Chapter 5

Study of the stability of an artificial
ion channel
5.1 Introduction
Gramicidin A is a hydrophobic polypeptide of 15 amino acids synthesized by Bacillus brevis,
which has a variety of biological activities, being antibiotic [116], antiviral, and spermicidal
[117]. It forms a helical structure in membranes, which is active as ion channel and selective for monovalent cations. Thus, the antibiotic activity is performed by increasing the cation
permeability in biological membranes [118]. Gramicidin A can adopt different conformations
depending on the environment. In organic solvents it adopts either a monomeric random coil
structure or a beta-helical double stranded dimer structure with different topologies and left or
right handed orientations [119, 120, 121]. In lipid bilayer membranes gramicidin A assumes
a completely different fold, namely the structure of the active ion channel. It is built by two
gramicidin A polypeptides, which are associated head to head in opposite halves of the lipid
bilayer where they form right handed single stranded helices [122, 123]. Because of the known
tertiary structure, gramicidin A was extensively investigated theoretically to elucidate both the
equilibrium structural properties [122, 124, 125] and mechanism and energetics of ion permeation and selectivity [126, 127, 128, 129, 130]. Gramicidin A can be modified by molecular
engineering. Its activity is detected in real time by measuring the current across a membrane.
It is an actual research field to consider the functional unit of two gramicidin helices, which are
pairwise bridging a lipid bilayer membrane, as a template to construct synthetic ion channels
[131]. Along this line Arndt et al. [132] recently produced the synthetic polypeptide 1 obtained
by joining two 11-amino acid containing sequences of gramicidin A head to head via a succinyl
linker and studied its properties.
Electrophysiological measurements showed that this polypeptide is active as ionic channel
when placed in a lipid bilayer membrane. The synthetic gramicidin derivative 1 was investigated also in isotropic solution by means of NMR spectroscopy, in order to elucidate its
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Figure 5.1: Sequence of the synthetic polypeptide 1
structural properties. In organic solvents consisting of benzene/acetone [10]:[1] or chloroform/methanol [1]:[1] mixtures, the 1 adopts a dimeric, double stranded helical conformation
(fig. 5.2, top, NMR minimized average structure) [132]. These left-handed helices are narrow
and shifted into each other such that they do not possess a pore albeit they involve 5.7 amino
acids per turn. Interestingly, this double stranded helix structure undergoes a conformational
transition in a solution saturated with cesium iodide. Here, the synthetic gramicidin derivative 1 assumes the structure of a monomeric right-handed, single-stranded helix with a pore of
diameter 4.5 Å, involving 6.3 amino acids per turn. This structure can be considered the equivalent to the active channel-like conformation of natural gramicidin A in membranes, since it
actually shows ion conducting activity in the Cs+ enriched solution [132]. According to the experimental data, it is proposed that adding cations to the solution triggers the dissociation of the
double stranded helix, such that each single chain forms a right stranded helix. This structure is
supposed to be stabilized by binding subsequently two Cs+ ions at both ends. The aim of this
work is to investigate by MD simulations the properties of double and single stranded helical
structures that are adopted by the synthetic gramicidin-like polypeptide in ionic solution. We
simulate both structures in absence and in presence of Cs+ ions, in order to explore stability
changes due to the interaction with ions. Moreover, we simulated the binding reaction of two
Cs+ ions in the pore of the monomeric single stranded helical structure. Thereby, the binding
of the second Cs+ ion is particularly interesting because of the strong electrostatic repulsion
relative the first bound ion.

5.2 Materials and Methods
5.2.1 Structures
The monomeric unit of the synthetic mini-gramicidin A (polypeptide 1) consists of two copies
of the terminal 11 amino acids of the native gramicidin A (see fig. 5.1). These two segments
are covalently connected head to head via a succinic acid molecule. The resulting monomer
structure consists thus of 22 amino acids and a succinyl linker. Each segment contains hydrophobic residues only, namely tryptophane, alanine, leucine and valine, but also D-leucine
and D-valine. The dimer is made of two monomers forming a double helix (fig. 5.2). In the
following we refer to the double stranded helix as dimer, and to the single stranded helix as
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monomer structure. The NMR structure of the double-stranded helix (PDB entry 1KQE, fig.
5.2 top) was used as starting conformation in the simulation of the dimer. The NMR structure
of the single stranded monomer as given in [132] is displayed in fig. 5.2, bottom part. The terminal TBDPS groups attached to the ethanolamine ends of polypeptide 1 to improve solubility,
could not be detected by NMR spectroscopy, presumably due to their high flexibility. Since
these groups do not belong to the central part of the mini-gramicidin structure and do not adopt
a definite conformation, we neglect them in our calculations.

