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UniVersitat Politècnica de Catalunya, Pça Rei 15, Igualada 08700, Spain, Departamento de Quı́mica

Orgánica, Instituto de Ciencia de Materiales de Aragón, UniVersidad de Zaragoza–CSIC, 50009 Zaragoza,
Spain, Basic Research Program, SAIC-Frederick, Inc. Center for Cancer Research Nanobiology Program,

NCI, Frederick, Maryland 21702, and Department of Human Genetics Sackler, Medical School,
Tel AViV UniVersity, Tel AViV 69978, Israel

carlos.aleman@upc.edu

ReceiVed December 9, 2008

The intrinsic conformational preferences of the nonproteinogenic amino acids constructed by incorporating
the arginine side chain in the � position of 1-aminocyclopentane-1-carboxylic acid (either in a cis or a
trans orientation relative to the amino group) have been investigated by using computational methods.
These compounds may be considered as constrained analogues of arginine (denoted as c5Arg) in which
the orientation of the side chain is fixed by the cyclopentane moiety. Specifically, the N-acetyl-N′-
methylamide derivatives of cis- and trans-c5Arg have been examined in the gas phase and in solution by
using B3LYP/6-311+G(d,p) calculations and Molecular Dynamics simulations. Results indicate that the
conformational space available to these compounds is highly restricted, their conformational preferences
being dictated by the ability of the guanidinium group in the side chain to establish hydrogen bond
interactions with the backbone. A comparison with the behavior previously described for the analogous
phenylalanine derivatives is presented.

Introduction

Among nonproteinogenic amino acids the conformational
propensities of which can be exploited in the design of peptides
analogues with well-defined backbone conformations are 1-ami-
nocycloalkane-1-carboxylic acids1 (known in the abbreviated
form as Acnc, with n referring to the ring size). Within this
series, the cyclopropane (Ac3c),1,2 cyclobutane (Ac4c),1,2c,3

cyclopentane (Ac5c),1,2a,3b,4 and cyclohexane (Ac6c)1,3b,5 mem-

bers have been deeply investigated and shown to exhibit a
restricted conformational space characterized by a high pro-
pensity to adopt �,ψ backbone angles typical of the 310-/R-
helix (with some distortion in the case of Ac3c).

When considering a bioactive peptide, amino acids of the
Acnc family have proven appropriate replacements for protei-
nogenic residues bearing aliphatic or aromatic side chains.6

However, the Acnc series may not be convenient to replace a
proteinogenic amino acid containing a functionalized side chain
that is directly involved in the peptide-receptor recognition
process and is therefore essential for bioactivity. One may yet
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consider a new family of noncoded amino acids generated by
attaching the functionalized side chain of a natural residue to
the cycloalkane moiety in Acnc. This allows the combination
of the necessary functionality with the particular conformational
properties of the Acnc residues (Figure 1). Moreover, this may
enable the specific orientation of the side chain functionality
by selecting the appropriate cycloalkane size and stereochem-
istry.

Specifically, we have been working on the synthesis7 and
structural study8sboth theoretical and experimentallysof the
amino acids obtained by incorporating a phenyl substituent at
one of the � carbons of Acnc (n ) 3-6). The compounds thus
obtained can be considered as phenylalanine (Phe) analogues

and we denote them as cnPhe, where n indicates the size of the
cycle, as in Acnc. Since the phenylalanine side chain in cnPhe
is included in a cyclic structure, the CR-C� bond cannot rotate
freely and, as a consequence, the orientation of the aromatic
group is dictated by the size (n value) and stereochemistry of
the cycloalkane ring. It should be noted that the additional
phenyl substituent may exhibit a cis or a trans relative
disposition with respect to the amino function. Accordingly, the
different cnPhe stereoisomers can be regarded as a series of
phenylalanine analogues with distinct well-defined side-chain
orientations. Indeed, the different spatial arrangement attained
by the aromatic substituent has proven useful in several
applications related to the stabilization of particular peptide
backbone conformations.8,9

Within a project aimed at imparting protection against
proteolytic cleavage to a bioactive peptide with simultaneous
stabilization of a folded conformation, we became interested in
the replacement of an arginine residue (Arg) by a non-natural
analogue. In particular, we have focused our attention on the
arginine analogue bearing an Ac5c skeleton, that is, c5Arg
according to the nomenclature described above (Figure 1). As
can be seen, in c5Arg the R carbon is separated from the
guanidinium group by two carbon atoms, while this segment
involves three carbon atoms in Arg. Therefore, from a rigorous
point of view c5Arg is a substituted Ac5c-like derivative of nor-
arginine, where nor refers to a reduction of one carbon atom
with respect to the side chain of conventional Arg. For an L

configuration at the R carbon, the guanidilated side chain of
arginine may exhibit a trans or a cis disposition relative to the
amino moiety, respectively giving rise to trans- and cis-c5Arg
(Figure 2). It should be considered that the charged side chain
of c5Arg may interact with the backbone not only sterically but
also electronically, and this may have a strong impact on the
structural preferences of the peptide chain. To evaluate the
behavior of the L enantiomer of both trans- and cis-c5Arg, we
report a conformational study of the corresponding N-acetyl-
N′-methylamide derivatives, hereafter denoted as Ac-t-L-c5Arg-
NHMe and Ac-c-L-c5Arg-NHMe, respectively (Figure 2).
Density Functional Theory (DFT) calculations at the B3LYP/
6-311+G(d,p) level have been used to locate and characterize
the minimum energy conformations. The influence of the solvent
polarity on the conformational preferences has been examined
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Lett. 2006, 8, 6091. (b) Crisma, M.; De Borggraeve, W. M.; Peggion, C.;
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FIGURE 1. Structure of 1-aminocycloalkane-1-carboxylic acids (Acnc;
n: cycle size) and a proteinogenic amino acid (represented, in general,
as Xaa). Combination of the cyclic structure of Acnc with the side-
chain functionality in Xaa gives rise to cnXaa residues.
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by using a Self Consistent Reaction Field (SCRF) method and
molecular dynamics (MD) simulations with explicit solvent
molecules.

