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The structure and stability of the nanotube obtained by assembling peptide–
polymer conjugates consisting of two poly(n-butyl acrylate) blocks coupled to
the

cyclic

investigated
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at
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simulations. The eﬀect of the wrapping polymer shells in the tube-like core, which
consists of stacked b-sheet cyclopeptides, has been examined by simulating
assemblies of both unsubstituted cyclopeptides, and conjugates in chloroform and
N,N-dimethylformamide solutions. Furthermore, the inﬂuence of the environment
has been investigated by comparing conjugate assemblies in solution with those
deposited on mica. In addition, nanotubes stabilized by b-sheet-like hydrogen
bonds between both parallel and antiparallel oriented cyclopeptides have been
considered in all cases. The results, which have been analysed in terms of energy
contributions, partial radial distribution functions, inter-subunit distances, shape
of the cyclopeptide ring, internal van der Waals diameters, and both height and
width of the nanostructures deposited on mica, have provided important
microscopic insights. For example, analysis of both the energy terms and the
structural dynamics obtained for the diﬀerent assemblies indicate that the mica
surface interacts more favourably with the parallel assembly than with the
antiparallel ones, whereas the only conﬁguration that is structurally stable in
solution is the latter. Furthermore, adsorption onto the solid substrate produces a
small deformation of the cylindrical molecular system.
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Introduction
The combination of a segment of biological origin with a synthetic polymer block
leads to hybrid macromolecules, which are usually called polymer bioconjugates.1
In the specic case of integrated peptides the term peptide–polymer conjugate is
most frequently used. These kinds of conjugates, which combine the precise
chemical structure and functionality of peptides with the stability, functions
and processability of synthetic polymers, are expected to be materials with
practical applications in many elds. In spite of this, conjugation of peptides with
poly(ethylene oxide) (PEO) has been the central topic of research for a few
decades.2–8 However, with the recent explosion of the elds of nanotechnology
and biotechnology, peptide–polymer conjugates are receiving increasing attention in materials science.9–11 As a consequence, the design and fabrication of
peptide–polymer conjugates has become a rapidly expanding eld of interdisciplinary research in the past few years, which involved not only a platform of
synthetic macromolecules and peptides but also a palette of strategies to produce
diﬀerent architectures.
The strategies for the fabrication of well-dened peptide–polymer conjugates
have been recently reviewed.12–14 In general, the preparation strategies for
peptide–polymer conjugates can be categorized into four main approaches: (1)
Coupling strategies, in which peptide segments are coupled to preformed
synthetic molecules using one or more reactive sites; (2) Graing strategies, in
which the polymer is grown from the peptide segment; (3) Inverse conjugation
strategy, where the peptide is sequentially assembled on an already formed
polymer; and (4) Macromonomer strategies, which consist of the polymerization
of short peptides with a polymerizable functionality. All these approaches provide
hybrid molecules able to adopt diﬀerent 3D organizations, the latter being
dened through spontaneous or controlled self-assembly processes.15 The rules
for such assemblies depend on the peptide secondary structure.
The relationship between peptide sequence and secondary structure motif is
better developed for the a-helix than for the b-sheet structure. However, within
the eld of materials science, more progress has been made in the hierarchical
self-assembly of conjugates made with b-sheet-forming peptides. Fig. 1 summarizes the diﬀerent types of 3D organizations formed by peptide–polymer conjugates via self-assembly of b-sheets. In these nanostructures the self-assembly
process is dominated by the peptide organizer unit, which can correspond to a
linear peptide, a pre-organized template or a cyclic system. Linear16,17 and preorganized18,19 peptides produce well-dened nano- or microtapes while cyclic
peptides20,21 form self-assembled nanotubes.
Self-assembled peptide-based nanotubes have gained broad attention because
of their high biocompatibility and the extraordinary ability to control their
properties through modications introduced to the monomeric unit.22 Although
small linear peptides23–25 and even protein fragments extracted from natural
motifs26–30 (e.g. le-handed b-helices) can be also used as organizer units of
pepide-based nanotubes (Fig. 2a), hollow nanoassemblies made of cyclic peptides
comprised of alternating D- and L-amino acids [i.e. (D-alt-L)-cyclopeptides]
have received special attention since their diameter is precisely controlled by the
number of amino acids in the sequence (Fig. 2b).31–33 Within the latter context, the
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Fig. 1 Peptide-guided organization via self-assembly of peptide–polymer conjugates. The assembly
process is in all cases dominated by the b-sheet-forming peptides.

Fig. 2 Hollow nanotubes made of (a) protein fragments arranged in a left-handed b-helix conformation and (b) cyclic peptides comprised of alternating D- and L-amino acids.

pioneering work of Ghadiri and co-workers31,34,35 deserves special attention. These
authors demonstrated that cyclic peptides made of a-amino acids with alternating chirality show an interesting self-assembly behavior to tubular ring stacks
This journal is ª The Royal Society of Chemistry 2013
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at relatively small ring sizes. Recent studies extended this behavior to peptide–
polymer conjugates, proving that cyclic D,L-a-peptides are highly successful as
organized units for the peptide-guided organization of hybrid molecules.21,36–40
Within the context of self-assembled nanotubes made of conjugates
comprising cyclic peptides as aggregator domains, the work of ten Cate et al.21 is
particularly relevant because of the synthetic process, which is gram scale, and
the potential applications of the observed supramolecular 3D organization.
More specically, in that study two poly(n-butyl acrylate) blocks (PnBA) were
coupled in solution to the cyclic (D-alt-L)-octapeptide developed by Ghadiri,31,41 cyc
[(L-Gln-D-Ala-L-Lys-D-Ala)2] (Fig. 3a), using standard activation chemistry. The
selective coupling sites for the anchoring of the PnBA blocks correspond to
the two L-Lys residues, which are located at opposite sides of the cycle, leading to
the cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 conjugate (Fig. 3b). This system showed

