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Construction and Synthesis of Lactoferricin Derivatives with
Enhanced Antibacterial Activity
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Abstract: A series of peptides derived from sequences from human, bovine, murine and caprine lactoferrin
has been prepared and investigated for antibacterial effect. Among the four species investigated peptides
based on the bovine sequence displayed significant activity. The bovine sequence, bovine lactoferricin,
showed a MIC value of 30 pg/mL on E. coli and S. aureus, whereas the three other lactoferricins possessed
MIC values above 200 pg/mL. Based on these findings, novel peptides with enhanced antibacterial activities,
were prepared with sequences designed by molecular modelling and structure-activity studies. Copyright
© 1999 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

There is an increasing awareness that the highly
specific cell-mediated immune system in verte-
brates is supplemented with an innate non-specific
immune system [1,2]. The innate immunity is pro-
vided by a chemical defence system where a series
of distinct families of broad spectrum antibiotic
peptides play a major role [3-7]. These peptides are
closely related to antimicrobial peptides isolated
from a variety of species including bacteria [8], in-
sects [9,10], amphibians [11] and mammals [12]. In
a majority of cases, antibiotic peptides have a net
positive charge and a propensity to form am-
phiphilic «-helix or f-sheet structures upon inter-
action with the outer phospholipid bilayer in the
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bacterial cell membrane [13]. Although in most
cases the detailed molecular mechanisms of the
antibiotic action are still unknown, some of the
peptides, class L (lytic) peptides [14], are believed to
interact with bacterial cell membranes, probably
forming ion-channels [15] or pores [16] leading to
permeability changes and consequent cell lysis. The
effect seems to be non-specific, and the different
peptides bind in numbers suggesting highly re-
peated membrane components as possible target
sites [17]. Synthetic enantiomers of cecropins and
magainins preserve the antimicrobial effect, exclud-
ing a stereospecific recognition by receptors or en-
zymes [18]. The peptides show selectivity for
prokaryotic and fungal cell membranes, a property
probably linked to the high density of anionic phos-
pholipids in their cell membranes [19]. Cholesterol
which is present in eukaryotic cell membranes has
been shown to stabilize artificial membranes and
prevent membrane lysis by magainins and ce-
cropins [20-23].

Lactoferrin is a part of the transferrin protein
family which plays a key role in controlling the level
of free iron in body fluids. In addition, lactoferrin



shows a weak antibacterial effect [24]. An antimi-
crobial peptide, much more effective than lactofer-
rin, is generated upon gastric pepsin cleavage of
lactoferrin [24]. The active peptide of human lacto-
ferrin, named lactoferricin H (LFH), and bovine lac-
toferrin, lactoferricin B (LFB), were isolated and
sequenced [25] and identified as short fragments
from, or close to, the N-terminus of lactoferrin. Al-
though evolutionary unrelated with the antibiotic
peptides from the non-specific immune system dis-
cussed above, LFB shares the highly cationic nature
of class L peptides, and is found to be active against
a wide range of Gram-negative and Gram-positive
bacteria [26] and fungi [17]. LFB probably damage
the outer membrane of Gram-negative bacteria [27],
and it is thought that the main effect of LFB is to
increase the permeability of the cytoplasmic mem-
brane [26], closely resembling the mechanism of the
class L antibiotic peptides.

Recently the amino acid sequence of murine [28]
and caprine [29] lactoferrin have been determined,
but their antibacterial effect are unknown. We have
identified the lactoferricin regions in murine and
caprine lactoferrin and prepared murine and
caprine lactoferricin (LFM and LFC, respectively), as
well as LFH and LFB, in order to investigate the
structure-activity relationship of lactoferricins of
human, bovine, murine and caprine origin. The an-
timicrobial activity of LFB have been improved by
molecular modelling and rational design.

