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Abstract We have investigated structural and dynamic
properties of the synthetic peptide hlF1-11 (GRRRSV
QWCA, i.e., the first 11 N-terminal amino acids of the
human lactoferrin protein) in water, 250 mM NaCl solu-
tion, 50% (V/V) water—trifluoroethanol mixture, and in the
membrane mimetic 4:4:1 methanol-chloroform—water
mixture. For comparison, we have also performed analo-
gous simulations for the biologically inactive control pep-
tide featuring Ala substitutions in the 2, 3, 6 and 9 positions
of the hlF1-11 sequence. Statistical analyses of the trajec-
tories indicate that only in the membrane-mimicking
medium hlF1-11 adopts preferentially a conformation
suitable to interact effectively with the membrane. In this
conformation the peptide cationic region is rather flexible
and elongated, while the C-terminal hydrophobic moiety
appears as a more rigid hairpin-shaped loop approximately
perpendicular to the cationic region. No such conformation
is statistically relevant for the control peptide.

Keywords Antimicrobial peptides - Human lactoferrin -
Molecular dynamics simulation -
Membrane-mimicking solvents

S. L. Fornili (X)) - R. Pizzi - D. Rebeccani

Dipartimento di Tecnologie dell’Informazione, Universita di
Milano, Via Bramante 65, 26013 Crema, Italy

e-mail: sandro.fornili@unimi.it

S. L. Fornili
CISI, Via Fantoli 16/15, 20138 Milan, Italy

S. L. Fornili
CNISM, Via della Vasca Navale 84, 00146 Rome, Italy

Published online: 22 May 2010

Introduction

The broad range of effectiveness of cationic antimicrobial
peptides (AMPs) is thought to be mainly due to their often
disruptive interaction with the cellular membranes of
bacteria, fungi and viruses (Brogden 2005; Chan et al.
2006; Yeaman and Yount 2003). The characteristics of
such interaction are related to structural properties of
peptides (Powers and Hancock 2003). They can be inves-
tigated using experimental CD and NMR techniques as
well as statistical mechanical simulations (Langham et al.
2008), which provide atomic-level details of the system
behavior.

In the present work we report results of Molecular
Dynamics (MD) simulations of solutions of the cationic
AMP hlIF1-11 (GRRRRSVQWCA) (Nibbering et al. 2001;
Dijkshoorn et al. 2004) in various solvents, in order to
enlighten its structural and dynamic properties in envi-
ronments suitable to the experimental research, thus
favoring their comparison with experimental structural
data. The latter are presently not available to the best of our
knowledge for hlF1-11. The interest for the synthetic hlF1-
11 peptide, which consists of the first eleven N-terminal
amino acids of the first cationic domain of the human
lactoferrin protein, stems from its broad antimicrobial
activity against bacteria and fungi, and in particular against
bacterial strains resistant to conventional antibiotics (Nib-
bering et al. 2001; Dijkshoorn et al. 2004). We have also
simulated a biologically inactive control peptide (GAAR-
RAVQACA, that is the hlF1-11 sequence with Ala sub-
stitutions at positions 2, 3, 6 and 9) (Brouwer and Welling
2008).

Since solvent affects the peptide 3D structure (Ruotolo
and Russell 2004), in order to get some insight into the
interaction mechanisms between AMPs and bacterial
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membranes it is important to investigate which conforma-
tions they most probably adopt in environments similar to
that of cellular membranes (Haney et al. 2009). Therefore,
besides simulating both peptides in water, we also carried out
simulations in the following media: (i) 250 mM aqueous
solution of NaCl (referred to as “salt” medium in what fol-
lows), since salt has been shown to stabilize marginally
stable peptide structures (Ibragimova and Wade 1998; Zhou
et al. 2004); (ii) 4:4:1 methanol-chloroform—water mixture
(called “441” medium in the following), an isotropic solvent
mimicking the anisotropic cell membrane environment
(Mottamal et al. 2007); (iii) 50% (V/V) water—trifluoroeth-
anol (TFE) mixture, recently used in an experimental work as
mimicking the membrane environment (Wang et al. 2008).

Statistical analyses of extensive simulations of both
peptides in these media show that hlF1-11 (but not the
control peptide) in 441 adopts preferentially a conforma-
tion in which the rather linear and flexible cationic N-ter-
minal region and the hairpin-shaped and more rigid
hydrophobic C-terminal moiety are spatially well distinct
and approximately mutually perpendicular. Moreover, the
probability of finding chloroform molecules around the
latter region is higher than around the peptide cationic part,
while the opposite occurs for water and methanol mole-
cules. All this would suggest that hlF1-11 behaves as a
loop-type AMP (Powers and Hancock 2003) while inter-
acting with the bacterial membrane.