Figure 5.2: NMR structures of the artificial gramicidin dimer (top, PDB entry 1KQE) and
monomer (bottom) [132]. The figure was generated using MOLSCRIPT [133].
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5.2.2 General set-up of molecular dynamics
For the molecular dynamics simulations the program CHARMM [29] was used, with parameters given by the CHARMM22 set [33]. In the case of ethanolamine partial charges were
calculated from the electronic wave functions obtained in Hartree-Fock approximation with
the 6-31G* basis set by fitting the resulting electrostatic potential in the neighborhood of these
molecules with the restrained electrostatic potential model [134]. The time propagation of the
MD trajectories was performed with the velocity Verlet algorithm implemented in CHARMM,
with the temperature kept constant at 300 K by means of the Nosé-Hoover thermostat [48, 47].
The solvent was treated implicitly by the generalized Born [82] approximation using the corresponding GBSW module recently implemented in CHARMM [88]. Since the NMR structure
determinations were performed in a 1:1 mixture of methanol-chloroform, we used in the simulations a solvent dielectric constant of ε =20, which is slightly higher than the average of
the dielectric constants of methanol (ε =32.6) and chloroform (ε = 4.8). One can assume that
the solvation properties of the solution are mainly determined by its polar component, namely
methanol, leading to an effective dielectric constant which is higher than the typical values
valid for physiological environments like membranes.
The generalized Born parameters of GBSW are adjusted using ε =1 for solute and ε =80
for solvent. Unfortunately, there is no GBSW parameterization for different dielectric constants available as needed in the present application. However, since we focus on molecular
geometries and not energies, the results computed from the MD simulations are likely to be
meaningful. In the present study, the dielectric constant of the solute was set to ε =4. Values
higher than ε =1 were chosen to account for electronic polarizability [135, 136]. Using a lower
dielectric constant of ε =2 did not provide qualitative changes in the results, albeit the minigramicidin structures exhibited more fluctuations than with ε =4. Performing MD simulations
of the monomeric synthetic gramicidin including ions at ε =1, it was not possible to simultaneously keep two Cs+ ions inserted at both ends of the channel because they strongly repelled
each other. In the following we refer to MD simulations that are based on the implicit solvent
model with generalized Born using ε =20 for the solvent and ε =4 for the polypeptide 1. The
monomer structure was simulated in absence and in presence of two bound Cs+ ions. Note
that with implicit solvent the energetics of ion solvation by explicit solvent molecules is taken
care of qualitatively by the interaction of the solute with the dielectric boundary. Explicit solvent structure at the Cs+ ion solvation shell may significantly alter the energy balance between
solvated and channel bound Cs+ ions but not the geometry of the bound ions.