Fig. 3 Chemical structure of (a) cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2] and (b) cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2](PnBA)2.
62 | Faraday Discuss., 2013, 166, 59–82
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uniform tube-like structures in solution and in a solvent-free environment (i.e.
deposited on a mica substrate). In addition, these nanotubes were found to
organize further into bre networks because of the entanglements of the PnBA
blocks. It is worth noting that cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 nanotubes
present a functionalizable exterior and a hollow interior, making this conjugate
suitable for multiple applications.
Atomistic simulations on assembled peptides have been extensively reported
in the past decade,42–48 with the results allowing us not only to get microscopic
information about the association process at both kinetic and thermodynamic
levels but also to complement experimental information. Despite such valuable
contributions, atomistic computer simulations on peptide–polymer conjugates
have been frequently restricted to the examination of the behaviour of individual
molecules (i.e. the interaction between the two components of the hybrid molecule),49–51 limiting drastically their interest. Atomistic modeling of assembled
conjugates is very challenging because of both their 3D organization complexity
reecting crowding, excluded volumes and multiphasic interactions, and, especially, their huge dimensions. Thus, in spite of the interest in peptide–polymer
assemblies, the signicant amount of computational resources needed to
describe their chemical details and structural properties have severely restricted
their atomistic modeling. However, computational advances, especially in terms
of both parallel computer architectures and eﬃcient scalability of computer
programs, currently allow the study of chemical systems that were unaﬀordable a
few years ago.
This work provides detailed atomistic investigation of the dynamical eﬀects
associated to the cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 assembly. For this
purpose, Molecular Dynamics (MD) simulations have been carried out in the two
environments experimentally considered by ten Cate et al.21 (i.e. the hybrid in
solution and deposited onto mica substrate). Although the self-assembly of cyclic
peptides into nanotube structures typically occurs through the formation of
b-sheet-like hydrogen bonding between antiparallel oriented molecules32,33 and,
indeed, this arrangement was also proposed for the cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–
(PnBA)2,21 MD simulations have been performed on assemblies formed by a
parallel or antiparallel arrangement of the conjugate molecules. The results have
provided information about the inuence of both solvent molecules and inorganic surfaces in the structure and the relative stability of the parallel and antiparallel assemblies. Moreover, the dynamics of the hybrid has been compared
with that of cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2], results allowing us to ascertain the
impact of the PnBA blocks on both the atomistic organization and stability of the
peptide organizer.

Methods
Molecular systems
Three systems, each one with two diﬀerent congurations, have been simulated
and compared in this work:
(1) An assembly of 13 cyclopeptides cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2] (Fig. 3a) in
both chloroform and N,N-dimethylformamide (DMF) solutions. The resulting
nanotube was constructed considering that the ring-shaped peptide subunits
stack through both antiparallel and parallel b-sheet hydrogen bonding. Fig. 4
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Molecular schemes showing the main diﬀerences between the parallel and antiparallel b-sheet
hydrogen bonding assemblies of cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]: (a) a/cyc[(QALA)2] and (b) p/cyc
[(QALA)2]. Parallel and antiparallel conﬁgurations essentially diﬀer in the organization of the Gln and Lys
side chains.

