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Abstract 

A Molecular Dynamics study on internally functionalized peptide nanotubes composed of α- and γ-

amino acids self-assembled in lipid bilayers is presented. One of the main advantages of peptide 

nanotubes composed of γ-amino acids is that the properties of their inner cavities can be tuned by 

introducing different functions on the β-carbon of the γ-amino acid. In the work described here we 

studied the effect of the presence of different numbers of hydroxyl groups in different positions in the 

lumen of these channels when they are inserted into a lipid bilayer and assessed how they affect the 

structural and dynamical behavior of the modified peptide nanotubes as well as the transmembrane 

transport of different ions. The results provided atomic information about the effect of polar groups on 
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the dynamical, structural and transport properties of this type of peptidic channel upon insertion into 

lipid bilayers, projecting a promising future for their use as biomimetic channels when properly inner-

derivatized. Furthermore, the chemical versatility of the hydroxyl groups in the lumen of the peptide 

nanotubes would enable appealing applications for these channels, such as a controlled method for the 

activation/inactivation of the transmembrane transport along the nanopore. 

 

Keywords Self-assembling, Peptide Nanotubes, Biomimetic channels, Molecular Dynamics, Ion 

transport, Lumen functionalization 

 

Introduction 

The selective and effective passage of ions and molecules through the cell membrane is a process that is 

of vital importance to cellular function. Of all the available transport processes, ion channels and pores 

stand out due to their high selectivity and efficiency in discriminating and transporting ions or molecules 

across lipid bilayers.1 Attempts to capture the fundamental features used by Nature to achieve this 

formidable task have resulted in the design and construction of a number of artificial ion channels and 

carriers.2 The design of biomimetic systems is of prime importance to understand the fundamental 

operations of natural channels, as well as in the technological development of biosensors, catalysts, drug 

delivery systems, antimicrobial agents and functional materials of use in the bio- and nanotechnology 

fields.3  

Most of the biomimetic approaches have included rigid amphiphilic rods that aggregate to form a central 

opening,4 macrocyclic ion-conducting ring systems with membrane-spanning ‘tails’,5 linear polymers 

that fold into a helix through which ions can travel,6 or stackable macrocyclic rings that form ion-

transporting cylinders.7 It has been demonstrated that peptide nanotubes can also act as ion channels.2e In 

1994, Ghadiri et al. proposed the formation of ion channels through the self-assembly of cyclic peptides 

(CPs). Studies carried out with the cyclic peptide c-[L-Gln-D-Leu-(L-Trp-D-Leu-)3] highlighted that 
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they inserted into lipid bilayers and were able to form transmembrane pores that transported more than 

107 K+ and Na+ ions per second, a rate similar to or greater than that of gramicidin A or amphotericin 

B.8 Further studies demonstrated that hydrophobic CPs self-assemble in the membrane with their central 

axis tilted by 70 degrees with respect to the lipid bilayer.9 From these studies it can be inferred that the 

nanotube orientation in the membrane depends on the CP sequence, where hydrophobic CPs form 

transmembrane nanotubes (i.e., perpendicular to the membrane), while amphipathic CPs orient parallel 

to the lipid bilayers. β-CPs have also been studied as molecular precursors of ion channels as they form 

pores in lipid bilayers and transport K+ at a rate comparable to that of D,L-α-cyclooctapeptides (1.9 × 

107 ions per second), suggesting that this type of compound could be used as biological sensors or in 

drug delivery (Figure 1).10  

Although Self assembling Cyclic Peptide Nanotube (SCPN)-mediated transport has been 

widely studied and applied, there is still a great deal of work to be done in this field. Efforts should 

now focus on lumen functionalization and topological adjustment of the nanotube assembly.11 The 

structural features of the previously described D,L-α-CP and β3-CP flat-shaped rings inherently 

inhibited any further chemical modification of the inner cavities in the corresponding nanotubes. 

The key design feature to overcome this drawback, while maintaining the same self-assembly driven 

principles of SCPNs, emerged from CPs bearing γ-aminocycloalkanecarboxylic acids (γ-Aca), such 

as (1R,3S)-3-aminocyclohexanecarboxylic acid (D-γ-Ach) or (1R,3S)-3-

aminocyclopentanecarboxylic acid (D-γ-Acp) combined with α-Aas of appropriate chirality, such as 

α,γ-CP, 3α,γ-CP, or even γ-CP.12 The most studied were the α,γ-CP that structurally are quite unique 

because their formation involves two different sets of β-sheet-like H-bonds: one exclusively 

between the NH and C=O groups of the γ-amino acids (γ-γ interaction, Figure 1), all of which are 

projected in the same direction, and the other between the same groups of the α-amino acids (α-α 

bonding, Figure 1), which are oriented towards the opposite face. The use of γ-Acas imparts 

additional properties on the nanotube; for example, while almost all of the cyclic peptide nanotubes 
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that have been developed so far have hydrophilic inner surfaces, thus allowing the permeation of 

only polar molecules, in the γ-Acas-containing SCPN systems the C2 methylene group of each 

cycloalkane moiety is projected into the lumen of the cylindrical structure to generate a partially 

hydrophobic cavity. Furthermore, the cavity properties can be modulated by simple chemical 

modification of the β-carbon of the cyclic γ-Acas and this allows, in principle, finer control of the 

transport properties of a very wide range of molecules in the nanotube.  The use of non-covalent 

synthetic processes to build, through molecular self-assembling processes, peptide nanotubes with 

novel properties in an efficient way allows their formation in a variety of conditions with a precise 

control of their internal diameter. The simplicity with which the external surface properties of α,γ-

SCPNs can be modulated by simply selecting the appropriate amino acid sequence in the cyclic 

peptides, together with the great capability of their lumen functionalization and topological 

adjustment of the nanotube assembly, make these systems very good candidates for being used as 

biomimetic channels. This biomimetic approach could allow the study of biological pores through 

bottom-up engineering approaches, whereby constituent components can be investigated outside the 

complex cellular environment. 

