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Abstract Lactoferricins are potent antimicrobial

peptides released by pepsin cleavage of Lactoferrins.

Bovine Lactoferricin (LfcinB) has higher activity

than the intact bovine Lactoferrin, and is the most

active among the other Lactoferricins of human,

murine and caprine origin. In the intact protein the

fragment corresponding to LfcinB is in an helical

conformation, while in water LfcinB adopts an

amphipathic b-hairpin structure. However, whether

any of these structural motifs is the antibacterial

active conformation, i.e., the one interacting with

bacterial membrane components, remains to be seen.

Here we present Circular Dichroism (CD) spectra and

Molecular Dynamics (MD) simulations indicating

that in membrane-mimicking solvents the LfcinB

adopts an amphipathic b-hairpin structure similar to

that observed in water, but differing in the dynamic

behavior of the side-chains of the two tryptophan

residues. In the membrane-mimicking solvent these

side-chains show a high propensity to point towards

the hydrophobic environment, rather than being in the

hydrophobic core as seen in water, while the back-

bone preserves the hairpin conformation as found in

water. These results suggest that the tryptophans

might act as anchors pulling the stable, solvent-

invariant hairpin structure into the membrane.

Keywords Antimicrobial peptides � Molecular

dynamics simulation � Circular dichroism �
Amphipathic � b-hairpin

Introduction

Antimicrobial peptides represent good candidates for

the development of new antibiotic drugs due to their

broad antimicrobial spectra, rapid killing and rare

development of drug resistance (Boman 1995; Ganz

and Lehrer 1999; Hancock 2001; Zasloff 2002).

Peptides with antimicrobial activity show a wide
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variety of structural motifs which encompasses

a-helices, antiparallel b-sheets and relaxed coils.

Despite the extremely high structural variability,

most of the antimicrobial peptides share many

chemico-physical and biological properties: they are

charged at physiological pH, amphiphilic, active

against bacteria, fungi, viruses and protozoa (Martin

et al. 1995) and often originate from precursor

proteins through proteolytic digestion (Tomita et al.

1991; Bals and Wilson 2003).

The antimicrobial peptides Lactoferricins are

released by pepsin cleavage of Lactoferrins, iron-

binding glycoproteins present in milk. It was reported

that bovine Lactoferricin (LfcinB) has antimicrobial

activity higher than the intact protein bovine Lacto-

ferrin (LfB) (Bellamy et al. 1992a, b; Bellamy et al.

1994), and that it is the most active among the other

Lfcins of human, murine and caprine origin (Vorland

et al. 1998). Moreover, not only is LfcinB active

against gram-positive as well as gram-negative

bacteria, fungi, and protozoa (Bellamy et al. 1994;

Gifford et al. 2005), but it also shows antiviral and

antitumor properties (Anderson et al. 2003; Eliassen

et al. 2002; Roy et al. 2002).

LfcinB is a 25 amino acid peptide released from

the N-terminal part of LfB, with the sequence
17FKCRRWQWRMKKLGAPSITCVRRAF41. The

two C residues form a disulfide bridge that is present

also in LfB, though it was shown that it is not

essential for the antimicrobial activity (Bellamy et al.

1992a, b). Studies of LfcinB analogs have evidenced

that the two tryptophan residues, W6 and W8, as well

as the cationic arginine (R) residues are essential for

the antimicrobial activity (Boman 1995; Ganz and

Lehrer 1999; Hancock 2001; Zasloff 2002; Strøm

et al. 2000; Strøm et al. 2002; Vogel et al. 2002). In

particular, the N-terminal part of LfcinB, containing

the sequence RRWQWR, is the most active portion

of LfcinB (Rekdal et al. 1999; Tomita et al. 1994). In

fact, it was shown that a fragment composed of the

first fifteen residues (F1-A15) has comparable anti-

bacterial activity with respect to LfcinB (Rekdal et al.

1999), and even the short six-residue peptide

RRWQWR corresponding to the residues 4–9, retains

most of the antimicrobial activity (Tomita et al.

1994).

Synthetic peptides homologous to the portion

F1-A15 of LfcinB, and with sequence of caprine,

human, murine and porcine lactoferricins show much

lower or no antibacterial activity (Strøm et al. 2000),

which correlates to the number of tryptophans present.

In fact, the bovine 15-residue is the only one containing

two W residues, and it was shown that the antibacterial

activity of the 15-residue fragments of non bovine

lactoferricins is enhanced when two tryptophan resi-

dues are inserted in position 6 and 8 (Strøm et al. 2000).