displays the main diﬀerences between such two congurations, which essentially
aﬀect the distribution of the Gln and Lys side groups. Hereaer, the two resulting
assemblies have been denoted a/cyc[(QALA)2] and p/cyc[(QALA)2] respectively.
Each nanotube was placed at the center of a cubic simulation box (a ¼ 115 Å)
containing 11000 explicit chloroform molecules or 10889 DMF molecules.
(2) An assembly of 13 units of cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 (Fig. 3b) in
DMF solution. Each polymer chain was formed by 16 repeated units, which
corresponds to the degree of polymerization found by gel permeation chromatography.21 Nanotubes were constructed considering that the peptide subunits
associate through antiparallel or parallel b-sheet hydrogen bonding, the resulting
structures being abbreviated a/cyc[(QALA)2]–(PnBA)2 and p/cyc[(QALA)2]–(PnBA)2
respectively. Each nanotube was initially placed at the center of a cubic simulation box (a ¼ 147 Å) containing 23318 explicit DMF molecules.
(3) An assembly of 13 units of cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 on a mica
surface. As in system (2), the number of repeat units of each polymer chain was
16. However, no solvent was considered in this case above the surface. The
dimensions of the orthorhombic simulation box used for these simulations are:
a ¼ 207 Å, b ¼ 215 Å and c ¼ 250 Å. It should be noted that the extension of the box
in the z-direction is much larger than the extension of the system, leaving the
64 | Faraday Discuss., 2013, 166, 59–82
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system eﬀectively periodic in the x- and y-directions. As in the other two systems,
nanotubes were constructed considering antiparallel and parallel congurations,
the resulting structures being denoted a/m/cyc[(QALA)2]–(PnBA)2 and p/m/cyc
[(QALA)2]–(PnBA)2.
Generally speaking, the solvent-free case of (3) reects the situation encountered in the atomic force experiments (“poor solvent”), while the explicit solvent
molecules in (1) and (2) is expected to swell the peptide and the conjugate (“good
solvent”).52
Force-eld
The potential energy was expressed according to the functional form used by the
AMBER force-eld.53 All the parameters for the amino acids contained in the
cyclic peptide and the conjugate were taken from the AMBER ﬀ03 force-eld,54
which produces structural and thermodynamical data for proteins and peptides
in good agreement with experiments.54–56 In the ﬀ03, atomic partial charges and
main chain torsion potentials were derived from quantum mechanical calculations in solution. On the other hand, bonding and van der Waals parameters for
the PnBA block were taken from the Generalized AMBER Force Field (GAFF).57
Electrostatic parameters were explicitly obtained in this work by the applying the
quantum mechanical method and tting procedure used in the AMBER ﬀ03
force-eld. The OPLS model was used to describe the chloroform58 solvent while a
modied OPLS-AA model was adopted for DMF.59,60
The mica K1.0[Si3Al1O8][Al2O2(OH)2] surface was represented using the forceeld parameters reported by Heinz and co-workers.61 The unit cell dimensions
provided by such parameters for this dioctahedral phyllosilicate are a ¼ 2.585 Å,
b ¼ 2.690 Å, c ¼ 2.004 Å, a ¼ 89.4 , b ¼ 95.3 and g ¼ 90.1 , which are very close to
the experimental ones (i.e. a ¼ 2.596 Å, b ¼ 2.705 Å, c ¼ 2.005 Å, a ¼ g ¼ 90 and
b ¼ 95.7 ).62 The mica super cell model constructed in ref. 61 was kindly supplied
by Dr Heinz and adapted to the dimensions of the simulation box described in the
previous subsection. The thickness (i.e. extension in the c-direction) of this sheet
model was 6.7 Å. In order to avoid the bending of the mica sheet during the MD
simulations, the position of the oxygen atoms located at the lowest part of the
surface was kept xed in the z-direction during the simulations (i.e. displacements for such atoms were allowed in the x- and y-directions only).
The atom pair cut-oﬀ distance was set at 14.0 Å to compute the van der Waals
interactions. In order to avoid discontinuities in the potential energy function,
non-bonding energy terms were forced to slowly converge to zero, by applying a
smoothing factor from a distance of 12.0 Å. Electrostatic interactions were
extensively computed by means of Ewald summations. The real space term was
dened by the van der Waals cutoﬀ, while the reciprocal space was computed by
interpolation into an innite grid of points (particle mesh Ewald) with maximum
space grid points being 1 Å.63
Simulation details
All simulations were performed using the NAMD 2.7 program.64 Each assembly of
cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2] and cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 in solution was submitted to 10000 steps of energy minimization (conjugate gradient)
and this was the starting point for the equilibration protocol. Aer this, each
This journal is ª The Royal Society of Chemistry 2013
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system was heated at 298 K for 500 ps in a NVT MD simulation, the resulting atom
velocities and coordinates being used to start 2 ns of NPT MD (298 K and 1 bar
pressure) simulation for density relaxation. The equilibrated density was 0.98 and
1.45 g cm:3 for systems in DMF and chloroform, respectively. Productive simulations for systems in solution consisted of 15 ns of NPT MD (298 K, 1 bar pressure) runs, which were started using the coordinates and atom velocities at the
end of the equilibration.
Equilibration of the a/m/cyc[(QALA)2]–(PnBA)2 and p/m/cyc[(QALA)2]–(PnBA)2
assemblies was performed using the following protocol. Initially, the conjugate
was placed at 15 Å above the surface. Aer this, the potential energy of the
system was minimized for 5000 steps using a conjugate gradient algorithm. Next,
the whole system was submitted to 1 ns of NVT MD at 50 K. This run led to the
deposition of the assembled conjugate on the mica surface. Then, all atoms of the
system were submitted to 2 ns of steady heating until the target temperature was
reached (298 K) followed by 1 ns of thermal equilibration. Finally, 15 ns of NVT
MD simulation were carried out for production.
Both the temperature and pressure were controlled by the weak coupling
method, the Berendsen thermobarostat,65 with the relaxation times used for the
coupling being 1 and 10 ps for temperature and pressure, respectively. Bond
lengths were constrained using the SHAKE algorithm.66 The numerical integration step was set to 2 fs in all cases. Periodic boundary conditions using the
nearest image convention were applied in all directions for the assemblies in
solution. The nonbonded pair list was updated every 5 steps.
Analyses
The structure of the simulated systems has been characterized by the partial
radial distribution function of atom pairs, gij(r). This function gives the probability of nding a pair of atoms a distance r apart, relative to the probability
expected for a completely random distribution at the same density. The partial
radial distribution functions for a pair of atoms i and j was calculated as:
gij ðrÞ ¼

Nj
V X
nij ðrÞ
Ni Nj j¼1 4pr2 Dr

(1)

where Ni and Nj are the number of atoms i and j in cell volume V and nij(r) is the
number of atoms j in the distance between r  Dr/2 and r + Dr/2 from atoms i.
The tubular structure was characterized through the temporally-averaged intersubunit distance (du–u), which was calculated as the center of mass-to-center of mass
between neighboring rings. For the rings of both the peptide and hybrid, the center of
mass was calculated considering the backbone atoms that dene the cycle. As all the
simulated systems were constructed considering the assembly of 13 independent
molecules, du–u values have been obtained for each of the 12 pairs of assembled rings.
The overall average of such 12 temporally averaged values has been denoted hdu–ui.
The circularity (C) of the ring in the diﬀerent assemblies was calculated using
the following expressions:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
uN
uP
u ðRi  Rm Þ2
t
s ¼ i¼1
(2)
N
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2
C ¼ 1 2
Rm

(3)

where s is the standard deviation or dispersion from the average geometric radius
(Rm) of the distance between each of the N backbone atoms of the cyclic peptide
and the geometric center of the ring (Ri). It should be noted that C ¼ 1.0 for a
homogeneous and symmetric distribution of points on a circle.

Results and discussion
Stability of the assemblies
The stability of the parallel and antiparallel assemblies was initially examined
through both a visual inspection of the recorded snapshots and analysis of the
energies. Analysis of the trajectories obtained for the a/cyc[(QALA)2] and p/cyc
[(QALA)2] systems in solution revealed signicant diﬀerences. Thus, the initial
parallel arrangement, in which the 13 neighboring cyclic peptides were located at
identical intermolecular distances, transformed into aggregates of smaller
assemblies. More specically, the parallel system involving 13 peptides transformed into 2–3 assemblies, each one composed of 3–7 molecules, aer only
400 ps, independently of the solvent (Fig. 5a). In contrast, the antiparallel
arrangement is able to stabilize the assembly formed by 13 molecules through
hydrogen bonding networks (Fig. 5b) during the 15 ns trajectory. Although the
two arrangements present stabilizing N–H/O]C intermolecular hydrogen
bonds that involve the backbone peptide groups, the distribution of the Gln and