Methods

The conformational properties of Ac-t-L-c5Arg-NHMe and
Ac-c-L-c5Arg-NHMe have been investigated with the Gaussian-
03 computer program.10 The structural search was performed
considering that the compounds under study retain the restric-
tions imposed by the cyclopentane ring on the backbone in
Ac5c.4a Accordingly, the five minimum energy conformations
characterized for Ac-Ac5c-NHMe in ref 4a were used to generate
the starting structures for Ac-t-L-c5Arg-NHMe and Ac-c-L-
c5Arg-NHMe. Although for Ac-Ac5c-NHMe such five minima
were 2-fold degenerate due to the symmetry of the molecule,
i.e. {�,ψ,�i} ) {-�,-ψ,-�i}, the chiral nature of the two c5Arg
derivatives under study requires explicit consideration of both
{�,ψ,�i} and {-�,-ψ,-�i} possibilities. The arrangement of
the side group is defined by the flexible dihedral angles �1 and
�2, which are expected to exhibit three different minima: trans
(180°), gauche+ (60°), and gauche- (-60°). Consequently, 5
(minima of Ac-Ac5c-NHMe) × 2 (chiral nature of c5Arg) × 3
(minima of �1) × 3 (minima of �2) ) 90 minima can be
anticipated for the potential energy hypersurface (PEH) E )
E(�,ψ,�i,�1,�2) of each c5Arg-containing derivative. All these
structures were used as starting points for subsequent full
geometry optimizations.

All geometry optimizations were performed with the B3LYP
functional11,12 combined with the 6-311+G(d,p) basis set.13

Frequency analyses were carried out to verify the nature of the
minimum state of all the stationary points obtained and to
calculate the zero-point vibrational energies (ZPVE) and both
thermal and entropic corrections. These statistical terms were

then used to compute the conformational Gibbs free energies
in the gas phase at 298 K (∆Ggp).

To obtain an estimation of the solvation effects on the relative
stability of the different minima, single point calculations were
conducted on the optimized structures with a SCRF model.
Specifically, the Polarizable Continuum Model (PCM) devel-
oped by Tomasi and co-workers14 was used to describe water
and chloroform as solvents. The PCM model represents the
polarization of the liquid by a charge density appearing on the
surface of the cavity created in the solvent. This cavity is built
using a molecular shape algorithm. PCM calculations were
performed in the framework of the B3LYP/6-311+G(d,p) level
using the standard protocol and considering the dielectric
constants of water (ε ) 78.4) and chloroform (ε ) 4.9) to obtain
the free energies of solvation (∆Gsolv) of the minimum energy
conformations. Within this context, it should be emphasized that
previous studies indicated that solute geometry relaxations in
solution and single point calculations on the optimized geom-
etries in the gas phase give almost identical ∆Gsolv values.15

The conformational free energies in solution (∆Gconf) at the
B3LYP/6-311+G(d,p) level were estimated by using the fol-
lowing classical thermodynamics scheme: ∆Gconf) ∆Ggp +
∆Gsolv.

MD simulations in water solution were performed with the
NAMD program.16 The simulated peptides Ac-t-L-c5Arg-NHMe
and Ac-c-L-c5Arg-NHMe were placed in the center of a cubic
simulation box (a ) 31.1 Å) filled with 338 explicit water
molecules, which were represented by using the TIP3 model,17

and a negatively charged chloride atom as counterion. Atom
pair distance cutoffs were applied at 14 Å to compute van der
Waals interactions. The electrostatic interactions were computed
by using the nontruncated electrostatic potential by means of
Ewald Summations. The real space term was determined by
the van der Waals cutoff (14 Å), while the reciprocal term was
estimated by interpolation of the effective charge into a charges
mesh with a grid thickness of 5 points per volume unit, i.e., the
Particle-Mesh Ewald (PME) method.18 Bond lengths were
constrained by using the SHAKE algorithm19 and the numerical
integration step was 2 fs.

Before the MD run series was started, 5 × 103 steps of energy
minimization were performed to relax conformational and
structural tensions. Different consecutive rounds of short MD
runs were performed to equilibrate the density, temperature, and
pressure: 0.50 ns of NVT-MD at 298 K (thermal relaxation)
followed by 0.25 ns of isobaric relaxation (NPT-MD). Both
temperature and pressure were controlled by the weak coupling
method, the Berendsen thermo-barostat20 using a time constant
for heat bath coupling, and a pressure relaxation time of 1 ps.
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FIGURE 2. Structure of the compounds investigated, containing the
trans (t) and cis (c) cyclopentane analogues of L-arginine. The backbone
and side-chain dihedral angles are indicated.
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The coordinates of the NPT-MD production runs, which were
10 ns long, were saved every 500 steps (1 ps intervals) for
subsequent analysis.