5.2.3 Generating Cs+ ion coordinates in the channel
To obtain optimized initial positions for the Cs+ ions, we first generated an energy trace of
the Cs+ ion while moving it in steps of 0.5 Å along the channel axis and optimizing for each
fixed ion position the polypeptide atoms by energy minimization with 1000 steps of steepest
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descent (SD) followed by 1000 steps with adopted basis Newton-Raphson (ABNR) algorithm.
In this way, we also probed Cs+ ion positions at both channel entrances, since the monomer
structure extends by about 20 Å along the channel axis whose total length is 40 Å (see Fig.
3, top). These energy traces were computed using the CHARMM22 [33] potential energy in
vacuum and the generalized Born implicit solvent model in CHARMM [88] and displayed
as solid line in fig. 5.3 top, left and right part, respectively. Under vacuum conditions, the
energy trace showed a funnel-like behavior at both channel entrances, resulting in an attractive
potential guiding the ion in the channel interior, compatible with easy ion binding. For the
interior of the channel, the ion experienced a succession of energy minima and maxima with
deep minima in the vicinity of both channel entrances. We used these channel structures with
Cs+ ion positions along the channel axis as starting points of further energy minimizations
with 200 steps SD followed by 200 steps ABNR. During this energy minimization the Cs+ ion
can now leave the channel axis, while the polypeptide atoms are immobilized in the previously
obtained optimized structure. Finally, polypeptide and ion were energy minimized without
constraints (800 SD and 800 ABNR steps) leading to a number of energy minima that are
marked by dots in Fig. 3, top. The computed energy values of the ion in the channel (dots
in Fig. 3) may deviate considerably from the energy trace (solid line), since they are obtained
by a subsequent unconstrained minimization of polypeptide and ion. However, the final ion
positions are close to the energy minima locations along the energy trace. In particular, in
about half of all energy minimizations, the final ion positions fall in the vicinity of one of the
deep minima at the channel axis coordinates x=6.5 Å and x=-6.5 Å. At these positions are the
two putative binding sites of the Cs+ ions in the channel. The same calculations performed
with implicit solvent model energy function led to a similar energy profile, fig. 5.3, right part.
Here, a more rugged energy profile was found in the channel interior, whose overall shape is
still downhill from the channel entrance towards the internal region. The optimal ion positions
obtained after unconstrained energy minimization are correspondingly more spread than in the
vacuum calculation, with deep energy values located at axis coordinates around x=6.5 Å and
x=-6.5 Å. Thus, to perform MD simulations of the synthetic ion channel, we employed as initial
Cs+ ion positions the coordinates x=6.5 Å and x=-6.5 Å on the channel axis, corresponding
to the most occupied Cs+ ion positions after optimization in vacuum. To relax the molecular
system in the presence of two Cs+ ions with their repulsive interaction, several minimization
cycles (50 SD steps for the Cs+ ions with fixed protein atoms, 50 SD and 100 ABNR steps
for the polypeptide backbone only, 50 SD and 100 ABNR steps for all atoms) were performed
before the MD simulation was started. These ion positions are shown in figure 3, bottom part.
The Cs+ ion in the channel is close to the Trp11 and Leu6 backbone oxygens (fig. 5.3 bottom
right).

5.2. Materials and Methods

69

energy [Kcal/mol]

energy [Kcal/mol]

200
180
160
140
120
100
-20

-10

0

10

20

300

250

200
-20

axis coordinate [Angstroms]

-10

0

10

20

axis coordinate [Angstroms]

Figure 5.3: Top: Energy trace obtained by moving a Cs+ ion along the channel axis of 40 Å
length in steps of 0.5 Å (number of steps: 80) using the CHARMM22 vacuum energy function
(left) and GBSW energy function accounting for implicit solvent (right). At each ion position
the polypeptide structure is relaxed by energy minimization with fixed ion position yielding the
energy profile (solid line). The ion position is further energy minimized, first by keeping the
polypeptide fixed, then by relaxing the polypeptide and ion structure without constraints. The
resulting energy values and ion axis coordinates are displayed as black dots. in the plot. For
more details, see text. Bottom: two views of the binding sites, showing the interaction with the
backbone oxygen atoms of Trp11 and Leu6. Figures were generated using Rasmol [137].