Fig. 5 Interrupted and stable self-assembly obtained from MD simulations of (a) p/cyc[(QALA)2] and
(b) a/cyc[(QALA)2], respectively, in DMF solution. Structures were taken from snapshots recorded at 400
ps (a) and 15 ns (b).
This journal is ª The Royal Society of Chemistry 2013
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Lys side groups is completely diﬀerent. The antiparallel disposition favors the
formation of very stable cooperative assemblies because of the attractive interactions between the Gln and Lys side chains of neighboring peptides (Fig. 4a).
Thus, these residues are arranged alternately facilitating the formation of side
chain–side chain electrostatic interactions. In the parallel arrangement the Lys
side groups of neighboring peptides confront one another, producing electrostatic repulsions (Fig. 4b). In order to alleviate such unfavorable interactions, the
Lys side chains adopt diﬀerent conformations, provoking in some case the
rupture of backbone/backbone intermolecular hydrogen bonds (Fig. 5a).
Table 1 compares the most relevant energetic components derived from the a/
cyc[(QALA)2] trajectories in DMF and chloroform solutions (i.e. p/cyc[(QALA)2]
results are not displayed because of the fragmentation of the assembly). More
specically, Table 1 lists the average values of the total energy associated with the
peptide (Epep
tot ), which has been divided into its bonding (i.e. stretching, bending
pep
pep
and torsion interactions; Epep
bond), van der Waals (EvdW) and electrostatic (Eele )
contributions, and the average of the interaction energy between the peptide and
pep–sol
the solvent, Eint
. As can be seen, the Epep
tot values are very similar for the two
environments, indicating that the solvent does not aﬀect the structure of the
antiparallel assembly. Furthermore, the nanotube, whose stability is essentially
pep
dominated by the electrostatic contribution (i.e. Epep
ele is lower than EvdW by one
order of magnitude), interacts similarly with the two solvents.
Inspection of the results obtained for the two congurations of cyc[(L-Gln-DAla-L-Lys-D-Ala)2]–(PnBA)2 in solution reveals similar ndings to those discussed
above for cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]. Thus, the p/cyc[(QALA)2]–(PnBA)2

Table 1 Energy analysis of the systems simulated in this work.a All the energetic contributions are
hyb
expressed in kcal mol:1. Epep
tot /Etot refers to average total energy of the assembled system (peptide or
pep
hyb
pep
pep hyb
hybrid) while Ebond/Ebond, EvdW/Ehyb
vdW and Eele /Eele correspond to the average of the bonding, van der
/Ehyb–sol
/Ehyb–mica
is the
Waals and electrostatic contributions, respectively, to the total energy. Epep–sol
int
int
int
interaction energy between the self-assembled system (peptide or hybrid) and the solvent or mica
surface. Data are expressed as averages  2 times the standard deviation

System

a/cyc[(QALA)2] in DMF
a/cyc[(QALA)2] in
chloroform

Epep
tot

Epep
bond

Epep
vdW

Epep
ele

pep–sol
Eint

Peptide assemblies in solutionb
1278  66 2039  64 238  24 3079  3319  156
44
1330  76 2049  74 237  26 3141  3399  134
58
Ehyb
Ehyb
Ehyb
Ehyb
Ehyb–sol
or Ehyb–
tot
bond
vdW
ele
int
mica
int

a/cyc[(QALA)2]–(PnBA)2

a/m/cyc[(QALA)2]–(PnBA)2
p/m/cyc[(QALA)2]–(PnBA)2

Self-assembly of the hybrid in DMF solutionb
1959 
6220 
1920 
6260  6529  126
172
158
74
48
Self-assembly of the hybrid deposited on mica
3176  74 6534 
3132 
6580  2193  90
124
58
58
2823 
6450 
2948 
6415  3008  106
132
116
62
58

a
Averages were carried out considering the three last ns of the 15 ns trajectory. b Results for
parallel assemblies are not displayed because of their fragmentation.
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assembly becomes destabilized aer only 400 ps by undesired side chain–backbone interactions undergoing fragmentation (Fig. 6a), whereas the a/cyc
[(QALA)2]–(PnBA)2 nanotube remains stable during the whole trajectory (Fig. 6b).
The coupling of the PnBA chains to the cyclic octapeptide through the L-Lys
reduces the impact of the electrostatic interactions between the side groups of
neighboring molecules on the control of the stability. Although the electrostatic
contribution is about three times lower than the van der Waals contribution, in
relative terms the latter decreases more than the former. The high stability of the
antiparallel conguration supports the organization proposed by ten Cate et al.21
on the basis of the FTIR and scattering (selected area electron diﬀraction) data,
which were found to be in agreement with the antiparallel b-sheet present in
(D-alt-L)-cyclopeptides.20
Finally, both the parallel and antiparallel arrangements of the hybrid deposited on mica remained stable with the 13 units associated within a single
assembly during the whole trajectory. Details of the organization of the assembled peptides and PnBA chains in p/m/cyc[(QALA)2]–(PnBA)2 and a/m/cyc
[(QALA)2]–(PnBA)2, which are depicted in Fig. 7a and b, respectively, are provided
in next sections. On the other hand, Table 1 compares the average values of Ehyb
tot ,
hyb
hyb
hyb–mica
Ehyb
for the hybrid systems deposited on mica. As can be
bond, EvdW, Eele and Eint
seen, all the contributions associated with Ehyb
tot are more favorable for the two
hybrids deposited on mica than for the antiparallel conguration in DMF solution. This feature is particularly remarkable for the Ehyb
vdW contribution, which
should be attributed to the surface-induced arrangement of the PnBA chains.
Furthermore, analysis of the Ehyb–mica
component (Table 1) reveals that, interint
estingly, the parallel assembly interacts more favorably with the mica surface than
the antiparallel one. This feature reveals that the stability of the parallel hybrid
deposited on mica arises from the short-range interactions induced by the mica
surface. Accordingly, the environmental anisotropy is responsible of the unexpected stabilization of the p/m/cyc[(QALA)2]–(PnBA)2 system.

