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Abstract The quantum chemical and molecular dyna-
mics studies have been performed to infer the structural
changes of all-trans and all-cis forms of cyclo[(1R,3S)-3-
aminocyclohexanecarboxylicacid(γ-Acc)-α-Glycine(Gly)]3
hexapeptide. The backbone conformations of the above
peptide have been analyzed using the valence and peptide
deformation angles applying B3LYP/6–311G** level of
theory. The conformational preference of the backbone of
all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapep-
tides is found to depend on the puckering of cyclohexane
rings. The non-uniform distribution of water inside the
cavity is observed, where sometimes water molecules
formed a chain like conformation through hydrogen bond
networks while traversing the pore of all-cis cyclo[(1R,3S)-
γ-Acc-Gly]3 peptide. Larger relaxation times of the order of
a hundred to two hundred pico seconds for active site…
water hydrogen bond interactions were noticed. The
hydrophobic nature of the cavity of all-trans cyclo
[(1R,3S)-γ-Acc-Gly]3 due to the presence of cyclohexane
moiety has been analyzed. Further this investigation
emphasized on the non-transport of molecules through the
pore of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 peptide due to
the obstruction produced by cyclohexane groups.
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Introduction

Peptide based nanotubular arrays have been the subject of
intense studies due to their possible efficacy in the field of
organic/inorganic chemistry and in biomaterials. They were
prepared by stacking of disk shaped or toroidal shaped
cyclic peptide subunits through highly convergent non-
covalent processes. It was De Santis et al., in 1974 [1] who
first predicted the existence of cylindrical structures formed
by β-type rings stacked either parallel or antiparallel and
stabilized by means of backbone-backbone hydrogen
bonding network. The initial attempts to verify this
prediction were inconclusive [2, 3], and the first compelling
evidence of nanotube formation by ring stacking of the
cyclic peptide composed of [L-Glutamine(Gln)-D-Alanine
(Ala)-L-Glutamicacid(Glu)-D-Alanine(Ala)]2 units was
made by Gadhri et al. [4]. Following this, considerable
efforts have been made to synthesize the hollow tubular
structures composed of various cyclic D, L-α [5–13], and β
[14, 15] peptides. Later a new class of self-assembling
nanotubular arrays based on the hybrid α-γ cyclic peptides
has emerged [16–20]. All these synthetic cyclic peptides
have augmented the potential utility of self-assembling
peptide nanotubes and in particular, they have proven
useful in the design of solid state porous materials [21],
biologically relevant ion channels and pore assemblies [22–
26]. In addition, the larger band gaps of these peptide
nanotubes emphasize their use in the field of nanoelec-
tronics and in other material science applications [27].

The most important characteristic of synthetic channel is
its permeation properties, allowing water molecules to flow
inside the pore. The charged sites and hydrophobicity are
some of the factors, which play an important role in
determining the rigidity of water molecules around the
specific regions of peptides. Hence, the nature of interaction
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between water and synthetic channels in aqueous solution is
an important issue, to be discussed. There are studies
concerning the analysis of water molecules inside the pore
structures of D,L-α- cyclic peptides [10, 23, 24] and other
naturally occurring channel forming tubules [28]. The
dynamics of water molecules inside the tubular aquaporin-1
channel carried out by De Groot and Grubmüller [28] revealed
the existence of fluctuating water column with temporary
flouting behavior. There are assorted studies [4–26] that have
demonstrated the channel properties of cyclic peptides, but
understanding their infiltration properties toward water mole-
cules at a microscopic level is still far from being complete.