MATERIALS AND METHODS

MIC Tests

The bacterial strains used were: Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC
25923. All strains were stored at — 70°C. The bacte-
ria were grown in 2% Bacto Peptone water (Difco
1807-17-4). All tests were performed with bacteria
in mid-logarithmic growth phase. Determination of
the minimum inhibitory concentration (MIC) of the
peptides for bacterial strains were performed in 1%
Bacto Peptone water. A standard microdilution
technique with an inoculum of 2 x 10¢ cfu/mL was
used. All assays were performed in triplets. Since
the peptides are positively charged and henceforth
could adhere to the plastic wells, the actual concen-
tration of the peptides in the solution was controlled
by HPLC. There was no difference between the con-
centration of the peptides before or after adding the
solution to the plastic wells.
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Molecular Modelling

The molecular modelling studies were performed
using Macromodel 4.5, 5.0 and 6.0 [30] software on
Silicon Graphics Personal Iris, Indy and O2 work-
stations. AMBER* force field with standard parame-
ters, and a GB/SA water model were used in the
calculations. Minimizations were performed with
5000 steps of Polak-Ribiere conjugated gradient.
The dynamic simulations were performed using
stochastic dynamics protocol at 300 K for 100-
10000 ps using a time step of 1 fs.

Synthesis of Peptides

Initially, the lactoferricin B used was a gift from
Wayne Bellamy (Nutritional Science Laboratory,
Morinaga Milk Industry Co. Ltd, Kanagawa 228,
Japan). Later in the study the peptides were synthe-
sized with a 9050 Plus PepSynthesizer (Milligen). All
peptides were synthesized on solid phase by use of
fluorenylmethoxycarbonyl (Fmoc) chemistry. Cys-
teines in cystein containing peptides were protected
with acetamidomethyl groups to prevent disulfide
bridge formation. The peptides were analysed and
purified by reversed phase HPLC on a Waters 600E
chromatograph (Millipore) with UV detection at 254
nm. The fractions purified on HPLC were analysed
on a liquid chromatography-mass spectrometer
(LC-MS) with electrospray interface (Fisons VG
Quattro) or/and with fast atom bombardment mass
spectrometry (FAB-MS) (Fisons VG Tribrid).

Calculations

The hydrophobicity, H, of each peptide was calcu-
lated by summation of each residue hydrophobicity,
H,, using Eisenbergs normalized consensus scale
[31]. The mean hydrophobicity is the average H,, of
all residues in the peptide. For the calculation of the
other peptide descriptors the DNA-star software
package was used.

Multivariate Statistical Analysis

Multivariate statistical analysis was performed us-
ing SIMCA-S v5.1a software from Umetri AB, Umea,
Sweden.

RESULTS AND DISCUSSION

Structure of the Lactoferricins

The structure of human lactoferrin is determined to
2.8 and 2.2 A resolution by X-ray crystallography

J. Peptide Sci. 5: 32-45 (1999)
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[32,33]. Human lactoferricin (LFH) consists of
residues 1-47 of human lactoferrin. LFH contains
two peptide fragments; one consisting of residues
12-47 cyclised with a disulfide bridge between
Cys20 and Cys37, the second fragment (residues
1-11) is connected to the 12-47 fragment through a
disulfide bridge between Cysl0 and Cys46. In the
human lactoferrin structure, the corresponding
residues comprises a f-strand (residues 4-11), an
o-helix (residues 12-29), a turn (residues 30 and 31),
followed by a f-strand (residues 31-47) [34]. Bovine
lactoferricin (LFB) with only 25 residues (residues
17-41) in a single chain is structurally much simpler
than LFH. However, neither the N-terminal segment
in LFH nor the presence of the disulfide bridge in LFH
and LFB is reported to be necessary for the antibacte-
rial activity [25]. Our results, however, indicate that
some activity is lost by reduction of the disulfide
bridge.

To gain insight into the structural properties of the
lactoferricins, a molecular modelling study of human
and bovine lactoferricins was performed. A simplified
model peptide of human lactoferricin, LFH(12-47),
where the N-terminal fragment (residues 1-11) was
omitted, was used as a starting point for the mod-
elling process. The coordinates for the non-hydrogen
atoms in residues 12-47 were extracted from the
Brookhaven protein data bank structure file of hu-
man lactoferrin. The structure was rectified by modi-
fying the N- and C-termini and hydrogen atoms were
added before minimization. As shown in Figure 1, the
helix-turn-strand motif found in the intact protein
was conserved in the minimized lactoferricin peptide.
The minimized structure was then subjected to a
stochastic dynamics simulation for 1000 ps. A
stochastic simulation procedure was chosen, be-
cause a stochastic method explores the conforma-
tional space more efficiently than conventional
molecular dynamics simulation. Even though a 1000
ps simulation of a peptide of this complexity cannot
explore the conformational space in a convergent
manner, the simulations clearly show that the con-
formation of the residues engaged in the helix-turn-
strand motif was conserved during the simulation.
Not unexpectedly the largest atomic motions were
found in the peptide termini, especially in the end of
the strand. The presence of helical structures could
also be observed for a synthetic truncated LFH
analog, LFH(18-42), in the far UV circular dichroism
spectrum of the peptide dissolved in 25% 2,2,2-tri-
fluoroethanol (TFE) in water.

