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Solvents play a stabilising role with the more stable conformations obtained in polar solvents than in vacuo. We investigate
to what extent the structural propensities of the pentacyclo-undecane (PCU) cage polypeptide chain of the type Ac-3Aib-
Cage-3Aib-NHMe are influenced in implicit water and in explicit solvents: methanol (MEOH), dimethyl sulphoxide
(DMSO) and TIP3P water. The sampling of the a-helical conformations of the PCU cage polypeptide was investigated using
the in-house modified PARM94 force-field parameters. Analysis of 50 ns molecular dynamics (MD) simulations revealed a
tendency of the PCU cage polypeptide to assume bent structures, especially in polar solvents. The choice of solvents was
designed to relate the simulations to physiological conditions. The individual amino-isobutyric acid residues predominantly
sampled the right-handed and left-handed 3,(-helical conformations, indicating that the helical conformations are preferred
in all four environments (in vacuo, MEOH, water and DMSO). Additionally, the 100 ns replica exchange MD (REMD)
simulations of the PCU cage polypeptide in implicit water revealed more conformational variety present than in explicit
solvents, and is more consistent with previous theoretical studies on the PCU cage residue. The present theoretical results
may help in rationalising experimental results on these PCU cage polypeptides, and definitely show the importance of a
dynamical approach for a correct interpretation and prediction of the conformational behaviour of the PCU cage molecules
in different environments.

Keywords: pentacyclo-undecane cage polypeptides; conformational analysis; a-helical; molecular dynamics; polar

solvent

Introduction

It is well known that molecular dynamics (MD)
simulations have become a powerful tool for studying
the structure and dynamics of biologically important
molecules [1,2]. With increasing computational power,
larger and larger systems can now be simulated for
increasingly longer periods of time. In the past, MD
simulations hardly exceeded a few picoseconds, but today,
trajectories of nanoseconds are widely reported [3].
Literature studies revealed that solvents play a pivotal
role in decreasing the free energy difference between the
conformations that differ by large energies on the vacuum
surface, and thus lowers the barriers separating these
conformations. From these studies, it has become apparent
that water-specific interactions are very important in the
structural and functional aspects of biopolymer chemistry.
Tobias and Brooks [4] reported a remarkable change in the
conformational stability of the alanine dipeptide when MD
simulations performed in the gas phase were compared
with those obtained in the solvent phase.

Reviews on the crystal structure of peptides containing
the amino-isobutyric acid (Aib) residues [5—7] have
confirmed a helical preference in their conformation.
Accordingly, this structural preference has been systema-
tically investigated against the Aib content and the