Recently, we reported that α,γ-SCPNs can also insert into a lipid bilayer and conduct ions.13 An 

octameric α,γ-CP with an internal diameter of 7.5 Å (c-[L-Gln-D-γ-Ach-(L-Trp-D-γ-Ach-)3]) showed a 

transport rate in the order of 107 ions/s, the mean open time was slightly shorter than that of D,L-α-CPs, 

and the overall ion transport efficiency was five times lower. 

The first steps toward the preparation of functionalized γ-Acas have already been achieved with 4-

amino-3-hydroxytetrahydrofuran-2-carboxylic acid (γ-Ahf-OH).14 1H NMR experiments on the 

tetrameric model cyclo-[D-Leu-(2S,3R)-γ-Ahf-D-Tyr(Me)-(1R,3S)-γ-Me
N-Acp-] confirmed the adoption 

of the required flat conformation of the CP ring with the equatorial hydroxyl substituent pointing 

inwards in the ensemble. These promising results represent the first step toward the preparation of stable 

and ordered SCPNs with chemically functionalized lumens. The access to this new class of engineered 
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nanotubes will open a broad range of feasible designs and conceptual devices, such as selectivity filters 

for artificial ion channels, catalytic pores, receptors, or molecule containers. For example, the 

development of selective ion channels would address the treatment of diseases related to 

channelopathies, such as cystic fibrosis.15 Furthermore, additional knowledge of the effects of the 

internal functionalization of these channels would contribute to the design of artificial biomimetic 

nanopores that could reproduce functions of biological systems.16, 11b For example, synthetic nanopores 

based on the permeation properties of biological channels and nanotubes that mimic the transport 

properties of the nuclear pore complex have been designed.17, 18 Besides, the formation of ion channels 

with a perfectly controlled diameter and functionalization (outer and inner) would allow the intratubular 

passage of charged biopolymer chains (DNA, RNA, mRNA) and this could facilitate, for example, their 

sequentiation. 

 

Figure 1: Model of a self-assembled peptide nanotube inserted into a lipid bilayer. Schematic diagram 

of SCPNs composed of α-amino acids, β-amino acids and those formed by the alternation of γ-Ach 

(n=1) or γ-Acp (n=0) and α-amino acids. The α-α and γ-γ H-bonding patterns are shown.  

 

Theoretical approaches, such as computational modeling and simulations, have contributed to both 

our understanding of natural systems and to the design principles for engineering approaches.19 In 

contrast to the large amount of theoretical work on ‘classical’ D,L-α-SCPNs,20 very little theoretical 

work has been performed on α,γ-SCPNs,13,21 and even less has been done for nanotubes derivatized in 

their inner cavity. Molecular Dynamics (MD) simulations are capable of acting as a virtual microscope 
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with high spatial and temporal resolution, and this approach could provide powerful information about 

the fine details of the effect that lumen functionalization of these systems has on the ion transport when 

they are inserted into a lipid bilayer. In this work we used MD simulations to study three different α,γ-

SCPNs in which the lumen is decorated with hydroxyl groups at different positions (Figure 2). All of 

these systems consist of 10 units of an octameric cyclic peptide (c-[(L-Trp-D-γ-Ach-)4]), analogous to a 

non-functionalized system that was previously studied experimentally and computationally,13 but where 

the equatorial hydrogen of the β-carbon of the Ach moiety is replaced by a hydroxyl group in all four γ-

Aas (SCPN4OH) or in only on two opposite faced of the γ-Achs of the cyclic peptide [SCPN2OH(a) or 

SCPN2OH(e)]. In all three cases the modifications alter the hydrophilic character of the cavities in a 

controlled manner. The presence of two hydroxyl groups in each of the CPs that form the nanotube can 

lead to two possible relative orientations per two cyclic peptides, one in which the OH groups are 

eclipsed, they lay on top of each other [D2OH(e) and D2OH(a), respectively], and the other in which the 

OH groups are alternated with respect to those in the neighboring CPs. Although in a ten-cyclopeptides 

nanotubes the number of inter-subunit arrangements are very large (2(n-1)), we have decided to carry our 

studies with only two models, the one in which all the hydroxylated units are aligned all along the 

nanotube [SCPN2OH(e)], and the other in which the γ-Achs with OH groups are alternated with respect 

to those in the neighboring CPs [SCPN2OH(a)]. The results provide atomic information about the effect 

of these polar groups on the dynamic, structural and transport properties of this type of peptidic channel 

inserted into lipid bilayers. 
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Figure 2: Schematic models of the three functionalized nanotubes studied in this work, highlighting the 

position of the hydroxyl groups (in blue), leading to SCPN4OH from CP4OH and alternated 

[SCPN2OH(a)] or eclipsed [SCPN2OH(e)] structures from the CP2OH. 

 

Experimental (methods) 

The starting geometries of the cyclic peptides investigated in this work were constructed from X-ray 

crystallographic data of related compounds: c-[(D-Phe-L-Me
N-γ-Ach-)4].

