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ABSTRACT: The structures of two major tyrocidines, anti-
biotic peptides from Bacillus aneurinolyticus, in an aqueous
environment were studied using nuclear magnetic resonance
spectroscopy, restrained molecular dynamics (MD), circular
dichroism, and mass spectrometry. TrcA and TrcC formed β-
structures in an aqueous environment. Hydrophobic and
hydrophilic residues were not totally separated into nonpolar
and polar faces of the peptides, indicating that tyrocidines have
low amphipathicity. In all the β-structures, residues Trp4/Phe4

and Orn9 were on the same face. The ability of the peptides to
form dimers in aqueous environment was studied by replica
exchange MD simulations. Both peptides readily dimerize, and predominant complex structures were characterized through
cluster analysis. The peptides formed dimers by either associating sideways or stacking on top of each other. Dimers formed
through sideways association were mainly stabilized by hydrogen bonding, while the other dimers were stabilized by hydrophobic
interactions. The ability of tyrocidine peptides to form different types of dimers with different orientations suggests that they can
form larger aggregates, as well.

The discovery of tyrothricin, a mixture of antimicrobial
peptides consisting of the linear gramicidins and cyclic

decapeptides, denoted the tyrocidines, in the late 1930s is
credited to Rene Dubos.1−3 A wide variety of tyrocidines have
been isolated from tyrothricin.4,5 Tyrocidine A (TrcA),
tyrocidine B (TrcB), and tyrocidine C (TrcC) are the most
abundant and together with the minor tyrocidines make up
60% of the tyrothricin complex produced by Bacillus
aneurinolyticus.5 They have a highly conserved cyclo(D-Phe1-L-
Pro2-L-X3-D-X4-L-Asn5-L-Gln6-L-Tyr7-L-Val8-L-Orn9-L-Leu10)6 se-
quence involving both D and L amino acids. The sequences
differ at residues L-X3-D-X4 (L-Phe3-D-Phe4, L-Trp3-D-Phe4, and
L-Trp3-D-Trp4 in TrcA, TrcB, and TrcC, respectively). Despite
their excellent ability to kill bacteria such as the food-borne
pathogen Listeria monocytogenes,7 which causes listeriosis, the
use of tyrocidine peptides is currently limited to topical
applications1 because they are also hemolytic, leading to
erythrocyte lysis. As with most antimicrobial peptides, the
tyrocidines are membrane active and the bactericidal activity is
due to the disruption of the membrane structure through either
lysis or the formation of pores, resulting in cell death. Despite
their hemolytic activity, the tyrocidines have a broad spectrum
of activity, including antifungal activity,8 and are highly selective

toward the erythrocytic stages of the malaria parasite,
Plasmodium falciparum.9 However, the antiplasmodium activity
is not dependent on lytic activity, and the tyrocidines may have
an alternative intraparasitic target, indicating that they also can
enter cells. Similarly, the tyrocidine may also have alternative
targets in bacteria.10,11 The tyrocidines are potential candidates
as new therapeutic agents against a number of pathogens
because of their broad spectrum of activity, their rapid
membranolytic mechanism of action, and the possibility of
alternative targets limiting resistance potential.
The activity of antimicrobial peptides is determined by their

three-dimensional structures and physicochemical properties.
Studies involving gramicidin S, a cyclic decapeptide with a
sequence 50% identical with those of the tyrocidines, sharing
the conserved pentapeptide unit (D-Phe-Pro-Val-Orn-Leu),
have shown that physicochemical properties such as size,
amphipathicity, hydrophobicity, conformation, and charge
distribution play crucial roles in regulating activity.12−14

Similarly, it has been shown that the tyrocidine structure−
activity relationships toward different target cells are dependent
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on different physicochemical properties. In particular, anti-
plasmodium activity was correlated with a small size and
hydrophobicity,9 while antibacterial activity was correlated with
higher polarity.7 Some of these physicochemical properties such
as charge distribution and amphipathicity are determined by the
three-dimensional structure of the peptide. Self-assembly,
another important property that influences the mechanism of
action of antimicrobial peptides, depends on a number of these
factors such as hydrophobicity, amphipathicity, conformation,
and the general topology of the peptide.12−16