Fig. 6 Interrupted and stable self-assembly obtained from MD simulations of (a) p/cyc[(QALA)2]–
(PnBA)2 and (b) a/cyc[(QALA)2]–(PnBA)2, respectively. Structures were taken from snapshots recorded at
400 ps (a) and 15 ns (b).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Stable self-assembly obtained from MD simulations of (a) p/m/cyc[(QALA)2]–(PnBA)2 and (b) a/
m/cyc[(QALA)2]–(PnBA)2, respectively. Structures were taken from snapshots recorded at 15 ns.

Assembly of b-sheet motifs
Fig. 8a represents the partial radial distribution function of the Ca –Ca pairs
belonging to diﬀerent molecules, gCa–Ca(r), for the a/cyc[(QALA)2] system in
both DMF and chloroform solutions (analysis of p/cyc[(QALA)2 ] has been
omitted because of its lack of stability, see previous subsection). This function represents the probability of nding a pair of Ca atoms in terms of
intermolecular distances. The proles obtained in DMF and chloroform
solutions are practically identical, indicating that the assemblies in these
environments are very similar. The rst two peaks, which are sharp and
narrow, are very close, being centered at r ¼ 4.25 and 5.75 Å. These two peaks
correspond to the distance between pairs of neighboring Ca atoms, which
splits because consecutive cyclopeptides are shied in the antiparallel
arrangement. The average r value, 5.0 Å, corroborates the stability of the
b-sheet since it is very close to the inter-subunit distance typically observed
for this secondary structure (4.8 Å).32 On the other hand, the rest of the
peaks observed in the gCa–Ca (r) are separated by 5 Å, as is characteristic of
nanotubular assemblies.
Fig. 8b compares the gCa–Ca(r) obtained for the stable congurations of cyc
[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 in DMF solution (antiparallel) and deposited
on mica (parallel and antiparallel). The prole obtained for the hybrid in DMF
solution resembles those displayed in Fig. 8a for a/cyc[(QALA)2], the most
remarkable diﬀerence being the former shows a higher denition of the peaks in
the 8.75 Å < r < 12.50 Å region. In general, the gCa–Ca(r) functions calculated for
p/m/cyc[(QALA)2]–(PnBA)2 and a/m/cyc[(QALA)2]–(PnBA)2 do not show signicant
diﬀerences with respect the other three stable systems. However, it should be
mentioned that the rst two peaks, which are systematically obtained at 4.2 and
5.8 Å in all the studied antiparallel assemblies, merge into a single peak
centered at 4.7 Å in the p/m/cyc[(QALA)2]–(PnBA)2 system. As the parallel
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Fig. 8 Partial radial distribution function of the Ca/Ca pairs belonging to diﬀerent molecules, gCa–Ca(r),
for the stable systems studied in this work: (a) a/cyc[(QALA)2] in chloroform (CHL) and DMF solutions;
and (b) a/cyc[(QALA)2]–(PnBA)2, p/m/cyc[(QALA)2]–(PnBA)2 and a/m/cyc[(QALA)2]–(PnBA)2.

disposition is obtained by copying the cyclopeptide, neighboring Ca/Ca pairs
result in a single distance.
Fig. 9 represents the temporally-averaged inter-subunit distances, du–u, for the
12 pairs of assembled rings in the stable systems, whereas the overall du–u averages, hdu–ui, are listed in Table 2. As can be seen, the hdu–ui values predicted for
a/cyc[(QALA)2] in DMF and chloroform solutions are identical (4.76  0.10 Å) and
practically matched the distance observed by Fourier-transform infrared spectroscopy, electron diﬀraction and X-ray crystallographic analyses (4.73 Å).31,32,34,67
Moreover, du-u remains practically constant along the whole nanotube reecting
again the high stability of the antiparallel cyclopeptide assembly. The results
obtained for a/cyc[(QALA)2]–(PnBA)2 in DMF reveal a very similar behavior with
hdu–ui ¼ 4.78  0.14 Å. Comparison with the average du–u values along the
This journal is ª The Royal Society of Chemistry 2013

Faraday Discuss., 2013, 166, 59–82 | 71

View Article Online

Published on 06 June 2013. Downloaded by Universitat Politecnica de Catalunya on 06/03/2014 11:59:11.

Faraday Discussions

Paper

Fig. 9 Variation of the temporally-averaged inter-subunit distances, du–u, for the 12 pairs of assembled
rings in the stable systems studied in this work. The experimental value determined using electron
diﬀraction for the hybrid in a desolvated environment is represented by the black dashed line. The overall
averages, hdu–ui, are listed in Table 2.

Table 2

Structural and geometric calculated for the stable systems studied in this work

a/cyc[(QALA)2] DMF solution
a/cyc[(QALA)2] chloroform solution
a/cyc[(QALA)2]–(PnBA)2
p/m/cyc[(QALA)2]–(PnBA)2
a/m/cyc[(QALA)2]–(PnBA)2
a

hdu–ui (Å)a

hCib

hDvdWi (Å)c

4.76 
4.76 
4.78 
4.65 
4.63 

0.9984  0.0014
0.9980  0.0022
0.9976  0.0022
0.9970  0.0018
0.9943  0.0034

5.50
5.48
5.47
5.21
5.23

0.10
0.10
0.14
0.12
0.10

 0.10
 0.12
 0.12
 0.12
 0.12

Inter-subunit distance. b Circularity. c Van der Waals internal diameter.

nanotube for the systems deposited on mica reveals a contraction higher than 0.1
Å per pair of assembled neighboring rings. Thus, hdu–ui ¼ 4.65  0.12 and 4.63 
0.10 Å for p/m/cyc[(QALA)2]–(PnBA)2 and a/m/cyc[(QALA)2]–(PnBA)2, respectively.
These values are in excellent agreement with the experimental value of 4.63 Å
determined by electron diﬀraction measurements on desolvated samples.21

Shape of the cyclic octapeptide: circularity
Molecular mechanics calculations in the gas-phase, which consisted of an energy
minimization followed by a short MD simulation, of an isolated cyc[(L-Gln-D-Ala-LLys-D-Ala)2] molecule, led to a circular ring shape with circularity C ¼ 1.0 and van
der Waals internal diameter DvdW ¼ 5.22 Å. The latter diameter is very similar to
the pore diameter reported for single-stranded b-helices with 8.2 residues per turn
(i.e. 4.7 Å),68 supporting the theory that this conformation is intrinsically favored
for the octapeptide. Fig. 10a and b represent the time-averaged circularity and van
der Waals internal diameter (C and DvdW, respectively, for each ring of the stable
systems studied in this work; overall average values (hCi and hDvdWi) being listed
in Table 2).
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Fig. 10 Variation of the temporally-averaged circularity (C) and internal van der Waals diameter (DvdW)
for the 13 rings of the stable systems studied in this work. The overall averages, hCi and hDvdwi, are listed
in Table 2.