5.2.4 MD simulations with implicit solvent
In a series of MD simulations both solvent and ions were modeled implicitly by setting the
ionic strength to 1 M in the GBSW module. In preliminary calculations we tried also implicit
ionic strength values from 0.1 up to 10 M, without observing qualitative changes in stability of
monomer and dimer structure. The value of 1 M reflects experimental conditions where Cs+
ion binding is supposed to take place in the monomer. In a second series of calculations Cs+
and I− ions were modeled explicitly in a cubic box of 53x53x53 Å3 with periodic boundary
conditions. A homogeneous distribution of ions was generated by placing Cs+ and I− ions randomly on grid points of a cubic lattice with 6 Å distance corresponding to an ion concentration
of 2 M. The resulting distribution was then modified in order to acquire charge neutrality. The
molecular system was placed in the center of this ion bath. Excess ions at a distance smaller
than 4 Å from any atom of the molecular system were removed. The ion positions were first
optimized with fixed molecular system (100 SD steps followed by 2000 ABNR steps) and then
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the total system was energy minimized (100 SD and 300 ABNR steps) before the MD simulation was started. The use of explicit ions has the advantage to take into account fluctuations
of ionic concentration, which may result in additional interactions that stabilize or destabilize
the monomeric structure. In these MD simulations with the implicit solvent model a major
problem was to keep the distribution of ions sufficiently uniform. The ions tended to cluster
because of their strong electrostatic interaction, which are not enough shielded by a dielectric
medium with ε =20 representing the implicit solvent. In order to reduce the tendency of clustering and to keep the ionic distribution more uniform, we increased the van der Waals radius
of iodine ions, and doubled their number while simultaneously reducing their charge to half of
a unit charge, thus maintaining charge neutrality and ionic strength. However, since we liked
to observe Cs+ ion binding in the channel, we did not change those parameters for the MD
simulation. Both changes of the iodide ion parameters reduced the Cs+ -I− ion attraction and
thus contributed to a homogeneous ion distribution. Thus, the ion concentration of 2 M corresponding to the maximum value used in the experiments to study the monomer structure in
experiments to study the monomer structure in Ref. [132] was modeled by 157 Cs+ and 314
I− ions.
After a number of test runs, the radius of the negatively charged I− ions was set to 4.4 Å, as
compared to the standard value of 2.35 Å used in the AMBER force field [138]. This value
turned out to be large enough to keep the ion distribution sufficiently homogeneous. Cs+ ions
were given a radius set to the van der Waals value of 3.395 Å, as taken from the AMBER force
field [138], which was used as Born radius.
A set of 10 MD trajectories with implicit solvent model at T = 300 K and without ions, each
extending to 1 ns, were calculated for dimer and monomer structure. In the presence of two
Cs+ ions the monomer was also simulated using the same procedure, but with an implicit ionic
strength of 1 M, in order to account for the ionic strength applied in experiments. For each
species, one out of these ten trajectories was extended by another 1 ns and used for graphical
display. In the case of MD simulations with ion bath under periodic boundary conditions,
we calculated a set of 10 MD trajectories at T = 300 K, with implicit solvent, in a cubic box
of 53x53x53 Å3 with periodic boundary conditions involving a total number of 923 atoms.
Each of these trajectories amounts to 2 ns, resulting in a total simulation time of 20 ns. All
trajectories within the same set have the same initial conditions but a different random seed
used for generating the initial velocity distribution.

5.2.5 Analysis of MD simulation data
The RMSD (root mean square deviation) of the MD simulation data was calculated with respect
to the initial minimized structure considering backbone atoms only, according to the equation:

RMSD(t) =

1 N
∑ ||~ri (t) −~riinit ||2
N i=1

! 12

(5.1)
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The index i runs over the set of backbone atoms, ~ri (t) indicates the position of the i-th atom at
time t, and the label init refers to the initial conformation.