Small, linear, and cyclic peptides are known to aggregate
and/or self-assemble in different ways in different environ-
ments, and this influences their activities as antimicrobial
peptides. Tyrocidines have been shown to aggregate in
solution,17−20 but the molecular interaction driving tyrocidine
aggregation and/or self-assembly in water is not fully
understood. Gramicidin S is known to self-assemble when it
interacts with a phospholipid membrane, forming a channel
structure that disrupts the cell membrane potential,21,22

resulting in cell death. Smaller cyclic D- and L-β-peptides have
been extensively studied, as well. They typically form planar
conformations and self-assemble by stacking, resulting in
hollow channels in which all the side chains in the peptides
lie on the outside of the channel.23−26 Protegrin, a β-sheet
disulfide-bonded cyclic peptide, also assembles by sideways
overlap as it disrupts membrane lipid packing.27 Studies have
shown that self-association and multimerization are crucial for
peptide activity.28 β-Structures have been shown to disrupt the
cell membrane potential,21,22 resulting in cell death. β-Sheet
peptides, such as the tyrocidines, are likely to undergo
superstructure organization upon membrane interaction,28

and such multimer formation has been suggested to play a
key role in the cytolytic activity of β-sheet peptides.15,16,29,30

However, self-assembly in aqueous solution is expected to
impact membrane interaction and reduce antibacterial
activity.30−33 It is, therefore, important to understand the role
of self-assembly in the mechanism of action of tyrocidines.
In this study, we aim to elucidate the dimeric structures, as

the seeding structure of self-assembly and membrane activity of
tyrocidines in water. TrcA is the most hydrophobic and most
active peptide against P. falciparum,9 while the more polar TrcC
showed the most activity against bacteria7 and fungi.8 Nuclear
magnetic resonance (NMR) spectroscopy, restrained molecular
dynamics, circular dichroism (CD), and electrospray ionization
mass spectrometry were used to study the two different
tyrocidines and to determine their solution structure. Replica
exchange molecular dynamics simulations of TrcA and TrcC
dimers were used to investigate the energy landscape for
dimerization.

■ METHODS
NMR Experiments. The tyrocidine samples were prepared

from commercial tyrothricin (Sigma-Aldrich) as described by
Rautenbach et al.9 The peptides (1−2 mg) were dissolved in
0.5 mL of a 10:1 (v/v) H2O/D2O solution. The solution was
adjusted to pH 4 by adding a few drops of DCl.
Trimethylsilylpropionate (TSP) was used as the internal
chemical shift reference.

1H NMR experiments were performed on Bruker Avance
400 MHz and Avance II 500 MHz spectrometers. Coupling
constants were measured from the one-dimensional 1H NMR
spectra. The two-dimensional NMR spectra of the peptide in
water were recorded in the phase sensitive mode, TOCSY

(mixing time, 60 ms),34 NOESY (mixing time, 100 ms),35 and
ROESY (mixing time, 150 ms),36 using the WATERGATE
sequence to suppress the water resonance.37 Spectral assign-
ments were based on the method of Wüthrich.38 Interproton
distances, from the two-dimensional (2D) nuclear Overhauser
effect (NOE) cross-peak intensities, were estimated by the
isolated spin pair approximation (ISPA):39

=r r a a( / )ij ijref ref
1/6

where rij is the interproton distance to be estimated and aij is
the corresponding 2D NOE cross-peak intensity.