22 From the structures of the 
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dimers, the N-methyl groups were removed and replaced by protons, the phenylalanines were substituted 

by tryptophan and the equatorial hydrogens of the β-carbons of the cycloalkane moieties were changed 

to hydroxyl groups in the corresponding γ-Achs [in all the γ-Achs for CP4OH that forms D4OH or in only 

two opposite γ-Achs for CP2OH that gives rise to D2OH(a) and D2OH(e)]. The dimers were then replicated 

five times along the axis perpendicular to the CP planes by a distance equal to that measured between 

the two original CP units. The terminal CPs of the resultant nanotubes were removed in order to achieve 

that the first interaction in the channel will be the stronger γ-γ interaction.23 Therefore, the resulting 

cyclic peptide nanotubes, SCPN4OH, SCPN2OH(e) and SCPN2OH(a) are composed of ten CP units. The 

hydroxymethylated channel SCPN4OMe was prepared from SCPN4OH, replacing the hydroxyl hydrogens 

by methyl groups and submitted to the same simulation protocol than the other channels. 

Concerning the atoms of the SCPN, RESP/6-31G(d) charges were derived as in the original AMBER 

force-field development, while van der Waals parameters were taken from the GAFF force-field24 using 

standard Lorenz–Bertelot combination rules. Bonded terms were taken as those of standard peptides. 

The water (SPC/E)/ion combination parameters published by Joung et al.,25 as implemented in 

AMBER10,26 were used to prevent the crystallization previously reported at high concentrations with 

other parameter sets. The GAFF force field was used for DOPC lipids, as this approach was employed in 

previous studies27 from which we obtained a pre-equilibrated membrane for subsequent replication. The 

bilayer was replicated three times in the x and y directions (or only twice in the case of the PMF 

calculations) and, after SCPN insertion, the complete system was solvated. Water in the hydrophobic 

region of the tails and also inside the SCPN was removed, so that in the first step of the simulation the 

channel was completely dry. The resulting systems were ionized using different salts solutions (LiCl, 

NaCl, KCl, CsCl and CaCl2 at 0.5M, respectively). In this way, a total of 15 systems were prepared. The 

initial size of the unit cell in each case was equal to 15.1 × 15.2 × 6.9 nm3 and contained ~555 lipids, 

~476 cations and ~18000 water molecules.  
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The equilibrium simulations were performed with the GROMACS 4.528 Molecular Dynamics 

program. All systems were partially optimized, thermalized, and equilibrated, followed by unrestrained 

simulations for 40 ns (time step = 2 fs) for each of the systems studied. The constant pressure and 

temperature NPT ensemble was employed with a pressure of 1 bar controlled using a semi-isotropic 

Parrinello–Rahman barostat,29 and a temperature of 300 K imposed by a V-rescale thermostat 

(Temperature coupling using velocity rescaling with a stochastic term).30 The LINCS31 algorithm was 

employed to remove the bond vibrations. The Particle Mesh Ewald method32 coupled to periodic 

boundary conditions was used to treat the long-range electrostatics using a direct-space cutoff of 1.0 nm 

and a grid spacing of 0.12 nm. The van der Waals interactions were computed using PBC coupled to a 

spherical cutoff of 1.0 nm. 

The potential of mean force (PMF) of the specific ion moving through each one of the 

investigated nanotubes was calculated using umbrella sampling. The 1D reaction pathway corresponds 

to the distance along the z axis of the SCPN. For umbrella sampling, the particle of interest was 

harmonically restrained to subsequent positions on the channel axis (with typical values of the 

restraining force constant of 1000 kJ mol–1 nm–2) in 100 windows of with ∆z = 0.05 nm. This restricted 

movement of the ion to the xy-plane while still allowing diffusion into adjacent windows. Each window 

was initially minimized. One MD simulation of length 2 ns was carried out for each of the 100 windows. 

The 100 biased distributions of z positions of the test particle were recombined and unbiased with the 

Weighted Histogram Analysis Method (WHAM).33 The first 0.6 ns of each window run were discarded 

as equilibration time, leaving a total of 1.4 ns per window.  

Data were analyzed using GROMACS and locally written code. Molecular graphic images were 

prepared using visual Molecular Dynamics (VMD).34 The analysis of ions and water molecules inside 

the channels was carried out using g_count, g_flux and g_zcoord, developed for GROMACS by O. 

Beckstein.35 A total of more than half a million computational hours were needed to complete all the 

calculations. 
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 Results and Discussion 

In addition to a higher hydrophilic character, the presence of the hydroxyl groups also leads to a 

decrease in the interior net space of the channels. The effective radii of the functionalized channels were 

calculated with HOLE36 both before and after the MD simulation and the values were compared to that 

of the non-derivatized channel SCPN (Figure 3). In all cases the effective radius is situated in the plane 

of the CP whereas the maximum radius is located in the region between the two planes of the rings. The 

smallest radii, corresponding to the plane of the CPs, present slightly different values that vary 

alternately from smaller to bigger from one CP to the next all along the nanotube. This variation is due 

to the structure of the original crystal of the dimer used in the construction of the nanotube (Figure 3f). 