5.3 Results
5.3.1 Monomer and dimer structure in absence of ions
Monomer and dimer structure were simulated at T = 300 K in the absence of ions. To make sure
that the MD simulation data reflect the typical dynamical behavior of the considered molecular
system, we generated for both systems ten trajectories each of 1 ns time length, yielding a
total time of 10 ns. However, detailed results from these data were displayed for one of these
trajectories, which was prolongated to 2 ns. The aim of these calculations was to compare
the stability of monomer and dimer structure, to confirm that the dimer structure is indeed in
the preferred conformation in the absence of ions as found in the experiments. The analysis
of RMS deviations (eq. 5.1) was used as a criterion to distinguish between stable and less
stable conformations. The time evolution of the RMS deviation relative to the initial energy
minimized conformation of the double stranded dimer is shown in fig. 5.4. The RMS deviation
shows large fluctuations, which indicate a structural transition at about 1.5 ns. These deviations
are due to global oscillatory bending motions at the succinate linker involving the two halves
of the double helix structure. The transition occurring at 1.5 ns corresponds to a persistent
bending of the two halves of the double helix. Nevertheless, the conformation of each half
double helix is largely conserved during the MD simulation. For all four single helical strands,
which are paired to form the two halves of the double helix, the RMS deviations is below 1
Å, as one can infer from fig. 5.4. Thus, we can conclude that, although the oscillations in the
orientation result in large RMS deviations of the dimer structure, the stability of the helical
regions is not affected. The same results, namely bending oscillations of the two halves of the
dimer molecule and low RMS deviation for each half of the double helix, are also observed in
the other nine trajectories (data not shown).
The time evolution of the monomer structure was simulated under the same conditions as the
dimer structure for ten trajectories. We selected one trajectory of 2 ns time length that can
demonstrate the typical dynamical behavior of the monomer structure in the absence of ions.
The RMS deviations based on this trajectory are shown in fig. 5.5. Similarly as for the MD simulation of the dimer (fig. 5.4), the RMS deviation of the monomer structure increases rapidly
in particular in the first 50 ps to 1.5 Å. At around 250 ps a transition occurs, involving one
half of the single-stranded helix. The RMS deviation of this half shows a significant increase,
revealing a structural change. Visualizing the time evolution of the monomer structure for this
trajectory one observes that at this point the terminal helix turn is losing its initial shape and
fraying and both helix halves are bent at the linker (fig. 5.5, right). The other half of the helix is
reaching after about 50 ps an RMS value, which is significantly larger than the corresponding
value obtained considering each single helical strand of the dimer separately. Although such
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Figure 5.4: Top: RMS deviation of the dimer molecule from MD simulations at T = 300 K.
The solid line is the RMS deviation of the entire molecule, the dashed lines represent RMS
deviations separately from one half of the double helix. The second half exhibits the same
behavior (RMS deviations not shown). Only backbone atoms are considered. Bottom: superposition of the initial (dark gray) and final (light gray) snapshots of the MD trajectory, showing
the bending of the double helix. The figure was generated using MOLSCRIPT [133].
a significant change in monomer structure is observed only in four out of ten trajectories, the
remaining six trajectories exhibit also a high degree of flexibility particularly in the helix ends.
While the RMS deviations for each half of the dimer structure is smaller than 1 Å (fig. 5.4)
the corresponding value of the monomer structure is typically around 2-3 Å (data not shown).
Thus, the RMS deviation analysis suggests that in the absence of ions the monomer structure
is less stable than the dimer structure, as is actually observed in experiments in [132].

5.3.2 Stabilizing effect of two bound Cs+ ions
In experiments the addition of CsI to the solution stabilizes the monomer structure. This might
be due either to an increase in ionic strength, which can shield unfavorable electrostatic interactions, or to a specific ion binding as suggested in [132]. In an MD simulation of the monomer
structure for 2 ns using the generalized Born solvent approximation with ionic strength of 1 M
the RMS deviations increased similarly as in the absence of ions. Thus, suggesting that the
bare ionic strength is not responsible for a stabilization of the monomer structure (fig. 5.6).
Inserting two explicit Cs+ ions into the monomer structure, as described in the Materials and
Methods section, leads to a stabilization of the monomer structure. This is shown in the anal-
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Figure 5.5: Left: RMS deviation of monomer structure simulated at T = 300 K in absence
of ions. The solid line depicts the RMS deviation of the entire molecule, the dashed lines
represent RMS deviations of the two halves of the helix connected by the succinate. Right:
ribbon representation of monomer structure after 2 ns (light gray), to be compared with the
initial structure (dark gray). Picture was generated using MOLSCRIPT [139].

ysis of RMS deviations for a set of ten MD trajectories of 1 ns each, obtained at T = 300 K
and at an implicit ion concentration of 1 M. As pointed out in the Materials and Methods section, changing the implicit ionic strength does not affect the structural changes observed for
monomer and dimer structure during MD simulation. These changes are the increase of RMS
deviation of the monomer configuration without explicit ions and with two Cs+ ions inserted at
both channel ends. The ionic strength of 1 M was chosen for the MD simulation because at this
value high ion conductivity of the synthetic gramicidin ion channel was observed experimentally, which corroborates with two ion Cs+ binding sites suggested form the NMR structure
[132]. Again, a single trajectory of 2 ns time length is chosen for a more detailed representation of results (fig. 5.7), albeit data from the other nine trajectories were also analyzed. The
MD simulation was started after optimizing the position of the two ions, placed in the channel,
by means of an energy minimization in presence of the implicit solvent model (see Materials and Methods). Although the repulsive interaction between the two Cs+ ions is generating
some additional fluctuations in the RMS deviation (fig. 5.7, bottom part), both ions remain in
the channel during the simulation, and the backbone RMS deviation of the two helix halves
remain around 1 Å or below, except at the beginning and at a subsequent event at about 1.2
ns. If we compare this plot with figs. 5.4 and 5.5 we can conclude that the Cs+ ions reduce
the increase of RMS deviation from the initial NMR structure and thus provide a stabilizing
effect, interacting with the backbone oxygens mainly at the entrance of the channel, and also
with the terminal ethanolamine oxygen. This is clear also from the analysis of the remaining
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Figure 5.6: RMS deviations of monomer structure, when simulated at 1 M ion concentration
and T= 300 K, without explicit ions. Solid and dashed lines as in fig. 5.5.
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Figure 5.7: RMS deviation from the starting structure of the monomer at T = 300 K with two
Cs+ ions placed into the channel. The ionic strength is set to 1 M. Top: time evolution of the
Cs+ ion-pair distance. Bottom: The solid line represents RMS deviation of the entire monomer,
where dashed lines represent RMS deviations of the two helix halves.