Simulated Annealing Conformational Search. The
starting configurations of the peptides were generated using
homology modeling. The structure of gramicidin S was used as
the template. An initial conformational search was performed
using molecular dynamics in vacuum at 600 K for 100 ns using
the GROMACS molecular dynamics package.40 The OPLS
force field was used in the calculations.41 A time step of 2 fs was
used, and the nonbonded interactions were treated with a cutoff
function operating at 1.2 nm. Structures were saved every 1 ns,
and all the saved structures were subjected to simulated
annealing for 1 ns. The structure that had the lowest energy
after annealing was subjected to molecular dynamics in water
for 100 ns.

Restrained Molecular Dynamics in Water. NMR-
derived distance restraints (Tables S5 and S6 of the Supporting
Information) were applied with a force constant of 1000 kJ
mol−1 nm−2. The peptide starting conformation was placed in a
box with dimensions of 3.3 nm × 3.6 nm × 4.1 nm. The box
was solvated with water using the Simple Point Charge (SPC)
model.42 Energy minimization using the steepest descent
algorithm was performed to remove high-energy contacts in
the systems. The systems were equilibrated by a short
simulation of 1 ns. Protein and solvent were coupled separately
to an external bath using a time constant of 0.1 ps according to
the Berendsen method.43 The systems were also coupled to an
external pressure bath using a time constant of 0.1 ps and a
reference pressure of 1 bar based on the Berendsen method.
Lennard-Jones and Coulombic nonbonded interactions were
treated with a cutoff and PME44 operating at 1.2 and 1.0 nm,
respectively. All the covalent bonds were constrained using the
LINCS algorithm.45 The neighbor list was updated after every
10 steps, and a time step of 2 fs was used.

Circular Dichroism Experiments. Analytical stock
solutions (2.00 mg/mL) of the purified tyrocidines were
prepared in ethanol/water mixtures [1:1 (v/v)] and diluted to
10 μM in water. CD scans were obtained on a Chirascan CD
spectrometer (Applied Photophysics) using a 1.00 cm quartz
cuvette. Three scans were collected between 190 and 250 nm
with 0.1 nm steps. The spectra of the blank solutions were
autosubtracted.

Dimerization Simulations. The first step in the
aggregation process, dimerization, was studied for both
tyrocidines. Replica exchange molecular dynamics (REMD)
simulations46,47 were used to study the dimerization process of
TrcA and TrcC peptides under constant-pressure (1 bar)
conditions. REMD allows a system to perform a random walk
in the potential energy surface such that it escapes local
minimum states, in which it could otherwise have been
trapped.48 REMD is also employed to accelerate sampling.
Twenty-six unrestrained replicas with temperatures ranging
from 300 to 400 K were used for the REMD simulations of
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both systems. The temperatures were generated using the
temperature generator for REMD simulations49 based on an
exchange probability of 0.2. The simulations were run for 100
ns for each replica with an exchange tried every 10 ps and
storing data every 20 ps. The other simulation parameters were
identical to those for monomer simulations.
Electrospray Mass Spectrometry. Purified tyrocidines

were analyzed via high-resolution time-of-flight electrospray
mass spectrometry (TOF-ESMS). Direct injection TOF-ESMS
analysis of the two purified tyrocidines at 200 μg/mL in an
acetonitrile/water mixture [1:1 (v/v)] was performed on a
Waters Synapt G2 TOF mass spectrometer fitted with an
electrospray ionization source. The peptides were subjected to
a capillary voltage of 3.0 kV with a source voltage of 15 V and a
source temperature of 120 °C. Data were collected in the
positive continuum mode by scanning over an m/z range of
300−2000. Multiprotonated spectra were deconvoluted using
the MaxEnt 3 algorithm of Mass Lynx version 4.1, with a
calculated range from 300 to 6500 amu, a maximum of 10
charges, 50 iterations, and auto-peak width determination.