Results and Discussion

Geometry optimization at the B3LYP/6-311+G(d,p) level led
to the characterization of 28 and 23 different minimum energy
structures for Ac-t-L-c5Arg-NHMe and Ac-c-L-c5Arg-NHMe,
respectively. These minima are within relative energy (∆E)
intervals of 36.7 and 20.8 kcal/mol, respectively. Figure 3
represents the �,ψ backbone dihedral angles of these minima,
using a color scale (dark blue-to-white) to show the ∆E increase
through intervals of 5 kcal/mol. As can be seen, almost all
regions of the Ramachandran map are visited because of the
large number of minima characterized. However, the confor-
mational space available to the compounds investigated is
relatively restricted, especially that corresponding to the trans-
c5Arg derivative. Thus, only 8 out of the 28 minima found for
Ac-t-L-c5Arg-NHMe have ∆E values lower than 5 kcal/mol,
and all 8 exhibit conformations in the RL region (left-handed
R-helix; �,ψ ≈ 60°,50°) of the Ramachandran map. Regarding
cis-c5Arg, 7 (out of 23) minimum energy conformations have
∆E < 5 kcal/mol and correspond to three different backbone
conformations, namely RL, C7

eq (equatorial C7 or inverse γ-turn;
�,ψ ≈ -60°,60°), and C5 (fully extended; �,ψ ≈ (180°,(180°).
Accordingly, the relative stability of the minimum energy
conformations characterized for these c5Arg derivatives is
strongly influenced by the cis/trans disposition of the charged
substituent.

The next two sections present a detailed description of those
minimum energy conformations characterized for the com-
pounds under study that are more favored, not only in the gas
phase but also in chloroform and water solutions. These minima
are denoted with three labels. The first one refers to the backbone
conformation type, defined by the �,ψ dihedral angles. The
second label corresponds to the puckering of the cyclopentane
ring, i.e., endo/exo-envelope (E) or twist (T) conformations
(Scheme 1). Finally, the third label indicates the conformation
of the guanidinium side chain, that is, the trans (t), gauche+

(g+), or gauche- (g-) arrangement of the dihedral angles �1

and �2.

Ac-t-L-c5Arg-NHMe. Table 1 lists the backbone and side-
chain dihedral angles of the 13 minimum energy conformations
calculated for the trans-c5Arg derivative with ∆E < 7 kcal/
mol. The global minimum corresponds to an RL/γ′E/g-t con-
formation (Figure 4a), in which the backbone adopts an R-helical
structure and the cyclopentane ring accommodates a Cγ′-exo
envelope (γ′E) arrangement. This geometry, combined with the
gauche-/trans disposition of �1/�2, allows the formation of a
strong hydrogen bond between the guanidinium NH and the
carbonyl oxygen of the acetyl blocking group [d(H · · ·O) )
1.706 Å, ∠ N-H · · ·O ) 170.0°]. Modification of the envelope
arrangement of the cyclopentane moiety from Cγ′-exo (γ′E) to
Cγ′-endo (γ′E) gives rise to a new minimum (RL/γ′E/g-t, Figure
4b) that maintains all other conformational features present in
the global minimum, including the side-chain · · ·backbone
interaction. This γ′E-to-γ′E transition is associated with an energy
penalty of 1.6 kcal/mol.

The conformation adopted by both the peptide backbone and
the cyclopentane ring in the lowest energy conformer is
maintained in the third (RL/γ′E/tg+, Figure 4c), fourth (RL/γ′E/
g-g-, Figure 4d), sixth (RL/γ′E/g+t, Figure 4f), and eighth (RL/
γ′E/g-g-, Figure 4h) minima, which present ∆E values ranging
from 2.5 to 4.4 kcal/mol. Thus, minima nos. 1, 3, 4, 6, and 8
differ mainly in the arrangement of the guanidinium substituent.
The diverse orientations exhibited by this group translate into
different hydrogen-bonding schemes involving the donor sites
in the side chain (NH/NH2) and the backbone carbonyl
groups. Notably enough, two of such side-chain · · · backbone
interactions exist simultaneously in minimum no. 4 (Figure
4d), although none of them present an optimal geometry.
Moreover, to allow their formation, the ψ angle deviates by
around 25° from the value characterizing the rest of the RL/
γ′E conformers (Table 1).

On the other hand, changing the cyclopentane envelope
arrangement in minimum no. 3 from Cγ′-exo to Cγ′-endo results

FIGURE 3. Distribution on the Ramachandran map of the minimum energy conformations characterized at the B3LYP/6-311+G(d,p) level for the
two c5Arg derivatives under study. The color and size of the symbols used to represent the backbone conformations depend on the relative energy
(∆E) values. Specifically, large dark blue circles correspond to the more stable minima, while small empty circles are the least stable ones, i.e., both
the intensity of the color and the size of the circles decrease when the relative energy increases.

SCHEME 1

Revilla-López et al.

2406 J. Org. Chem. Vol. 74, No. 6, 2009



in a new minimum (no. 7, RL/γ′E/tg+, Figure 4g), which is 1.3
kcal/mol higher in energy. This destabilization is similar to that
produced on going from the first to the second minima, which
implies the same conformational change.

Finally, two other minimum energy conformations with
an RL backbone structure and ∆E < 7 kcal/mol were located
for Ac-t-L-c5Arg-NHMe, namely conformers no. 5 (RL/RE/
g+t, Figure 4e) and no. 11 (RL/RE/tg+, Figure 4k). They
present ∆E values of 3.0 and 6.2 kcal/mol, respectively, and
are the only minima in Table 1 exhibiting an RL backbone
conformation in which the flap of the cyclopentane envelope
is occupied by the R instead of the γ′ carbon. The fact that
no minima with an atom other than Cγ′ at the envelope flap
is located below ∆E ) 3 kcal/mol is a significant difference
with respect to the unsubstituted derivative Ac-Ac5c-NHMe,
for which the global minimum was found to exhibit an RE
cyclopentane arrangement.4a

The most stable conformer with a backbone disposition other
than RL is no. 9, which is unfavored by 5.2 kcal/mol with respect
to the global minimum. In this structure (C7

eq/RE/tg+, Figure 4i),
the terminal backbone CO and NH sites form an intramolecular
hydrogen bond [d(H · · ·O) ) 1.948 Å, ∠ N-H · · ·O) 141.6°]
defining a seven-membered cycle (C7 or γ-turn conformation)
and the cyclopentane ring adopts a CR-exo envelope arrange-
ment. Furthermore, the side chain orientation allows the
formation of an additional hydrogen bond involving the c5Arg
COandtheguanidiniumNH2 [d(H · · ·O))1.671Å, ∠ N-H · · ·O)
175.3°]. The other minimum with a C7 backbone structure (C7

eq/
RE/tg-, Figure 4m) exhibits similar backbone · · ·backbone and
side-chain · · ·backbone interactions and differs from the former
in the endo position occupied by CR within the cyclopentane
envelope.

