol. 62, 2005

pression and the production of NO, and increases the
generation of LF and defensins from PMNs [42, 44].
Though Lfcin is parasiticidal against a range of protozo-
ans (table 1), not much is known about how Lfcin exerts
this effect [45-47]. The cell surface of Toxoplasma gondii
tachyzoites is negatively charged, and there is evidence
that Lfcin peptides are attracted to this surface, resulting
in the disruption of the membrane. It is also possible that
this interaction releases parasitic structural components
that subsequently activate host defense systems.

Antiviral activity

Unlike the antimicrobial effects of Lfcin, the relative anti-
viral activity of this peptide is less than that of the mature
protein. Though Lfcin moderately inhibits in vitro multi-
plication of a number of viruses (table 1), the activity of
intact LF against these same viruses is as much as seven
times higher, suggesting that either the size of the mole-
cule is important or that other regions of LF contribute to
the antiviral activity [48—52]. This activity of LF is attrib-
uted to the affinity of this protein for heparin sulfate (HS)
and glycosaminoglycans (GAGs), carbohydrates that are
the typical viral binding sites on the cell membrane [48].
By binding these molecules, LF prevents viral entry into
the cell. As the binding site for both of these carbohy-
drates is located in Lfcin, it is possible that this peptide
also interacts with HS or GAGs, thereby blocking viral
cellular entry [52,53]. However, there is evidence that
LF and Lfcin act via different mechanisms [54]. Perhaps
Lfcin directly inactivates the virus particles, or as the
antiviral activity is independent of the presence of this
peptide at the cell surface, it is possible that Lfcin exerts
its effects inside the host cell. As it has been shown that
LF can bind nuclear DNA and act as a transcription factor
[55], perhaps Lfcin, which contains the DNA binding re-
gion of LF [56], acts in the same manner and upregulates
host cell defense in response to viral attack.

As noted for the antibacterial activity of Lfcin, both a
high net positive charge and the position of the cationic
residues appear to be important for antiviral activity [54].
A stabilized secondary structure is also important for an-
tiviral activity, as the absence of the disulfide bond in both
LfcinB and LfcinH and the resultant loss of the cyclic
form cause a loss of antiviral activity. In addition the type
of secondary structure may be important for the antiviral
activity of this peptide. As recent studies have indicated
that the antiviral activity of B-sheet cationic antimicrobial
peptides is higher than their o-helical compatriots [57]
the increased potency of LfcinB compared with LfcinH
against some viruses [54] may be due to the B-sheet con-
formation of LfcinB in solution compared with the helical
structures of LfcinH. Structure-activity relationship stud-
ies indicate that features such as hydrophobicity, molecu-
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lar size and spatial positioning between the charged and
hydrophobic amino acids in the secondary structure also
appear to be important for the antiviral activity [54].

Antitumor activity

Lfcin, like LF, has been shown to have antitumor effects
against a number of cell lines including leukemic [58, 59],
fibrosarcomas, melanomas and coloncarcinomas [60], at a
concentration that does not affect normal fibroblasts and
erythrocytes. Lfcin is targeted to tumor cells by the chang-
es that occur in their cell membrane, such as the exposure
of phosphatidylserine, a negatively charged headgroup,
due to the loss of phospholipid asymmetry in diseased cells
[61]. Once bound to the tumor cell, Lfcin is thought to dis-
rupt the cell membrane and trigger a Ca**/Mg** endonucle-
ase and oxidant-dependent apoptotic pathway. The exact
mechanism through which Lfcin triggers apoptosis is not
known, but interestingly cationic liposomes, compounds
with similar properties to these peptides, also induce apop-
tosis through an oxidant-dependent pathway [62].
Interestingly, the structural parameters that describe the
antitumor effects of Lfcin are very similar to those that
describe the antibacterial activity. The lack of antitumor
activity of the Glu-containing LfcinM homolog (table 2)
indicates that this activity of Lfcin, like the antibacterial
activity, requires a high net positive charge [63]. However,
for maximum antitumor activity a net positive charge of
+7 is needed, a much higher charge compared with the +4
required for antibacterial activity. Again, it appears that an
amphipathic structure is required, as peptide derivatives
with clear cationic and lipophilic sectors have increased
activity [64]. As was the case for bacterial membranes,
the cationic residues would target the peptide to the tumor
cell with the hydrophobic residues subsequently inserting
into the membrane, thereby stably anchoring the peptide
in the membrane interface. The importance of these hy-
drophobic residues is again highlighted by the increased
activity of LfcinB derivatives containing large and rigid
Trp analogs, in this case Tbt [B-(2,5,7-Tri-fert-butyl-in-
dole-3-yl)alanine], or an N-terminus modified by an acyl
group or another bulky moiety [32]. In addition there ap-
pears to be a requirement for a stabilized secondary struc-
ture, for the antimicrobial activity, as the cyclic peptide is
more active than the linear [60]. Interestingly, this is not
a property required for the antibacterial effects but it is
also required for the antiviral activity, perhaps indicating
a constraint for the peptide to traverse mammalian mem-
branes. Since the same structural parameters of lipophilic-
ity, volume, placement of cationic residues, bulkiness and
hydrophobicity are identified by QSAR analysis of Lfcin
derivatives as important, the future development of ra-
tionally designed potent Lfcin-based antitumor peptides
seems highly possible [64].
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Immunomodulatory role