■ RESULTS
Molecular Structures of Tyrocidines. NMR. The NMR

assignments and chemical shifts of the two peptides are listed in
Tables S1 and S2 of the Supporting Information. Correlations
between proton chemical shifts and the secondary structure of
peptides and proteins identified in earlier studies50−52 were
utilized to obtain more structural information about the two
tyrocidines. Helical Hα and HN protons have chemical shifts
that are consistently smaller than their respective random coil
values by ∼0.3 ppm, while for β-sheets, the opposite is
true.50,51,53 However, the involvement of amide protons in
hydrogen bonding affects their chemical shifts, thereby limiting
their use as a qualitative indicator of structure.54 Aromatic ring
currents55 and sequence effects56 can also affect the 1H
chemical shifts, complicating the interpretation of the spectra of
these tyrocidines that have four aromatic residues in their
decapeptide structure.
Figure S1 of the Supporting Information shows the Hα and

HN random coil chemical shift deviations (Δδ) of the two
tyrocidines in water. All of the HN and Hα chemical shifts of
TrcA were larger than their random coil values by >0.3 ppm
except for the HN chemical shifts of Phe3, which had a Δδ of
−0.113 ppm. Similarly, TrcC had two residues with an amide
proton Δδ of <0.3 ppm. These were −0.31 and −0.02 ppm for
Trp3 and Val8, respectively. It was also observed that TrcC had
only three residues with Hα Δδ values of <0.3 ppm (Phe1, Pro2,
and Trp3). These results suggest β-sheet structures for these
two peptides. The HN random coil chemical shift deviations of
Phe3/Trp3 can be attributed to the ring current effects of
neighboring aromatic Phe4/Trp4 residues, but they could also
be due to its involvement in hydrogen bonding in the peptides.

3JHNHα coupling constants can be useful for structure
determination if they assume values of <5 or >8 Hz,57 because
between 5 and 8 Hz the 3JHNHα coupling constants can
correspond to four dihedral angles.38 A 3JHNHα coupling
constant of <5 Hz is indicative of an α-helical conformation,
whereas a 3JHNHα of >8 Hz shows the presence of a β-sheet
structure.58 The MD simulation results were used to calculate
the 3JHNHα coupling constants of the tyrocidine peptides59 in
water and compare them to those determined from NMR
(Table 1). The Karplus equation60 was used to calculate the
3JHNHα coupling constants for the MD simulations with

parameters due to Vuister and Bax.61 3JHNHα coupling constants
from NMR were very similar for the two peptides and agree
well with the MD 3JHNHα coupling constants. The 3JHNH
coupling constants point to the presence of β-sheets in the
peptides. The temperature coefficients of TrcA were measured,
and the results were consistent with the hydrogen bonding
network that was observed during MD.

NMR Restrained Molecular Dynamics in Water. To
visualize the NOE patterns, an NOE matrix for each of the
tyrocidine peptides was constructed (Tables S3 and S4 of the
Supporting Information). Off-diagonal elements on the
matrices indicate long-range NOEs. TrcA had eight long-
range NOEs and TrcC had 16. Table 2 shows the sum of

violations in the restrained MD simulations, the average
violation, and the number of NOE-derived distance restraints
that were used to calculate the structures of the tyrocidines.
The simulations for TrcA achieve somewhat better corre-
spondence with the data than those for TrcC.
The presence of hydrogen bonds in the peptides during

restrained MD of tyrocidine monomers and unrestrained
REMD of tyrocidine dimers is given in Table 3. More
backbone−backbone intramolecular hydrogen bonds were
found in the TrcA and TrcC peptides during restrained
monomer MD simulations than in the unrestrained REMD
dimer simulations (which are described below).
Representative structures from TrcA and TrcC monomer

simulations are shown in Figure 1. The analysis of conformers
indicated that there was no distinctive separation of hydrophilic
and hydrophobic residues, indicating no overt amphipathic
nature to the monomers. The representative structure of TrcA
showed two strong backbone−backbone Phe3 O−NH Leu10

and Asn5 NH−O Val8 hydrogen bonds. In earlier reports,62,63

two additional backbone−backbone hydrogen bonds (Phe3

NH−O Leu10 and Asn5 O−NH Val8) were found and were
consistent with what was observed during the simulation
(Table 3). The structure obtained showed β-sheet conforma-
tions between residues Trp3−Asn5 and Val8−Leu10.