position of the Aib residues along the pentacyclo-
undecane (PCU) cage polypeptide chain. The prediction
of the accessible conformations of polypeptides containing
several Aib units has been a challenge for theoretical
methods, because a delicate balance between the different
contributions to the interatomic interactions may favour,
depending on various factors, different types of helices.
In an earlier molecular mechanical study of poly-Aib,
Prasad and Sasisekharan [8] predicted the 3y-helix and o-
helix to be the most favourable structures, the latter being
more stable by about 3kcal mol ' per Aib residue.
However, in a more recent study, Patterson et al. [9]
studied oligomers of Aib up to three units using the
empirical conformational energy program for peptides
(ECEPP) force field [10]. The results indicated that the
minimum-energy conformations correspond to a 3;y-helix.
Nevertheless, the preference of this helix was only
achieved by imposing a constraint on the Ca atom;
without this constraint, the a-helix appeared to be more
stable. Barone et al. [11] investigated the conformational
behaviour of Aib by ab initio and empirical methods. They
found that the relative stability of the Cs, C; and helical
conformations strongly depends on the force-field para-
meterisation when molecular mechanical calculations are
performed.
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In recent studies [12—-16], we investigated the intrinsic
conformational properties of (R)-8-amino-penta-
cyclo[5.4.0.0%°.0>'°.0°] undecane-8-carboxylic acid
monopeptide (PCU cage monopeptide), using molecular
mechanics, ab initio and DFT methods. Our initial gas-phase
study revealed the presence of four low-energy conformers,
Crax> Creq» 310and o, located on the conformational space of
the PCU cage residue (1). These studies also indicated that
the peptide sequences are effective at stabilising the trans
conformer of the amide bonds between residues (i + 1) and
(i + 2) which satisfy the criteria for reverse-turns and with a
strong tendency to promote 3-turns [17]. Our continuous
interest in the PCU cage peptide chemistry, coupled with
their widely reported potential bioactivity [18-20],
prompted us to explore the conformational profile of PCU
cage peptides under different environmental conditions.
In this paper, we wish to report the conformational studies of
PCU cage polypeptide chain of the type Ac-3Aib-Cage-
3Aib-NHMe carried out in vacuo and in explicit solvents,
viz. dimethyl sulphoxide (DMSO), methanol (MEOH) and
TIP3P. The selection of the organic solvents for the present
investigations has been made to mimic the dynamic
behaviour of these polypeptides under physiological
conditions. Accordingly, our aim in this paper is to ascertain
the impact of the presence of PCU cage residues in Aib
polypeptide chains of the type Ac-3Aib-Cage-3Aib-NHMe
using MD simulations in different environments. Thus, it is
expected that the inclusion of the intervening three Aib
residues on either side of the PCU cage residue (1) would
display distinct conformational preferences and hence
provide additional information about the conformational
characteristics of PCU cage polypeptides in different
environments. Additionally, replica exchange MD
(REMD) methodology has also been used to explore the
conformational profile of the PCU cage polypeptide using
the implicit model (GBOBC) of the water solvent.

CHs3

Ac Cage NHMe

(1) Ac-PCU Cage-NHMe

Computational methodology
MD simulations

The MD trajectories were carried out within the frame-
work of molecular mechanics, using the in-house modified
all-atom PARMY94 force-field parameters from AMBER
8.0 [21,22], and 3Aib-Cage-3Aib-NHMe was built using

Figure 1. Average structures taken from 50 ns MD trajectories
for Ac-3Aib-Cage-3Aib-NHMe in (a) in vacuo, (b) methanol
(MEOH), (c) DMSO and (d) water (TIP3P).

the ANTECHAMBER module [23] of AMBER. The MD
simulations were carried out in vacuo, water TIP3P model
[24], DMSO and in a box of MEOH molecules [21]. An
extended conformation of 3Aib-Cage-3Aib-NHMe was
used as the starting structure. The system was then
minimised using 10,000 steps of steepest descent,
followed by a subsequent minimisation using the
conjugate gradient algorithm until a convergence of the
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Figure 2. Ramachandran plots for Ac-3Aib-Cage-3Aib-NHMe in (a) water (TIP3P), (b) MEOH and (¢) DMSO.

gradient norm was lower than 0.001 kcal mol 'A. The
molecule was placed into a rectangular box of
36 X 35 X 38 A> within the TIP3P water. The minimis-
ation of these new systems were completed when the
convergence criteria (0.001 kcal molflA) was fulfilled.
Thereafter, periodic boundary conditions [25] were
introduced and the structure was allowed to equilibrate
for 500 ps at a temperature of 300 K, with pressure set to 1
bar. SHAKE was used on bonds involving hydrogen atoms
with a time step of 2 fs. After the first equilibration phase,
the particle-mesh Ewald method [26] was applied with a
grid spacing of approximately 1 A. The equilibration phase
involved a single MD trajectory run for 50 ns under these
conditions. Similar protocols were used to carry out MD
simulations of 3Aib-Cage-3Aib-NHMe in MEOH and
DMSO.