Amorin et al. [20] have experimentally characterized the
all-trans form of cyclo[(1R,3S)-γ-aminocyclohexanecar-
boxylicacid (Acc)-D-Aminoacid]3 hexapeptide and its
dimers by using nuclear magnetic resonance (NMR),
Fourier transform infrared spectroscopy (FTIR) and X-ray
crystallography. Distinct from the existing hydrophilic
nanotubes [4–13], these novel peptides are found to have
a functionalized hydrophobic inner cavity and have the
ability to orient as self assembling peptide nanotubes. Also
they are expected to have a greater selectivity toward the
storage of molecules, ion channels and receptors [20].
Considering the importance of this new class of cyclic
peptide systems toward the usage as molecular containers,
we have performed quantum chemical and dynamic studies
to understand their structural propensities and water
transport behavior. For this, we have used the cyclo
[(1R,3S)-γ-Acc-D-aminoacid]3 hexapeptide model that
consist of alternating (1R,3S)-γ-Acc and α-Glycine (Gly)
subunits. The combined experimental and theoretical study
[29] on heterochiral β-peptide sequences with alternating
backbone configurations has indicated that all possible
secondary structures of β-peptides can be made under
stereochemical control. Hence the impact of stereomerism
on the structural preference of cyclo[(1R,3S)-γ-Acc-Gly]3
peptide should also be an important factor, which has to be
analyzed. For this, we have constructed the all-trans and all-
cis forms of cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptide. The
detailed comparative study on the structural preferences of
both the peptides has been made through valence and
peptide deformation angles. To our knowledge, this is the
first theoretical study concerning the structural properties of
the hybrids of α-γ self-assembling cyclic peptide systems.

It has been found experimentally that the symmetry of
monohydrated pore of the cyclic hexapeptide consisting of
alternating L-Proline and 3-aminobenzoic acid subunits is
highly disturbed by the presence of a single water molecule,
which in turn weakens the cationic affinity of the peptide
[30]. Hence it emphasizes that study on the single pore of
cyclic peptides would have theoretical and practical
importance, which in turn would be helpful to understand
the effect of guest molecules at the surface cavities of

nanochannels. Here, we have carried out molecular dynamics
(MD) simulations on the structures of all-trans and all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides obtained by densi-
ty functional theory (DFT) optimizations to understand their
dynamical and water transport aspects. The behavior of
water molecules in the vicinity of cyclic peptides and their
life time around the active sites have been examined through
hydrogen bond dynamics.

System construction and computations

The all-trans form of cyclo[(1R,3S)-γ-Acc-Gly]3 hexapep-
tide is optimized using DFT method applying hybrid
exchange-correlation functional named B3LYP (Becke’3
parameter for the exchange and Lee, Yang and Parr for the
electronic correlation) [31–33]. The main chain atoms of
this cyclic peptide with trans -NH-CO- peptide bond lie in
the same plane, with C=O and N-H groups lying roughly
perpendicular to the plane of the peptide. The -NH-CO-
group with cis geometry, another vital conformation in
lactams, is found to take part in proteins to form lactam
bridges [34]. An attempt has also been made to construct
the all-cis form of cyclo[(1R,3S)-γ-Acc-Gly]3. The basis
set with polarization function 6–311G** [35–37] has been
used for optimizations. Both the peptides were modeled
using Molden software [38] and all the calculations were
carried out using Gaussian 98W program package [39].

The puckering of six membered rings present in all-trans
and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides has
been analyzed and compared. The exact definition of three
puckering coordinates for the six-membered ring was first
reported by Cremer and Pople [40]. Because of the
inconsistency in their formalism [41], an alternative
conformational analysis has been facilitated by truncated
Fourier (TF) formalism [42], which describes the interde-
pendence of six endocyclic torsions (�j, j=0,…5, cf in
Fig. 1) viz.,

fj ¼ Φ2 cos P2 þ 4pj
�
6

� �þ Φ3 cos pj
� � ð1Þ

where Φ2, Φ3, and P2 are the puckering coordinates that
were replaced by a spherical polar set (P2, θ, Q) as,

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2
2 þ Φ2

3

q
ð2Þ

q ¼ arctan Φ2=Φ3ð Þ ð3Þ

where Q is the puckering amplitude with 0≤θ≤π [42].
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Simulation