The structure of bovine lactoferricin, LFB(17-41),
was modelled based on the LFH(12-47) minimum
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energy conformation by substituting every side chain
in the human structure with that of the bovine
peptide. The starting structure was minimized (Fig-
ure 1) and subjected to a 1000 ps stochastic simula-
tion at 300 K. The results obtained for LFB(17-41)
resembled those of LFH(12-47), with the exception
that the bovine peptide seemed to display less flexi-
bility yielding an overall ‘stiffer’ structure. The com-
mon structural theme is still an «-helix, a turn and a
p-strand in agreement with CD experiments on a
synthetic LFB(17-41) peptide (in 25% TFE in water)
with ACM protection of Cysl19 and 36. After this
modelling work was completed, the X-ray crystallo-
graphic structure of bovine lactoferrin (diiron form)
at 2.8 A resolution was reported [35]. The results
obtained in our modelling process were in accor-
dance with results from simulations starting from
the crystallographic structure of bovine lactoferrin.

Antibiotic Activity of Synthetic Lactoferricins with Se-
quences from Different Species

The amino acid sequence of lactoferrins from goat
[29] and mouse [28] have been determined and
show high sequence homology with both the human
and the bovine lactoferrins. The residues engaged in
the helix-turn-strand motif can easily be identified
in the sequence as shown in Table 1. As LFB is
more antibacterial than LFH [25], the residues cor-
responding to LFB(17-41) were chosen in the
amino acid sequence of human, murine and caprine
lactoferrin to prepare analogous lactoferricin pep-
tides; LFH(18-42), LFM(17-41) and LFC(17-41),
respectively. The disulfide bridge is not essential for
antibiotic activity in bovine and human lactoferricin
[25] and all peptides were prepared with ACM pro-
tection of the cysteine residues to avoid cyclisation
or oxidation.

The antibacterial activities of the synthetic lacto-
ferricins expressed as MIC are compiled in Table 2
which shows that only LFB(17-41) displayed signif-
icant antibacterial activity against E. coli and S.
aureus.

It has previously been reported that the efficiency
of some antimicrobial peptides shows correlation
with the net charge at neutral pH [36]. The calcu-
lated net charge of the peptides are compiled in
Table 1, and it is interesting to note that the sole
active peptide, LFB(17-41), has the highest net
charge at pH 7. The correlation in our peptides is
not very clear, LFC(17-41) with a net charge of 6.85
at neutral pH are nearly void of antimicrobial activ-
ity, however, the activity of the less charged pep-
tides are even lower.

J. Peptide Sci. 5: 32-45 (1999)
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Figure 1 Plot of minimized conformations of LFH(18-42) (top), LFB(17-41) (middle) and LFB(17-31) (bottom).

LFB Analogs with Different Chain Length

Another important property determining the an-
tibacterial activity of linear peptides is linked to
their ability to adopt helical structures [37]. In the
intact lactoferrin protein, residues 14-28 are lo-
cated in an «-helix, residues 29-31 comprise a turn
and residues 32-41 are in a f-strand. We therefore
anticipated that the antibacterial effect of the lacto-
ferricins could originate from the part of the se-
quence that participates in the helix of the intact

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

protein. As the bovine lactoferricin sequence,
LFB(17-41), was the only peptide with significant
antibacterial property, we chose to prepare a
shorter variety of the bovine peptide, LFB(17-31),
containing both the helix and turn residues of the
protein, while the ten residues encompassing the
strand were removed (Table 1). Molecular modelling
of LFB(17-31) showed that the helical structure is
an energy minimum (Figure 1) and that the helix
survived a 10000 ps stochastic dynamics simula-
tion at 300 K, whereas the turn area seemed very

J. Peptide Sci. 5: 32-45 (1999)
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Table 1 Amino Acid Sequence, Charge at pH 7 and Molecular Mass for Synthetic Lactoferricins from