REMD simulations

An extended structure of 3Aib-Cage-3Aib-NHMe was
used as the initial structure. For the generalised born (GB)
approximation, a default bond radius [27-29] was used.
REMD was performed using implicit model of solvent
based on the GB approximation: Onufriev, Bashford and
Case (GB9B©) implementations [30]. The dielectric
constant around the peptide (internal dielectric constant)
was set to 1 and the external dielectric constant set to 80,
corresponding to water. Prior to the REMD simulations,
standard MD simulations were performed for 5ns at each
temperature (in the present study, 10 replicas were used
and the temperature of each replica was set at: 269, 300,
334, 371, 412, 457, 507, 562, 622 and 690 K). In all MD
and REMD simulations, the time step was set to 0.2 fs, and
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Figure 3. Ramachandran plots for Ac-3Aib-Cage-3Aib-NHMe (a) in vacuo and (b) implicit water (REMD).

the SHAKE method was to used constrain the all hydrogen
atoms. The temperature during MD simulations was
regulated by the Langevin thermostat [27-29], and the GB
surface area solvation model was used. Each replica was
simulated simultaneously and independently at different
temperatures (269-690K range). The replica exchange
was performed every 2ps for 50,000 steps during the
REMD simulations. All trajectories were carried out using
the PTRAJ module of AMBER 8.0 [21].

Classification of structures

Analysis of the all trajectories was carried out using the
classification of structures (CLASICO) software [31]
which permits to monitor the formation—destruction of
secondary structures during the folding process, as well as
the characterisation of the group of structures that
represent the folded molecule. The characterisation of
B-turn profile for each of the trajectories was carried out
using the procedure described by Corcho and co-workers
[32,33]. This procedure also permits to identify the
different conformational patterns attained by the peptide,
as well as to compare differences of the conformational
space sampled using different computational methods.

Results and discussion

A visual inspection of the snapshots for the average
structures shown in Figure 1(a)—(d) (stripped off solvent

molecules in 1(b)-(d)) taken from the 50ns MD
trajectories reveal that the backbone atoms of Ac-3Aib-
Cage-3Aib-NHMe are closely packed with side chains
projecting outwards, typical of B-turn structures [34].
However, a closer inspection of Figure 1(b) and (d)
indicates that the molecules are very closely packed in the
polar solvents, suggesting the presence of strong
intramolecular hydrogen bonds. In addition, the extent of
intramolecular hydrogen bonding is also greater in polar
solvents (MEOH and water). The type of conformations in
polar solvents was found to be a-helices established on the
basis of intramolecular H-bonds formed between residues
(2 and 6) and between residues (3 and 7) in MEOH, and
between residues (1 and 5) in the case of water. On the
other hand, 3;(-helical conformations were found in vacuo
and in DMSO, showing the formation of H-bonds between
their residues (1 and 4), as depicted in Figure 1(a) and (c),
respectively.

The conformational results for the residues occupying
positions (i + 2) to (i 4+ 4), respectively, are presented in
the Ramachandran plots in Figures 2 and 3. A similarity in
the conformational preferences exhibited by each of the
Aib segments as well as the PCU cage residue is observed.
However, the most striking feature is the restricted nature
of the conformational space exhibited by the PCU cage
residue in the (i 4+ 3) position. This corresponds to the
transformation of initial o, conformation into energeti-
cally more favourable Cyq conformation after initial 5ns
of MD (Figure 2(c)) in DMSO. However, in the case of
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Figure 4. Backbone torsion angles Ac-3Aib-Cage-3Aib-NHMe in vacuo.

vacuo simulations, the initial conformation «, changed
into Cyeq after initial 4ns and retained the same
conformation until 40ns after which some of the
conformations (approx. 40%) reverted back to o
(Figure 3(a)). Specifically, the conformational profile of
the PCU cage residue fluctuates between o, and C;eq in
vacuo. On the other hand, helical (o, ) conformations were

preserved in polar solvents such as water and MEOH
(Figure 2(a) and (b)). The observed retention of helical
conformation in polar solvents could be explained by the
hydrophobic—hydrophilic repulsion between the PCU
cage residue and the solvent molecules, thus resulting in
bent and stable structures due to the facile nature of the
intramolecular hydrogen bonding (Figure 1(b) and (d)).
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obtained from the REMD simulation at 10 temperatures (b). The
distributions in (b) correspond to the following temperatures
(from left to right): 269, 300, 334, 371, 412, 457, 507, 562, 622
and 690 K.