Table 1. NMR and MD 1H−1H Coupling Constants (hertz)
of Tyrocidines

NMR 3JHNHα coupling
constant

MD 3JHNHα coupling
constant

residue TrcA TrcC TrcA TrcC

Phe1 4.0 1.7 5.7 5.4
Pro2 − − − −
Trp3/Phe3 8.8 8.6 7.6 8.7
Trp4/Phe4 9.8 9.5 7.2 8.4
Asn5 7.5 7.9 9.2 8.5
Gln6 4.0 2.6 4.9 6.0
Tyr7 9.9 9.7 9.2 8.6
Val8 9.0 9.0 8.8 8.9
Orn9 9.5 8.6 9.1 7.7
Leu10 9.2 9.0 8.9 9.5

Table 2. Distance Restraint Data for TrcA and TrcC,
Linearly Averaged over 100 ns of Restrained Simulation

TrcA TrcC

sum of violations 0.198 nm 0.650 nm
no. of restraints 32 32
average violation 0.005 nm 0.011 nm
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The representative structure of TrcC showed continuous and
important intramolecular hydrogen bonds. The structure had
Trp3 O−NH Leu10, Asn5 O−HN Val8, and Val8 O−HN Asn5

hydrogen bonds in water. These findings suggest that, in
aqueous solution, TrcC forms antiparallel β-sheet elements
between residues Trp3−Asn5 and Val8−Leu10 as shown in
panels C and D of Figure 1. Being cyclic peptides, TrcA and
TrcC contained two turns each, a type II′ turn and a type I turn
(Table 4).
The secondary structures of tyrocidine peptides in aqueous

solution were further analyzed by Ramachandran plots (Figure
2). These plots indicated that residues of TrcA and TrcC reside
in three different regions, the β-region, the α-region, and the
type II or disallowed region. Six residues, Phe3, Phe4, Asn5, Val8,
Orn9, and Leu10, were found in the β-region. Three residues,
Pro2, Gln6, and Tyr7, were located in the α-region, whereas only
one residue, Phe1, was found in the disallowed region of the
Ramachandran plot (Figure 2). Glycine or residues that
constitute turn regions in peptides are often found in this
region,64 but D-amino acids in both type II′ and type I′ turns
can also be found here.65 Residues that were not found in the

Table 3. Presence of Backbone Intramolecular Hydrogen Bonds for the Peptides during Monomer and Dimer Simulations as
the Percentage of the Total Simulation Timea

monomers dimers

hydrogen bond TrcA TrcC TrcA monomer 1 TrcA monomer 2 TrcC monomer 1 TrcC monomer 2

Phe1 O−NH Trp3/Phe3 1 5 2 2 61 60
Asn5 O−NH Tyr7 0 45 19 18 3 3
Gln6 O−NH Val8 0 0 1 1 40 43
Trp3/Phe3 NH−O Leu10 40 29 47 54 0 0
Trp3/Phe3 O−NH Leu10 99 97 16 10 63 63
Asn5 NH−O Val8 94 99 60 59 3 3
Asn5 O−NH Val8 16 92 21 1 3 3
total 2.5 3.7 1.7 1.5 1.7 1.8

aTrp3/Phe3 represents the Trp3 residue for TrcC and Phe3 for TrcA. The total indicates number of intramolecular backbone hydrogen bonds on
average.

Figure 1. Representative conformations (A and C) and secondary
structures (B and D) of TrcA and TrcC, respectively, in water.
Hydrogen bonds are shown as dashed lines.