Two additional types of peptide backbone conformation,
corresponding to extended (�-pleated sheet) or semiextended
(polyproline II) structures, were detected among the minima
characterized for Ac-t-L-c5Arg-NHMe with ∆E < 7 kcal/mol,
namely minima no. 10 (�L/RE/g-t, Figure 4j) and no. 12
(PII/γ′E/g-t, Figure 4l). They share a common disposition for
the guanidinium side group (gauche-/trans arrangement of
�1/�2), that, combined with the different backbone and cyclo-
pentane conformations, leads to the formation of two and one
side-chain · · · backbone interactions, respectively, for minima
nos. 10 and 12.

Table 2 shows the conformational Gibbs free energies in the
gas phase at 298 K (∆Ggp) for the minima listed in Table 1. It

is worth noting that the addition of the ZPVE, thermal, and
entropic contributions to the ∆E values does not produce
significant changes in the relative stability order outlined above.
Thus, assuming a Boltzmann distribution, RL/γ′E/g-t is the only
conformation with a significant population at room temperature
in the gas phase, since the ∆Ggp values of all other minima are
above 1.5 kcal/mol (Table 2). Furthermore, the backbone adopts
an RL conformation in the seven structures with lower ∆Ggp

values, indicating that the preference for this helical fold is not
altered by the addition of the statistical corrections. Not
surprisingly, ∆Ggp values above 7 kcal/mol were obtained for
all the minima with ∆E > 7 kcal/mol and, therefore, the
contribution of these structures to the conformational preferences
of Ac-t-L-c5Arg-NHMe are completely negligible.

The conformational free energies estimated in chloroform
(∆GCHL

conf ) and water (∆GWAT
conf ) solutions at the same temperature

are also included in Table 2. As can be seen, RL/γ′E/tg+ (Figure
4c) becomes the most favored conformation in both solvents,
with RL/γ′E/tg+ (Figure 4g) being destabilized by only 1.2 and
1.3 kcal/mol in chloroform and water, respectively. These results
indicate that the solvent affects the arrangement of the side chain
and, to some extent, the puckering of the cyclopentane ring but
not the backbone, which in solution retains the preference for
the R-helical conformation previously detected in the gas phase.

TABLE 1. Dihedral Anglesa and Relative Energies in the Gas Phase (∆E) for the Minimum Energy Conformations with ∆E < 7.0 kcal/mol
Characterized for Ac-t-L-c5Arg-NHMe at the B3LYP/6-311+G(d,p) Level

backbone dihedral angles cyclopentane dihedral angles side group

no. conformer ω0 � ψ ω �1 �2 �3 �4 �5 �1, �2 ∆E b

1 RL/γ′E/g-t 174.8 71.9 19.8 174.5 -0.1 25.3 -40.9 41.2 -25.2 -63.3, 166.9 0.0c

2 RL/γ′E/g-t 174.6 71.2 19.6 173.6 -3.9 -21.2 38.6 -41.3 27.8 -59.3, 164.3 1.6
3 RL/γ′E/tg+ 177.5 79.0 14.3 177.2 -7.4 31.2 -42.8 38.3 -18.9 -162.8, 96.8 2.5
4 RL/γ′E/g-g- 176.2 59.1 45.5 177.9 4.6 21.0 -38.8 42.0 -28.6 -62.7, -94.1 2.8
5 RL/RE/g+t 172.2 56.9 42.2 178.8 -39.0 22.3 4.1 -29.2 41.7 68.4, 174.4 3.0
6 RL/γ′E/g+t 173.0 74.0 21.1 176.6 -8.7 32.0 -42.9 37.8 -17.7 75.1, 148.8 3.2
7 RL/γ′E/tg+ 177.8 79.0 16.3 176.5 -11.1 -13.3 33.0 -40.4 31.7 -161.8, 98.1 3.8
8 RL/γ′E/g-g- 174.7 80.5 17.5 174.3 10.4 15.4 -35.5 42.4 -32.6 -50.3, -87.0 4.4
9 C7

eq/RE/tg+ -177.8 -73.8 74.8 -175.5 45.0 -34.8 11.1 17.0 -38.2 -155.2, 85.4 5.2
10 �L/RE/g-t 164.7 150.9 119.9 179.0 -44.9 36.8 -13.5 15.2 37.0 -68.5, 125.5 5.6
11 RL/RE/tg+ 174.9 60.0 48.4 -179.4 45.3 -38.2 16.6 11.9 -35.4 -143.9, 82.9 6.2
12 PII/γ′E/g-t -170.5 71.0 155.3 -176.0 -5.1 17.8 34.0 -37.7 26.4 -65.0, 159.9 6.5
13 C7

eq/RE/tg- -170.5 -75.2 57.3 179.2 -41.0 24.8 15.6 -27.4 41.9 147.0, -98.3 6.7

a In degrees; see Figure 2 for definition. b In kcal/mol. c E ) -856.744293 au.