The behavior of the assembled peptide in both DMF and chloroform
solutions is analogous to that observed for the isolated peptide in the gasphase, indicating that the solvent does not aﬀect the circularity and diameter
of the rings. Thus, time-averaged values of C and DvdW ranged from 0.9944 to
0.9987 and from 5.32 to 5.46 Å, respectively, with distortions being larger at
the ends of the nanotube for both parameters. In contrast, the circularity is
aﬀected by the incorporation of the PnBA blocks provoking a reduction of C
(Fig. 10a), this eﬀect being more pronounced in mica than in DMF solution.
Thus, the value of hCi decreases from 0.9976  0.0022 for a/cyc[(QALA)2]–
(PnBA)2 to 0.9943  0.0034 for a/m/cyc[(QALA)2]–(PnBA)2. In spite of such a
reduction and the uctuations displayed in Fig. 10a, distortions in the hybrid
are still small and no relevant change is visually detected in the shape of the
ring. The alteration induced by the mica surface in the circularity of the ring
produces a reduction of the internal diameter, with the DvdW values being
This journal is ª The Royal Society of Chemistry 2013
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around 0.3 Å smaller for the hybrid deposited on mica than for the peptide in
solution (Fig. 10b and Table 2).
On the other hand, analysis of the circularity in the p/cyc[(QALA)2] and p/cyc
[(QALA)2]–(PnBA)2 systems reveals very signicant distortions from the circular
shape. Thus, the parameter C decreases from 0.99 to 0.78 just before the
13-cyclopeptide assembly disrupts into aggregates of smaller assemblies. This
eﬀect is due to the formation of a strong interaction between the Lys side chains
and the cyclopeptide backbone that, as mentioned above, is responsible for the
destabilization of the parallel assemblies. This is illustrated in Fig. 11, which
compares the circularity of a cyclopeptide contained in the p/cyc[(QALA)2]–
(PnBA)2 system at the beginning of the MD simulation (i.e. aer 200 ps), and when
the backbone interacts with the Lys side chain of a neighboring unit (i.e. just
before the fragmentation of the assembly).
Organization of the poly(n-butyl acrylate) blocks
Fig. 12a displays the partial radial distribution function of the CH2–CHR pairs
belonging to the same PnBA block, gsCH2–CHR(r) (where CH2 and CHR refer to
unsubstituted and substituted backbone carbon atoms of the polymer repeat
unit), for the stable assemblies of the hybrid in solution and deposited on mica.
The presence of narrow and sharp peaks suggests that the conformation adopted
by the polymer remains relatively stable during the trajectory. The very high peak
centered at 1.55 Å corresponds to the CH2–CHR bond length while that centered
at 2.85 Å refers to the dihedral angle formed by the backbone atoms of two
consecutive repeat units. More specically, such a distance should be associated
with a semi-extended arrangement (i.e. the distance expected for an ideal trans
conformation is 3.0 Å). The rest of the peaks, which correspond to pairs of atoms
separated by more than two repeat units, indicate a signicant degree of

Fig. 11 Schematic pictures showing (a) the circular shape (C ¼ 0.9948) of the cyclopeptide ring at the
beginning of the MD simulation (snapshot recorded at t ¼ 200 ps) and (b) the loss of the circular shape (C
¼ 0.7816) when the Lys side chain of a neighboring unit interacts with the backbone (snapshot recorded
at t ¼ 400 ps) for p/cyc[(QALA)2]–(PnBA)2.
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Fig. 12 Partial radial distribution function of the CH2–CHR pairs belonging to the PnBA blocks of the (a)
same and (b) diﬀerent molecules (gsCH2–CHR(r) and gdCH2–CHR(r), respectively) for the stable assemblies
studied in this work.

conformational regularity at the molecular level. This order is particularly
remarkable for the hybrid in solution. Thus, a/cyc[(QALA)2]–(PnBA)2 shows peaks
with higher denition and narrower widths than the assemblies in mica, especially at distances larger than 5 Å. This feature should be attributed to the fact that
environmental forces exerted on PnBA blocks are isotropic in solution, whereas
the mica-induced forces are anisotropic aﬀecting the molecular conformation.
Additionally, the intramolecular conformational regularity of a/m/cyc[(QALA)2]–
(PnBA)2 extends to r < 6 Å only while that of p/m/cyc[(QALA)2]–(PnBA)2 and a/cyc
[(QALA)2]–(PnBA)2 reaches r z 10–11 Å.
Fig. 12b represents the partial radial distribution function of the CH2–CHR
pairs belonging to diﬀerent PnBA blocks, gdCH2–CHR (r), for the stable assemblies
in solution and deposited on mica. As can be seen, the hybrid in solution shows
This journal is ª The Royal Society of Chemistry 2013
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two broad and very ill-dened peaks centered at 6.0 and 10.5 Å. This suggests
that PnBA chains belonging to diﬀerent molecules do not follow any periodic
pattern for the packing, as is clearly illustrated in the snapshot presented in
Fig. 6b. Thus, the above mentioned peaks only capture the more probable interval
of distances between relatively close neighboring pairs. The intermolecular order
of the antiparallel assembly experiences an improvement upon deposition in
mica. Thus, the two peaks are signicantly higher and better dened when the
isotropic DMF solution is replaced by an anisotropic environment. This shortrange order is reected in the atomistic representation provided in Fig. 7b.
Inspection of the gdCH2–CHR (r) prole obtained for p/m/cyc[(QALA)2]–(PnBA)2
indicates that the peak at 10.5 Å becomes ill-dened with respect to that
calculated for a/m/cyc[(QALA)2]–(PnBA)2, which should be attributed to the
particular orientation of the PnBA chains onto the mica surface (Fig. 7a). Thus,
although the polymer chains show regular conformations, as was discussed above
(Fig. 12a), the attraction exerted by the inorganic surface produces a bending in
the polymer chains that aﬀects the intermolecular order.