The possible disadvantage of quantum chemical calculations
would be the non-predictability of multiple minima in the
energy surface of larger molecules [43, 44]. Since the systems
that we have considered in the present study are having
greater number of atoms, it is very difficult to identify the
global minima using density functional method. Further, we
have also tried to change some of the peptide deformation
angles like w1, w2, w3, etc., (shown in Fig. 2) to perform
optimization. However, while altering the peptide deforma-
tion angles from one to another, the cyclicity of the peptide
breaks. Though multiple minima problem for finding the
global minimum energy conformation of a large system
persists, one of the approaches which have been proposed in
response to the challenge of solving the multiple minima
problem is a molecular dynamics simulation [44–46]. We
have simulated the all-trans and all-cis forms of cyclo
[(1R,3S)-γ-Acc-Gly]3 hexapeptides in vacuum at room

temperature for over 1 ns to examine their energy surface.
We have observed that the distribution of peptide deforma-
tion angles w1, w2, w3, w4, w5 and w6 accounts for maximum
probability around 0 to 10° for all-cis cyclo[(1R,3S)-γ-Acc-
Gly]3 hexapeptide (see in Fig. 3a). And for all-trans peptide,
the maximum probability of w angles lies in the range of -
180 to -170° approximately (Fig. 3b). This agrees with the
deformation angles obtained by DFT optimization for both
the peptides (given in Table 1). Hence, from this we came to
the conclusion that the optimized structures of all-trans and
all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides obtained by
DFT would be the global minima.

The duly optimized structures of all-trans and all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides were then sub-
jected to large scale atomistic MD simulations in explicit
water. The systems were examined with constant pressure
periodic boundary condition, wherein the Langevin piston
maintained the pressure of the cell at 1 atm. The
information of both the systems prepared up for simulation

Fig. 1 Optimized structures of
a) all-trans and b) all-cis of
cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides (with six-
membered ring endocyclic
torsional angles ϕ�0, ϕ�1, �2, �3,
�4 and �5) and c) Representa-
tion of all-cis cyclo[(1R,3S)-γ-
Acc-Gly]3 plaques

Fig. 2 Illustration of valence
angles (α1, α2, α3, α4, α5 and
α6) and deformation angles
w1 - C8-C9-N2-C10,
w2 - C5-C7-N1-C8, w3 - C25-
C26-N6-C3, w4 - C23-C24-N5-
C25, w5 - C17-C18-N4-C19,
w6 - C14-C16-N3-C17 of a)
all-trans and b) all-cis cyclo
[(1R,3S)-γ-Acc-Gly]3
hexapeptides. Numbering
scheme depicted in the picture is
followed through out the study
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is given in Table 2. The Langevin dynamics was used to
control the temperature at 300K with the collision frequen-
cy of 1.5 ps-1. Bonds involving hydrogen atoms were
constrained to their equilibrium value by means of SHAKE
algorithm. The non-bonded cut off distance of 10.0Å is
employed for simulation. Hornak et al [47] have compared
the multiple Amber force fields for the protein backbone
parameters and found that ff03 force field fits better with
the experimental data than other force fields. Hence we
have used ff03 force field [48] to extract the torsional and
non-bonded energy parameters of both the cyclic peptides.
As TIP3P water model [49] is found to be well balanced
[50] with Amber force field, it is used here for water
modeling. The simulation was carried out for over 10 ns
duration with a MD time step of 2 fs. All the simulations
presented here were carried out using the program AMBER
version 8.0 [51].