Moreover, the trapping of o, conformations in their local
energy minima could be another reason for the observed
behaviour of the PCU cage residue in the polar solvents. In
comparison to polar solvents, a greater conformational
flexibility is observed in wvacuo and in the non-polar
solvent DMSO, resulting in the conversion of « into
comparatively more stable C7.q conformations.

The plots in Figure 4 suggest fluctuations and
movement in the backbone torsion angles along the MD
trajectories. The graphs indicate that the backbone torsion
angles (¢ = 70°, iy = 80°) of the PCU cage (in vacuo) in
the (i + 3) position change immediately after 4 ns of MD
run, and remain relatively fixed (¢ = — 60°, y = 100°) up
to 45ns adopting a C;.q conformation, after which they
revert back to the original «; conformation (¢ = 70°,
iy = 80°). However, in the case of DMSO, the backbone
torsion angles remain relatively fixed (¢ = —60°,
¢y = 100°) throughout the 50ns trajectory, after getting
transformed from their original angles (¢ = 70°, ¢y = 80°)
in the first 5ns, adopting a C;.q conformation as depicted
in Figure A (see Supplementary Data, available online).
On the other hand, the dihedral angles do not fluctuate to a
considerable extent in water and MEOH as shown in
Figures B and C, respectively (see Supplementary Data,
available online), thus restricting the left-handed o-helical

conformation of the PCU cage residue in both polar
solvents. In addition, a broader range of ¢ and ¢y backbone
torsion angles (— 180° to + 180°) is observed for the Aib
residues for the initial 3 ns trajectory. A broader fluctuation
in the backbone torsion angles has been found for the
seventh residue of the 3Aib-Cage-3Aib-NHMe peptide, in
the case of MEOH and water, as depicted in Figures B and
C, respectively (see Supplementary Data, available
online).

Overall, these results revealed that the replacement of
Aib by the PCU cage residue in the (i + 3) position has a
marked influence on the overall patterns of the ¢y backbone
torsion angles of C-terminal Aib residues. The significance
of this result is attributed to the fact that the presence of the
bulky PCU cage structure imposes an additional strain on
Yy backbone torsion compared to the less bulky methyl
groups positioned on each of the Ca atoms in Aib.

REMD simulations, on the other hand, emerged as an
efficient technique for overcoming the multiple-minima
problem so that a random walk on the energy surface may
be realised [35-37]. The random walk allows the
simulation to pass any energy barrier and to sample a
much wider energy surface than by conventional
simulations. Accordingly, REMD simulations of 100ns
trajectories were performed on the Ac-3Aib-Cage-3Aib-
NHMe in implicit water. Figure 5 shows the time series of
temperature exchanges for the initial 50 steps of 100 ps
trajectory along with the canonical probability distri-
butions of the total potential energy of Ac-3Aib-Cage-
3Aib-NHMe. Clearly, a random walk in the ‘temperature
space’ between low and high temperature (Figure 5(a))
was realised. In Figure 5(b), the overlaps between all
neighbouring pairs of distributions indicate a sufficient
number of replica exchanges between pairs of replicas,
suggesting that the present REMD simulations were
indeed efficient. The conformational results obtained from
one of the replicas (for 300 K) occupying positions (i + 2)
to (i + 4), respectively, are presented in the Ramachandran
plots shown in Figure 3(b). The remaining plots for this
study are not included in this paper. Although a similarity
in the conformational preferences exhibited by each of the
Aib residues is observed, a major difference has been
observed in the case of the PCU cage residue where the
conformational space was found to be well explored. The
PCU cage residue was found to occupy all the
conformational spaces in the Ramachandran plots
confirming the existence of Cj,x, Creq, 310 and oy
conformations. Interestingly, these results were found to
be in complete agreement with our previously reported
theoretical results [12—16] performed on the individual
PCU cage residue.