nine trajectories. Although the central region of the helix is rigid in both configurations so far
presented, namely monomer structure with ions and monomer structure without ions, visible
differences arise at chain ends, which are much more flexible in the monomer without bonded
Cs+ ions. The effect of the bound Cs+ ions is to keep the ends of the molecule in place, thus
avoiding unwinding of the helix.
Evaluating the probability distribution of RMS fluctuations of the monomer and dimer structures based on the MD simulations of all ten 1 ns trajectories we observed values well below
0.5 Å for the dimer structure considering the helical parts separately while ignoring the linker
part (solid line in fig. 5.8). These small fluctuations correspond to very stable structures. In
contrast, the monomer structure is comparatively unstable with RMS fluctuations, which are
significantly above 1 Å with side maxima at 1.2 Å and 1.5 Å (dotted line in fig. 5.8). Inter-
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Figure 5.8: Fluctuations of single helical strands of monomer and dimer structures with solute
and solvent dielectric constant of ε =4 and ε =20, respectively, at T = 300 K. The fluctuations
are evaluated as histogram of RMS deviations from the average structure. The two helical
parts of each polypeptide chain were considered separately by excluding the linker region.
To generate the histogram, atomic coordinates of the MD simulation data were taken every
2 ps from all ten trajectories of 1 ns time period. For each set of coordinates, averaged over
all backbone atoms the RMS deviations from the average structure of the two (monomer) or
four (dimer) helical strands were calculated and sampled in the histogram, which was finally
normalized. The average structure used as reference was calculated for the ten trajectories. We
observed that the dimer (solid line) has low RMS fluctuations, while the monomer structures
exhibit larger RMS fluctuations (dotted line) but are stabilized by the addition of two Cs+ ions
at both ends (dashed line).
estingly, adding the Cs+ ion-pair the monomer structure becomes nearly as stable as the dimer
structure exhibiting a side peak at 1 Å (dashed line in fig. 5.8).

5.3.3 Simulation of monomer structure in presence of explicit ions: Cs+ ion
binding
The initial monomer structure was put into an ionic bath, consisting of a random distribution
of 157 Cs+ atoms with charge +1 and twice the number of counter ions, with charge −0.5,
in order to keep the system charge neutral. Van der Waals radii were defined as described in
the Materials and Methods section. The amount of charges in the ionic bath corresponds to an
ionic strength of 2 M. We used the implicit solvent model with dielectric constant ε =20 as in
the previous MD simulations. We generated ten trajectories of 2 ns time length each. Besides
calculating the time evolution of RMS deviations, we focused in this analysis on the Cs+ ion
binding reaction monitoring the motion of Cs+ ions in the vicinity of the channel pore. We
observed for all ten MD simulations that two Cs+ ions moved quickly (in all cases within the
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first 50 ps) from the bulk of the solution towards the channel entrances on both sides, where
they persisted at a distance of about 9 Å from the channel center. The subsequent events depend
on the trajectory and can be classified in three groups, which are listed below:
• In three trajectories one Cs+ ion enters the channel where it binds for a duration of
several ten picoseconds before it is released again.
• In five trajectories one Cs+ ion enters the channel and is bound at a distance of about
5 Å from the channel center, where it persists until the end of the simulation (typically
hundreds of picoseconds).
• In two trajectories, after binding of the first Cs+ ion at one channel pore, the second ion
enters the pore at the opposite channel end and binds at a distance of about 12 Å from
the first ion. Both ions remain bound until the end of the simulation.
The analysis of MD simulation data that are presented here in detail consider one of the latter
two trajectories where two Cs+ ions bind in the channel. The first Cs+ ion is bound after 50
ps, being attracted by three backbone oxygens belonging to three D-leucine residues in the first
helical turn. The second Cs+ ion remains close to the channel entrance on the opposite side,
and interacts with the closest carbonyl oxygen atoms of D-leucines too, as well as with the
oxygen of the terminal ethanolamine. After about 900 ps the ethanolamine moves away and
the second Cs+ ion enters the channel pore. These events are shown in the snapshots given in
fig. 5.9. They can also be related to steps appearing in the time evolution of the pair distance
of the two Cs+ ions that are going to bind in the channel (upper plot in fig. 5.10). The analysis
of the MD simulation data (fig. 5.10) reveals that the monomer structure is stabilized after
binding of the first Cs+ ion, just after an initial increase of RMS deviation. While the binding
reaction of the second Cs+ ion takes place, the first ion remains at the same position. Although
the two Cs+ ions keep the RMS deviation of the two helical halves of the polypeptide below
1 Å (fig. 5.10 bottom), their presence results in larger local fluctuations, which increase while
the distance between the two Cs+ atoms decreases at about 1.3 ns.