In the crystal structure of the intact protein LfB

(Moore et al. 1997), the sequence F17-L29 (corre-

sponding to F1-L13 of LfcinB) adopts an a-helix and

the segment S33-R39 (S17-R23 of LfcinB) is in a

b-strand conformation. Furthermore, the R3-G14

peptide of LFcinB (R20-G30 of LfB) assumes an

a-helix conformation in the presence of 2,2,2-trifluo-

roethanol (TFE) and sodium dodecyl sulfate (SDS)

(Kang et al. 1996). Conversely, the 2D NMR spectra

performed on the aqueous solution of LfcinB (Hwang

et al. 1998) reveal that the peptide adopts an overall

conformation corresponding to a distorted antiparallel

b-sheet. This means that the tract of LfB, F17-F41,

undergoes a conformational conversion once detached

from the protein. The conformational transition of

LFcinB was analyzed in aqueous solution with biased

Molecular Dynamics (MD) simulations, whereas

unbiased short simulations could not reveal the same

conversion between the crystal and solution structure

(Zhou et al. 2004).

The above mentioned data show that the confor-

mation of the N-terminal sequence F1-L13 markedly

differs depending on the environment. In water

solution, it adopts an extended b-strand conformation

while an a-helical structure is observed for the same

region (F17-L29) in the crystal of LfB. However,

structural information on LfcinB in membrane-like

conditions is still missing (free energies of adsorp-

tion of LfcinB on a neutral membrane have been

computed, but no structural information of the

peptide inside the membrane were evaluated

(Vivcharuk et al. 2008)). Conversely, the secondary

structure of the less potent antimicrobial LfcinH has

been analyzed both in aqueous solution and in a

membrane mimicking mixture (Hunter et al. 2005).

In aqueous solution LfcinH shows a partially-disor-

dered helical structure with no evidence of b-sheet,

while in the membrane mimicking (4:4:1 methanol–

chloroform–water) mixture the helical content of

LfcinH increases to an extent resembling the confor-

mation that this region adopts in the crystal structure

of the intact protein, LfH (Anderson et al. 1989).
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Here, we present very long (on the ls timescale)

atomistic MD simulations of LfcinB in water and the

membrane mimicking mixture previously employed

for LfcinH (4:4:1 methanol–chloroform–water)

together with Circular Dichroism (CD) spectra in water

and in SDS micellar and non micellar aqueous

solutions. The results indicate that LfcinB adopts an

amphipathic b-hairpin structure, independently from

the environment, with a backbone conformation similar

to that observed in water, but with differences in the

conformational behavior of key tryptophan side-chains.

Materials and methods

Molecular dynamics simulations

MD simulations of LfcinB were performed in water

and in the chloroform–methanol–water (4:4:1) mem-

brane mimicking mixture using the GROMACS

software package (Berendsen et al. 1995) and the

GROMOS96 force field (van Gunsteren et al. 1996).

The chloroform–methanol–water mixture was chosen

because already adopted in the experiments on the

LfcinH (Hunter et al. 2005). Two different structures,

the b-hairpin (PDB entry 1LFC) and the a-helix

adopted by the peptide fragment in the crystal

structure of LfB (residues 17–41 from the PDB entry

1BLF), were taken as starting conformations for the

simulation in water and mixed solvent. Water was

represented with the simple point charge (SPC)

model (Berendsen et al. 1987). The parameters for

chloroform and methanol were taken from the

GROMOS96 force field (van Gunsteren et al. 1996).

For each starting structure, one peptide molecule

was solvated, with either water or mixed solvent, in a

periodic rhombic dodecahedral box large enough to

contain the peptide and at least 0.8 nm of solvent on all

sides. For the simulations in membrane-mimicking

solvent the peptide was inserted in the center of a pre-

equilibrated box of the mixture. Solvent molecules

overlapping with the peptide were deleted. The

simulations were performed in the NTP ensemble at

the experimental temperature of 298 K and at a

pressure of 1 bar. The isokinetic temperature coupling

(Brown and Clarke 1984) was used to keep the

temperature constant and the Berendsen pressure

coupling was used to keep the pressure constant

(Berendsen et al. 1984). The bond lengths were fixed

(Berendsen et al. 1995) and a time step of 2 fs for

numerical integration was used. Periodic boundary

conditions were applied to the simulation box and the

long-range electrostatic interactions were treated with

the Particle Mesh Ewald method (Darden et al. 1993)

using a grid spacing of 0.12 nm combined with a

fourth-order B-spline interpolation to compute the

potential and forces in between grid points. The real

space cut-off distance was set to 0.9 nm and the van

der Waals cut-off distance to 1.4 nm. The N-terminal

and C-terminal ends of the peptide were modeled as

NH3
? and CO2

-, respectively. Eight negative counter

ions were added (Cl-) to make the simulation box

neutral.