Different Species

Species Sequence Name Charge Molecular mass
at pH 7 measured (calculated)
Human TKCFQWQRNMREKVRGPPVSCI KRDS FH(18-42) 5.85 3163.4" (3163.8)
Bovine FKCRRWQWRMEKKLGAPSI TCVRRAF LFB(17-41) 7.84 3267.2" (3268.2)
Murine EKCLRWQN EMRKVGGPPLSCVKKS S LFM(17-41) 3.85 3003.2" (3003.7)
Caprine SKCY@QWQRRMRKLGAPSI TCVRRT S LFC(17-41) 6.85 3154.4° (3154.8)
Bovine PEWFKCRRWQWRMKKLGA LFB(14-31) 6.85 2476 (2477.8)°
Bovine FKCRRWQWRMKKLGA LFB(17-31) 5.88 2066 (2065.8)*
Bovine KCRRWQWRMKKLGA LFB(18-31) 5.88 1916 (1917.6)2
Bovine CRRWQWRMKKLGA LFB(19-31) 4.88 1791 (1789.4)*
Bovine RRWQWRMEKKLGA LFB(20-31) 4.91 1616 (1615.1)*
Bovine KKCRRWQWRMKKLGA LFB(17-31)K17 6.87 2048 (2045.8)*
Bovine FKCFRWQWRMKKLGA LFB(17-31)F20 5.87 2059 (2055.8)
Bovine KKCFRWQWRMKKLGA LFB(17-31)K17,F20 4.88 2039 (2036.8)
Secondary « ——— —Helix——— — - <Turn> « —— —Sheet— — —
structure

2 M determined by FAB MS.
PM+H determined by ESI MS.

flexible as shown in Figure 2. Despite that LFB(17-
31) has a lower net charge (Table 1), than LFB(17-
41) and LFC(17-41), it still retains most of the
antibacterial effect as shown in Table 2. These find-
ings indicate that even if the overall charge is im-
portant, it is not sufficient for antibacterial activity.

Several reports indicate that the antibiotic activity
of different classes of linear peptides (e.g. magainins

Table 2 Minimum Inhibitory Concentration (MIC)
in pg/mL (uM) of Synthetic Lactoferricins on E. coli
ATCC 25922 and S. aureus ATCC 25923

Peptide E. coli S. aureus
ATCC 25922  ATCC 25923
MIC MIC
LFH(18-42) >200 >200
LFB(17-41) 30 30
LFM(17-41) >200 >200
LFC(17-41) 750 >1000
LFB(14-31) 70 (28) >200 (80)
LFB(17-31) 40 (20) 100 (50)
LFB(18-31) 80 (43) 200 (108)
LFB(19-31) 200 (120) >250 (150)
LFB(20-31) 100 (62) 200 (124)
LFB(17-31)K17 60 (30) 100 (50)
LFB(17-31)F20 20 (10) 200 (100)
LFB(17-31)K17,F20 20 (10) 200 (100)

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

and defensins) is connected to their ability to adopt
amphipathic «-helical structures [13,38-40]. A he-
lical wheel representation [41] of the helix residues
of LFB(17-31) is shown in Figure 3, but no clear
amphipathy in the peptide is evident from this
drawing with many polar residues flanking all sides
of the helix. An uneven distribution of charged
residues is however present, with four basic
residues, Lys2 and 12 together with Argb and 9,
located in one sector of the helix, whereas non-ba-
sic, but mainly polar, residues flank the rest of the
helix. An exception are residues Arg4 and Lysll
which are located in the overall non-basic’ area of
the peptide. If an uneven distribution of charge is
important, inspection of helical wheel representa-
tion of the corresponding helix residues in LFH(18-
42), LFM(17-41) and LFC(17-41) clearly show that
these peptides should be expected to display lower
activity. None of these segments display the array of
four basic residues flanking one face of the helix;
the caprine and the murine peptide both have three
basic residues together with one polar and one
acidic residue, respectively. The human peptide has
just two Lys in this array together with the two
polar and neutral residues Gln and Asn. The antibi-
otic activity of these peptides are all very low; how-
ever, the caprine peptide is more active than the
murine and human peptide as could be expected
from the discussion above.