However, these values tend to homogenize after the MD simulation (Figure 3g). Before MD simulation, 

the presence of the four hydroxyl groups in the same CP (SCPN4OH) leads to the smallest global 

effective radius (0.197 nm), whereas the dihydroxylated SCPN2OH(e) and SCPN2OH(a) have slightly 

bigger effective radii (0.246 and 0.266 nm, respectively) and these are closer to that of the non-

derivatized pore (0.284 nm). The values for the dihydroxylated systems are maintained after MD 

simulation (0.254 and 0.268 nm for SCPN2OH(e) and SCPN2OH(a), respectively), whereas the effective 

radius for SCPN4OH and the pristine SCPN increased considerably once these systems had been 

simulated (0.247 and 0.306 nm, respectively). Besides, whereas in the SCPN without functionalization 

the regions corresponding to the α-α and γ-γ interactions are indistinguishable in size, the inner 

hydroxylation of the channels decreases the region corresponding to the α-α interaction in all the pores 

with respect to the γ-γ region. This change is due to the equatorial orientation of hydroxyl groups, which are 

projected towards the α-α interface area (Figure 3e). This effect is much less marked after MD simulation, 

but it is still observed for SCPN2OH(a). 
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Figure 3: HOLE36 radius for SCPN (a), SCPN4OH (b), SCPN2OH(e) (c), and SCPN2OH(a) (d), 

and a graphical comparison between all systems along the principal axis before MD simulations (f) and 

averaged during the whole MD simulation (g). A detail of the equatorial position of the hydroxyl groups 

is shown in (e). 

 

Both the bilayer and all fifteen simulated systems (the three derivatized nanotubes immersed in 

different salt solutions) were stable during the simulated time. The channel structure was well preserved, 

as shown by the root-mean-square deviations (RMSD) and root-mean-square fluctuations per 

cyclopeptide (RMSF) (Figure 4). The most flexible system is SCPN2OH(e) simulated in 0.5 M LiCl, as 
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deduced from its higher RMSDs. This flexibility is induced not only by the movement of the terminal 

CPs, but also by a more marked fluctuation of the central units of the nanotube. Analysis of the radii of 

gyration (Rg) of the backbone of each CP confirms the absence of any major global or local structural 

distortion during the trajectories, indicating that the rings remain in a quite flat conformation (see 

Supplementary Figures S1–S3). However, some slight variations are observed in the range of 0.05 nm 

and this suggests that the CPs are quite flexible along the simulation, again mainly in the SCPN2OH(e) 

system. 
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(e) 

 

(f) 

Figure 4: RMSD and RMSF for the three derivatized nanotubes SCPN4OH (a-b) SCPN2OH(a) (c-d) 

and SCPN2OH(e) (e-f), simulated in different salt solutions for 40 ns and considering all atoms of the 

SCPN.  

 

The formation of hydrogen bonds (H-bonds) between the self-assembled CPs is reduced from the 

theoretical 72 inter-CP H-bonds per nanotube to an average 3–6 H-bonds in SCPN4OH, 4–5 H-bonds in 

SCPN2OH(a) and 5–16 H-bonds in SCPN2OH(e) (where the larger number corresponds to the most 

flexible system resulting from the simulation of the eclipsed dihydroxylated nanotube in 0.5 M LiCl) 

due to competition with water molecules and, to a lesser extent, lipids (Table 1). The inner 

functionalization with hydroxyl groups introduces a new donor group, the OH covalently linked to the 

cycloalkane moiety, and these, in principle, could also participate in the formation of H-bonds with the 

other donors/acceptors in the nanotubes. However, the hydroxyl groups seem to be too far away to form 

H-bonds with one another and intramolecular H-bonding between OH groups attached to a same CP or 

from neighboring units (OH–OH, Table 1) is practically non-existent. In spite of this situation, OH 

groups do participate in H-bonds with the C=O and NH groups of the CP to which they are attached and 

they establish an average of 1–3 H-bonds of this type and also compete with the H-bond network 

responsible for maintaining the channel structure (CP–OH, Table 1). The number of H-bonds between 

the nanotube and the aqueous solvent (CP-Water) is enhanced for SCPN4OH, SCPN2OH(a), SCPN2OH(e) 
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in comparison to the non-derivatized SCPN to about 51–57, 21–29 and 25–29 H-bonds, respectively,13 

and this is mainly due to the participation of the hydroxyl groups present in the lumen of the channel.  

 

 

Table 1: Mean and standard deviation of the number of H-bonds between different components of the 

simulated systems in different salt solutions for 40 ns. 

  

CP-CP 

 

CP-Water 

 

CP-DOPC 

 

OH-OH 

 

CP-OH 

 

SCPN4OH 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

69 ± 3 
69 ± 3 
66 ± 3 
67 ± 3 
67 ± 3 

125 ± 7 
123 ± 8 
120 ± 8 
120 ± 7 
126 ± 9 

2 ± 1 
2 ± 2 
3 ± 2 
3 ± 2 
2 ± 2 

- 
- 
- 
- 
- 

2 ± 1 
2 ± 2 
3 ± 2 
3 ± 2 
3 ± 2 

SCPN2OH(a) 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

67 ± 2 
67 ± 2 
68 ± 2 
68 ± 2 
67 ± 3 

97 ± 7 
97 ± 7 
89 ± 6 
95 ± 7 

100 ± 8 

1 ± 1 
2 ± 1 
3 ± 1 
2 ± 1 
2 ± 1 

- 
- 
- 
- 
- 

1 ± 1 
1 ± 1 
1 ± 1 
1 ± 1 
2 ± 1 

SCPN2OH(e) 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

56 ± 3 
66 ± 3 
66 ± 3 
67 ± 3 
67 ± 3 

106 ± 7 
97 ± 7 
93 ± 7 
98 ± 7 
99 ± 8 

3 ± 1 
2 ± 1 
3 ± 1 
3 ± 1 
2 ± 1 

- 
- 
- 
- 
- 

1 ± 1 
1 ± 1 
1 ± 1 
1 ± 1 
1 ± 1 

 