Table 4. Characterization of the Turn Regions in TrcA and TrcC Peptides Based on Restrained MD Simulations

peptide turn type i + 1 i + 2 φi+1 (deg) ψi+1 (deg) φi+2 (deg) ψi+2 (deg)

TrcA 1 II′ Phe1 Pro2 74 ± 15 −108 ± 9 −77 ± 7 −20 ± 11
2 I Gln6 Tyr7 −65 ± 13 −27 ± 12 −124 ± 16 −33 ± 17

TrcC 1 II′ Phe1 Pro2 82 ± 14 −125 ± 8 −81 ± 7 1 ± 14
2 I Gln6 Tyr7 −65 ± 12 −61 ± 18 −109 ± 19 −26 ± 12

Figure 2. Ramachandran plots of the backbone dihedral angles of
tyrocidines in water.
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β-region of the Ramachandran plots were part of the turn
regions of the peptide.
Correlations between Tyrocidine Self-Assembly and

Antimicrobial Activity. A CD-derived parameter, the
negative ellipticity minima ratio in water (θ205/θ216,water), was
chosen as an indicator of conformation and self-assembly in an
aqueous environment (Figure 3). Although the obtained CD

spectra of the tyrocidines (Figure 3) indicate an α-helical
structural component, previous research on small cyclic
peptides concluded that these negative ellipticities are due to
type II′ β-turn (205−207 nm) and β-sheet (215−225 nm)
structures.13,66−69 The shape and intensity of the minima are
influenced by the aromatic amino acids as well as the
aggregation and/or self-assembly state of the peptide.69 The
CD spectra of TrcA and TrcC in water exhibited negative
ellipticity minima at 206 and 217 nm, with θ205/θ217 ratios of
0.958 and 1.221, respectively. A change in this ratio indicates a
backbone change, a change in hydrogen bonding pattern, and/
or a change in the contribution of the aromatic amino acid
residues.69 TrcC had a maximum at 224 nm that is due to D-
Trp4. The more hydrophobic peptide, TrcA, however, showed
more intense negative ellipticities at both minima, as well as a
positive ellipticity at 192 nm. These results indicate the
existence of β-sheet structures, in both TrcA and TrcC (Figure
3), which is in good agreement with the NMR results. TrcC at
a 20-fold higher concentration exhibited an increase in the 217
nm ellipticity and θ205/θ217 ratio of 1.026, similar to that of
TrcA, indicating a concentration-dependent β-sheet assembly.
Dimerization of Tyrocidines in Water. Mass Spectrom-

etry. Both tyrocidines formed highly stable dimers and trimers
under ESMS conditions (Figure 4), with the TrcA dimers being
the dominant species observed contrary to the TrcC monomer
being the dominant species. Tetramers and pentamers of TrcA
were also observed, which correlated with the CD results
showing that TrcA has more hydrogen-bonded structures. This
result also corresponded with the decrease in the level of HPLC
retention (or hydrophobicity) of TrcC and indicated that the
more hydrophobic TrcA has a more pronounced tendency to
form dimeric and higher-order structures.
REMD Simulations. The distance between the centers of

mass of the peptide pairs and the angle between the planes of

the two peptides were monitored in the REMD simulation
trajectories. The results shown (Figure 5) are based on the
replicas at 300 K. Dimer conformations were assigned to
different clusters using the method described by Daura et al.70

Backbone atoms (N, Cα, and C) of the whole dimer structure
were used to determine the root-mean-square-difference
(rmsd). Structures were regarded as similar if their rmsd was
≤0.3 nm. The structure with the largest number of neighbors
and all its neighbors were regarded as a cluster and eliminated
from the pool of structures. The process was repeated until all
the structures were put in their respective clusters. The relative
population of the clusters can be derived from the simulations
(Figure 5). The first five clusters of TrcA and TrcC consisted of
44 and 53% of all the saved structures, respectively. Note,
however, that the absolute population of dimers and higher-
order aggregates depends on peptide concentration. Most of
the clusters shown contain at least one backbone−backbone
hydrogen bond between the peptides. However, a good
number of dimers did not have backbone−backbone hydrogen
bonds. It was noted that some dimers are stabilized by π-

Figure 3. CD spectra of the two tyrocidines in solution. Spectra are
the average of multiple determinations. For TrcC, two different
concentrations were measured.