J. Peptide Sci. 5: 32-45 (1999)
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Figure 2 Peptide backbone overlay plot of 100 evenly sampled conformations of LFB(17-31) from a 10000 ps stochastic

dynamics simulation at 300 K.

Helix 1 of bovine lactoferrin [34] has three more
residues and hence one more turn than what is
included in our LFB(17-31) peptide. We therefore
prepared an extended peptide, LFB(14-31), includ-
ing all amino acids necessary to complete helix 1 in
the bovine lactoferrin protein (Table 1). The MIC
value for E. coli of LFB(14-31) was higher than of
LFB(17-31) as shown in Table 2. It was somewhat
disappointing that the 18-residue long LFB(14-31)
did not show an increased activity despite the fact
that this peptide is closer to the 20 residues re-

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

quired to span the bacterial cell membrane as an
«-helix [42]. However, an explanation could be that
the LFB(14-31) still is too short to span the mem-
brane and none of the new residues included (Pro,
Glu and Trp) are basic (cationic) residues. One of
the added residues is acidic and thus decreased the
overall cationic nature of the peptide. Decreasing
the peptide length from the 15-residue LFB(17-31)
to the shorter peptides LFB(18-31), LFB(19-31)
and LFB(20-31) reduced the antibacterial activity
(Table 2). It is interesting to note that LFB(19-31) is

J. Peptide Sci. 5: 32-45 (1999)
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Figure 3 Edmundson helical wheel representation of the helix residues in (a) LFH(18-42), (b) LFB(17-41), (c) LFM(17-41)

and (d) LFC(17-41).

the least potent peptide showing that the penalty of
loosing one of the residues in the basic array,
Lys18, is severe. More surprising is that the peptide
with deletion of Cysl19, LFB(20-31), gives an in-
creased antibacterial activity compared to LFB(19-
31). Recently, it has been reported that LFB(20-30)
displays high activity against E. coli and B. subtilis
[40].

Design of Enhanced Peptides Based on the Bovine
Lactoferricin Sequence

As indicated from our results above, the presence of
an array of four basic residues on one face of the
lactoferricins appeared to be important for antibac-
terial efficiency. The peptide length of 15 residues
clearly limits the possibility of improving the effi-
ciency of LFB(17-31) by increasing the size of the
array of basic residues. If on the other hand, the
asymmetry in charge distribution is important, the
distribution of the residues in LFB(17-31) is far
from optimal with two cationic residues located in

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

the ‘non-cationic’ sector and a lipophilic Phe in the
cationic sector. There are at least two directions for
increasing the charge asymmetry; increase the area
(and the number of basic residues) or decrease the
cationic charge in the neutral sector of the peptide.
Three model peptides were designed to test this
hypothesis; LFB(17-31)K17 which increases the
number of basic residues in the cationic sector,
LFB(17-31)F20 which increases both the lipophilic-
ity and charge asymmetry while simultaneously de-
creasing the overall charge, and LFB(17-
31)K17,F20 which seeks to address both issues
simultaneously. Schiffer-Edmundson helical wheel
representations of these peptides are shown in Fig-
ure 4. Table 2 shows the MIC values for these three
sequence modified peptides. LFB(17-31)K17 was
slightly less active than LFB(17-31) with an in-
creased MIC against E. coli. The LFB(17-31)F20
peptide was significantly more active against E. coli
with a decreased MIC value. The efficacy against S.
aureus was, however, decreased. The doubly substi-

J. Peptide Sci. 5: 32-45 (1999)
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Figure 4 Edmundson helical wheel representation of (a) LFB(17-31), (b) LFB(17-31)K17, (c) LFB(17-31)F20 and (d)

LFB(17-31)K17,F20.

tuted peptide LFB(17-31)K17,F20 displayed a simi-
lar effect as LFB(17-31)F20, indicating that the
lipophilic substitution in the ‘non-cationic’ sector
had the largest effect. These results indicate that
increasing the cationic array on the LFB derivatives
may not necessarily increase the activity; on the
other hand, a significant increased activity should
be possible by lipophilic modification of the non-ba-
sic part of the peptide.

