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ABSTRACT: Protonectin (ILGTILGLLKGL-NH,), a peptide extracted from @ & . R sty snae

the venom of the wasp Agelaia pallipes pallipes, promotes mast cell degranulation ;ﬁ,&

activity, antibiosis against Gram-positive and -negative bacteria, and chemotaxis in  poeear s~ 83 ’%ﬁf\ "
Eletrostatic 7

Atraction .

polymorphonucleated leukocytes. Another peptide from the same venom,
Protonectin (1—6), corresponding to the first six residues of Protonectin, exhibits

only chemotaxis. A 1:1 mixture of these two peptides showed positive synergistic A “ons o0rs
antimicrobial effects, attributed to the formation of a heterodimer.!® The £l ' . cendodsiuotus
antimicrobial activity is probably related to the peptides’ interaction with &g reeiny e

membrane phospholipids. Equilibrium and replica exchange molecular dynamics
simulations were used to investigate two systems: the interaction of Protonectins
(two molecules) and that of a mixture Protonectin and Protonectin (1—6) in the
environment of sodium dodecyl sulfate (SDS) micelles, which mimic bacterial ore s0ns
membranes and are also highly anionic. We found that in both systems the

peptides tend to aggregate in the aqueous environment and are held together by hydrophobic interactions and hydrogen bonds.
In the equilibrium simulations, aggregated Protonectin/Protonectin (1—6) dissociates after penetrating the SDS micelle, whereas
the two Protonectins remain associated throughout the simulation time. Also, in the replica exchange simulations, the
Protonectins remain closer, associating through a greater number of hydrogen bonds, and were found at only one free energy
minimum, whereas the peptides in the mixture display other probable distances from each other, which are significantly longer
than those observed with two Protonectin molecules. Coulomb contributions and the free energy of the systems containing
micelles were calculated and show that the interactions of the mixed peptides are favored, whereas the interactions between pure
Protonectins are more probable. As a consequence of the preferential interaction with the micelle, the Protonectin molecule of
the mixed system presents a higher helical structure content. The enhancement of the amphipathic features caused by
Protonectin (1—6) can be related to the increase in the antimicrobial activity experimentally observed.
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Antimicrobial peptides (AMPs) constitute an important Recently, a pair of peptides was extracted from the venom of
component of wasp venoms because of their abundance the social wasp Agelaia pallipes pallipes and identified as
and diversity.' > The efficacy and broad spectrum of biological Protonectin (ILGTILGLLKGL-NH,) and Protonectin 1—6
activities of some short chain length AMPs make them (ILGTIL-NH,)."* Protonectin (PTN) is an antimicrobial
attractive molecules to synthesize in the search for new peptide that was originally found in the venom of the social
antibiotics."™® However, knowledge of the biological signifi- wasp Protonectarina sylveirae."> Tts biological activity and

cance of the many homologous sequences present in a single
species is limited. In some cases, investigations have
demonstrated that related peptides show synergism in their
activities.”

Synergistic effects between AMPs are an interesting area of
investigation because of the possibility of lowering the
concentration of active peptides, broadening their effectiveness,
and reducing their toxicity.® A hallmark of these studies is the
association of magainin and PGLa to form heterodimers or
heterosupramolecular complexes that have been investigated by

structural properties were investigated in a 1:1 molar mixture
with Protonectin (1—6), (PTN;_¢), by Baptista-Saidemberg et
al.'® These authors verified that this mixture presents positive
synergistic effects with regard to biological activities, which are
dependent on membrane interactions. They found a modest
increase in the hemolytic and mast cell degranulation activities
of the PTN/PTN,_4 mixture relative to the activity of PTN,
which is compatible with the increased hydrophobicity of the

fluorescence and NMR methods.”~"" Other examples involve Received: September 25, 2014
synergy between dermaseptins'” or temporins'® and antimicro- Revised:  February 28, 2015
bial and anticancer peptides used as current treatments.>® Published: March 17, 2015
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Table 1. Summary of Simulations