Another possible role of Lfcin is as an immunomodu-
latory agent. Several molecules that are released from
bacteria when they divide or are killed, including
endotoxin (LPS) and unmethylated CpG-containing
oligonucleotides, trigger the immune system and lead
to an inflammatory response [65]. Lfcin appears to have
an anti-inflammatory effect, as both LfcinB and LfcinH
have an affinity for endotoxin [8,14] and LfcinB binds
unmethylated CpG-containing oligonucleotides [66]. By
binding and neutralizing these molecules, Lfcin prevents
both activation of mononuclear cells and the resulting
secretion of cytokines such as interleukins and tumor
necrosis factor alpha, which can lead to inflammation
and possibly to septic shock and death [67]. Recently it
was shown that an acylated peptide encompassing the N-
terminal 11 amino acids of LfcinH also has a potent en-
dotoxin-neutralizing activity [68]. There is also evidence
that LfcinB has the ability to further inhibit the inflam-
matory response by suppressing the effects of already
released cytokines such as interleukin-6 [69].

Lfcin also appears to inhibit the inflammatory response
through the classical complement pathway [70]. Both
LfcinB and LfcinH, like their parent proteins, inhibit this
pathway that leads to the creation of pores in the plasma
membrane of invading microorganisms [71, 72]. Studies
have shown that LF inhibits the classical complement
pathway through inhibiting the formation of C3 conver-
tase [73] and Lfcin might act in the same way. Interest-
ingly, mammalian a-defensins can also act directly on
this pathway [74].

Finally, Lfcin may act as an immunomodulatory agent
through its DNA binding ability. Once in the cytoplasm
this peptide may traverse the nuclear membrane and act
as a transcription factor activating genes involved in the
host defense of infected cells, a mechanism proposed for
antiviral activity, or genes involved in the immunologi-
cal activities of cells such as neutrophils. Of course, this
peptide could indirectly influence gene expression by
leading to the activation of a transcription factor.

Synergistic effects

Though there are no reported effects with LfcinH, LfcinB
has been shown to be an effective synergistic agent when
used in combination with antibiotics and antifungal agents.
It is thought that this synergism is due to the membrane-
disorganizing nature of this peptide, which leads not only
to increased permeability through the bacterial cell wall
[75] but also to dissipation of the proton-motive force, re-
sulting in decreased activity of ATP-dependent multi-drug
efflux pumps [40, 76]. The synergistic nature of Lfcin also
extends to a common antiviral drug. By inhibiting the cel-
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lular entry of HSV, Lfcin helps to increase the antiviral
activity of acyclovir (ACV), a nucleoside analog used for
inhibition of virus replication [77]. The ability of LfcinB
to increase the effectiveness of common antimicrobial and
antiviral agents not only provides a means for treating
resistant strains but also suggests a method for decreasing
the rapidly growing occurrence of drug resistance by al-
lowing lower amounts of the drugs to be used.

Conclusions

There is little importance in the work done to date on
this peptide if it has no application in vivo. Fortunately,
there is evidence that Lfcin is produced from LF both in
the gastrointestinal tract by gastric pepsin [78] as well as
at the site of infection by either bacterial or mammalian
proteases [3,79]. The release of the peptide would help
to curb bacterial populations at both of these locations.
Moreover, there is evidence that oral administration of
Lfcin peptides not only reduces and prevents both bacte-
rial and parasite infections [80,81] but also inhibits tumor
metastasis, suppresses tumor-induced angiogenesis and
significantly reduces solid tumor size in mice [58, 60].
At the time of writing much is known about the in vitro
effects of this peptide, but more work needs to be done to
analyze the in vivo effects. Both genomic and proteomic
analysis of not only bacterial, fungal and parasitic cells but
also virally infected, cancerous and immunological human
cells treated with this peptide would help provide insights
into the broad effects of this multifunctional peptide.
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