 

The entrance of water molecules and cations is observed very promptly (see Supplementary Figure S4) 

during the first nanoseconds for all the systems and all the salt solutions studied. As a result, we are 

confident that a 40 ns simulation is sufficient to provide an equilibrium, or close to equilibrium, picture 

of ions within the nanopore. The number of ions present inside each of the SCPNs was analyzed over 
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the course of the simulations (Table 2). As in the case of D,L-α-SCPNs,20d under these conditions Cl– 

anions sometimes remained at the nanotube entrance and they never really penetrated into the channel. 

This strong selectivity for cations is attributed to the negatively charged carbonyl oxygens inside the 

channel and it is enhanced by the presence of the OH groups in the modified channels.37 The standard 

deviation for water molecules inside SCPN4OH is higher than for the systems bearing only two hydroxyl 

groups in the CPs, suggesting a higher level of water renovation for the tetrahydroxylated channel. 

The three derivatized nanotubes simulated in 0.5 M LiCl and 0.5 M CaCl2 admit, on average, ca. 2 

and 1 cations, respectively, i.e., the same number of cations found inside the non-derivatized channels.13 

The introduction of the OH groups allows the entrance of an extra Cs+ cation in all the derivatized pores 

and an extra K+ cation in SCPN4OH and SCPN2OH(e). The entrance of Na+ ions is slightly preferred 

inside SCPN4OH than in the dihydroxylated channels.  

 

Table 2: Mean and standard deviation of the number of ions and water molecules inside the 

nanotubes, simulated for different salt solutions for 40 ns. 

  Cations Anions Water  

S
C

P
N

4
O

H
 LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

2 ± 0 
3 ± 1 
3 ± 1 
3 ± 1 
1 ± 0 

- 
- 
- 
- 
- 

84 ± 15 
84 ± 16 
85 ± 18 
82 ± 15 
85 ± 18 

 

S
C

P
N

2
O

H
(a

)  LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

2 ± 1 
2 ± 0 
2 ± 0 
3 ± 1 
1 ± 0 

- 
- 
- 
- 
- 

85 ± 6 
86 ± 6 
82 ± 5 
79 ± 7 
85 ± 7  

S
C

P
N

2
O

H
(e

)  LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

2 ± 0 
2 ± 1 
3 ± 1 
3 ± 1 
1 ± 0 

- 
- 
- 
- 
- 

88 ± 7 
86 ± 7 
84 ± 7 
82 ± 6 
86 ± 8 
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    Besides the number of ions inside the channels it is possible to monitor their positions in the lumen 

of the corresponding nanotubes for each frame of the trajectory (Figure 5). It is noticeable that, whereas 

transport along the channel was not observed in the equilibrium simulations carried out with the non-

derivatized nanotube for any of the cations studied, the introduction of 4 hydroxyl groups and even of 

only two of them in the lumen of the nanotubes led to the net flux of one Cs+ cation in the first 20 ns of 

the simulation. To our knowledge, this is the first time that the passage of ions has been detected 

through a transmembrane nanotube without the need to apply a transmembrane voltage or concentration 

gradient. However, since the systems are simulated under equilibrium conditions, one would expect to 

observe inverse diffusion (in the opposite direction) if simulation times were sufficiently long. With the 

exception of Cs+, it should be pointed out that once the ions enter the nanotube, they remain inside for 

the whole simulation time. Whereas Li+ cations penetrate deeper into the lumen of SCPN4OH than in the 

rest of the studied channels, the Ca2+ ion remains nearer to the edges of the hydroxylated pores than it 

did in the pristine channel,13 presumably because the stronger interaction with the OH groups makes its 

passage through the nanopore more difficult. Most of the ions inside the hydroxylated channels spend 

more time in the regions between the planes of CPs that interact through an α-α interaction in spite of 

their smaller initial effective radius compared to the γ-γ area. This observation suggests that these 

regions act as brakes against the advance of the ions along the pore. 
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Figure 5: z-coordinate for each of the cations inside the simulated peptide nanotubes along the 40 ns 

trajectory. The nanotube z-region is comprehended between the region ~1-6 nm. Each color corresponds 

to a different ion.  

 

 SCPN4OH SCPN2OH(a) SCPN2OH(e) 

Li+ 

    

Na+ 

    

K+ 

    

Cs+ 

    

Ca2+ 
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In most of the simulations there is a short co-existence of two ions inside the channels in regions that 

are very close in space, but this situation is very short-lived and when two cations are close one of them 

rapidly displaces the other one. However, when SCPN4OH was simulated in 0.5 M KCl two K+ cations 

coexisted very close to each other (at a distance ~0.4–0.7 nm) along half of the trajectory (see 

Supplementary Figure S5). The proximity of the two cations was maintained in the trajectory for about a 

further 30 ns (see Supplementary Figure S6a). Nevertheless, this situation was not reproducible on 

repeating the same simulation several times, suggesting that this is not a general phenomenon (see 

Supplementary Figure S6b). 