simulation peptides environment time (ns) protocol
PTN Protonectin/Protonectin water; 8986 molecules; 4 CI™ 150 equilibrium simulation
PTN, 4 Protonectin/Protonectin 1—6 water; 4027 molecules; 3 CI™ 150 equilibrium simulation
PTN Protonectin/Protonectin SDS micelle; 19 225 water molecules; 65 Na*; 4 CI™ 100 equilibrium simulation
PTN,_4 Protonectin/Protonectin 1—6 SDS micelle; 10 325 water molecules; 65 Na*; 3 Cl™ 100 equilibrium simulation
PTN Protonectin/Protonectin SDS micelle; 19 225 water molecules; 65 Na*; 4 CI™ 24 X 100 REMD
PTN,_4 Protonectin/Protonectin 1—-6 SDS micelle; 10 325 water molecules; 65 Na*; 3 CI~ 24 X 100 REMD

mixture (from 0.276 to 0.323) and the MIC reduction observed
for Gram-positive bacteria (Bacillus subtilis (68%) and Staph-
ylococcus aureus (34%)) and Gram-negative bacteria (Escher-
ichia coli (67%) and Pseudomonas aeruginosa (35%)) calculated
on a molar basis. PTN and PTN, ¢ also promote the
chemotaxis of mast cells toward polymorphonuclear leukocytes,
but only the shorter peptide displays this chemotactic activity.
Notable structural features of these peptides include the
following: (1) the sequence of PTN,_¢ corresponds to the
first six amino acid residues of PTN; (2) PTN is composed of
hydrophobic amino acids, with a single charged lysine residue at
position 10, whereas PTN; ¢ has only hydrophobic amino
acids; (3) both have an amidated C-terminus, which
contributes +1 to the net charge. PTN can associate with
PTN, 4 to form a more hydrophobic complex, and the
presence of a heterodimer has been hypothesized based on MS-
ESI data.'¢

In the present work, we investigated peptide—peptide
interactions to search for possible aggregation between PTNs
and PTN/PTN,_,, to determine how it could occur, and to
characterize the influence of the environment on the
aggregation. To this end, theoretical computational model
systems, using SDS micelles, were subjected to equilibrium MD
simulations complemented by replica exchange MD (REMD).
This theoretical method avoids bias due to initial configurations
and is more efficient for scanning conformational space,'” "’
improving the accuracy of calculating the free energy of the
systems. Through this calculation, we showed that aggregation
is possible for PTNs and for PTN/PTN,_g; however, the latter
pair has a lower probability to form.

B EXPERIMENTAL PROCEDURES

Models and Methods. Molecular dynamics (MD)
simulations have been increasingly used to elucidate exper-
imental data.”*** Although simulations using lipid bilayers may
demonstrate a comprehensive picture of peptide—membrane
interaction, simpler membrane mimetic environments, such as
TFE/water mixtures and micelles, also reveal important details
of these interactions at lower computational costs.** >’
Additionally, many recent studies of antimicrobial peptides
have demosntrated correlations between molecular dynamics
simulations in micelles, either zwitterionic or anionic, and
structural data obtained from NMR experiments in these same
model membranes.®® SDS micelles provide some of the
essential features provided by lipid bilayers that are involved
in their interaction with peptides, such as a hydrophobic alkyl/
acyl chain region, a hydrophilic shell formed by the headgroup
region, and an interfacial environment between the surfaces and
the aqueous environment. Nevertheless, a higher intrinsic
curvature radius, the presence of lone alkyl chains, and the ease
of deformation are limitations of this model that must be taken
into account.***’
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Molecular Dynamics (MD) Simulations. Simulations
were performed in cubic boxes of various sizes to accommodate
the different systems and with enough water molecules to
guarantee the water density. Ideal a-helical configurations were
generated by RIBOSOME V1.0 software.’’ Two PTN
molecules (or one PTN and one PTN,_4) in these
configurations, separated by approximately 2 nm, were placed
in a box with water molecules (and enough Cl~ ions for
neutralization) and simulated for 150 ns. These simulations in
water were used to obtain random conformations of the
peptides. The components of the studied systems are a
preformed SDS micelle, consisting of 65 SDS molecules, water
molecules, enough counterions for neutralization, and two
peptide molecules from the simulations in water. In this study,
we use an SDS micelle obtained by T.R. Valder”* The
configurational parameters of this model micelle are in good
agreement with the literature with respect to the number of
SDS monomers,>>3* eccentricity, radius, and area, 38