Figure 4. ESMS-TOF-transformed mass spectra for the two purified
tyrocidines: (A) TrcA and (B) TrcC. The mass spectra the oligomeric
species of each of the purified peptides are shown: (A) TrcA monomer
(expected Mr = 1269.655), TrcA dimer (expected Mr = 2539.309),
TrcA trimer (expected Mr = 3808.964), TrcA tetramer (expected Mr =
5078.619), and TrcA pentamer (expected Mr = 6348.273) and (B)
TrcC monomer (expected Mr = 1347.676), TrcC dimer (expected Mr
= 2695.353), and TrcC trimer (expected Mr = 4043.029).
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stacking interactions between aromatics rings of the aromatic
residues in the peptides. The dissociation constants (Kd) of
TrcA and TrcC dimers were determined from the fraction of
time in the simulations at 300 K that the peptides were bound
to be 6.7 and 10 μM, respectively, indicating that TrcA has a
slightly higher binding affinity. The structures found in the
most prominent dimers are quite different from the monomeric
structures of the respective peptides.

■ DISCUSSION

Tyrocidines have a sequence 50% identical to that of gramicidin
S.71 According to our NMR, CD, and modeling studies, the
tyrocidines form antiparallel β-sheets in solution, reminiscent of
the well-known β-sheet structure of gramicidin S in
solution.72−74 The main difference between the tyrocidines
and gramicidin S structures is the distribution of polar and
nonpolar side chains around the peptides. Gramicidin S shows
a total separation of hydrophilic and hydrophobic residues
making it very amphipathic.75 Conversely, there is no overt
separation of hydrophobic and hydrophilic residues between
the faces of the tyrocidines, indicating that they have minimal
amphipathicity in monomeric form. The distribution of
residues around tyrocidines is similar to that of protegrins,
another class of β-sheet-forming peptides that are cyclized by
two disulfide bonds. The dimerization process of tyrocidine
indicated that it does form different types of dimers (Figure 5).

The dimers in which peptides form backbone−backbone
hydrogen bonds by sideways overlap lead to an amphipathic
structure with the hydrophobic residues separated from the
polar residues. In this dimeric conformation and, possibly, in
longer oligomers, the cationic residues could interact with
negative phospholipid headgroups of a membrane, with the D-
Trp4/D-Phe4 residues interacting with the acyl groups, thereby
anchoring the dimer. The hydrophobic cluster could then also
integrate into the membrane because of the hydrophobic effect,
while the polar residues interact with the phospholipid
headgroups. The stable dimer structures that we observed
under modeling conditions may be the seeding active structures
that will allow the tyrocidines to interact with their membrane
targets.
The ability of tyrocidines to form different types of dimers

with different orientations suggests that they might be able to
form larger aggregates or even porelike structures. Monomers
could be added on both ends of the dimers, resulting in long
oligomers that could traverse the membrane. Tyrocidine could
therefore potentially assemble in double-helical pores similar to
those proposed for the analogous gramicidin S.76 It has been
hypothesized that gramicidin S pores could be very stable inside
the membrane, resulting in a loss of membrane potential that
can cause cell death.76 There is also a possibility that the
tyrocidines could form oligomers that are similar to those of the
amyloid β-protein (Aβ), which has recently been shown to have

Figure 5. Representative structures for the top five most populated clusters of TrcA and TrcC along with the fractions of time the clusters were
populated in the simulation at 300 K.
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antimicrobial properties.77 A study of protegrins 1 has indicated
that it can form fibrils that are similar to those formed by Aβ
and antimicrobial peptides that are rich in β-sheets.77 The
resultant fibrils have been hypothesized to form channels that
can destroy the membrane structure.78 The similarity between
all these peptides suggests the possibility that peptides that are
rich in β-sheets can form similar structures.77
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(50) Szilaǵyi, L. (1995) Chemical shifts in proteins come of age. Prog.
Nucl. Magn. Reson. Spectrosc. 27, 325−443.
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