TABLE 2. Relative Conformational Gibbs Free Energiesa at 298
K for Selectedb Minimum Energy Conformations of
Ac-t-L-c5Arg-NHMe in the Gas Phase (∆Ggp), Chloroform (∆GCHL

conf ),
and Aqueous Solution (∆GWAT

conf ) Characterized at the B3LYP/
6-311+G(d,p) Level

no. conformer ∆Ggp ∆GCHL
conf ∆GWAT

conf

1 RL/γ′E/g-t 0.0c 2.0 3.2
2 RL/γ′E/g-t 1.6 3.1 4.8
3 RL/γ′E/tg+ 2.8 0.0 0.0
4 RL/γ′E/g-g- 4.1 4.0 5.2
5 RL/RE/g+t 2.4 3.6 4.1
6 RL/γ′E/g+t 3.8 3.9 4.7
7 RL/γ′E/tg+ 4.2 1.2 1.3
8 RL/γ′E/g-g- 6.2 5.9 7.4
9 C7

eq/RE/tg+ 6.4 1.5 1.3
10 �L/RE/g-t 6.9 6.7 8.4
11 RL/RE/tg+ 6.4 3.6 3.1
12 PII/γ′E/g-t 5.7 7.7 8.6
13 C7

eq/RE/tg- 8.2 3.8 4.2

a In kcal/mol. b Minimum energy conformations with ∆E < 7.0 kcal/
mol (see Table 1). c G ) -856.436015 au.
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At this point, it is interesting to establish a comparison
between the results obtained in this work for Ac-t-L-c5Arg-
NHMe and those recently reported for the analogous phenyla-
lanine derivative, Ac-t-L-c5Phe-NHMe.8a Thus, for the trans-
c5Phe-containing compound, four different peptide backbone
conformations were found to be energetically accessible in the
gas phase. They correspond to C7

eq, C5, C7
ax, and RR structures,

the three latter being destabilized with respect to the former by
0.6, 1.0, and 1.5 kcal/mol, respectively. In comparison, only
the RL backbone conformation is accessible to Ac-t-L-c5Arg-

NHMe, with no other being located within ∆E < 5 kcal/mol
(Table 1). The cyclopentane ring puckering propensities are also
significantly different for the two compounds. Thus, RE, γE, and
RE arrangements were characterized in the accessible minima
of the trans-c5Phe derivative,8a whereas for Ac-t-L-c5Arg-NHMe
only the γ′E disposition is detected. Regarding the behavior in
solution, the environment was found to alter the conformational
preferences of the trans-c5Phe derivative from a quantitative
point of view but not qualitatively, that is, both compounds
retain the main conformational trends observed in the gas phase.

FIGURE 4. Lower minimum energy conformations of Ac-t-L-c5Arg-NHMe obtained from B3LYP/6-311+G(d,p) calculations. The 13 structures
depicted correspond to the minima listed in Table 1, i.e., minimum energy conformations with ∆E < 7 kcal/mol.
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This comparison provides evidence for the different roles
played by the guanidinium and phenyl side groups in directing
the conformational preferences of Ac5c and indicates that the
presence of a charged guanidinium group in the neighborhood
of the carbonyl terminus (trans-c5Arg) imposes more severe
conformational constraints than those induced when an aromatic
group is incorporated in the same position (trans-c5Phe). This
distinct behavior should be attributed to the different types of
interactions that each side group may establish with the
backbone. Thus, the phenyl substituent may affect the confor-
mational propensities of the rest of the molecule by steric
reasons or through the establishment of weak attractive interac-
tions of the N-H · · ·π type21 with the NH groups in the peptide
backbone. In comparison, the guanidinium side chain mainly
interacts with the backbone through the formation of hydrogen
bonds. The latter interactions have a more marked directional
character, involve the CO instead of the NH backbone groups,
and are associated with a much higher energy. As a conse-
quence, the guanidinium side chain specifically oriented by the
cyclopentane ring toward the carbonyl terminus has a greater
impact on the conformational properties of the peptide backbone
than a phenyl substituent, and induces conformations different
from those encountered for peptides incorporating the unsub-
stituted Ac5c

4a or the phenylalanine counterpart, trans-c5Phe.8a

Ac-c-L-c5Arg-NHMe. The relevant structural parameters of
the minimum energy conformations with ∆E < 7 kcal/mol
characterized for Ac-c-L-c5Arg-NHMe are listed in Table 3. As
can be seen, only 9 minima satisfy this energetic criterion. It
should be noted that, at variance with the compound described
in the previous section, in this c5Arg derivative the charged
guanidinium group exhibits a cis relative orientation with respect
to the amino substituent (Figure 2). This should be reflected in
different interactions between the side chain and the rest of the
molecule (both the cyclopentane ring and the peptide backbone)
and therefore lead to different conformational propensities.

The lowest energy minimum characterized for Ac-c-L-c5Arg-
NHMe (RL/RE/g+g+, Figure 5a) corresponds to an RL backbone
conformation with the cyclopentane ring arranged as a CR-exo
envelope and the two side-chain dihedral angles in gauche+.
This spatial organization orientates both backbone carbonyl
oxygens (those in the acetyl group and the c5Arg residue) toward
the guanidinium side chain, thus allowing the existence of two
side-chain · · ·backbone hydrogen bonds. The second (RL/RE/g+t,

Figure 5b), third (RL/RE/tg-, Figure 5c), and fourth (RL/RE/g+g+,
Figure 5d) minima only differ from the global one in the
orientation of the guanidinium side group. These conformational
transitions bring about significant changes in the hydrogen
bonding scheme and an energy destabilization ranging from 0.5
to 1.5 kcal/mol.