Two independent equilibrium simulations were run in this
system for 100 ns, one for each peptide pair, and compared
with another two simulations using the replica exchange
method. In these simulations, the two peptide molecules were
placed in the aqueous environment. Their centers of mass were
placed around 3.0 nm from the center of the micelle. The
average radius of the micelle was 1.9 nm (average distance
between the sulfur atoms and the center of mass of the
micelle); the eccentricity of the micelle was determined in the
absence of peptides, and it was maintained in their presence.
Table 1 summarizes the set of simulations performed in the
present work.

Conditions and Evaluation. Simulations were g)erformed
and analyzed using the Gromacs 4.0.7 package,”*° with the
NPT ensemble. GROMOS force field*' sets were used on the
basis of the system to be simulated: 43A1 (simulations in
water)* and 45A3 (simulations in SDS).*™* The main
difference between force fields 43A1 and 45A3 is related to the
parameters for long aliphatic chains (CH, > 6 units) that
influence SDS aliphatic chains.”***** The long-range electro-
static interactions were treated by the particle mesh Ewald
(PME) method,***” using a cutoff radius for the Coulomb and
the Lennard-Jones interactions of 1.0 nm. The neighbor list was
updated every 10 time steps. All bonds were constrained using
the LINCS algorithm*® and the SETTLE algorithm.*” The SPC
model was used for water molecules.*® System optimization for
the equilibrium simulations was carried out with the steepest
descent method considering convergence criteria of 107> kJ
mol™" or in 300000 steps of integration. Position restriction
dynamics for solvent and ions relaxation ran for 2 ns. The time
step for integrating the equations of motion was 2 fs, and the
data were recorded every 10 ps.

Simulations using the REMD were performed with 24
temperature values in the range from 288 to 315.6 K, with a
rate of exchange of 3000 steps. The exchange rate showed an
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acceptance of approximately 40% among replicas. Analyses
were performed considering data from the last 50 ns of
simulation time. A free energy surface map was generated with
the WHAM algorithm.SI’52

B RESULTS AND DISCUSSION

It has been demonstrated that a mixture of PTN and PTN,_¢ at
a 1:1 molar ratio potentiates the biological activities of these
peptides with regard to membrane perturbation in comparison
to the activity of Protonectin.'® The same study also showed
that PTN exhibits spectra indicative of helical structure in the
presence of a trifluoroethanol/water mixture or in the presence
of a micellar SDS solution. Although the helical content is low,
it is increased by the presence of PTN,_¢ at a 1:1 molar ratio.
To verify that Protonectin can interact with anionic lipid
vesicles made of phosphatidylcholine (PC) mixtures with
phosphatidylglycerol (PG, 30 and 60%) and with cardiolipin
(CL, 30%), which are also used as bacterial membrane mimetic
environments, CD spectra were acquired. In buffer, spectra are
characteristic of unordered structures, and the presence of
anionic vesicles induces a significant conformational change, as
demonstrated by the negative bands at 207—208 and 222 nm
that are characteristic of helical structures (Supporting
Information, Figure S1). These findings show that SDS
micelles and phospholipid bilayers induce a similar structure
in PTN, which may target the phospholipid matrix of bacterial
membranes, although other targets cannot be excluded.