Results and discussion

Structural description of all-trans and all- cis cyclic peptides

This section explores the preliminary structural parameters to
understand the molecular arrangements of all-trans and all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides. Figure 1(a,b)
shows the optimized structure of the peptides, wherein their
sides were grouped as I, II and III. The backbone

conformations of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 is
essentially flat with C=O and N-H groups lying roughly
perpendicular to the plane of the peptide (given in Fig. 1a).
Plaque, the mean plane associated with six atoms
CαC’ONHCα that participate in the cis peptide bond as
shown in Fig. 1c, is the best tool to explain the conformation
of all-cis cyclic peptides [52]. The arrangement of plaques in
all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 shows that the peptide
adopts a vessel-like structure. The plaques at sides I and II
are tilted upwards from the plane of the peptide, while at side
III, it is coplanar with the peptidic plane. Hence, the overall
shape of all-cis peptide is found to be a constrained planar
symmetry with plaques and part of cyclohexane groups
facing outside.

An important parameter that describes the structural
arrangement of plaques in all-cis α-cyclic peptides is the
valence angle α between Cα carbon atoms [52] shown in
Fig. 2. We have made use of valence angles (α1, α2, α3, α4,
α5 and α6) and also the peptide deformation angles (w1, w2,
w3, w4, w5 and w6) given in Table 1 to infer the backbone
conformation of both the all-trans and all-cis cyclo[(1R,3S)-
γ-Acc-Gly]3 hexapeptides. These angles are found to
coincide well with the previously reported values for cyclic
peptides [52]. A closer look at the α angles of all-trans
cyclo[(1R,3S)-γ-Acc-Gly]3 tilts around 135–138°, which
confers to the extended backbone conformation. Because of
the stumbling arrangement of plaques, the distortion is
spread over the backbone of all-cis cyclo[(1R,3S)-γ-Acc-

Fig. 3 Probability distribution
of peptide deformation angles
of a) all-cis and b) all-trans
cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides simulated in
vacuum for 1 ns at 300 K

Table 1 Valence angles α1, α2, α3, α4, α5 and α6 (in degrees), deformation angles w1, w2, w3, w4, w5 and w6 (in degrees) and total energy (in
hartrees) of all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides at B3LYP/6–311G** level of theory

System α1 α2 α3 α4 α5 α6 ω1 w2 w3 w4 w5 w6 Total Energy

Trans 136.1 137.6 136.4 137.7 135.9 137.9 170.4 -179.6 170.4 179.9 170.0 -179.6 -1834.644
Cis 138.5 104.2 132.2 117.5 137.9 120.3 7.9 0.9 0.0 0.1 5.1 3.6 -1834.614

Note: the valence angles α1, α2, α3, α4, α5 and deformation angles w1, w2, w3, w4, w5 and w6 are depicted in Fig. 2
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Gly]3, which is reflected in the reduction of α2, α3 and α5

angles from 135° to 100° approximately. As a consequence,
unlike flat shaped all-trans cyclic peptide, the backbone
conformation of all-cis cyclic peptide is disturbed and takes
a non-planar conformation adopting a vessel like structure
as previously found for various all-cis cyclopeptides [52].

Further the considered cyclic peptide systems contain
cyclohexane groups with their β-methylene moiety inside
the cavity as shown in Fig. 1. Such cyclohexane groups
may play an important role in deciding the preferential
conformation of the backbone of cyclic peptides. The
interrelation between the six-membered rings and the
backbone conformation is analyzed by the use of puckering
coordinates. The conformational accessibility of the six-
membered rings is possible using the puckering coordinates
P2, θ and Q [42]. Every six-membered ring conformation
may be viewed in terms of boat (B), twist-boat (T), chair
(C), half chair (H) and envelope (E) [42]. If for a given
system all the endocyclic angles �0, �1, �2, �3, �4 and �5 as
given in Fig. 1a are known, then the puckering coordinates
can be calculated with the aid of Eqs. 1, 2 and 3. The
puckering coordinates of six-membered rings r1, r2 and r3
(Fig. 2) of the all-trans and all-cis cyclo[(1R,3S)-γ-Acc-
Gly]3 hexapeptides are calculated and tabulated in Table 3.