Figure 6(a)—(e) shows the rate of new patterns
characterised along the sampling process for every
snapshot in each of the MD and REMD trajectories as
described in the Method section. Accordingly, 44223,
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Figure 6. Evaluation of new patterns along the trajectories for the peptide Ac-3Aib-Cage-3Aib-NHMe (a) in vacuo, (b) DMSO,

(c) TIP3P, (d) MEOH and (e) implicit water (REMD).

39546, 45239 and 47239 new conformational patterns
corresponding to 50,000 snapshots of the four MD
trajectories and 79236 new patterns were identified after
100,000 snapshots of REMD simulations. These plots
provide a broad estimation of the performance of the
different protocols in sampling new patterns. A visual
inspection of Figure 6 indicates that the simulations are not
searching for any more new patterns, and probably have
reached convergence. In the case of polar solvents (MEOH

and TIP3P), although the conformations of peptide seem to
get trapped in regions of the conformational space (Figure
6(c) and (d)) at certain levels, new patterns appeared in a
stable manner for the remainder of the trajectories (Figure
6(a), (b) and (e)), suggesting their less restrictive nature of
exploring the conformational space.

Moreover, the secondary structure analysis for every
snapshot in each trajectory of the five trajectories using a
two-residue window [32,33] is depicted in Figure 7(a)—(e).
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Figure 7. B-Turn profiles obtained for the peptide Ac-3Aib-Cage-3Aib-NHMe (a) in vacuo, (b) DMSO, (c) TIP3P, (d) MEOH and

(e) implicit water (REMD).

Specifically, the conformational motifs obtained in vacuo
(Figure 7(a)) show the predominance of (-turn type III
between residues 2 and 6 with a low propensity between
residues 4 and 5. To a minor extent, 3-turn type I was also
observed between residues 2 and 3, and 5 and 6. Although a
similar (3-turn profile can be observed in the case of DMSO
(Figure 7(b)), the extent of (3-turns was almost negligible
between residues 3 and 4. In the case of TIP3P, the peptide
adopts a B-turn of type III between residues 2 and 4
(Figure 7(c)) and type III between residues 2 and 3, and 5
and 6. In MEOH (Figure 7(d)), a B-turn of type III was
found to be predominant between residues 2 and 6 with a
low propensity between residues 5 and 6. On the other hand,
the PCU cage polypeptide exhibits mainly 3-turn type III
between residues 5 and 6 with a low propensity between
residues 3 and 4. Surprisingly, the extent of [(-turns,

observed in the case of REMD, was low (~ 7%) in contrast
to other environments used for the MD simulations.

Overall, these results reveal that PCU cage polypeptide
predominantly adopts a [-turn type III conformation,
irrespective of the environment used for the simulations.
Although the polypeptide chain has a strong tendency to
form B-turns, the PCU cage residue disrupts this tendency
in all solvents with the exception of MEOH, and to a lesser
extent in TIP3P. Hence, this type of information could be
invaluable in determining the bioactive conformation of
PCU cage polypeptides in the future.

Conclusions

Our results confirm the preference of the PCU cage peptide
to adopt bent structures, especially in the polar solvents
(MEOH and water). Interestingly, the explicit MD
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simulations for MEOH and water were unable to sample
all four low-energy conformers (Cr,x, Creq, 310 and o)
previously reported for the cage residue. However, these
results support the tendency of Ac-3Aib-Cage-3Aib-
NHMe to adopt bent conformations, a feature that could be
invaluable to the general field of peptidomimetics. REMD
simulation, on the other hand, of the PCU cage peptide was
able to sample all the four low-energy conformers under
implicit water condition. Moreover, analysis of the
secondary structure profile for the different trajectories
also predicts the predominant existence of 3-turn type III
conformations. This information could be helpful to
determine the bioactive conformation of this kind of
polypeptides and thus, could play informative role in the
design of new peptide-mimicking drugs. Our results
confirm that the seven-residue peptide analogues may be
utilised as places for folding back into a polypeptide chain,
thus enabling the formation of a cyclic chain structure.
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