Searching for Peptide Aggregation: Simulations in
Water. Mass spectra acquired in an aqueous environment for a
1:1 mixture of PTN and PTN,_¢ showed peaks corresponding
to a heterodimer.'® However, simulations in water demon-
strated that the homodimer, PTN/PTN, is more probable than
the heterodimer, PTN/PTN|_,, although both occur (Figure
1). The secondary structure profiles for PTNs and PTN/
PTN,_¢ (Supporting Information, Figure S2) indicate that the
starting a-helical configuration is quickly lost (in some cases,
during the energy-minimization step) and that the peptides
assume predominantly random conformations. The trajectory
analysis shows that the contact between the peptides starts
within approximately 15 ns and remains throughout the
simulation (Figure 1la). Also, the peptides associate through
hydrogen bonds that are greater in number in the simulation of
the PTNs (on average, S.5; Figure 1b) than that in the PTN/
PTN,_s simulation (on average, 2.3; Figure 1c). The
association of the peptides minimizes their contacts with
water. This is indicated by the reduction in the hydrophobic
surface areas accessible to the solvent, which are approximately
10 and 18% smaller for the PTN/PTN,_¢ mixture and the pure
PTNs, respectively, when compared to their condition before
aggregation. The association process in both cases significantly
reduced (about 50%) the number of water molecules in the first
layer of hydration (approximately 4 A). These results suggest
that the association in water is caused by hydrophobic forces
along with hydrogen bonds.

Investigating Peptide Aggregation and the Influence
of the Environment: Simulations in SDS. The pattern of
the secondary structures adopted by the peptide pairs in the
equilibrium simulations indicates that the micelle environment
induces the two PTN molecules to preferentially assume
bended structures. In the simulations of PTN/PTN,_,, the
PTN molecule often assumes helical conformations, such as a-
and m-helix, and the shorter PTN,_4 remains in a random
conformation (Supporting Information, Figure S3). Analysis of
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Figure 1. PTNs and PTN/PTN,_ interactions in water. (a) Distance
between PTNs (black) or PTN and PTN,_4 molecules (gray). (b)
Hydrogen bonds between PTNs. (c) Hydrogen bonds between PTN
and PTN,_4 molecules.

these trajectories shows that insertion into the SDS micelle is
rapid (Figure 2a), approximately 3 ns for PTN/PTN,_4 and 10
ns for PTNs. After insertion, the center of mass of the
peptide(s) oscillates relative to the center of the micelle, with
individual time-averaged values of 1.3 + 0.1 nm and 1.4 + 0.3
nm for the PTNs and 1.4 + 0.3 nm and 1.5 + 0.3 nm for PTN/
PTN,_4 The radius of gyration of the micelle containing the
peptides is approximately 1.66 + 0.02 nm for PTNs and 1.64 +
0.06 nm for PTN/PTN|_¢, which indicates that the peptides’
centromers remain in the environment of the alkyl hydrophobic
tails of the SDS molecules for most of the time. Figure 2b,c
shows that after insertion in the micelle the PTNs remain close
to each other due to the presence of 8.3 hydrogen bonds, on
average, whereas PTN and PTN,_4 lose the hydrogen bonds
formed in water and separate. As shown in Figure 2b, the
distance between the peptides increases to something close to 3
nm, the diameter of the micelle. Solvation analysis (Figure 2d)
of C, of each residue of the two PTNs shows that both
molecules are predominantly solvated by the alkyl chain tails of
the SDS molecules. In the PTN/PTN,_4 system, PTN’s
residues show an abundance of charged SO,*” head groups
around C, of residues 1, 2, 5, and 6, whereas C,, of residues 3, 7,
8, and 9 is surrounded by the alkyl tails of the SDS molecules.
The remaining C, are at the interface between these two
regions. These data, along with the secondary structure profile,
indicate that PTN of the PTN/PTN,_ system assumes a more
amphipathic conformation.