The rings of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 are
found to be characterized by P2=~135°-137°, θ=~93° and
Q=~36°, which are fixed to T conformation [42]. In all-cis
cyclic peptide, analysis of the puckering coordinates imply
that the rings r1 and r2 adopt chair and boat conformations,
while the ring r3 takes up T conformation with P2=140.9°,

θ=36.9° and Q=92.7°. The rings r1 and r2 have taken up
the C and B conformations due to the distortion in w2 and
w3 angles (7.94° and 3.58°) from the normal 0° cis peptide
plane angle. This buckling along the backbone at sides I
and II in turn may be the outcome of plaques upward twist
which is indicated in Fig. 1c. Overall, it is found that the
conformation of six-membered rings correlate well with the
structural distribution of the backbone of cyclo[(1R,3S)-γ-
Acc-Gly]3 hexapeptides.

Further the calculated total energies of all-trans and
all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides listed in
Table 1 shows a larger energy barrier of about 18.8 kcal
mol-1 between the cyclic peptides. The van der Waals inner
diameter and cavity height of all-trans and all-cis cyclic
peptides are also given in Table 4. The single pore diameter
of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 peptide is found to
be larger than that of the cyclo[(1R,3S)-γ-Acc-Ala]3 dimers
[20]. The reason may be the greater flexibility of peptide
backbone, which may not sample rings with larger
diameters due to entropic effects in the flat ring shaped
conformational state [21].

Behavior of all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides

A complete analysis of all-trans and all-cis cyclo[(1R,3S)-
γ-Acc-Gly]3 hexapeptides embedded in water is carried out
using MD simulations for over 10 ns. From the time
evolution of the diameter in Fig. 4a, it is clear that the
dimension of all-cis cyclic peptide is well conserved with

Table 2 Simulation set-up prepared to run molecular dynamics for all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides

Solute Force field No. of water
molecules

Volume of the
simulation box Å3

Solvent Simulation
length (ns)

Temperature (K) Dimension of
the PBC box Å3

Trans Leaprcff03 1009 47203.6 H2O 10 300 39.6×40.3×29.6
Cis 1027 47173.6 39.6×37.8×31.6

Table 3 Endocyclic torsion angles (ϕ0, ϕ1, ϕ2, ϕ3, ϕ4 and ϕ5) (in degrees), pseudo-rotational parameters Φ2, Φ3, P2, Q and θ (in degrees), and
conformations (T- Twist boat; B- Boat and C- Chair) of the six-membered rings present in all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides obtained at B3LYP/6–311G** level of theory

System �0 �1 �2 �3 �4 �5 Φ2 Φ3 P2 Q θ Conformation*

Trans
I -27.9 -33.0 61.2 -23.9 -36.7 65.1 36.2 -1.9 137.6 36.2 93.1 T
II -27.4 -33.5 60.8 -22.9 -37.5 65.1 36.1 -2.1 135.9 36.2 93.4 T
III -28.1 -32.8 61.1 -23.8 -36.9 65.3 36.3 -2.0 137.6 36.3 93.2 T
Cis
I -50.3 52.3 -53.7 53.6 -52.9 51.1 42.7 52.3 87.8 67.6 39.2 C
II -30.8 61.7 -26.9 -33.6 64.7 -30.2 36.1 -1.5 156.3 36.1 92.4 B
III -26.1 62.8 -32.6 -29.5 66.2 -35.9 36.8 -1.7 140.9 36.9 92.8 T

Table 3 Endocyclic torsion angles (�0, �1, �2, �3, �4 and �5) (in
degrees), pseudo-rotational parameters Φ2, Φ3, P2, Q and θ (in
degrees), and conformations (T- Twist boat; B- Boat and C- Chair) of

the six-membered rings present in all-trans and all-cis cyclo[(1R,3S)-
γ-Acc-Gly]3 hexapeptides obtained at B3LYP/6–311G** level of
theory
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minimal distortion in its backbone. The original flat
conformation of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 is
however modified within a moment of simulation forming
a bowl like structure with cyclohexane groups at the
concave side (Fig. 4d). This distortion in the backbone of
all-trans peptide is also readily observed from the variation
in the valence angles (Fig. 5(a,b)). The angles α1, α2, α3,
and α4 (Fig. 5b) of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3
changes significantly from the extended conformation that
has α value around 135°. To study the planarity of the
peptides, time evolution of the angle (ζ) between atoms that
are chosen randomly along the backbone is noted, which
clearly shows (Fig. 5(e,f)) that all-trans peptide is highly
distorted from the initial conformation during the time of
simulation.