Height and width of the adsorbed hybrid
Deformation of cylindrical molecular systems can be induced by their adsorption onto solid substrates. This feature has been clearly demonstrated by AFM
images of bottle-brushes and dendronized polymers, which display a strong
adsorption-induced attening.69–72 However, deformability depends on the
chemical nature of the molecules, being, for example, less important in
dendronized polymers than in bottle-brush structures. In the particular case of
cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2]–(PnBA)2 nanotubes deposited on a mica substrate,
the observed structure’s height and width was found to be 14  2 and 50 Å,
respectively.21 The former value suggests that PnBA chains avoid back-folding
onto the peptide tube structure while the latter indicates that apparently the PnBA
chains are folded onto the surface. MD simulations corroborate the lack of backfolding in p/m/cyc[(QALA)2]–(PnBA)2 and a/m/cyc[(QALA)2]–(PnBA)2, as is clearly
illustrated in the representative snapshots displayed in Fig. 7a and b, respectively.
In order to verify that such behavior is due to the strong interaction between PnBA
chains and the mica substrate, the interaction energy between the hybrid and the
substrate has been decomposed into two components. Table 3 compares the

Table 3 Decomposition of the interaction energy between the assembled hybrid and mica surface
in Table 1) into the components associated to the interaction of the substrate with the peptide
(Epep–mica
int
) and with the PnBA chains (Epol–mica
). Furthermore, van der Waals and electrostatic
nanotube (Etube–mica
int
int
contributions are shown for each component. Data are expressed as averages  2 times the standard
deviation

Epol–mica
int
van der Waals
Electrostatic
Etube–mica
int
van der Waals
Electrostatic

p/m/cyc[(QALA)2]–(PnBA)2

a/m/cyc[(QALA)2]–(PnBA)2

2331  52
906  22
1425  52
676  33
121  13
554  36

1736  40
768  20
967  38
457  28
58  12
399  30
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interaction energies of the mica substrate with the peptide nanotube and the PnBA
chains (Etube–mica
and Epol–mica
, respectively), which in turn have been separated
int
int
into their electrostatic and van der Waals contributions. As can be seen, Epol–mica
is
int
3.5–4 times more stabilizing than Etube–mica
for both the parallel and the antiint
parallel assemblies. Moreover, the strength of the mica–PnBA interactions arises
from the two non-bonding contributions, even though the most important
diﬀerence with respect to peptide–mica interactions corresponds to the van der
Waals one.
In order to provide an atomistic view of both the deformability of the peptide
nanotube, the height (h) and width (w) of peptide nanotubes in a/m/cyc[(QALA)2]–
(PnBA)2 and p/m/cyc[(QALA)2]–(PnBA)2 have been determined and compared with
the diameter of the nanotubes in a/cyc[(QALA)2]–(PnBA)2. Fig. 13a shows the
distribution of mass per molecule involved in the assembly as a function of the