Computational Methods

Each simulation was carried out for 100 ns at 7 = 300 K,
P =1 bar and 2-fs time step, using the all-atom ff99SB
force field (Wickstrom et al. 2009) and the SANDER
module of the AMBER10 package (Case et al. 2005, 2008).
Temperature was controlled according to the Berendsen
coupling algorithm (Allen and Tildesley 1987) with 1-ps
time constant, while the time constant of the pressure
control was 2.5 ps. A 9-A cut-off value and particle mesh
Ewald (PME) were adopted for the nonbonded interactions.
SHAKE (Allen and Tildesley 1987) kept constrained bonds
involving hydrogen atoms. The initial coordinates of the
hlF1-11 peptide were taken from the N-terminal lobe of the
human lactoferrin (PDB code 1h45 (Peterson et al. 2002),
Fig. 1). The coordinates of two N-terminal amino acids
missing in this PBD file were added using the AMBERI10
xLEaP module, which was also used to build up the initial
conformation of the control peptide, to neutralize the
peptide charges with counterions, and to add an equal
number of Na® and Cl~ ions for the “salt” solvent. The
initial conformations of both peptides were used as input
for 50-ns implicit-water—solvent MD simulations per-
formed according to the Generalized Born model as
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Fig. 1 Initial hlF1-11 conformation taken from the PDB code 1h45
(Peterson et al. 2002), except for Glyl and Arg2, whose coordinates
were missing. Surface and backbone colors are set according to the
VMD color-coding. Surface colors corresponding to polar, non-polar
and basic residues are green, white and blue, respectively (Color
figure online)

implemented in AMBER10 (Onufriev et al. 2004). Cluster
analysis was applied to the resulting trajectories. For each
peptide, the conformation representative of the most pop-
ulated cluster was adopted as initial conformation for all
the explicit-solvent simulations using the solvents men-
tioned in the previous section. Each simulated system
(Table 1) included one peptide immersed in a truncated
octahedron solvent box with a minimum distance of at least
10 A between peptide atoms and box surface. The solvent
models were TIP3P water (Jorgensen et al. 1983), methanol
(Caldwell and Kollman 1995), chloroform (Fox and Koll-
man 1998) and TFE (Abbate et al. 2006). Most of the
statistical analyses of the trajectories have been performed
using the AMBER 10 PTRAJ module. Voronoi volume and
Solvent Accessible Surface Areas (SASA) values were
calculated as outlined in (Voss and Gerstein 2005).
Graphical visualization was performed with VMD (Hum-
phrey et al. 1996) and gOpenMOL (Bergman et al. 1997).

Results and Discussion

The upper and the lower rows of Fig. 2 show the time
evolution of the backbone RMSD and gyration radius,
respectively, for hlF1-11 (left column) and control peptide
(right column) during 100-ns explicit-solvent MD simula-
tions in water, 250 mM salt solution, and in the 441 and
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Table 1 Composition of the simulated systems

Water Salt 441 Water-TFE
1 hIF1-11 + 4Cl1™ 2500w 2506w + 15NaCl 1012m + 1012¢ + 253w 366w + 508t
1 control + 2C1™ 2501w 2503w + 15NaCl 1003m + 1004c + 251w 366w + 508t

The labels salt, 441, and water-TFE indicate 250 mM NaCl solution, 4:4:1 methanol-chloroform-water mixture, and 50% (V/V) water-TFE

mixture, respectively; w, m, c and t represent water, methanol, chloroform and TFE molecules, respectively
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Fig. 2 Backbone RMSD (in Az’ upper row) and radius of gyration, Rg, (in 10\, lower row) versus time (in ns). Left column: hIF1-11; right

column: control peptide

water—TFE membrane-mimicking mixtures. The reference
structures for RMSD calculations were taken from the last
conformations of the equilibration phase.

The RMSD evolution evidences that in general the
conformational variability is lower for hIF1-11 than for the
control peptide. It is also worth noting that in salt and in
water-TFE the values of the hlF1-11 gyration radius are
particularly small and almost constant, suggesting that the
peptide backbone conformation in these solvents is more
compact than in water and in 441. This observation agrees
with the average values of the gyration radius reported in
Table 2, which have been calculated over the 50-100 ns
time intervals of the trajectories.