5.4 Discussion
5.4.1 Comparison between monomer and dimer structure
Our MD simulation data showed that the dimeric form of the synthetic polypeptide that mimics
mini-gramicidin A does not undergo structural changes on the simulation time scale of two
nanoseconds, which may suggest that the structure is stable in isotropic solution without ions.
Nevertheless, the molecular structure obtained in the MD simulation is bend at the succinate
linker and performs bending oscillations, thus, deviating from the average minimized NMR
structure. Interestingly, the bending oscillation does not affect the structure of both halves
of the double helix, which remain close to the starting structure, showing an RMS deviation
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Figure 5.9: Four snapshots from MD simulation of the synthetic ion channel in presence of
explicit ions. From left to right: conformations at 0 ps (initial conformation), 50 ps, 200 ps,
and at 1 ns. Cs+ ions are depicted as small dark gray spheres, the positive ions are the light
gray spheres. The two Cs+ ions involved in the binding events are highlighted using a larger
sphere radius. The figure was generated using MOLSCRIPT [133].

generally below 1 Å (fig. 5.4). The monomer structure instead shows larger RMS deviations,
which indicate a more pronounced instability. In four out of ten trajectories, the molecule
performs rapidly a structural transition, which involves one half of the helix. This transition
consists of a bending at the succinate linker and of a deformation of the terminal helical turn, the
pore radius locally decreases and the channel loses partially its helical form, which indicates
that the proposed NMR structure cannot exist in the absence of ions. The stabilizing effect
of Cs+ ions is confirmed by the set of simulations with two ions placed into the channel,
whose presence keeps the monomer structure close to the initial conformation. So far, we
can conclude that the proposed mechanism for the dimer to monomer transition [132] requires
indeed the presence of Cs+ ions for the monomeric structure to exist. The destabilization of
the dimer structure due to Cs+ ions remains an open issue at this stage. To figure out how
this occurs, simulations on a longer scale might be required. The question arises whether the
presence of the positive charges of two Cs+ ions is essential to stabilize the monomeric channel
structure. In fact, according to the specific channel geometry characterized by the orientation
of the backbone oxygen atoms that point toward the cavity center, a positive charge is useful
to stabilize the channel structure. Alternatively, the stabilization might also be achieved by
polar groups that are placed in the channel cavity. A test MD simulation where the two Cs+
ions were replaced by two explicit water molecules showed a quite different behavior. Now the
monomer fluctuations are comparable to the ones presented in fig. 5.6. In contrast to the two
well localized Cs+ ions, the water molecules are relatively mobile and travel along the channel
axis. During the modeling of the monomer structure with the two bound Cs+ ions , we observed
that a single Cs+ ion, positioned outside of the channel or in the interior, is easily attracted to a
binding site positioned on the channel axis at about 5-6 Å from the channel center by means of
a short minimization (see Materials and Methods section). Thus, there is practically no energy
barrier for a Cs+ ion to enter the channel. However, this is likely to be an artifact due to the
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Figure 5.10: MD simulation of the monomer structure with explicit ions. Top: Time evolution
of the Cs+ ion-pair distance referring to the two Cs+ ions, which are bound to the channel
during the MD simulation. Bottom: RMS deviation of the entire molecule (solid black line)
and of the two helix halves (dashed lines).
implicit solvent model. An explicit solvent, even with moderate polarity, would locally provide
a dielectric environment, given by charges that satisfy electrostatic interactions with the ion.
This would lower the energy and possibly lead to an energy barrier when the ion leaves the
bulk solvent [140].
The shape of the potential energy profile in the channel interior is characterized by minima
and maxima which allow the ion to move along, coming closer to the picture of a uniform
Cs+ ion potential energy along the channel axis [140]. Our data qualitatively agree with other
theoretical results obtained with a solvent model using continuum electrostatics [127]. It was
suggested that continuum electrostatics might not be suited to obtain quantitatively correct predictions on ion flow through the channel, because of detailed microscopic interactions between
the polypeptide and water molecules within the narrow channel, which might affect the channel
potential [127]. In fact, semimacroscopical approaches which involve an implicit treatment of
the electrostatic interactions are successful in addressing questions related to energetics, ion
selectivity and flow in several cases [141, 142, 143]. However, in the present study we do
not focus on simulating ion permeation, but rather like to investigate stability properties of the
synthetic mini-gramicidin A channel, thus, we consider the implicit solvent model to be appropriate [144]. The binding sites we found for Cs+ ions are in agreement with those derived from
analysis of NMR data on Na+ binding of native gramicidin ion channels [144].