QSAR Studies of the Lactoferricin Peptides

Until now, the present study of antibacterial activity
of the synthetic peptides have pointed out several
important properties an effective antibiotic lactofer-
ricin peptide should possess; the chain length
should not be shorter than 15 residues, while the
net positive charge and the charge asymmetry
should be large. The interplay between these, and
possibly other factors have not yet been addressed.
Classical multiple regression analysis on a small

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

data set is generally not advisable, and we therefore
subjected the eight bovine lactoferricin derivatives
compiled in Table 3 to multivariate statistical analy-
sis [43] using the SIMCA software system which can
give robust statistical analysis with as little as five
observations (peptides). We first chose the peptide
descriptors we anticipated were important, e.g.
chain length and net charge at pH 7. A problem
occurred when finding a descriptor for charge
asymmetry as no standard peptide descriptor han-
dles this property explicitly. Amphipathy, which de-
scribes the degree of asymmetric distribution of
hydrophobic and hydrophilic residues in a helical
structure, could be connected to charge asymmetry.
Amphipathy can be described by Eisenbergs hydro-
phobic moment [44], i, and was calculated for each
peptide using the following formula:

N 2 N 27172
U= |:< Y H, sin(&n]) +< > H, cos(én)) :|
n=1

n=1

J. Peptide Sci. 5: 32-45 (1999)
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Table 3 Descriptors* Used in the Multivariate QSAR of the Lactoferricin Peptides

Peptide N H Kyte-Doolittle M i C X Garnier Chou-Fasman Emini surface
H o o probability
LFB(14-31) 18 —-0.3806 2.82 0.2570 4.6264 0.1892 3.0453 0.404 0.374 1.02
LFB(17-31) 15 —0.4693 1.28 0.3216 4.8238 0.1749 2.6229 0.467 0.800 1.39
LFB(18-31) 14  —0.5879 1.40 0.4268 5.9756 0.1873 2.6229 0.500 0.857 1.50
LFB(19-31) 13 —-0.3319 1.28 0.4680 6.0840 0.1966 2.5558 0.538 0.933 1.42
LFB(20-31) 12 —0.5850 1.37 0.4845 5.8140 0.2130 2.5558 0.583 1.000 1.70
LFB(17-31)K17 15 —0.6487 1.53 0.4963 7.4447 0.2370 3.5550 0.467 0.800 1.61
LFB(17-31)F20 15 —0.2213 1.09 0.3563 5.3447 0.1815 2.7224 0.533 1.000 1.17
LFB(17-31)K17,F20 15 —0.4007 1.09 0.4778 7.1213 0.2326 3.4886 0.533 1.000 1.07

* H is mean hydrophobicity, M is mean hydrophobic moment, x is hydrophobic moment, C is mean charge moment, X is charge moment.
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Figure 5 Scatter plot of the loadings in the principal components (PC) analysis of the 12 descriptors chosen for the

synthetic bovine lactoferricin peptides in Table 3.

where H,, is the residue hydrophobicity [31] of the
nth residue and ¢ = 100° assuming «-helical struc-
tures. The mean hydrophobicity, M, is defined:

M= pu/N

where N is the number of residues in the peptide.

A new descriptor to describe charge asymmetry,
charge moment, y, is proposed and defined as
follows:

N 2 N 271/2
1= |:( Y C, sin(én)) +< Y C, cos(én)) :|

n=1 n=1

where C,, is the normal charge of the amino acid
side chain at pH 7. The C,, values are set to zero for
all residues except lysine, arginine and histidine
with C,, =1 and aspartate and glutamate with C, =
— 1. The descriptor y will correlate positively with
increasing asymmetry of charge distribution in an
«-helix. The corresponding mean charge moment is
defined as:

C=y/N

We also chose Eisenberg [31] and Kyte and Doolit-
tle [45] hydrophobicity, Garnier [46] and Chou-Fas-

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

man [47] o-helix propensity and Emini surface
probability as descriptors for different physical and
structural properties of the peptides. All descriptors
for the peptides are compiled in Tables 1 and 3.
First we performed a principal component (PC)
analysis in the descriptor space for the eight pep-
tides. In PC analysis, the orthogonal principal com-
ponents are oriented such as they cover as much of
the variation in the descriptors as possible. The PC
analysis shows that 75% of the variation in the
descriptors could be described by the two first prin-
cipal components, p[1] and p[2]. Scatter plots of the
loading of the different descriptors along the first
and second principal components are shown in Fig-
ure 5, and reveal that the descriptors are well sepa-
rated. Garnier and Chou-Fasman «-helix
propensity are closely correlated in this data set,
and for these peptides the calculated «-helicity is
inversly correlated with Kyte-Doolittle hydropho-
bicity. The mean charge moment, C, have only a
minor contribution to the first two principal compo-
nents. A scatter plot of the scores in the two first
principal components (Figure 6) show that the dif-
ferent peptides are sufficiently separated in the de-