Simulation lengths of the different systems were

0.25 and 0.62 ls for the b-hairpin and a-helix,

respectively, in water and 1.1 and 3.0 ls for the

b-hairpin and a-helix, respectively, in the mixed

solvent.

Circular dichroism measurements

All the chemicals used in the present study were pure

chemical grade. In particular, LfcinB was bought

from the commercial GENEPEP S.A. (France), which

guaranteed an HPLC purity degree higher than 97%.

Given that some common organic solvents, such as

tetrahydrofuran, chloroform and dichloromethane, are

not compatible with far-UV CD, we could not perform

CD analysis with the same membrane-mimicking

mixture (4:4:1 methanol–chloroform–water) used in

MD simulations. Therefore, in addition to water, we

performed CD spectra of LfcinB samples (100 lM) in

non micellar (2 mM) and micellar (20 mM) SDS

solutions, that can provide an hydrophobic environ-

ment (Waterhouse and Johnson 1994).

CD spectra were carried out with a Jasco J710

spectropolarimeter, equipped with a DP 520 proces-

sor, using quartz cell with an optical path length of

1 mm. All spectra were recorded at 25�C and

measured in the wavelength interval from 190 to

250 nm with a 0.5 nm step resolution and a 2 nm

bandwidth. The scanning rate was 10 nm/min with

0.25 s response time. The signal to noise ratio was

improved by accumulating at least five scans. Data

processing was carried out using the J-710 software

package. To analyze the content of secondary

structure elements, CONTIN, CDSSTR and K2D

methods was used on DICHROWEB server
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(http://www.cryst.bbk.ac.uk/cdweb/html/home.htm)

(Whitmore and Wallace 2004).

Results and discussion

Circular dichroism

The CD spectra, reported in Fig. 1, show a similar

qualitative behavior, indicating that the secondary

structure of LfcinB is independent from the environ-

ment conditions. A similar pattern is present in 2 mM

SDS and 20 mM SDS, indicating that the presence of

micellar and non micellar SDS solution has only a

slight effect on the peptide secondary structure

content. The position of the minimum, although at a

rather low wavelength compared to that usually found

for peptides in pure b-sheet structures (218 nm),

suggests that the peptide structure is partly based on a

b-sheet conformation. The low value of the ellipticity

at 205 nm together with the lack of a positive

contribution in the far UV region (around 200 nm)

indicate that more than one conformation is present.

The content of secondary structure was analyzed

utilizing the methods CONTIN, CDSSTR and K2D.

The results, summarized in Table 1, indicate that the

helical population is always lower than 10%, the

remaining being almost equally distributed between

the unstructured and b-sheet structure. A previous

study (Kang et al. 1996) reported that a higher

concentration of SDS (30 mM SDS micellar solution)

was required to observe a higher content of helical

structure.

Molecular dynamics simulations

The two simulations starting from the helical struc-

ture, one performed in water and the other in the

mixed solvent, show that the helical conformation

disappears after few tens of nanoseconds. Moreover,

within the simulation time, the LfcinB adopts a loose

hairpin-like structure (see Fig. 2). Conversely, the

other two simulations starting from the hairpin

structure, one performed in water and the other in

the mixed solvent, show that the b-structure is

maintained in both conditions throughout the full

runs. In the following, we report details of the

structural and dynamical properties of LfcinB along

the two simulations starting from the hairpin

structure.

The fluctuations of the backbone atoms of LfcinB

obtained in both solvents are very similar and are

reported in Fig. 3. Apart from the high fluctuations of

the N- and C-terminal residues, F1-R4 and V21-F25,

which are commonly observed in peptides, the

highest fluctuations are observed for the residues

belonging to the loop connecting the two strands, i.e.,

from residue M10 to A15. This agrees with the root
Fig. 1 The CD spectra of LfcinB (100 lM) in water, 2 mM

non-micellar SDS and 20 mM micellar SDS solution at 25�C

Table 1 Estimation of lactoferricin secondary structure motifs obtained by CONTIN, CDSSTR and K2D programs from CD data

(Whitmore and Wallace 2004)

Lactoferricin

(100 lM)

CONTIN CDSSTR K2D

Helix

(%)

b-sheet

(%)

Random

(%)

Helix

(%)

b-sheet

(%)

Random

(%)

Helix

(%)

b-sheet

(%)

Random

(%)