The additional statistical analyses, whose results are
discussed in the following, have been performed consid-
ering the same time interval. In particular, in Table 2 we

report values of the Solvent Accessible Surface Area
(SASA) as probed by the water molecule (i.e., using 1.4-A
probe radius), and of the molecular volume, which has
been calculated according to the Voronoi procedure. As
expected, both these quantities are smaller for the control
peptide than for hlF-11, due to the above mentioned Ala
substitutions. Moreover, on can observe that the Voronoi
volumes slightly decrease passing from water to salt, 441
and water—TFE solvents. Positive SASA differences occur
only for hlF1-11 in 441 and for the control peptide in salt.
It is perhaps worth noting that only for these solvents
positive variations of Rg occur. Data shown in Table 2
could also be of interest while comparing simulation and
experimental structures, or even to predict peptide bio-
logical properties using them in QSARs as in Langham
et al. 2008.
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Table 2 Structural data for hlF1-11 and control peptides

Water Salt 441 Water-TFE
hIF1-11
Rg (A) 6.0 (0.0) 5.2 (—13.3) 6.9 (15.0) 6.0 (0.0)
SASA (A% 1531.8 (0.0) 1478.6 (—3.5) 1616.7 (5.5) 1391.4 (-9.2)
VorVol (A% 1770.1 (0.0) 1776.9 (—0.1) 1720.6 (—3.3) 1674.4 (—5.9)
Control
Rg (A) 6.5 (0.0) 6.9 (5.8) 4.6 (—41.3) 6.3 (—3.2)
SASA (A% 1308.1 (0.0) 1383.8 (5.8) 1138.6 (—13.0) 1269.0 (—3.0)
VorVol (A% 1419.1 (0.0) 1423.0 (0.3) 1344.2 (—5.3) 1332.8 (—6.1)

Percentage differences with respect to values in water are reported in parentheses. R radius of gyration, SASA solvent accessible surface area

using 1.4-A probe radius, VorVol Voronoi volume

In Fig. 3 we report statistically representative confor-
mations of the most populated clusters as obtained by
applying to hlF1-11 trajectories the average-linkage clus-
tering procedure, which is likely one of the best performing
clustering algorithms and particularly suited to bioinfor-
matic issues (Shao et al. 2007). Analogous results for the
control peptide are shown in Fig. 4. In agreement with the
above observations concerning the gyration radius, we see
from Fig. 3 that the most compact hlF1-11 conformation
occurs in salt, and the most extended one in 441 medium,
where the spatial separation between the cationic and the
hydrophobic moieties of the peptide is most pronounced. It
is worth noting that this conformation could favor the
peptide interaction with bacterial membrane since the well
exposed cationic domain could be attracted by the anionic
heads of the membrane while the loop-shaped hydrophobic
domain, which forms with the cationic moiety an angle of
approximately 90°, could interact with the membrane
hydrophobic interior (Brogden 2005). According to this
view hlF1-11 could be assigned to the class of loop-AMPs
(Powers and Hancock 2003).

A further observation concerning Fig. 3 is that the hlF1-
11 statistically most representative conformations in 441
and water—TFE mixtures are quite different, although these
solvents are both assumed to be reasonably good mimetics
of the membrane environment. Finally, we note that none
of hlF1-11 conformations reported in Fig. 3 resembles its
initial conformation (Fig. 1), whose experimental coordi-
nates were taken from Peterson et al. 2002 except for those
of Glyl and Arg2 residues.

In Fig. 4 we report analogous results concerning the
control peptide, whose amino acid sequence is the same
as that of hlF1-11 but with Ala substitutions in positions
2, 3, 6 and 9, as above pointed out. Due to these sub-
stitutions, its cationic and hydrophobic moieties are not
clearly distinct as in hlF1-11 peptide. Also for the control
peptide, however, the overall aspects of the representative
conformations of the most populated clusters agree with
the above considerations concerning the radius of gyration
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behavior in different solvents. In particular, the most
compact conformation occurs in the 441 mixture
(Table 2) and it corresponds to a partial o-helical struc-
ture involving the residues from Ala2 to Ala6. From
Fig. 4 one can also observe that in none of the chosen
solvents the statistically predominant conformations of the
control peptide are elongated as that of hiF1-11 in 441
medium.