The next minimum (C7
eq/RE/tg-, Figure 5e) adopts a different

backbone conformation. Specifically, the backbone acetyl CO
and methylamide NH groups form a seven-membered hydrogen-
bonded ring typical of the C7 or γ-turn conformation. Addition-
ally, this structure is stabilized by a strong side-chain · · ·backbone
interaction involving one guanidinium NH2 and the c5Arg CO
group. The arrangement of the cyclopentane ring is identical
with that observed for the four preceding minima. Conformer
no. 6 (C7

eq/RE/g+t, Figure 5f) differs from no. 5 in the orientation
of the side group only, and this is associated with a change in
the side-chain · · ·backbone hydrogen-bonding pattern and an
energy cost of 0.8 kcal/mol.

The next two structures, minima no. 7 (C5/γ′E/g+t, Figure 5g)
and no. 8 (C5/γ′E/tg+, Figure 5h), correspond to a C5 peptide
backbone conformation, characterized by the presence of a
hydrogen bond linking the c5Arg NH and CO sites and closing
a five-membered cycle. In the case of minimum no. 7, the
geometry of this pseudocycle is severely distortedsas evidenced
by the small ψ anglesto allow the involvement of the same
CO group in a strong hydrogen bond with the guanidinium NH
site. The different orientation of the guanidinium side chain in
minimum no. 8 leads to an interaction with the acetyl CO group
(instead of the c5Arg CO), and the C5 conformation accom-
modated by the peptide backbone is completely regular. It is
also noteworthy that no. 7 is the most stable minimum of the
cis-c5Arg derivative in which the flap of the cyclopentane
envelope is not occupied by the R carbon. This means a
significant difference with reference to the behavior described
above for the trans-c5Arg derivative.

Finally, the last conformer in Table 3 (PII/RE/g-g+, Figure
5i) is unfavored by 6.9 kcal/mol with respect to the global
minimum and corresponds to a polyproline II conformation
stabilized by a single side-chain · · ·backbone interaction.

Inspection of Table 4 indicates that the lowest ∆Ggp value
corresponds to the RL/RE/g+t conformation (Figure 5b), while
the RL/RE/g+g+ minimum (Figure 5d) is destabilized by 1.8 kcal/
mol. Accordingly, if a Boltzmann distribution is assumed, only
the RL backbone conformation and the CR-exo envelope ar-
rangement of the cyclopentane ring are populated in the gas
phase at 298 K. For all the minima with ∆E > 7.0 kcal/mol,
∆Ggp values above 5.1 kcal/mol were obtained and, therefore,

(21) (a) Steiner, T.; Koellner, G. J. Mol. Biol. 2001, 305, 535. (b) Worth,
G. A.; Wade, R. C. J. Phys. Chem. 1995, 99, 17473. (c) Mitchell, J. B. O.;
Nandi, C. L.; McDonald, I. K.; Thornton, J. M. J. Mol. Biol. 1994, 239, 315. (d)
Mitchell, J. B. O.; Nandi, C. L.; Ali, S.; McDonald, I. K.; Thornton, J. M. Nature
1993, 366, 413.

TABLE 3. Dihedral Anglesa and Relative Energies in the Gas Phase (∆E) for the Minimum Energy Conformations with ∆E < 7.0 kcal/mol
Characterized for Ac-c-L-c5Arg-NHMe at the B3LYP/6-311+G(d,p) Level

backbone dihedral angles cyclopentane dihedral angles side group

no. conformer ω0 � ψ ω �1 �2 �3 �4 �5 �1, �2 ∆E b

1 RL/RE/g+g+ -178.5 48.0 48.6 180.0 40.4 -26.7 2.0 23.8 -39.6 63.0, 84.6 0.0c

2 RL/RE/g+t -178.5 48.6 51.6 179.4 43.4 -32.1 7.7 19.9 -38.9 69.5, -163.2 0.5
3 RL/RE/tg- 180.0 49.8 45.0 -178.7 44.6 -35.2 11.5 16.5 -37.3 151.6, -86.3 1.4
4 RL/RE/g+g+ -178.3 49.6 42.5 178.1 41.3 -28.6 4.0 22.2 -39.0 54.2, 84.6 1.5
5 C7

eq/RE/tg- -172.0 -72.9 60.3 179.2 42.3 -29.9 5.4 21.0 -38.8 152.8, -84.2 2.3
6 C7

eq/RE/g+t -173.0 -72.8 67.1 -179.6 42.6 -28.7 2.9 24.3 -41.1 70.3, 161.9 3.1
7 C5/γ′E/g+t 169.4 179.4 131.4 176.9 11.7 -33.6 42.7 -35.7 14.6 61.9, 166.4 4.9
8 C5/γ′E/tg+ 169.5 -179.9 172.2 -177.3 13.9 -34.6 42.1 -33.5 11.9 -156.0, 99.8 6.1
9 PII/RE/g-g+ -172.0 -57.8 129.1 -177.5 43.8 -29.4 3.3 24.5 -41.8 -66.6, 111.4 6.9

a In degrees; see Figure 2 for definition. b In kcal/mol. c E ) -856.7433141 au.
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the contribution of these structures to describe the conforma-
tional preferences of cis-c5Arg can be considered as negligible.

The values of ∆GCHL
conf and ∆GWAT

conf are also listed in Table 4.
As can be seen, the only conformations with ∆GCHL

conf < 1.5 kcal/
mol are RL/RE/tg- (Figure 5c), which is the global minimum in
chloroform solution, and C7

eq/RE/tg- (Figure 5e), which is
destabilized by 1.0 kcal/mol. Accordingly, both the RL and C7

eq

backbone conformations are expected to exhibit significant
populations in this organic solvent, while the disposition of the
cyclopentane ring and the guanidinium side chain seems to be
restricted to the CR-exo envelope and tg- arrangements,
respectively. On the other hand, the lowest energy minimum in
aqueous solution is RL/RE/tg- (Figure 5c), all the other structures
being destabilized by more than 3.3 kcal/mol. It is worth noting
that the RL/RE/g+t conformation (Figure 5b), which presented
the lowest ∆Ggp value, is unfavored by 3.1 and 4.9 kcal/mol in
chloroform and water, respectively.