Although the insertion and localization of the peptides were
expected because of the anionic nature of the micelle and the
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Figure 2. Characteristics of PTNs and PTN/PTN,_4 interactions in
the presence of SDS micelles. (a) Distance between the center of mass
of the peptides and the center of mass of the SDS micelle along the
simulation time. (b) Distance and (c) hydrogen bonds (H bonds)
between the peptide molecules. PTNs are represented in black, and
PTN/PTN,_s molecules, in gray. (d) Solvation profile around C,
residues. PTN in the PTN/PTN,_, simulations, upper part; PTNs in
the pure PTN simulations, center and lower parts.
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positive charges of the peptides, it was unexpected that PTN/
PTN,_s would exhibit a different association pattern than that
of PTNs in SDS micelles.

Comparing Equilibrium Simulations with Replica
Exchange Results. To exclude the possibility that the results
from the equilibrium simulations are biased by the initial
configuration of the peptides, REMD was used. The potential
energy histograms indicate that a larger conformational space
exists in the REMD simulations (Supporting Information,
Figure S4) in comparison to the potential energy distribution
for the equilibrium simulations. REMD provides a broader scan
of the conformational space than that with equilibrium
simulations, preventing the system from being trapped in
local energy minima. Trajectories from the replica exchange
simulations and the WHAM package were used to obtain the
free energy surface versus the number of residues in a-helical
conformation and versus the distance between the peptides
(Figure 3). This analysis revealed that there is a significant
higher probability for the mixed peptides system to visit a larger
conformational space than there is for the pure PTNs system.
For PTNs (Figure 3a), only one minimum is observed, and
distances longer than 1.25 nm are not visited. A representative
configuration from this minimum is shown for comparison with
a higher free energy configuration, in which some helical
residues appear. It is also observed that the peptides are close to
each other and that this is independent of the number of helical
residues. With PTN/PTN,_, three free energy minima are
observed, and distances as long as 3 nm were found between
the peptides’ centromers (Figure 3b). In the main minimum,
the representative configuration is also poorly helical, as shown
for PTNs, but in this case, the peptides are farther from each
other. In the second minimum, the peptides remain at the same
distance, but the helical content increased significantly. In the
third minimum, the representative configuration shows
separated peptides, and the helical conformation is maintained.
The increased helical content of the PTN/PTN,_¢ mixture in
relation to that of the pure PTNs is in good agreement with
experimental data and with the increased amphipathicity shown
in the equilibrium simulations (Figure 2d).

The histogram of the distances between the peptides’
centromers (Figure 4a) in the equilibrium simulations also
shows that PTNs are found, most probably, closer to each
other, as opposed to the PTN/PTN,_4 system, in which the
peptides are often apart. To compare the structures from the
equilibrium simulations with those from the REMD (Figure
3a,b), RMSDs between these structures were calculated, and a
histogram of these values was plotted. Figure 4b shows the
RMSD histogram obtained for the structures of the PTN/
PTN,_4 system at the third minimum as an example. RMSD
values around 0.3 nm and lower indicate that most of the
structures obtained in the equilibrium simulations represent the
reference structure obtained in REMD. Also, the histograms
show that PTNs structures are less changeable than that of
PTN in the PTN/PTN,_¢ system.