Radial distribution functions (RDF) of the cations and water inside the nanotube on the xy axes 

describe how its density varies with respect to the center of the nanotube, thus giving an average of how 

they are radially packed (Figure 6). Ca2+ and Cs+ cations tend to accumulate at the center of the three 

studied channels, whereas for the other cations the distribution is more spread out. The behaviors of Li+ 

and Na+ cations are very similar in SCPN4OH and SCPN2OH(a). In SCPN2OH(e), Li+ ions mainly tend to 

populate the center, whereas Na+ also moves close to the walls of the channel. In the case of K+, in spite 

of having less space in the cavity in the presence of the four hydroxyl groups, there is a populated 

position further away from the center than in the dihydroxylated channels.  

As in D,L-α-SCPNs20j and nonpolar nanoenvironments such as carbon nanotubes,38 water inside the 

simulated α,γ-SCPNs was highly structured. Despite the presence of ions inside the channels, there is a 

significant degree of structuring of the water within the nanopores, as seen previously.13 The water 

presents a maximum at about 0.3 nm in almost all the systems studied, although in SCPN4OH it tends to 

accumulate at the center of the nanotube (Figure 6). The internal water populates the two different 

regions that exist in the channel along the nanotube axis (see Supplementary Figure S7), i.e. those 

corresponding to the regions between the planes of the CPs (more populated) and those corresponding to 

the regions of the plane of the CP (less populated). However, while in the pristine α,γ-SCPNs water 

tends to follow a –4–5–4–5– pattern, where 4 is the number of water molecules located in the plane of 
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the CP and 5 those between the planes of the CPs,13 the introduction of four or two hydroxyl groups in 

the lumen of the channel causes a slight change in this disposition to a -3-5-3-5- pattern, i.e., decreasing 

the total number of water molecules inside the channel (to about 5 water molecules). This change is 

probably due to the decrease of the inner volume of the nanopore caused by the presence of the hydroxyl 

groups (see Supplementary Figure S8). 

 

 

 

 

 

 

 

 

 

 

SCPN4OH 

 

(a) 

 

(b) 

SCPN2OH(a) 
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(c) 

 

(d) 

SCPN2OH(e) 

 

(e) 

 

(f) 

Figure 6: Radial Distribution Function (RDF) in the xy direction for the cations and water along 40 ns 

of simulations of the peptide nanotubes at different salt solutions with respect to the center of the 

nanotube, for the three derivatized nanotubes SCPN4OH (a-b) SCPN2OH(a) (c-d) and SCPN2OH(e) (e-f). 

 

Analysis of the diffusion coefficients of ions along the nanopore axis shows that the ion diffusion 

coefficients are lower than those observed in the bulk, as was also found for simulations of ions in 

smooth cylindrical channels (see supplemental Table S1).39 It should be noted, however, that the large 
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standard deviations associated with the diffusion coefficients suggest that longer simulation times would 

be needed for a confident quantitative comparison of this factor. 

 

The radius for the first coordination sphere of each cation inside the derivatized nanotubes can be 

envisaged from the cation-O (water) radial distribution profiles (see Figure 7). The profiles are 

reasonably consistent with the values found previously for these types of cations in other theoretical 

calculations40 and also in the pristine peptide nanotubes (Figure 7a).13 The peak corresponding to the 

position of the second coordination sphere is also very similar for the functionalized and non-

functionalized nanopores. No oxygen from the hydroxyl group of CP participates directly in the first 

coordination sphere of Li+ and Ca2+, whereas for Na+, K+ and Cs+
 a small presence of oxygens (1–2) from 

the C=O and OH groups is detected, a situation that is also reflected in the increase of the total 

coordination number for these ions (Table 4 and Supplementary Figures S9 and S10). The number of 

oxygens coordinated to the cations inside the three derivatized nanotubes is very similar, with values 

around 4, 5, 8, 8 and 9 for Li+, Na+, K+, Cs+ and Ca2+, respectively (Table 4). The main differences with 

respect to the pristine SCPNs are found for Na+, K+ and Cs+, i.e., the ions with which oxygens from 

C=O and OH groups participate in the first coordination sphere. The balance between size and charge 

for Li+ and Ca2+ results in a stronger interaction between these cations and their water coordination 

spheres, while for Na+, K+ and Cs+ oxygens from other coordinating groups, such as the C=O and OH 

groups of the CP, can also participate in the first coordination shell. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7: Radial distribution of the cation-O distance inside the nanotube [gion-oxygen (r)] for the non-

functionalized SCPN (a), SCPN4OH (b), SCPN2OH(a) (c), SCPN2OH(e) (d) considering the contribution 

of all the oxygens (water + C=O + OH).   
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Table 4: Mean and standard deviation of the number of oxygens coordinated to the cations inside the 

nanotubes in the first coordination sphere. Oxygen atoms from different sources (water, C=O and OH). 

  O (H2O + C=O + OH) O (C=O) O (OH) 

SCPN4OH 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

4 ± 0 
5 ± 1 
8 ± 2 
8 ± 2 
9 ± 1 

0 ± 0 
0 ± 0 
1 ± 1 
1 ± 1 
0 ± 0 

0 ± 0 
0 ± 1 
2 ± 1 
1 ± 1 
0 ± 0 

SCPN2OH(a) 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

4 ± 0 
5 ± 1 
8 ± 2 
8 ± 2 
9 ± 1 

0 ± 0 
0 ± 1 
1 ± 1 
1 ± 1 
0 ± 0 

0 ± 0 
0 ± 1 
1 ± 1 
1 ± 1 
0 ± 0 

SCPN2OH(e) 