Again, significant differences are detected when the results
obtained in this work for Ac-c-L-c5Arg-NHMe are compared to
those previously described for Ac-c-L-c5Phe-NHMe.8a Notably, the
conformational space available to the latter compound was found
to be more restricted than that of the trans derivative as a
consequence of the high proximity between the amino terminus

and the bulky, rigidly held aromatic substituent. Thus, only
equatorial C7 conformers were found to be accessible at room
temperature for Ac-c-L-c5Phe-NHMe. Indeed, for this compound,
minima with an RL backbone arrangement were destabilized by
more than 5 kcal/mol, whereas this is the only backbone structure
energetically accessible to cis-c5Arg (Table 3). Also the cyclopen-
tane arrangement was found to be substantially different. Thus,
the �E disposition, which places the � carbon bearing the bulky
phenyl ring out of the plane defined by the other cyclopentane
atoms, proved the most favorable one for the cis-c5Phe derivative,8a

whereas cis-c5Arg largely prefers the RE arrangement. In chloroform
and aqueous solution, C7

eq/�E remained the only structure energeti-
cally accessible to Ac-c-L-c5Phe-NHMe. Accordingly, the confor-
mational preferences of cis-c5Phe and cis-c5Arg are substantially
different since they depend, to a large extent, on the need to relieve
steric hindrance in the former case and on the ability of the side
chain to form hydrogen bonds with the backbone in the latter.

Classical Molecular Dynamics Simulations in Aqueous
Solution. In the absence of experimental data, classical MD
simulations with explicit solvent molecules are valuable for
describing the favored low-energy conformations of peptides. To
explore the conformational energy surfaces of Ac-t-L-c5Arg-NHMe
and Ac-c-L-c5Arg-NHMe in aqueous solution by using this

FIGURE 5. Lower minimum energy conformations of Ac-c-L-c5Arg-NHMe obtained from B3LYP/6-311+G(d,p) calculations. The 9 structures
depicted correspond to the minima listed in Table 3, i.e., minimum energy conformations with ∆E < 7 kcal/mol.
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methodology, a specific force-field parametrization to represent the
stretching, bending, torsional, van der Waals, and electrostic
interactions of these constrained peptides was required. In a
previous study we showed that no special electronic effect is present
in Ac5c

4a and, therefore, the stretching, bending, torsional, and van
der Waals parameters for Ac5c and its derivatives can be directly
transferred from the Amber force-field.22 Accordingly, electrostatic
charges have been the only force-field parameters specifically
developed for trans- and cis-c5Arg.

Atomic charges for the five most stable minimum energy
conformations listed in Tables 1 and 3 were calculated by fitting
the HF/6-31G(d) quantum mechanical and the Coulombic molec-
ular electrostatic potentials (MEPs) to a large set of points placed
outside the nuclear region. It should be noted that the electrostatic
parameters derived at this level of theory are fully compatible with
the current Amber force field.22 Electrostatic potential (ESP) fitting
atomic centered charges for trans- and cis-c5Arg were derived by
weighting the charges calculated for the corresponding minimum
energy conformations according to Boltzmann populations.23 The
weights were given by the standard Boltzmann formula by using
the ∆Ggp values given in Tables 2 and 4. As the charges obtained
for trans- and cis-c5Arg were similar, i.e., the absolute value of
the largest was lower than 0.08 eu, we decided to simplify the
force field by providing a unique set of electrostatic parameters
for the two amino acids (Figure 6).

MD simulations of Ac-t-L-c5Arg-NHMe and Ac-c-L-c5Arg-
NHMe were performed at 350 K. The lowest energy conforma-
tion was used as the starting point of a trajectory that was 10
ns long for each compound. Figure 7 represents the accumulated
Ramachandran plot for the trans- and cis-c5Arg dipeptides. In
both cases the most populated conformation in aqueous solution

corresponds to the RL, which is visited much more frequently
than the C7

eq conformation during the trajectory. This fact is in
excellent agreement with the results displayed in Tables 2 and
4, which indicate that the RL conformation is the lowest energy
minimum. This evidence clearly confirms that the conforma-
tional space of both trans- and cis-c5Arg is severely restricted
by the constraints imposed not only by the cyclopentane ring
but also by the charged guanidinium group, which establish
hydrogen bond interactions with the peptide backbone.

Influence of the Guanidinium Side Group in the Con-
formational Properties. To evaluate quantitatively the conse-
quences arising from the incorporation of the guanidinium side
group in Ac5c to generate cis- and trans-c5Arg, the isodesmic
reaction displayed in Scheme 2 has been considered. For
different backbone conformations and cyclopentane ring ar-
rangements, the energy (Esg) and free energy (Gsg) contribution
associated with the side group in Scheme 2 were estimated
according to eqs 1 and 2, respectively.

Esg )EAc-L-c5Arg-NHMe +ECH4 - (EAc-Ac5c-NHMe +ECH3-R) (1)

Gsg )GAc-L-c5Arg-NHMe +GCH4 - (GAc-Ac5c-NHMe +GCH3-R) (2)
In these equations, Esg and Gsg provide an estimation of the

energy and free energy contribution, respectively, associated
with the incorporation of the guanidinium side group for a given
backbone conformation and cyclopentane ring puckering of

(22) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A.
J. Am. Chem. Soc. 1995, 117, 5179.

(23) Alemán, C.; Casanovas, J. Chem. Soc., Perkin Trans. 2 1994, 563.