H2O 4 43 53 3 43 54 7 51 42

2 mM SDS 8 46 46 5 45 50 8 46 46

20 mM SDS 10 47 43 6 46 48 7 49 43
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mean square deviation (RMSD) plot computed for the

best 20 structures in water satisfying the NOE

distance restraints (Hwang et al. 1998). On the base

of the ai-NH and sequential NH–NH NOEs found in

the NMR spectra (Hwang et al. 1998), a turn has been

attributed to the four residues of the loop, K12-L13-

G14-A15. The type of turn is here analyzed by

evaluating the presence of the 4 ? 1 H-bond

between the K12CO and A15NH groups, as well as

the u/w angles of the (i ? 1)th and (i ? 2)th residues

(L13 and G14, respectively), for the simulation in

water. The data are reported in Fig. 4. Three different

states are shown to populate the K12-A15 region: (i)

a type-II bturn, (ii) a type-I’ bturn and (iii) unstruc-

tured, with time percentage estimated as 40, 10 and

50%, respectively. Similar results were obtained for

the simulation in the mixed solvent.

The lower sensitivity to temperature changes of

the NH chemical shifts of Q7, R9, A15, S17 and T19

with respect to other amide protons (Hwang et al.

1998), was ascribed to the engagement of these

groups in H-bonds. Our simulation in water reveals

that the NH and CO groups of Q7 and R9, belonging

to one strand, are respectively engaged with the CO

and NH groups of T19 and S17, belonging to the

opposite strand, in stable b-sheet H-bonds along the

complete run. The NH group of A15 is less perma-

nently engaged in the 4 ? 1 H-bond, as evident in

the backbone fluctuations reported in Fig. 3. A

similar H-bonding network results from the simula-

tion in the mixed solvent.

Strong sequential NH–NH NOEs (Hwang et al.

1998) were observed between R4 and R5 as well as

between V21 and R22, indicating the presence of

kinks near the disulfide bridge connecting the two

Fig. 2 Time-evolution of the secondary-structure content of

LfcinB along the two simulations started from the a-helical

conformation in water (top) and in membrane-mimicking

mixture (bottom). The secondary-structure content was

calculated with the DSSP program (Kabsch and Sander 1983)

and is given as the number of residues adopting the given

secondary structure (a-helical or b-sheet). Representative

starting (left) and final (right) configurations are also reported

Fig. 3 Root mean square fluctuation (RSMF) of the backbone

atoms in the simulations in water (solid line) and in mixed

solvent (dashed line)
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strands. We checked the presence of these kinks in

our simulation and, in Fig. 5, we report the Rama-

chandran plot of the residues R5 and V21, showing

u/w values typical of a kinked backbone for the

simulation in water. Similar results were obtained in

the simulation with the mixed solvent.

The b-hairpin structure, resulting from both the

MD simulations and CD spectra performed in

aqueous and hydrophobic solutions, presents amphi-

pathic structure. The side-chains of residues F1, C3,

W6, W8, M10, I18, C20, F25 form the hydrophobic

surface on one side of the sheet, whereas on the

opposite side of the sheet, the side-chains of K2, R4,

R5, R22, R23 give rise to the hydrophilic surface, as

shown on top panel of Fig. 6. Furthermore, while the

spatial configuration of the side-chains forming the

hydrophilic surface, simulated both in water and in

mixed solvent, does not show significant variations

with respect to the best 20 structures satisfying the

NOE distance restraints in water (Hwang et al. 1998)

(data not shown), some differences are observed for

the hydrophobic surface.

To further investigate these differences, the radius

of gyration (Rg) of the side-chains forming the

hydrophobic surface was calculated and reported in

the middle panel of Fig. 6. As it can be seen, while

the Rg values along the simulation in water are in

agreement with those obtained from the best 20

structures satisfying NOE distance restraints in water

(Hwang et al. 1998), the Rg values obtained for the

simulation in mixed solvent are higher, indicating an

enlarged hydrophobic surface. Moreover, we com-

pared the side-chain v1 torsion angles of the hydro-

phobic residues giving rise to this different behavior.

The largest differences were found for the two side-

chains of W6 and W8. In particular, the distributions

of the v1 torsion angle of W8 along the simulation in

water and in mixed solvent are reported (Fig. 7).

While in water the two most populated conformations

are characterized by the aromatic ring pointing

towards the peptide hydrophobic surface (peaks A

and B of Fig. 7), in mixed solvent a high populated

conformation, not present in water, is observed with

the ring pointing outwards, i.e., towards the solvent

(peak C of Fig. 7).