LiCl 

NaCl 

KCl 

CsCl 

CaCl2 

4 ± 0 
5 ± 1 
9 ± 2 
9 ± 2 
9 ± 1 

0 ± 0 
0 ± 1 
1 ± 1 
0 ± 1 
0 ± 0 

0 ± 0 
1 ± 1 
2 ± 1 
1 ± 1 
0 ± 0 

 

The lack of replacement of any water in the first coordination spheres of Li+ and Ca2+ suggests 

that with these cations the first shell remains intact during the transport process across the channel. This 

behavior is translated into much more marked (and more favorable) differences between the interaction 

energy of the cation with the surrounding water than with the nanotube for Li+ and Ca2+ (see 

Supplemental Figure S11). The replacement of water in the coordination shell of Na+ with the nanotube 

yields a less favorable ion-water interaction whereas the lack of replacement of water in the hydration 

shell of Ca2+ leads to a more propitious ion-water interaction all along the simulated channels. The 

retention of the first hydration sphere in Ca2+ has been also observed experimentally, for example in 

CavAb, a modified channel for Ca2+ conduction from the biological sodium channel NavAb.41 In the 

crystal structure of the mutated biological channel Ca2+ is surrounded by a box of four carboxylate 

oxygen atoms from D177 above and four backbone carbonyl oxygen atoms from L176 below, with 

oxygen–Ca2+ distances of 4.5 and 4.2 Å, respectively (Figure 8a). Most of the distances from the 

hydroxyl groups to Ca2+ in SCPN4OH are also in this range, with the oxygens located in two planes in a 
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similar disposition to that found in CavAb (Figure 8b). It can be thus envisaged that derivatized α,γ-

SCPNs could be successfully used as biomimetic of channels when properly inner-functionalized.  

 

(a) 
(b) 

Figure 8: Detail of the coordination of Ca2+ with the oxygens from the crystal of CavAb (a) and 

the CPs in SCPN4OH. 

 

The thermodynamics of ion movement in the nanotubes were explored by calculating the single-

ion potential of mean force (PMF), i.e., the free energy of the ion as a function of its z coordinate (the 

coordinate running parallel to the channel axis) when other ions are excluded from the channel (Figure 9 

and Supplementary Figure S12). In spite of the known difficulties of the actual ion parameters in 

explaining the energetics of permeation of monovalent cations, and binding and blocking of divalent 

cations, it has been also demonstrated that nonpolarizable force fields can account for the binding 

configurations of monovalent and divalent cations.42 The parameters used for the ions are implemented 

in AMBER, and have been used to justify and reproduce experimental results.13 Furthermore, another 

validation of these parameters has been carried out comparing the interaction energy values obtained in 

similar structures for different ions using B3LYP/6-31G(d)  (see Supplementary Table S2), obtaining a 
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good qualitative agreement between the quantum calculations and the parameters used in the present 

work. 

Inside the tube, the repeating structural motif creates a series of energy barriers and troughs 

descending to a central global minimum; the fact that this series is much less well-defined than for D,L-

α-SCPNs is probably attributable, at least in part, to the larger size of the α,γ-SCPN and also to the 

absence of restrictions in the CPs in the calculation of PMFs. It is precisely the absence of restrictions in 

the nanotube that makes convergence difficult for these systems and longer simulation times 

(unaffordable for the present study) would be required to make a quantitative comparison of the values 

obtained in the PMF study. A qualitative analysis of the energy profiles shows that the central global 

minimum is deeper for Ca2+, although a certain degree of selectivity of Ca2+ over alkali metal ions is lost 

with the hydroxylation of the pristine nanotube (Figure 9). As it has been deduced from the equilibrium 

MD simulations, channels can accommodate more than one alkaline cation, whereas only one single 

Ca2+ was found inside the pore. We are aware that conductance studies rely on kinetics of transport and 

therefore multiple binding sites are a factor to worry about, and the results should be interpreted with 

caution.43 However, the actual study only aims to see the effect of hydroxyl groups on the transport of 

some alkaline cations compared to Ca2+, and even the 1D PMFs suggest that the inner functionalization 

does not affect the selectivity of the cations to a great extent, with only small differences with respect to 

the non-derivatized SCPNs.  
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SCPN 

 

SCPN4OH 

 

SCPN4OH 

 

SCPN2OHa 

 

SCPN2OHe 

Figure 9: Potentials of Mean Force (PMF) for single ions as a function of position along the z-axis of 

each one of the studied pores.  

 

Although the incorporation of the hydroxyl groups at the lumen of the channels did not provide 

higher selectivity in the transport of ions across the membrane, the chemical versatility of this moiety 

would offer the opportunity to further incorporate other chemical modifications of the inner of the 

nanotubes, tuning the SCNP properties, something impossible in other nanotube constructions.43 Such 

modifications would open the door to a variety of application in sensing, signaling and catalysis.  
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For example, protection/deprotection of hydroxyl groups is one of the most common reactions in 

organic chemistry. To avoid interference by hydroxyl groups, it is often necessary to mask them by 

conversion to less reactive functions, such as ethers, esters, or acetals. These processes are generally 

reversely and both transformations (protection and deprotection) are carried out under very mild 

conditions, allowing to modulated control of the moiety supported by the oxygen of the alcohol. In this 

sense, decorated CPs with hydroxyl groups at their inner cavities would permit to adjust both size and 

functionality of the groups projected into the lumen of the pores just regulating the reagents needed for a 

typical protection/deprotection of alcohols in a chemical reaction. For example, β-methoxylation of all 