5.4.2 Cs+ ion binding reaction
In the previous paragraph we discussed the stabilization induced by Cs+ ions bound in the
channel formed by the single-helical monomer of the synthetic mini-gramicidin A. Here we
focus on the binding reaction as it occurs spontaneously in our dynamic simulation. As sug-
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gested from the experiments in [132] we found that the monomer structure consisting in the
single stranded helix is promptly binding a Cs+ ion, in the majority of cases after few ten picoseconds of MD simulation. The binding reaction for the second ion is more rare, as it can
be expected because of the electrostatic repulsion between the two positive charges of the Cs+
ions, but, still it is detected in two out of ten short MD trajectories of 1 ns time span. We observed that the binding of the second Cs+ ion caused some increase in fluctuations (fig. 5.10)
although both Cs+ ions remain at their place. Theoretical studies on ion permeation of gramicidin channels show that multiple occupancy is favored for larger cations like Cs+ [145]. This
agrees with our MD simulation results explaining why the binding of the second Cs+ ion also
occurs quite efficiently. A very high permeability for Cs+ ions was observed also in several
other preliminary MD simulations, which were performed at a lower concentration of explicit
ions, corresponding to an ionic strength of about 0.3 M. There in two cases we even detected
the binding of three Cs+ ions. In one case after binding of two Cs+ ions in the channel, the
channel pores were capturing further Cs+ ions at both ends.
To investigate a possible destabilization of the dimer structure induced by Cs+ ions, which
would trigger the dissociation reaction leading to the formation of the monomer structure, we
also generated a set of ten trajectories for the dimer each of one nanosecond time span. Thereby,
we used the same conditions for MD simulation employed to study the stability of the monomer
structure. Unfortunately, no remarkable destabilization was observed on the time scale of one
nanosecond. A possible explanation is that the dissociation occurs on much longer time scales
and thus can not be detected.

5.5 Conclusions
MD simulations on both conformations of the synthetic gramicidin-like channel confirm to a
large extent the results that were obtained and suggested from experiments. Namely, the dimer
structure is stable in the absence of Cs+ ions, whereas the monomer structure is extremely
flexible without ions, but, is stabilized after binding of two Cs+ ions at both ends of the ion
channel. This effect was observed both by placing the ions at optimal positions into the channel
before performing MD simulation, as well as by putting the molecule into a solution with
explicit ions, which let the binding reaction occur spontaneously after few picoseconds. These
results give further insight into properties of synthetic DL peptide channels, providing a useful
complement to experiments. The simulation of current flow through ion channels by means
of all atom molecular dynamics is still a hard task [126, 146, 144] due to the complexity and
large size of the models (including lipid bilayer with explicit solvent) and the intrinsic time
length of the process that is typically in the range of microseconds. Yet, there is a wide range
of application for molecular dynamics with implicit solvent, which can be successfully used to
understand and predict a number of features of synthetic ion channels, as is demonstrated in
the present work.