In what follows, the structural organization of

the mixed solvent is investigated. Before addressing

the local mechanisms through which the mixture

stabilizes the peptide conformation, analyses of

the global structural properties of the solvent along

the simulation were performed showing dynamical

partial clustering. Representative snapshots extracted

along the 1.1 ls-long b-hairpin simulation (see

Fig. 8) clearly show formation of clusters of chloro-

form and of methanol–water that are very dynamical,

i.e., their position, dimension and composition

change in time. Previous experimental and computa-

tional studies (Moelwyn-Hughes and Missen 1957;

Singh et al. 1979; Gratias and Kessler 1998; Mottamal

et al. 2007) have shown evidence of analogous

Fig. 4 Top panel existence

of the turn hydrogen bond

between residue ith (K12)

and (i ? 3)th (A15) along

the simulation in water.

Bottom panels u/w torsion

angles of the (i ? 1)th

residue (L13) and (i ? 2)th

(G14) along the simulation

in water. Similar results are

also observed along the

1.1 ls-long simulation in

mixed solvent
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self-clustering in methanol–chloroform mixtures

leading to microscopic heterogeneity. This tendency

leads to preferential solvation of the hydrophilic and

hydrophobic portions of the peptide by the polar

component (methanol and water) and chloroform,

Fig. 5 Analysis of the kink in the backbone. Top panel
Ramachandran plot of R5. Middle panel Ramachandran plot of

V21. Bottom panel representative hairpin structure. The results

refer to the simulation in water. Similar results are also

observed along the 1.1 ls-long simulation in mixed solvent

b

Fig. 6 Analysis of the side-chains. Top panel representative

structure of the hydrophobic side-chains forming the hydro-

phobic surface, i.e., residues 1, 3, 6, 8, 10, 18, 20 and 25 (left)
and of the hydrophilic side-chains that are on the opposite side

of the hydrophobic surface, i.e., residues 2, 4, 5, 22 and 23

(right) along the simulation in water. Bottom panel radius of

gyration (Rg) of the above mentioned hydrophobic side-chains

in water (solid line) and in mixed solvent (dashed line). The

interval highlighted in the box indicates the range of radius of

gyration of the hydrophobic side-chains in the 20 NMR

(Hwang et al. 1998) structures in water
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respectively (see Fig. 9), in agreement with previous

work on other molecules (Gratias and Kessler 1998;

Mottamal et al. 2007). Hence, the local phase

separation of the mixture stabilizing the amphiphilic

peptide provides an environment resembling the

lipid-water interface of cell membranes. In fact, the

water–methanol rich phase surrounding the hydro-

philic residues takes on the role of the layer populated

by water and charged lipid headgroups, and the

chloroform rich phase around the hydrophobic

surface takes the function of the apolar tails of the

lipid bilayer.

Conclusions

The MD simulations and CD spectra here reported

indicate that in membrane-mimicking solutions

LfcinB adopts a b-hairpin structure similar to that

observed by 2D NMR in water, showing that the

amphipathic structure of LfcinB is solvent indepen-

dent. This amphiphilic b-hairpin conformation favors

the clustering of the majority of hydrophobic and

hydrophilic residues on opposite sides, likely allow-

ing LfcinB to better interact with the lipopolysac-

charides of the bacterial membrane. As a matter of

fact, hydrophobic and hydrophilic residues can inter-

act with fatty acyl groups of the lipid bilayer and the

phosphodiester groups, respectively, and a more

effective partition of interactions can take place upon

Fig. 7 Top panel distribution of the v1 torsion angle of the

side-chain of W8 in the simulations in water (solid line) and in

mixed solvent (dashed line). Bottom panel representative

conformations of the side-chain of the three main peaks A,

B and C

Fig. 8 Snapshots along the 1.1 ls-long MD trajectory of the b-hairpin in mixed solvent showing the variation of the clusters in the

mixture. Chloroform and methanol/water molecules are shown in the top and bottom panels, respectively
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binding. This favorable placement of LfcinB side-

chains differs from that present in the same fragment

of the intact protein LfB, where an a-helix extends

from F17 to L29 (F1 to L13 of LfcinB), whereas the

segment from S33 to R39 (S17 to R23 of LfcinB)

adopts an extended strand in both cases.

These results indicate that the LfcinB b-hairpin

structure might play a key role in the interaction with

the membrane by spatially segregating hydrophobic

from hydrophilic residues. Moreover, the propensity

of the W6 and W8 side-chains for a conformational

change promoted by an hydrophobic environment,

shown in the simulation of LfcinB in mixed solvent,

can favor the tryptophans interaction with the inter-

facial region of the lipid membranes, enhancing the

anchoring effect of the indole rings as the peptide

penetrates into the hydrocarbon core of the lipid

bilayer. This supports the role of the tract RRWQWR

as the antimicrobial core of LfcinB.
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