TABLE 4. Relative Conformational Gibbs Free Energiesa at 298
K for Selectedb Minimum Energy Conformations of
Ac-c-L-c5Arg-NHMe in the Gas Phase (∆Ggp), Chloroform (∆GCHL

conf ),
and Aqueous Solution (∆GWAT

conf ) Characterized at the B3LYP/
6-311+G(d,p) Level

no. conformer ∆Ggp ∆GCHL
conf ∆GWAT

conf

1 RL/RE/g+g+ 2.0 2.4 4.6
2 RL/RE/g+t 0.0c 3.1 4.9
3 RL/RE/tg- 2.1 0.0 0.0
4 RL/RE/g+g+ 1.8 3.4 5.4
5 C7

eq/RE/tg- 3.4 1.0 3.3
6 C7

eq/RE/g+t 2.9 4.5 7.5
7 C5/γ′E/g+t 8.2 5.6 6.9
8 C5/γ′E/tg+ 5.5 3.9 6.1
9 PII/RE/g-g+ 7.7 3.8 4.3

a In kcal/mol. b Minimum energy conformations with ∆E < 7.0 kcal/
mol (see Table 3). c G ) -856.429193 au.

FIGURE 6. Electrostatic parameters determined for c5Arg residues.

FIGURE 7. Accumulated Ramachandran plot for Ac-t-L-c5Arg-NHMe
and Ac-c-L-c5Arg-NHMe derived from a MD trajectory 10 ns long in
aqueous solution.
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Ac5c. Table 5 shows the values calculated considering selected
minimum energy conformations of both Ac-t-L-c5Arg-NHMe
(Table 1) and Ac-c-L-c5Arg-NHMe (Table 3), namely the most
stable ones among those for which Ac-Ac5c-NHMe was found4a

to exhibit a minimum with similar backbone conformation and
cyclopentane puckering. As no RL minimum with an RE
cyclopentane arrangement was characterized for the cis-c5Arg
derivative, the RL/RE/g+g+ conformation (the global minimum
in Table 3) was considered in this case. On the other hand, it
should be noted that the minimum energy conformations
previously obtained for Ac-Ac5c-NHMe through B3LYP/6-
311G(d,p) calculations4a have been reoptimized at the B3LYP/
6-311+G(d,p) level.

The negative values obtained for both Esg and Gsg (Table 5)
reveal significant favorable interactions for all the conformations
of Ac-t-L-c5Arg-NHMe and Ac-c-L-c5Arg-NHMe considered.
Specifically, the attractive interactions between the charged side
group and the polar backbone amide groups produce a significant
stabilization for the RL, C7

eq, and C5 backbone conformations.
The strength of this effect is fully consistent with the relative
energies and free energies obtained for such conformations, the
most and least attractive interaction being obtained for the RL

and C5 structures, respectively. Overall, these results indicate
that the remarkable preference of c5Arg toward the RL helical
conformation is due to the formation of strong side-
chain · · ·backbone interactions, which are more attractive than
those established for other backbone conformations. As ex-
pected, Gsg is higher than Esg in all cases, which should be
attributed to the unfavorable entropic contribution associated
with the disappearance of the strong side chain · · ·backbone
interactions.

Conclusions

The conformational preferences of Ac-t-L-c5Arg-NHMe and
Ac-c-L-c5Arg-NHMe have been explored by using quantum

mechanical calculations at the B3LYP/6-311+G(d,p) level.
Results indicate that the cis and, particularly, the trans stere-
oisomers of c5Arg prefer an R-helical conformation. Thus, all
the minima found for Ac-t-L-c5Arg-NHMe and Ac-c-L-c5Arg-
NHMe with ∆E e 4.4 and 1.5 kcal/mol, respectively, exhibit
this peptide backbone structure. Furthermore, the preference for
the R-helical conformation is retained in solution. Also the
cyclopentane ring puckering is significantly affected by the
presence and orientation of the guanidinium side chain, and thus,
cis- and trans-c5Arg show a marked preference for the Cγ′-exo
and CR-exo envelope arrangements, respectively, in all envi-
ronmental conditions considered.

The structural preferences exhibited by the c5Arg derivatives
are in high contrast with those previously observed for the
analogous phenylalanine derivatives, Ac-t-L-c5Phe-NHMe and
Ac-c-L-c5Phe-NHMe, which have been shown to prefer the C7

eq

arrangement. The unique conformational properties observed
for c5Arg should be attributed to the ability of the side-chain
guanidinium group to establish hydrogen bond interactions with
the peptide backbone, which are particularly attractive when
the backbone adopts a helical conformation. The present work
provides evidence for the ability of the side chain to influence
the peptide backbone conformation and, specifically, illustrates
how the latter may be affected by the side-chain nature and
orientation.
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SCHEME 2

TABLE 5. Energy (Esg) and Free Energy (Gsg) Contributions
Associated with the Guanidinium Side Group for Selected Backbone
Conformations of Ac-t-L-c5Arg-NHMe and Ac-c-L-c5Arg-NHMe

compd conf. L-c5Arg conf. Ac5ca Esg Gsg

Ac-t-L-c5Arg-NHMe RL/RE/g+t RL/RE -17.1 -13.8
C7

eq/RE/tg+ C7
eq/RE -12.5 -8.4

C7
eq/RE/tg- C7

eq/RE -11.1 -7.3
Ac-c-L-c5Arg-NHMe RL/RE/g+g+ RL/RE -19.5 -13.7

C7
eq/RE/tg- C7

eq/RE -14.7 -10.9
C5/γ′E/g+t C5/γ′E -13.2 -9.8

a From ref 4a [minima reoptimized at the B3LYP/6-311+G(d,p)
level].

Revilla-López et al.
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