The initial and instantaneous trajectories of the peptides
are given in Fig. 6. It is seen from the picture that during
simulation, the all-trans and all-cis cyclo[(1R,3S)-γ-Acc-
Gly]3 hexapeptides involve in hydrogen bond interactions

with the surrounding water molecules. In the following
sections, these intermolecular hydrogen bond interactions
can be examined with the help of hydrogen bond analysis,
radial distribution functions and from the life time of
active sites (O, N and C of Peptide)…water (Wat)
assemblies.

Bonding facets of cyclo[(1R,3S)-γ-Acc-Gly]3 active sites

The H-bond analysis of all-trans and all-cis cyclo[(1R,3S)-
γ-Acc-Gly]3 in water reveals that the oxygen (O), nitrogen
(N) and carbon (C) atoms of the peptide backbone, actively
take part in hydrogen bonds with water molecules as
H-bond donors. The comparison between O(Peptide)…
H(Wat) radial distribution functions (RDF) of the all-
trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 reveal that
the coordination shells are characterized by a major peak
around 1.7Å (Fig. 7(a,b)). At the minimum of 1.7Å, on
average, only one water molecule constitutes the coordi-
nation shell of both peptides through out the simulation
(Fig. 7c). However, the sharpness of the peaks at certain
periods (say around 1.7, 2.25, 6.3, 7.5, 8 ns etc.,) seldom
shows two/three water molecules can also occupy this
shell. The next immediate coordination shell can be easily
identified from O(Peptide)…H(Wat) RDFs with the peak
featuring nearly unity at around 2.6Å (Fig. 7(a,b)), and
the consequent number of water molecules within this
solvation shell is depicted in Fig. 7d. The RDFs of O
(Peptide)…O(Wat) and N(Peptide)…O(Wat) assemblies

Table 4 Cavity diameter (in Å), height (in Å) and molecular volume
(in cm3/mol) of all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides

System Top rim Cavity height Molecular Volume

Trans 8.645 2.741 449.0
Cis 6.786 2.736 393.8

Fig. 4 a) Time progression of (a) diameter of all-cis (solid line) and all-trans (dashed lines). (b) Variation in the deformation angles of all-trans (c)
Variation in the deformation angles of all-cis. Average backbone structure of (d) all-trans and (e) all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides

1152 J Mol Model (2008) 14:1147–1157



are also illustrated in Fig. 7(a,b). The O(Peptide)…O
(Wat) distribution function approaches a maximum at
quite larger distances of 2.6Å and is comparable in both
the all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexa-
peptides. These distribution functions are the indication
of hydrogen bonds between acceptor of the solute and
donors of water molecules, and are similar to the pre-
viously suggested results for hydroxide ion-water system
[53].

Lifetimes of peptide…water hydrogen bond interactions

It is the basic feature that structural organization and
dynamics of water molecules coupled to the molecular
interface are highly dependent of inter-molecular hydrogen
bond interactions [54–58]. Also the formation and breaking
of such hydrogen bonds play an important role in
determining the functionality of proteins. Either a geometric
[54, 56, 59] or energetic [60, 61] criterion can be used to

Fig. 5 Time progression of valence angles for all-trans structure: (a) α
that takes ≥130˚ values and (b) that falls below 130˚. Time progression
of valence angles for all-cis structure: (c) α that takes ≥130˚ values and

d) α below 130˚. Variation in the planarity of e) all-trans and f) all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides

Fig. 6 Selected conformations
showing the arrangement of
water molecules (a) in all-trans
and, (b, c and d) in all-cis cyclo
[(1R,3S)-γ-Acc-Gly]3
hexapeptides

J Mol Model (2008) 14:1147–1157 1153



describe the nature of hydrogen bonds. We report the
structural relaxation of hydrogen bonds of the cyclo
[(1R,3S)-γ-Acc-Gly]3 peptide active site…Wat assemblies
using time correlation function,

C tð Þ ¼ h t þ tð Þ:h tð Þh i
hh i ð4Þ

where hydrogen bond variable h(t) is unity when active
site…water pair is bonded at time ‘t’ according to the
definition used or zero otherwise. The angular bracket
denotes averaging over time and the correlation function C
(t) describes the probability of particular active site…Wat
hydrogen bond at time t.

Figure 8 shows the variation of C(t) against time for
active site…Wat assemblies. It is clearly evident that the
structural relaxation of O(Peptide)…Wat and N(Peptide)…

Wat H-bonds are slower than the C(Peptide)…Wat inter-
actions in both all-trans and all-cis cyclo[(1R,3S)-γ-Acc-
Gly]3 peptides. Further, the long time decay of the curves is
an indication of the existence of slow components. Hence,
we have used multiexponentials to fit such slow long time
decay curves and obtained relaxation time τ for O, N and
C…Wat hydrogen bond interactions [62-66]. Also we have
utilized the sum of three exponentials to fit the correlation
functions COW(t) and CNW(t) of O(Peptide)…Wat and N
(Peptide)…Wat interactions and two exponentials to fit the
CCW(t) of C(Peptide)…Wat decay curves. The average
relaxation times of O(Peptide)…Wat, N(Peptide)…Wat and
C(Peptide)…Wat assemblies obtained from the fit are given
in Table 5. It is noted that the life times of hydrogen bonds
involving oxygen and nitrogen atoms are much larger than
carbon life time. Such larger life times may be due to the

Fig. 7 Oxygen (Peptide)…
Hydrogen (Wat), Oxygen
(Peptide)…Oxygen (Wat),
Nitrogen (Peptide)…Oxygen
(Wat) and Nitrogen (Peptide)…
Hydrogen (Wat) radial
distribution functions of a) all-
trans and b) all-cis cyclo
[(1R,3S)-γ-Acc-Gly]3
hexapeptides in water. Time
progression of the number of
water molecules in the shells of
(c) 1.7Å and (d) 2.6Å. (e) Time
evolution of number of water
molecules getting inside the
pore of all-trans and all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3
hexapeptides. (Dotted lines
represent all-trans and solid
curves represent all-cis cyclic
peptides)
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slower mobility of water molecules near the polar/charged
peptide active sites [67, 68].

Comportment and orientation of water molecules

During the run, spontaneous diffusion of water molecules
inside the cavity of all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 is seen.
However, the diffusion of water molecules through the pore
of all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 is found to be absent.
From the peptide-water molecular structural arrangement,
this strange behavior of all-trans and all-cis cyclo[(1R,3S)-γ-
Acc-Gly]3 hexapeptides is discussed and compared.

Snapshots for all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 in
Fig. 6(b,c,d) at different points along the trajectory shows
a variety of peptide organizations. It is also seen that the
water molecules form hydrogen bonds with peptides and
within themselves during simulation. Also, the trajectories
depict that water molecules may take diverse conformations
through hydrogen bonded networks while passing through
the pore. The number of water molecules getting inside the
pore of all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 (Fig. 7e) during
the course of simulation is found to be 3 with little
fluctuations in their order (0–3 water molecules). This type
of water fluctuations inside the cavity of peptide nanotubes
were observed previously [23, 28]. Further, in most cases,
the cavity height of all-cis channel is found to accommo-
date approximately three water molecules through intermo-
lecular hydrogen bonding and such water molecules adopt a
part of chain conformation as seen in Fig. 7c. The

formation of such a water column inside the pores of
nanotubular structures was also discussed by various
groups [10, 13, 23, 28].