γ-residues of the channel forming cyclic peptide (CP4OMe) could transform active ion transporter 

channels into transport blocked structures. This strategy enables a controlled method for the 

activation/inactivation of the nanopore. Trying to explore this concept, MD simulations on the 

methoxylated channel (SCPN4OMe) inserted into a DOPC lipid bilayer were carried out under different 

salt solutions (NaCl and CaCl2 0.5 M) (Figure 10). The cyclic α,γ-octapeptides modified at the C2 

position resulted in a stable cylindrical structure (See Supplemental Figure S13), with a HOLE36 radius 

of 0.96 nm, ~ 50% smaller than the tetrahydroxy-functionalized SCPN (SCPN4OH). SCPN4OMe 

maintained the tubular shape in the membrane while also created an almost dry confinement inside the 

pore, free of ions, thus confirming the transport inhibition properties (Figure 10). The selection of 

appropriate chemical labile groups for the inner hydroxyl moieties could make possible to achieve a 

reversible control based on the environmental conditions, suggesting potential application in novel 

controlled drug release systems. 
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CP4OMe 

(a) 

 
(b)  

(c) 
 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Figure 10: (a) Hydroxymethylated CPs composing SCPN4OMe. (b-c) Top and lateral views of a snapshot 

(25 ns) from the simulation of SCPN4OMe in CaCl2. (d-e) Z-coordinate for each of the cations (Na+ or 
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Ca2+) and (f-g) Z-coordinate for each water oxygen inside the simulated SCPN4OMe along 25 ns in NaCl 

or CaCl2, respectively. Each color corresponds to a different ion or water molecule. 

 

Conclusions 

In this work we have used the great potential of MD simulations to study a supramolecular system of 

nanometric dimensions, namely peptide nanotubes formed by the combination of CPs with alternating α- 

and γ-amino acids from D-α-amino acids and γ-Aca, respectively. Such nanostructures have certain 

advantages over other known types of nanotubes, perhaps the most important being the possibility of 

inner functionalization. Taking advantage of this functionality, three nanotubes were designed in which 

the γ-amino acids provide hydroxyl groups that are oriented inwards into the internal cavity. In all cases 

the presence of hydroxyl groups increases the hydrophilic character of the cavities in a controlled 

manner. The influence that these functional groups have on the ion transport through a DOPC lipid 

bilayer, using different salt solutions (0.5 M LiCl, NaCl, KCl, CsCl and CaCl2, respectively) was 

investigated at atomic resolution.  

The results obtained suggest that these artificial derivatized channels are stable in the lipid environment, 

despite competition between H-bonds established with water, lipids and the hydroxyl groups and those 

necessary to maintain the network of H-bonds along the entire channel. The introduction of hydroxyl 

groups into the cavity of SPCNs maintains the channel selectivity to cations and the entry of Cl– anions 

was not observed in any of the simulations studied. The presence of four hydroxyl groups in the lumen 

of the CPs allows the introduction of one extra Na+, K+ and Cs+ ion (with respect to the non-

functionalized SCPN), whereas the channels composed of dihydroxylated CPs only incorporate an extra 

Cs+ ion (and an extra K+ ion when the orientations of the CPs are alternate). The functionalization of the 

lumen also affects to the disposition of the water inside the pore. Within the pristine SPCNs the internal 

water followed a 4-5-4-5 profile, where 4 is the number of molecules located in the plane of the 

corresponding CP and 5 the number of water molecules between the planes of the CPs. However, the 
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introduction of the hydroxyl groups led to a slight change in this distribution towards a 3-5-3-5 profile, 

with a slight decrease in the number of water molecules found within the channel (around five 

molecules). This change is probably due to the lower volume of the interior of the channel caused by the 

presence of hydroxyl groups.  

The balance between size and charge for Li+ and Ca2+ results in a stronger interaction between these 

cations and their water coordination spheres, maintaining them along all the simulation. Taking into 

account that retention of the first hydration sphere in Ca2+ has also been observed experimentally in 

some biological channels together with the fact that the distances from the hydroxyl groups to Ca2+ in 

the hydroxylated nanotubes are in the range and similar disposition than in the filters of some biological 

channels, it can be easily envisaged that inner-functionalized nanotubes based on α,γ-CPs offer a 

promising future for their use as  biomimetic channels, when properly inner functionalized. Potential of 

mean force (PMF) calculations for the three hydroxylated nanotubes confirm that the inner 

functionalization does not affect the selectivity to the cations to a great extent, with only small 

differences observed in comparison to the non-derivatized SCPNs, and suggest that bigger and/or 

charged functional groups are needed to affect the stripping of their hydration shell. In spite of not 

providing higher selectivity among ions, an inner cavity decorated with hydroxyl groups would enable to 

other chemical modifications inside the nanotubes, potentially leading to very attractive applications, 

such as the reversible control of the transport in the channel. MD simulations on a β-methoxylated 

channel inserted into a lipid membrane resulted into an ion transport blocked nanotube. The 

hydroxymethylated pores maintained the tubular shape at the same time that completely stopped the 

transport of ions and even most of water molecules across the membrane, enabling a controlled method 

for the activation / inactivation of the nanopore. Our results predict a great potential for biomimetic 

pores based on internally functionalized self-assembling α,γ-peptide nanotubes and encourage chemists 

to strive for the development of synthetic methodologies that would allow in-vitro studies with this 
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systems, at the same time that confirm the power of MD simulations to assist in the design of new 

artificial channels that mimic Nature more accurately. 
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