J. Peptide Sci. 5: 32-45 (1999)
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Figure 6 Scatter plot of the scores in principal components p[1] and p[2] of the synthetic bovine lactoferricin peptides in

Table 3.

scriptor space; however, three clusters are apparent,
the first consisting of LFB(17-31) F20, LFB(17-31)
F20,K17, LFB(19-31) and LFB(20-31), the second
LFB(17-31), LFB(18-31) and LFB(17-31) K17, and
the last containing LFB(14-31). The latter peptide
has a low score in p[1] and may be a candidate for
an outlier along p[2].

The principal component analysis of the descriptor
space has two objectives. The first is to reveal hidden
or circumstantial correlations between the descrip-
tors and thus insure that the descriptors chosen
describe different properties in the peptides. The
second objective is to control, that the model pep-
tides chosen, really are different from the basic
LFB(17-3]) sequence on the basis of the chosen
descriptors. The PC analysis also has the capacity to
cluster peptides with similar properties. The PC
analysis does not link the peptides and their proper-
ties with their biological activity. Such information is
available by projection to latent structures (PLS)
modelling, where correlations between the peptide
descriptors (the descriptor space) and the resulting
biological activities (the resultant space) are re-
vealed. In PLS modelling the principal components
are chosen in a manner that covers the greatest

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

variation in biological activities. The elements in the
descriptor space are then connected to the orthogo-
nal principal axes found in the resultant space. As in
PC modelling, the importance of the different de-
scriptors can be visualized as a scatter plot of the
loading of each descriptor (property) on the principal
axes. The orientation of the principal axes is, how-
ever, determined by the bioactivity, and the loading
of each descriptor may therefore be different than in
PC modelling. In addition, PLS analysis can also
show the loadings of the bioactivity on the principal
components. Such a combined p[l]+ c[1] versus
pI2] + c[2] scatter plot is shown in Figure 7 which
reveals that the vectors connecting the loading in
MIC for E. coli and S. aureus are close to orthogonal.
This result shows that the peptide properties de-
scribed in Table 3 have quite a different impact on the
antibacterial activity against E. coli or S. aureus, and
open the possibility to construct selective antibacte-
rial peptides by making a judicious choice of which
parameters should be changed. Combined scatter
plots as shown in Figure 7 can operate as a visual aid
in making the correct choices. Each of the points in
the scatter plot can be regarded as end points of a
vector originating in origo. As an increased antibac-
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Figure 7 Combined scatter plot of the loadings in the PLS model of the antibacterial peptides in Table 3.

terial activity leads to a lower MIC, each peptide
descriptor that has a negative component on the
MIC vector will lower the corresponding MIC. For
example, an increase in peptide charge at pH 7 will
be expected to increase the antibacterial activity
against E. coli because the peptide charge vector
have a large negative component on the MIC E. coli
vector. An increase in the number of residues and
charge moment will also increase the activity
against E. coli. Likewise, an increase in hydrophobic
moment, x, will lead to an increase in antibiotic
activity against S. aureus. Because charge at pH 7
and u are orthogonal to MIC S. aureus and MIC E.
coli, respectively, peptides with alterations in these
properties will be expected to increase their antibi-
otic selectivity for one of the bacterial strains.

CONCLUSIONS

We have in this study addressed the antibacterial
activity of several lactoferricin analogs. By a combi-

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

nation of molecular modelling, peptide synthesis
and quantitative structure activity relationship
(QSAR) we have established that the antibacterial
activity of the lactoferricins resides in the helix re-
gion of the peptide, and that, net charge, asymme-
try in charge distribution and chain length are
important factors for determining the antibiotic ac-
tivity. We have also demonstrated that by changing
these properties, the antibacterial efficiency as well
as bacterial specificity of the lactoferricins can be
altered. These findings point to important directions
for the design and synthesis of novel lactoferricins
with enhanced activity and a broader or a more
specific antibacterial spectrum.
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