The molecular structures shown in Figs. 3 and 4 can be
correlated with the results of hydrogen bond (HB) analysis
reported in Table 3, where we report the most relevant
HBs, the percentage of snapshots in which they are present
along the 50-100 ns interval of the pertinent trajectories,
and the average frequency of all HBs with frequency larger
than 5%. An overall view of these data shows that in
general the hydrogen bonding is more relevant for hlF1-11
than for the control peptide, except than in 441 solvent,
where the structure of the control peptide is partially
helical, as previously mentioned. One can also observe that
the f-turns present on the most representative hlF1-11
conformations in water and water—TFE solutions are
mostly stabilized by the presence of the HB between Argd
and Val7 amino acids, while the most persistent HB
between Cys9 and Arg3 f-bridges is related to the rather
closed structure adopted by hlFI-11 in the salt medium,
and the HB between Val7 and Cys10 is connected to the
looping-back structure of the hlF1-11 hydrophobic moiety
in the 441 solvent.

Examining the most persistent HB of the control peptide
we can see that GIn8 is involved in three of the statistically
most representative conformations represented in Fig. 4. In
441, it makes a practically always present HB with Arg4,
thus favoring a rather compact conformation by connecting
the o-helix and the random coil region.

The question concerning the interaction of the hlF1-11
and control peptides with a membrane can be examined
considering the data represented in Fig. 5, where we report
the distribution of closest water, methanol and chloroform
molecules in the 441 medium (upper row), and of water
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Fig. 3 Molecular surface and backbone visualization of statistically
representative conformations of the hlF1-11 most populated clusters
evaluated in the 50—100 ns time interval of the simulation in water,
250 mM NaCl, 50% (V/V) water-TFE and 4:4:1 methanol-

and TFE molecules in the water—-TFE mixture (lower row).
These results are obtained considering the solvent mole-
cules present within distance of 5.5 A (namely, the dis-
tance corresponding to the first minimum of the radial
distribution function of the CCl, carbon atoms) from the
solute atoms. One can observe that in 441 medium there is
a well differentiated distribution of the different types of
solvent molecules around the hlF1-11 peptide, whereas it is
considerably less so around the control peptide. Indeed, the
chloroform molecules surround predominantly the hlF1-11
C-terminal region starting from Ser6 residue, namely the
peptide segment constituting the hairpin-shaped loop
shown in Fig. 3, suggesting that this peptide segment
interacts with the interior of the bacterial membrane (Zhou
et al. 2004). After all, this is not unexpected considering
the mainly hydrophobic character of this peptide stretch.

chloroform—water (clockwise from the top left panel, respectively).
Surfaces are drawn with VMD using 1.4-A probe radius. Color-
coding as in Fig. 1

Instead, the differences in the distribution of the solvent
molecules along the control peptide are less relevant,
although water and methanol are predominant in the
vicinity of Arg4 and Arg5 residues, while chloroform is
more present around Val7 and GIn8 amino acids.

In the water-TFE medium, the distributions of water
and TFE molecules along hlF1-11 are more uniform than in
the 441 case. Nevertheless, water molecules somewhat
prevail around the peptide cationic region and TFE mole-
cules are slightly more frequent around the hydrophobic
region, with a maximum in correspondence of Trp9 resi-
due, as chloroform does in the 441 case. The solvent dis-
tributions are even more uniform along the control peptide,
though water is somewhat more present around Arg4 and
Arg5 and TFE prevails in the more hydrophobic region.
This again parallels what occurs in the 441 case.

@ Springer
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water
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Fig. 4 Same as for Fig. 3 for the control peptide

Table 3 Properties of intramolecular hydrogen bonds (HBs) for hlF1-11 and control peptide in the four solvents considered

Water 441 Water-TFE
hiF1-11
Average HB frequency” 17.2 23.9 229 49.1
Strongest HB (SHB) R4:0-V7:HN W9:0-R3:HN V7:0-C10:HN R4:0-V7:HN
Frequency of SHB 98.4 90.0 74.1 99.5
Control
Average HB frequency® 14.6 15.9 38.5 14.3
Strongest HB (SHB) R4:0-V7:HN A3:0-Q8:HN A3:0-Q8:HN A6:0-Q8:HN
Frequency of SHB 39.1 31.2 97.9 58.7

# Considering HBs with frequency >5%; HB definition: distance donor—acceptor <3.5 A, donor—H-acceptor angle >90°, as in Gangemi et al.