The Tendency toward Aggregation Is Different
between PTNs and PTN/PTN,_; and Differently Affects
the Peptides’ Interaction with SDS Micelles. The
peptide—peptide interaction of PTNs occurs at a shorter
distance (0.5 nm) and is energetically favored in relation to that
in PTN/PTN,_¢ (Figure S). The free energy surface versus the
distance between the peptides’ centromers and versus the sum
of the Coulomb and Lennard-Jones contributions to the
interaction energy (pairwise averaged) exhibits a minimum in
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the PTN/PTN system in the range of —12.1073 to —10.1073
kcal mol™, whereas for PTN/PTN,_,, the minimum is in the
range of —9.107 to —6.107 kcal mol™' (Figure Sab). At a
distance of around 1 nm between PTN and PTN,_ two
possible free energy minima were observed (Figure 3b). One of
these minima corresponds to a mostly nonhelical configuration,
and the other, to a configuration exhibiting around six a-helical
residues. The minimum in Figure 5b corresponds to a-helical
structure, as shown in Figure Sc. To confirm that there is an
interaction between peptides, the free energy surfaces versus
the distance between the peptides’ centromers and versus the
number of hydrogen bonds between them were calculated
(Figure Sd,e). These calculations show that, in the minimum,
PTNs form around eight hydrogen bonds, whereas PTN/
PTN,_¢ forms around three. These data and the fact that PTN
and PTN,_4 separate in the equilibrium simulations suggest
that peptide aggregation may occur but that the aggregates are
more weakly connected than that with PTNs. Figure Sf shows
that around three to four hydrogen bonds between peptides in
the mixture correspond to six to seven a-helical residues. The
structure with increased helical content corresponds to a more
amphipathic conformation, which is often correlated with
increased biological activity.

The interaction between the peptides and the micelle in
terms of the hydrogen bonds was investigated in the
equilibrium simulations. Approximately seven hydrogen bonds
are formed by the two PTNs, and PTN with PTN,_4 forms 9.
In the first hydration layer, PTNs coordinate three SO,*~ head
groups, whereas PTN/PTN,_4 coordinates S5.5. These data
suggest a stronger interaction of the peptide mixture with the
micelle than that with pure PTN. The replica exchange
simulations also showed a more favorable interaction of the
peptide mixture with the micelle. Figure 6 presents the free
energy surface versus the distance between the peptides’
centromers considering the Coulomb and Lennard-Jones
contributions (pairwise averaged). Although PTNs are closer
to each other than PTN and PTN;_4 the Coulomb
contribution of the former pair is in the same range as that
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in the latter (Figure 6a,b). The Lennard-Jones contribution for seven a-helical residues (Figure 6c). The different interaction
the peptide mixture with the micelle is more favorable than that
for the pure PTNs (Figure 6d,e). However, a second minima of PTNs and PTN/PTN,_¢s with the micelle could be
around the same Coulomb or Lennard-Jones energy level was

found with the peptide mixture (Figure 6b,e), which attributed to the existence of this second minimum, in which
corresponds to a longer distance between the peptides’
centromers (approximately at 2.5 nm) and also to six or peptides are separated.
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B CONCLUSIONS

PTNs exhibit a tendency to aggregate; however, in a system
containing PTN, ¢, this tendency is reduced. Our results
showed that peptides’ aggregation, in water and in both
systems, is maintained by hydrogen bonds, but when the same
systems are placed in the presence of SDS micelles, the number
of hydrogen bonds increases between pure PTNs and decreases
for the PTN/PTN,_g mixture. The REMD simulations showed
that peptides, in the pure or mixed condition, aggregate
differently due to the more favorable sum of the Coulomb and
Lennard-Jones contributions to the interaction energy of the
system with pure PTN. The weaker sum of contributions in the
peptide mixture influences the distance between them and the
number of a-helical residues. PTN in the PTN/PTN,_; system
shows higher helical content and amphipathicity than that of
pure PTN. Moreover, there is a favorable interaction of the
isolated peptides with the micelle, which does not occur with
pure PTNs. Thus, we speculate that a PTN analog with missing
residues, as in PTN,_4 decreases the chances of peptide—
peptide interactions and enables the longer PTN to more
frequently interact with the micelle by generating a more helical
and amphipathic structure. These features could be related to
the improved antimicrobial activity of PTN, in the micromolar
range, caused by the presence of a shorter peptide such as
PTN,_,.
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