Fig. 13 Distribution of mass per molecule involved in the assemblies deposited on mica as a function of
the (a) radial and (b) axial distance (i.e. perpendicular and parallel to the mica surface, respectively) from
the center of mass. The mass distribution along the axial distance for the hybrid in solution, a/cyc
[(QALA)2]–(PnBA)2, has been included in (b). In the latter case, the axis has been deﬁned by the Lys
residues that incorporate the polymer chains. The solid line in (a) indicates the experimental value of
h while dashed lines reﬂect the uncertainty (h ¼ 14  2 Å). The dashed lines in (b) delimit the value of w
estimated using AFM (w ¼ 50 Å).
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radial distance (i.e. perpendicular to the surface) from the center of mass for the
studied systems. As can be seen, both a/m/cyc[(QALA)2]–(PnBA)2 and p/m/cyc
[(QALA)2]–(PnBA)2 show a broad tail that vanished at r z 21 Å. The theoretical
value of h was estimated as the distance at which the radial mass prole has
dropped to half of its maximum value before reaching the external layer of the
nanotube section. The predicted h value for a/m/cyc[(QALA)2]–(PnBA)2 and p/m/
cyc[(QALA)2]–(PnBA)2 is 14.5 and 13.5 Å, respectively, in excellent agreement with
the experimental measurement (14  2 Å).21
Unfortunately, determination of a parameter analogous to h for the hybrid in
solution is not possible because of both the lack of a reference surface and arrrangement of the PnBA chains in solution. However, adsorption-induced deformation has been evaluated by calculating the diameter of the nanotube in the
following three ways: (i) considering all the backbone atoms of the cyclopeptide
(Db); (ii) considering the radial distance between side chains of confronted Ala
residues of the same cyclopeptide (DAla); and (iii) considering the radial distance
between side chains of confronted Gln residues of the same cyclopeptide (DGln).
The Db, DAla and DGln values estimated for the antiparallel hybrid in solution are
9.46  0.12, 12.51  0.23 and 17.58  2.26 Å, respectively, whereas the values for
a/m/cyc[(QALA)2]–(PnBA)2 are 9.22  0.26, 12.76  12. and 17.17  1.38 Å,
respectively. These results indicate that adsorption produces a small radial
deformation, which has been estimated to be 0.2 Å.
Fig. 13b shows the distribution of mass per molecule involved in the assemblies deposited on mica as a function of the axial distance (i.e. parallel to the
surface) from the center of mass for the studied systems. The mass is approximately constant from 20 to 95 Å, tailing oﬀ at shorter and larger distance,
respectively. The theoretical w value obtained considering the distance at which
the axial mass prole has dropped to half of the constant value is 84 and 87 Å for
a/m/cyc[(QALA)2]–(PnBA)2 and p/m/cyc[(QALA)2]–(PnBA)2, respectively. These
values are 20% shorter than those expected for a fully extended conformation,
which should be attributed to both the deformation induced by the adsorption
process and the contraction produced by the attractive mica–PnBA interactions.
Thus, for an ideal zig-zag arrangement the expected molecular width is [(length of
the PnBA repeat unit: 2.5 Å)  16 repeat units]  2 PnBA chains + (length of the
linker: 8.75 Å)  2 linkers + (radius of the peptide: 14 Å) ¼ 111 Å. However, the
experimental width approximately determined by AFM was 50 Å,21 which indicates that the contraction with respect to the ideal all-trans conformation is
underestimated by MD simulations. Thus, the model predicted by theoretical
calculations consists of a peptide core built via the stacking of b-sheet cyclopeptides and surrounded by a shell of semi-extended polymer chains, whereas
AFM observations indicate that the polymer shell surrounding the hollow nanotube is composed of folded chains and, therefore, is shorter than predicted by
theoretical calculations. In order to explain this discrepancy, additional analyses
were carried out.
Fig. 13b includes the distribution of mass per molecule as a function of the
axial distance for the antiparallel hybrid in DMF solution, where the axis is
dened by the Lys residues attached to the polymer chains. It should be noted
that PnBA chains are distributed along this axis (i.e. this is largest axis). Therefore,
the resulting w value is expected to be comparable to that obtained for the
nanotube deposited on mica, which is not possible for h. As can be seen, the width
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is lower than those predicted for assemblies deposited on mica, this feature
being consistent with the partial radial distribution functions calculated for the
CH2–CHR pairs (Fig. 12). More specically, the mass is roughly constant for
distances ranging from 35 to 82 Å, decreasing rapidly outside of this interval. The
value of w predicted for a/cyc[(QALA)2]–(PnBA)2, which was determined by
applying the procedure used above for systems deposited on mica, is 54 Å.
Interestingly, the latter is in excellent agreement with the value determined
experimentally for the desolvated systems adsorbed onto the mica surface. This
feature suggests two alternative explanations to justify the discrepancy between
the w values predicted for the assembly deposited on mica and the AFM
measurement. The rst one refers to the fact that the hybrid is not completely
desolvated, as was considered in the theoretical model. Thus, solvent molecules
entrapped in the polymer shell may help to maintain the partially folded
conformation of PnBA by mitigating, in part, the polymer–surface attractive
interactions. The second explanation, and indeed the most probable source of
error, corresponds to diﬀerences in the deposition process. More specically, for
the experiments nanotubes were deposited onto the mica surface within a
solvated environment, desolvation being carried out in a subsequent stage for
AFM measurements. In contrast, simulations were performed by depositing the
nanotube in a completely desolvated environment. This means that folded and
semi-extended PnBA chains were directly deposited in the experiment and
theoretical model, respectively. Due to the strong interaction between the surface
and the polymer chains, no conformational rearrangement was allowed during
the MD simulations in the latter case.

Conclusions
Atomistic MD simulations of cyc[(L-Gln-D-Ala-L-Lys-D-Ala)2] and cyc[(L-Gln-D-Ala-LLys-D-Ala)2]–(PnBA)2 nanotubes have been used to get new structural insights at
the microscopic level that are in part inaccessible to experimental techniques.
Simulations of nanostructures constructed using parallel and antiparallel
congurations show that the former is unstable in solution because of the
structural deformations produced by the formation of side chain–backbone
interactions. The fragmentation of the parallel assembly in solution is due to
the disruption of the stabilizing intermolecular hydrogen bonds, which is
induced by the Lys side group. The two congurations are stable when the tubelike assembly is desolvated and deposited on mica. Energy analyses reveal that,
under such conditions, the parallel conguration is stabilized by the formation of
strong attractive interactions between the PnBA chains and the mica substrate.
The dynamical eﬀects associated with the nanotubular assembly in solution
have been found to be signicantly reduced by the attractive interactions exerted
by the mica surface. The inter-subunit distance of the systems deposited in mica
undergoes a small contraction (0.15 Å) with respect to the calculated in solution.
This feature matches experimental observations derived from Fourier-transform
infrared spectroscopy and electron diﬀraction. Furthermore, simulations indicate
that the adsorption of the hybrid assembly onto the mica surface results in a small
reduction of both the peptide ring circularity and the internal van der Waals
diameter. On the other hand, analysis of distances between CH2–CHR indicates
some order in the PnBA chains at both the intramolecular and intermolecular
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level, this feature being more remarkable for systems deposited on mica than
those in DMF solution.
Structural studies on the hybrid deposited on mica have allowed us to reproduce the height experimentally determined by AFM. In contrast, the totally desolvated model used in this work overestimates the observed width. This has been
attributed to the strong attractive interactions between the mica surface and
polymer chains, which preclude conformational changes in the latter. Consideration of the solvent molecules during the deposition process may help to retain
the partially folded conformation predicted in DMF solution. This would be
consistent with the view of a hollow nanotube surrounded by a shell of partially
folded PnBA chains.
In summary, atomistic computer simulations on complex systems, such as
assembled peptide–polymer conjugates, provide microscopic details that are not
easily accessible at the experimental level. Thus, computer simulations play an
increasingly important role in the biomolecular and biomaterials sciences.
Although continuous progress is being made in the development of experimental
analysis methods, computational techniques are currently the only possibility for
atomic-resolution analyses of many complex systems. Although here we have
largely focused on nanotubes, we believe that atomistic simulation techniques
combined with experimental data oﬀer useful tools for the rational design of an
almost unlimited range of architectures and applications based on peptide–
polymer conjugates.
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J. Phys. Chem. B, 2012, 116, 13941–13952.
51 A. Jain and H. S. Ashbaugh, Biomacromolecules, 2011, 12, 2729–2734.
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