(2008)

A more detailed view concerning the solvent effect on
the peptide structure is given by Fig. 6 where we report the
partial SASA values per residue. As data in Table 2 show,
the total SASA values do not change much by varying
solvent, the differences with respect to water being within
ca. 10%. One can, however, notice that while the hlF1-11
region around Val7 has a low exposition to the solvent in

@ Springer

all cases, in 441 the solvent exposition of all polar residues,
except Arg), is notably enhanced. The SASA value of the
latter is on the contrary increased in salt and in water—TFE.

The solvent effect on the residue exposition for the
control peptide is less readable. The most evident feature is
the consistently reduced solvent exposition of Ala residues
due to 441, partially related to its helical structure.
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Fig. 5 Upper row: percentage distribution of methanol, chloroform and water molecules along hlF1-11 (left) and control peptide (right) in 441
medium. Lower row: percentage distribution of water and TFE molecules along hlF1-11 (left) and control peptide (right) in water—TFE mixture
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Fig. 6 Solvent accessible surface area (SASA, in A% per residue for hlF1-11 (leff) and control peptide (right), which has been evaluated using a

probe radius of 1.4 A

Some insight into the internal dynamics of hlF1-11 and
control peptides in the four solvents is obtained by con-
sidering their atomic B-factors, which measure the atomic
positional fluctuations. The overall average values for
hlF1-11 and control peptide in the four solvents are
reported in Table 4. One can see that they are particularly
small for hlF1-11 in water-TFE medium and for the con-
trol peptide in 441 solvent, paralleling the high degree of
the overall hydrogen bonding present in these cases
(Table 3).

The B-factor values for each amino acid averaged over
the 50-100 ns interval of the trajectories are shown in
Fig. 7. We note that they also agree with the previously
commented HB features, suggesting that this is the main

Table 4 Average B-factor values (in Az) for hlF1-11 and control
peptides in the four solvents considered

Water Salt 441 Water-TFE
hlF1-11 9.4 7.0 7.0 3.8
Control 12.5 12.0 5.0 6.8

stabilization factor for the peptide conformations. Indeed,
the conformations with the lowest positional fluctuations
appear to be that of hlF1-11 in water-TFE and that of the
control peptide in 441, whose average HB persistence
values are 49.1 and 38.5%, respectively (Table 3). More-
over, the regions along both peptides with lower B-factor
are often close the strongest HBs. In particular, we see that

@ Springer
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Fig. 7 B-factor values (that is, atomic positional fluctuations, in A?) of hIF1-11 (left) and control peptide (right) backbone atoms of each amino

acid for simulations in water, salt, 441 and water—-TFE solvents

the hairpin-shaped loop of the hlF1-11 conformation in 441
is stabilized by the HB between Cys10 and Val7, while the
mobility of most of its cationic segment is intermediate
between those in water and salt cases. We can also observe
that the least fluctuating residue is Arg4 of the control
peptide in 441, which is in the middle of its a-helix and
close to the most persisting HB involving Ala3 and GIn8
residues, as previously noted.

Conclusions

We have performed extensive MD simulations in four
different solvents (water, 250 mM NaCl, and membrane-
mimicking mixtures 4:4:1 methanol-chloroform—water and
50% (V/V) water-TFE) of the AMP peptide consisting of
the first eleven N-terminal amino acids of human lacto-
ferrin (h1F1-11, GRRRRSVQWCA) and of a biologically
inactive control peptide (GAARRAVQACA) with Ala
substitutions at positions 2, 3, 6 and 9. We can draw the
following main conclusions from statistical analyses of the
trajectories: (i) in none of the above solvents a hlF1-11
conformation similar to that of the corresponding stretch
present in the human lactoferrin protein is statistically
predominant; (ii) hlF1-11 only, and particularly in the 441
mixture, presents a structure characterized by an elongated
and somewhat mobile cationic region and by a more rigid
hairpin-shaped loop in its hydrophobic C-terminal seg-
ment. These structural and dynamic differences together
with the different distributions of the molecular constitu-
ents of the 441 mixture along the peptide suggest that the
cationic region is more suitable to optimize its interaction
with the membrane anionic polar heads, while the hydro-
phobic loop—approximately perpendicular to the cationic
moiety—can interact with the membrane interior. (iii) The
statistically most representative hlF1-11 conformations in
441 and water—TFE solvents are markedly different,
although these mixtures are both considered reasonable
isotropic mimetics of the membrane environment.
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