During simulation, the configurations of the all-trans
peptide have undergone a drastic change from the flat
shaped initial conformation to a compressed curved cupel
like structure as shown in Fig. 4d. The width of all-trans
channel is well enough to accommodate three water
molecules, but none of the water molecules were found to
pass through its pore (Fig. 7e). Due to the buckling of
hydrophobic cyclohexane groups, the methylene moiety
blocks the cavity of all-trans peptide as shown in Fig. 4d.
When the water molecules approach such a blocked pore,
they would attain relatively higher mobility at the carbon
sites of methylene groups, which is evident by the smaller
life time of C(peptide)…Wat assemblies. Hence, the water
molecules have not traversed the pore of all-trans peptide,
thus escaping from the surface. Even though no directional
flow of water molecules inside the pore of all-trans was
observed, most of them were found to be present at the
backbone, which further highlights the hydrophobic char-
acter of cyclohexane moiety. Such a behavior of all-trans
cyclo[(1R,3S)-γ-Acc-Gly]3 during simulation emphasize
that the blockage of pore may prevent the channel of all-
trans from interacting with other guest molecules.

In general, two structural arrangements of water mole-
cules were found i) water molecules inside the cavity and ii)
water molecules at the surface with none inside the pores
(Fig. 6). It is clear from the snapshots that the distribution
of water molecules is not uniform. The empty hydration
domains with water molecules on the surface of peptides
spanning hundreds of picoseconds are noted in Fig. 7e.
This may be the sign of temporary splitting of water
column inside the cavity as observed previously in the
aquaporin-1 channel [28]. Generally, the all-cis cyclo
[(1R,3S)-γ-Acc-Gly]3 creates a center of attention drawing
water molecules nearby and conducts them through its
channel. The all-trans cyclo[(1R,3S)-γ-Acc-Gly]3 pore is
highly hydrophobic toward approaching water molecules, a

Table 5 Active site…water hydrogen bond relaxation time (τ) (in ps)
of all-trans and all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides

Active site…Water Relaxation time (τ)

Trans Cis

O…WAT 129.2 261.4
N…WAT 57.2 296.0
C…WAT 0.32 0.41

Fig. 8 Time correlation function (TCF) of active site…water
assemblies a) TCF of C(Peptide)…Wat interactions in all-cis (Solid
line) and all-trans (dotted lines) cyclic peptides. TCFs of O(Peptide)…

Wat and N(Peptide)…Wat interactions in b) all-trans and c) all-cis
cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides
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behavior due to structural distortion by its methylene
moiety depicting their functionalized nature.

Concluding remarks

The quantum chemical calculations on the structural
preferences of all-trans and all-cis cyclo[(1R,3S)-γ-Acc-
Gly]3 hexapeptides emphasize the conformational depen-
dence of backbone with the puckering of cyclohexane
rings. A good structural agreement for all-trans structure is
found with the previously obtained configurations. In-depth
analysis of the trajectory shows that both all-trans and all-
cis cyclo[(1R,3S)-γ-Acc-Gly]3 hexapeptides sustain their
configuration rigidly throughout the simulation. However, a
major disruption at the initial stage is observed for all-trans
cyclic peptide. During the course of simulation, it is found
that the cavity of all-cis cyclo[(1R,3S)-γ-Acc-Gly]3 is able
to conduct water molecules in a much better fashion than
all-trans pore. Hence all-cis cyclo[(1R,3S)-γ-Acc-Gly]3
channel is suitable for various ions and molecular transport.
The non-conductance of water molecules through all-trans
cyclic peptide pore shows that overall conductance depends
on the alignment of the cyclohexane groups. As a
consequence, all-trans peptide channel may not act as a
molecular container unless the cyclohexane moiety is
locked.
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